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Abstract

With a predicted population increase of 2.3 billion people, by 2050, agricultural
productivity must be vastly improved and made sustainable. Globally, agriculture must
deliver a 60% increase in food production to cope with the population demand. Moreover,
this needs to be achieved against a changing climate, an exploitation of natural resources,
and growing water and land scarcities. New digital technologies can optimise production
efficiency and ensure food security and safety while also minimising waste within the
production systems and the supply chain. To this end, new sensor technologies are being
developed for applications in animal health diagnostics and environmental issues related
to the global population, such as food & crop protection, pathogen and toxin detection,
and environmental remediation. In this thesis, two new nanosensing diagnostic devices
are developed and presented; surface enhanced Raman sensing and electrochemical

sensing.

Surface-enhanced Raman spectroscopy (SERS) substrates were fabricated by templating
a flexible thermoplastic polymer against an aluminium drinks can followed by coating
with a silver film, to produce a rough nanostructured metallic surface. SERS is used for
both qualitative (molecular fingerprint) and quantitative detection of dye molecules and
food toxins. In addition, the SERS technique is also applied in combination with
nanoelectrochemical square wave voltammetry to detect nano-concentrations of
neonicotinoid pesticides. The enhanced sensitivity and minimum sample preparation

requirements provide tremendous opportunities for food safety and security sectors.

An impedimetric immunosensor device (with a micro SD style pin-out) was also
developed for the serological diagnosis of viruses and antibodies associated with bovine
respiratory disease and bovine liver fluke. The silicon chip devices consist of six on-chip
nanoband electrodes which can be independently modified with a polymer layer for
covalent immobilisation of capture and target biomolecules. This electrochemical
biosensor technology provides label-free and cost-efficient sensing capability in a
compact size, and demonstrates the potential development of immunoassay-based point-
of-use devices for on-farm diagnosis or therapeutic monitoring in animal health

applications.
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Chapter 1

1.1 Trends and challenges in Agriculture and Food Systems

With the world population at over 7 billion and increasing to over 10 billion by 2050, we
are experiencing an unprecedented exploitation of natural resources globally. The Food
and Agriculture Organisation (FAQO) reports global trends and challenges that will
influence food and agriculture in the coming decades. These include population growth,
water scarcities, loss of biodiversity, soil depletion and high levels of greenhouse gas
emissions. They state that the challenges that need to be addressed in order to make
agriculture and food systems sustainable are “the threats posed by climate change, the
intensification of natural disasters and upsurges in transboundary pests and diseases, and

the need to adjust to major changes taking place in global food systems.” !

To achieve sustainable growth while reducing impacts on climate change, it is evident
there is a requirement to develop robust and achievable mitigation strategies that can
lower emissions within this sector, optimise efficiency from the use of natural resources,
and ensure food security and safety. New digital technologies such as smart monitoring
strategies and processing can deliver increased productivity and enhance the natural
resource base while also minimising food losses and waste within the production systems

and supply chain.

1.1.1 Control of Agricultural Diseases

The increased global food production required to meet the demand of the rising
population amounts to 60% of our current agricultural output. A third of this is already
lost due to emerging infectious diseases. Livestock diseases that remain endemics in parts
of the world have devastating outcomes on animal health, impact on international trade

as well as have a major economic impact on affected countries. 2

Pathogens can emerge as a result of changes in the environment, in agriculture and in
global demography. Farmers and commercial livestock producers need to be concerned
about two major types of disease; the production limiting diseases, which include most

of the respiratory diseases, Bovine Spongiform Encephalopathy (BSE, mad-cow disease)
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and Enteritis, and the catastrophic diseases such as Foot and Mouth disease and the Swine
flu.

It is important to understand the severity of the economic impact of these diseases; Bovine
Respiratory Disease (BRD) is recognised as the leading natural cause of death in the US
and EU beef and dairy herds, contributing to an annual loss of over 1 million animals at
a total cost to the US agri-food industry of up to $2 billion.®® It is one of the most
devastating cattle diseases caused by a variety of viral pathogens: Bovine Viral Diarrhoea
Virus (BVDV), Parainfluenza 3 (BPI13), Infectious Bovine Rhinotracheitis (IBR), Bovine
Respiratory Syncytial Virus (BRSV), and Adenovirus.> "8 Similarly, the outbreak of
BSE in England in the 1990s cost $9 to $14 billion in compensation costs and $2.4 billion

in losses of export markets.®

Disease outbreaks have detrimental impacts on the cattle industry as diseased animals
perform sub-optimally and decrease on-farm efficiency and profitability through waste
feed, increased labour and veterinary costs. Control and management of these diseases
and maintaining healthy livestock is absolutely crucial for achieving sustainable food
production and to reduce production losses. However, stressors predisposing to the
severity of infections, like BRD, include animal transportation and mixing, feedlot
alterations, and climate variation, all of which are common farming practices.'
Furthermore, increasing milk yields and herd size, which are a necessary requirement for
the growing population, will increase overcrowding and add to this already high-stress
environment. Consequently, this demand-driven livestock production will pose a concern
to farm animal welfare and inevitably increase the spread of disease. Given the magnitude
of this issue, control and eradication strategies must be implemented on a global scale to
minimise losses arising from diseases. Rapid identification of disease states is now critical

for herd and crop protection and for the prevention of outbreaks.

Technological advancements must be employed to provide farmers with tools and
resources to make farming more sustainable. Subsequently, to ensure effective decision
making at farm level, farm-side diagnostic devices that permit fast, economical detection
of disease-causing pathogens and biomarkers are essential.'? Screening for these diseases

in live animals will enable targeted treatment and more informed herd health
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management, reduced therapeutic costs and increased animal performance, and improved

use and implementation of vaccination and eradication disease control strategies.

1.1.2 Agricultural and Environmental monitoring

The introduction of modern sensing technologies into the agri-food sector for disease
control and eradication can be expanded to provide accurate data for monitoring crops,
soil, water and other environmental conditions. Fundamentally, the widespread use of
pesticides needs to be monitored and controlled. A pesticide is defined by the Food and
Agricultural Organisation (FAO) as “any substance or mixture of substances intended for
preventing, destroying, or controlling any pest, including vectors of human or animal
disease, unwanted species of plants or animals, causing harm during or otherwise
interfering with the production, processing, storage, transport, or marketing of food,

agricultural commodities, wood and wood products or animal feedstuffs.”*3

The majority of pesticide usage for crop protection is targeted against pests such as
insects, rodents/ birds, weeds and microorganisms. They are classified in groups such as
insecticides (organophosphates, pyrethroids and neonicotinoids), herbicides and
biopesticides, based on the pests they are intended for. The hazards resulting from
pesticide usage are well documented in the literature.’**" Their drawbacks include
the potential toxicity to humans and other non-target organisms through environmental
contaminations in soil, water, and other vegetation.'® 1° Although, pests and diseases
damage up to one-third of crops during growth, harvest or storage; with the growing
global concern over food scarcity, pesticide usage is essential in modern agricultural
practices, providing the required benefits such as increased food production, improved
farm productivity and food quality, extended shelf-life, as well as the obvious economic
advantage to farmers.?> 2! There are exceptions to the predominantly negative view of
pesticides; Lomborg et al. wrote, “If pesticides were abolished, the lives saved would be
outnumbered by a factor of around 1000 by the lives lost due to poorer diets. Secondary
penalties would be massive environmental damage due to the land needs of less

productive farming, and a financial cost of around 20 billion US Dollars”.??


https://en.wikipedia.org/wiki/Pesticide_poisoning
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Implementation of new technologies for the detection of pesticides can provide
monitoring and regulation of pesticide usage in the environment. Sensors can potentially
provide real time data on soil nutrients, monitor water run-off and contaminants in water
supplies and also detect pesticide residues on food and crops. Another advantage of
implementing sensor technologies is to reduce nitrogen emissions by determining the
nutrient content of soils prior to fertilisation. Monitoring can, in turn, encourage a
reduction in pesticide usage (or introduce insect-specific pesticide use) and better
placement of fertilisers to ensure the production of high quality foods and sustainability
in the market. Recent technological advancements have encouraged the creation of
“point-of-concern” techniques, that provide added advantages such as ultrasensitive

detection, faster turnover, in-situ sampling, on-site capability and reduced cost.

1.1.3 Food Safety and Security

“Food security exists when all people, at all times, have physical and economic access to
sufficient, safe and nutritious food that meets their dietary needs and food preferences for
an active and healthy life.”?® Food security has become a primary focus and concern as it
directly affects both human and animal lives. Maintaining clean resources and food
quality is a key challenge in food sustainability. It is one of the most topical issues, with
thousands of recalls globally every year. In 2016, the Food and Safety Authority Ireland
issued a total of 67 food alerts. Of this total, 28 were food allergen related for mislabelling
the presence of milk, eggs, soybeans and nuts. Whereas the remaining 39 food alerts were
either product recalls or withdrawals from the Irish market for the following reasons:
presence of a foreign body, presence of pathogens, and chemical contamination. A
Category 1 alert is when there is an identified risk to consumers and official action is
compulsory. Some Category 1 examples in Ireland include the presence of salmonella in
chocolate, a high nicotinic acid content in a pre-workout drink, presence of histamine in
tuna fish cans, the presence of listeria monocytogenes in hummus and the recall of tofu

due to rodent infestations.?*

The development of sensor technologies in food safety can provide rapid detection of
foodborne toxins, allergens, pathogens, toxic chemicals, heavy metals, and other
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contaminants. Point-of-use sensors have the added ability and advantage to detect
contaminants in food as well as microbes in food packaging, prior to human consumption.
In the case of the food adulterant Melamine, which was widely used to falsely increase
the protein content of infant formula in China, the discovery of the chemical was post-
retail. Subsequently, the delay in discovery affected ~300,000 Chinese infants and young
children.?> 2 Moreover, the economic impact of the product recalls was massive.?’
Another discovery that received heightened scrutiny by the FDA and FAO was imported
seafood, mainly from Southeast Asia and China, which tested positive for the presence of
harmful substances and unapproved drug residues such as dyes like crystal violet (CV),
malachite green (MG), fluoroquinolones (FQs), and other illegal drugs.?® The majority of
imported seafood also contained antibiotic residues.?® To this end, the use of banned
chemical contaminants in food needs to be more strictly controlled. Superior “point-of-

care” technologies provide the required sensitivity and selectivity to achieve this.
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1.2 Sensing at the Nanoscale

Nanotechnology and nanomaterials have enabled significant advancements in analytical
sensor devices within the agri-food, environmental, pharmaceutical and security sectors.
They are the most promising tool in dealing with animal health and environmental issues
related to the global population, such as food & crop protection, pathogen and toxin

detection, water purification and environmental remediation.

Currently, most existing sensors are limited in their ability to sense and discriminate small
amounts of analyte with sufficient selectivity, as well as limited in their remote sensing
capabilities. The development of new sensing devices based on nanomaterials can be an
alternative to overcome these limitations. Nano/micro system technology has the
potential to enable significant developments in food production and next generation
farming practice through the provision of real time data from point-of-care sensing
systems. Nanosensors are therefore expected to lead to innovative applications, providing
early disease detection that can result in faster treatments and better outcomes, as well as
the early and accurate detection of environmental pollutants, contaminants, and even

biological or chemical weapons.

Sensors, by definition, are devices that react to a physical, chemical or biological change
in their local environment and convert that change into a measureable, quantifiable
signal®. They are composed of two parts: the receptor, i.e. sensing element and the
transducer (the detector device) which converts the change into an observable response.
The main transduction methods generally used are electronic,3" 3 piezoelectric, thermic,
electrochemical®-*° and optical.>®-3® Due to their unique chemical and physical properties,
nanomaterials may be used as a transducing component, as well as receptors.
Nanomaterials and nanofabricated devices have many advantages over bulk materials and
traditional sensors. One advantage is their ability to be fabricated on the same scale at
which many physical phenomena occur e.g. DNA width ~2 nm.*® Furthermore, advances
in nanofabrication approaches, particularly the convergence of ‘top-down’ and ‘bottom-
up’ fabrication techniques have accelerated the development of functional nanosensing

devices that demonstrate improved performances when compared to traditional larger
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devices. A second advantage of employing smaller sized sensors is that it enables high
densities of sensors to be fabricated in a much smaller footprint at key substrates, such as
on silicon chips, thus yielding much higher information-generating capability per device.
To this end, there is the potential to achieve enhanced sensitivity at a smaller footprint
compared to traditional microsensor devices by increasing the number of sensing

elements in the device by fabricating arrays of nanosensors.

The main requirements of sensors, i.e. selectivity, sensitivity, fast response, low
fabrication costs, robustness and portability, are fulfilled by the use of nanomaterials and
nanotechnology. For example, nanosensors enable the measurement of most molecular
interactions in real-time with much faster analysis times.** The selectivity and sensitivity
of nanosensors can be further improved using a suitable transducer with the receptor
according to the targeted application. For example, within the environmental and security
sectors, localised surface plasmon resonance excitation provides molecular fingerprinting
of molecules of interest*! due to enhanced properties of nanostructures. These nanosensor
devices, providing highly sensitive measurements, can be classified according to their

transduction methods.

In this thesis we will focus on the optical transducer, particularly surface enhanced Raman
spectroscopy (SERS), as well as the more broadly used electrochemical transducer.
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1.3 Optical Transducer — Vibrational Spectroscopy

Molecules are made of atoms which are connected by chemical bonds. The length of the
chemical bonds or the distance between atoms is not fixed, so, as a whole, molecules
vibrate and rotate. The spectroscopic method for studying these vibrations is vibrational

spectroscopy.*?

A molecular vibration occurs when atoms in a molecule are in periodic motion while the
molecule as a whole has constant translational and rotational motion. A molecular
vibration is excited when the molecule absorbs a quantum of energy, E, corresponding to
the vibration's frequency, v, according to the relation £ = /v, where h is Planck's constant.
This energy comes from different wavelengths of light. Subsequently, each chemical
bond in the molecule has a unique vibrational energy which provides a unique fingerprint
of the molecule. There are two types of vibrational spectroscopy that can be used to
directly measure vibration frequencies: infrared spectroscopy and Raman spectroscopy.*?

In this thesis, Raman spectroscopy is the main focus.

1.3.1 Vibrational Modes

There are three types of motion in a molecule; translational, rotational and vibrational
motion. Translational and rotational motions are movements of the molecule as a whole,
either in the same direction or spinning on its axis, respectively. The third motion is
vibrational motion, which, as discussed previously, is the movement of the covalent
bonds between atoms within a molecule. This occurs at specific frequencies
corresponding to their vibrational energy level, which is called the vibration frequency
(~10% to 10* Hz), and corresponds to wavenumbers (~300 to 3000 cm ™) in the Raman

or IR spectra.** %

A diatomic molecule contains only a single motion, while polyatomic molecules exhibit
more complex vibrations known as normal modes.*® The six normal modes of vibration
are illustrated in Figure 1.1. The vibrational modes can be either IR or Raman active,
which are complimentary to each other. A three atom complex (a central atom and two
atoms connected by covalent bonds) is used as an example to describe the vibrational

movements:

10
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e Stretching — changing the bond length, either symmetrically or asymmetrically.
Symmetric stretching is where both atoms move simultaneously towards and
away from the central atom. Asymmetric stretching is where the atoms move in
opposite directions towards and away from the central atom.

e Bending — changing the angle between the bonds. Both atoms are moving toward
each other or both away from each other, in the same plane, so the bond angle is
getting smaller and larger.

e Rocking — changing the angle between groups of atoms. Similar to bending but
the atoms move in the same direction, clockwise or anticlockwise, i.e. the bond
angle remains the same.

e Wagging — changing the angle between the plane and a group of atoms. Both
atoms are moving out of plane simultaneously in the same direction.

e Twisting — changing the angle between the planes of two groups of atoms. Both

atoms are moving out of plane in the opposite directions.

Symmetric Stretch Bending Twisting

@/

Asymmetric Stretch Rocking Wagging

Stretching In-plane Out-of-plane

Figure 1.1: Six ways in which molecular bonds can vibrate. The green circle represents the central
atom and the orange circles are the vibrating atoms. There are two stretching vibrations
(asymmetric and symmetric), and two in plane (bending and rocking) and two out of plane
(wagging and twisting) vibrations.

11
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1.3.2 Raman Spectroscopy

Spectroscopy is the study of interaction of electromagnetic radiation with matter. Raman
spectroscopy is a spectroscopic technique for studying vibrational, rotational, and other
low-frequency modes in a system. It was first discovered in 1928 by Sir Chandrasekhara
Venkata Raman,*’ an Indian physicist. The Raman phenomenon has led to major
advancements in spectroscopy, including the detection of Raman active molecules by
observing the molecule’s vibrational and rotational modes. The Raman technique uses a
monochromatic beam or laser source, and occurs in the visible, near-infrared, or near

ultraviolet range of the electromagnetic spectrum, see Figure 1.2.
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Figure 1.2: The electromagnetic spectrum highlighting the visible region, (reproduced from 48).

Molecular energy levels are quantised and from this we can develop the concept of
scattering cross section, which is an area that contains the probability of photons being
scattered after interaction with a molecule. In order to determine if a molecule is Raman
active, the classical Raman Effect must be considered. This effect is described by the
polarizability, a, of a molecule, which determines its distortion in an electric field, E, and
the vibrational cross section.*® When an electric field is applied to a molecule, it induces

a dipole moment in the molecule and is described by:
Hing = a.E

(Equation 1.1)

12
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The induced dipole oscillates at a certain frequency, and photons are emitted at that
frequency. Whether the frequency is the same as the incident light, or has changed,
determines whether the scattering is elastic or inelastic. The polarizability is determined
by the size and shape of the electronic cloud and for a molecule to be Raman active, this
polarizability must change during the molecular vibration. Therefore vibrational modes

that alter the electric cloud are said to be Raman active.*® *°

The quantum mechanical theory of light interacting with molecules in air provides an
explanation of the scattering process known as Raman scattering.>* When light interacts
with a molecule, it distorts the molecules cloud of electrons to form a ‘““virtual state”. This
state is not stable and the photon is immediately re-radiated as scattered light. The
majority of light is elastically scattered, i.e. the energy of the incident photon and the
scattered photon are the same. A small fraction of photons are also scattered inelastically,
or Raman scattered, whereby the scattered light has different energy from incident light.

Figure 1.3 shows an energy diagram for the two types of scattering. >

Elastic Rayleigh Inelastic Raman Scattering

Scattering
Excited Electronic
State (E=1)
_________________________ . Virtual
______ . _____} energy
A A states
* } Vibrational
energy levels
Ground Electronic V v &Y
State (E=0) Stokes Anti-Stokes

Figure 1.3: The Jablonski diagram®® of quantum energy transitions for Rayleigh and Raman
Scattering (adapted from >%)

Rayleigh scattering is a process in which an electron in the ground level is excited and
falls to the original ground level. Because this scattered light is does not involve any

energy change from the incident light, both lights have the same wavelength. There are

13
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two types of inelastic scattering whereby the emitted photon either has gained energy or
lost energy. These are known as anti-stokes and stokes, respectively.>® Stokes Raman
scattering is a process in which electrons are excited from the ground level and falls to a
vibrational level, involving energy absorption by the molecule. Therefore the scattered
light has less energy and longer wavelength than incident light. Alternatively, with anti-
Stokes scattering, the electron is exited from a vibrational state to the ground level.
Energy is therefore transferred to the scattered photon, thus anti-Stokes Raman scattered
light has more energy and a shorter wavelength than the incident light.

The energy of each scattered photon corresponds to a vibrational mode in the molecule
which has a characteristic spectral peak. A collection of these provides spectral molecular
fingerprints of the Raman active molecule of interest. Figure 1.4 illustrates the
components of a typical Raman spectrometer. A collimated beam of monochromatic laser
light is provided by the excitation source and expanded out by the beam expander. The
laser light (photons) is reflected by a series of mirrors and focused onto the sample in the
sample holder. The laser light irradiates the sample and the photons interact with the
molecules. The light is emitted and scattered as electromagnetic radiation.>® This
scattered light is collected by the microscopes objective lens and passed back through a
series of filters which collect the Raman scattered light (Stokes) and filters out the Raleigh
and Anti Stokes light. The light is then focused through a diffraction grating, which bends
the Raman shifted light according to wavelength. The photons are detected by a charged
coupled device, CCD, which counts the number of photons at each wavelength, and the

software displays the spectrum.

Raman spectroscopy has its advantages in that is it non-destructive, requires little sample
preparation and has a fast analysis time. However, the technique has limitations that
hinder its effectiveness. The intensity of Raman scattering is very weak; only 1 in 108
incident photons are Raman scattered resulting in its low detection sensitivity which
makes it impractical and vulnerable to background interferences.®” The efficiency of this
scattering can be increased by various enhancement methods, particularly surface

enhanced Raman spectroscopy (SERS).

14
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Figure 1.4: Schematic of the laser path in a typical Raman spectrometer, (reproduced

from °8),

1.3.3 Discovery of Surface Enhanced Raman Spectroscopy (SERS)

Surface enhanced Raman spectroscopy is a surface sensitive technique that significantly
increases the signal of Raman active molecules adsorbed onto metallic surfaces. This was
first observed by Fleischman et al. in 1974, when SERS was obtained from pyridine on
electrochemically roughened silver.>® However, he did not acknowledge the intensity
increase from the roughened silver, and proposed that the increase was due to a larger
amount of pyridine adsorbed onto the surface. The phenomenon was discovered three
years later by different groups,®® ¢ when they identified that it was the roughened silver
surface that caused the Raman enhancement. In SERS, lasers are used to excite the
vibrational transitions of molecules adsorbed onto nanostructured metallic surfaces,
which enhances the Raman signal, by factors of up to 108, SERS has presented an
approach to overcoming the sensitivity problems associated with Raman spectroscopy.
The importance of SERS is not only that it improves the sensitivity but also that it is a

surface-selective technique.

1.3.4 The Mechanisms of SERS

SERS enhancement occurs at nanostructured plasmonic surfaces following illumination

with monochromatic radiation. It is generally accepted that there are two separate
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mechanisms that combine to generate the SERS phenomena. The first is responsible for
the majority of SERS enhancement and is based on an electromagnetic enhancement due
to localised surface plasmons, whereas the second mechanism is a chemical resonant

energy charge transfer,> 62-:64

1.3.4.1 Electromagnetic Mechanism

The electromagnetic mechanism (EM), proposed by Gersten and Nitzan,®® ® is viewed
as the more dominant theory as it accounts for physisorbed species on the surface as well
as chemically bonded species. The theory suggests that Raman enhancement is due to the
excitation of localised surface plasmons (LSP) in the metallic nanostructures by the
incident radiation. Briefly, when light impinges on the nanostructure, it causes the free
conduction electrons on the surface to oscillate. This collective oscillation is known as
localised surface plasmon resonance (LSPR).®” The excited LSP’s make the molecule
highly polarisable and forms a large electric field on the surface. This electric field
induces dipole moments in the molecule on the nanostructures, and sequentially produces
the Raman enhancement. This large localised electromagnetic field present around the
nanostructure or gap between the closely-spaced nanostructures, that provides Raman
enhancement, is known as the “hot spot”,% see Figure 1.5. The intensities of the Raman
photons are susceptible to enhancement, if their wavelengths are in resonance with the
plasmon mode of the nanostructure. LSPR enhancement, therefore, depends on the size
and shape of the metal nanostructures, which will be discussed in the next section.

The increase in SERS signal is due to an increase in the cross-section of the molecules,
resulting in the concept of the SERS enhancement factor (EF). SERS is generally
measured from assemblies of different nanostructures, so the enhancement factor (EF)
can therefore be described as the average of a combination of enhancements for many
molecules in different situations, i.e. depending on their adsorption states, the roughness
and homogeneity of the surface, surface morphology, the laser intensity and wavelength,
etc. Experimental values of EFs are typically in the range of 10* to 10° which is a
combination of the above described weak enhancements and strong “hot spots”.
However, electromagnetic “hotspots” are claimed to have provided massive

enhancements of between 10! to 10%* orders of magnitude to the SERS signal.®® This
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theory is still being largely researched as it is key to single molecule detection, which

may be achieved from selective excitation of single molecules.’"?

Electric Field Enhancement

/ “hotspot”

AulAu

Figure 1.5: Plasmonic effects: (a) Electric field distribution around a nanoparticle and (b) Electric
Field around two nanoparticles and the presence of a SERS “hotspot”, (reproduced from 73).

1.3.4.2 Chemical Mechanism

The origins of the chemical mechanism for enhancing SERS are still a topic of
discussion.”*"" Although controversial, the mechanism is based on the change in
polarisability of molecule adsorbed to a metal surface. It is estimated that the chemical
effect contributes to a factor of 102 of the total SERS enhancement.”® The mechanism
arises when an analyte is adsorbed onto a metallic surface; a chemical reaction occurs
between the surface and the adsorbate, known as chemisorption. In this reaction, the
analytes molecular orbitals broaden into the conductive electron band of the metal
therefore overlapping with the Fermi-level for the metal. The Fermi energy level of metal
cluster drops between the lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO), illustrated in Figure 1.6. Upon absorption of the
incident laser light, charge transfer occurs between the molecule and metal.” This
enhances the polarizability of the molecules (refer to Equation 1.1), and hence enhances
the Raman response.®% 8! The chemical effect is only associated with situations where
there is a chemical interaction between a molecule and the metallic surface. Therefore it

is unigue to the binding site and strongly dependent on the analyte molecule.
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Figure 1.6: Charge transfer model for the SERS chemical enhancement mechanism (adapted
from 82),

1.3.5 Fabrication of SERS-active substrates

The fundamental requirement for SERS fabrication is a substrate that supports a surface
plasmon resonance. In general, SERS substrates must have a nanostructured rough
surface with well-defined gaps in the region of 10 - 100 nm between metallic clusters in
order to amplify scattering.8® The electromagnetic field strength depends on the
polarisation and wavelength of the incident light and thus causes an enhancement. But
the main feature that affects the enhancement is the physical parameters of the
nanostructures (such as material, geometry and arrangement) of the nanostructures on the
surface.®® ® The SERS signal intensity will decrease if the surface structures are smaller
than ~10 nm or larger than ~100 nm. For example, by decreasing the gap between the
nanostructures, the electric field will become more localised and concentrated, and the
corresponding SERS intensity signal increases. An example of this is discussed by Lee et
al. where the nanogap is decreased from 30 nm to 10 nm, and an intensity increase of
over 200-fold was observed.®> There are two fundamentally different approaches to
development of SERS-active nanostructures with “hotspots”: bottom-up assembly and

top-down synthesis.
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1.3.5.1 Bottom-up Assembly

Bottom-up approaches refer to the fabrication of nanostructures by chemical synthesis®,
colloid aggregation®” and self-assembly.® 8 These methods have been reported to
fabricate a variety of nanoparticles ranging from a few nanometers to a few hundred
nanometers in size. Metal nanoparticles can be synthesised chemically at low cost with a
tailored geometry such as nanoparticles,®® °* nanowires,3* % nanospheres,® 9 %
nanorods,®" nanotubes,®® nanotriangles,®® nano-urchins,’® and/or nanoshells!®! (see
Figure 1.7).

Figure 1.7: TEM and SEM images of (a) Ag/ Au nanocubes, 1% (b) gold nanorods, 1 (c) Au
bipyramids,’® (d) Au nanocages, 1® (e) nanostars,® (f) Au nanobowls with Au seed inside,’
(e) gold nanocages,*® (g) Au nanotriangles,’®® and (h) gold octahedral colloid*®® (Figure adapted
from 110)

Plasmonic nanoparticles of metals such as gold or silver possess great potential for numerous
applications due to their unique optical properties.®® ! The most common fabrication of
SERS substrates are gold (Au) and silver (Ag) colloids in diameters between 10 and 200

nm, as they yield the greatest enhancements at their “hot spots”. 2 These nanoparticles
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comprise the fundamental SERS “building block” and are casy to isolate. They are
generally presented in a suspension or sol-gel in the presence of the analyte of interest.!**
115 They can then be drop-casted onto a substrate where they aggregate, creating the
necessary hot spots for Raman enhancement.!'® A disadvantage to this method is that
nanoparticle suspensions must be mixed with the analyte solution for SERS

17 \which is not ideal for measurements on non-Raman active surfaces.

applications,
However this drawback was addressed by Yang et al. who grew Ag nanoshells on thiol-
modified silica NP’s, and deposited them directly on apple skin for analysis. '8 Although
there is a greater enhancement observed with these substrates, it is hard to obtain a
homogeneous surface to produce a uniform enhancement. Additionally, they are not
suitable for field analysis, due to their complex preparation steps. In contrast, devices
which employ a solid base may be more suited for portable sensing, i.e. NP’s that are
immobilised on a solid substrate.!%?2 For example, Fan et al. fabricated and self-
assembled Ag NPs onto glass slides by using 3-mercaptopropyltrimethoxysilane.'??> The
transference of the particles to solid supports stabilises them, avoids the usual aggregation
process and produces self-sustaining and portable SERS active substrates. Yu et al,
fabricated silver colloidal nanoparticles for SERS analysis but alternatively injected them
through a millipore PVDF filter membrane, thus entrapping them in the filter. The filter
therefore was used as the solid portable substrate. It demonstrated 1-2 orders of
magnitude better SERS enhancement than the typical approach of drying a sample in
silver colloid onto a surface. 12® In addition, Shiohara et al. fabricated gold nanostars and
deposited them onto a PDMS platform for SERS evaluation. They used back side illumination
for detection of selected pesticide on fruit skin 1% These methods are deemed more suited for

remote sensing applications.

Optical fiber-based SERS sensors are devices which have generated steady interest as a
versatile means of extending SERS for portable field applications.*?*?® Also there is a
growing interest in the fabrication of paper-based SERS substrates. These substrates are
ultra-low cost, disposable, easy to use and highly suitable for point of care sensing
applications. Polavarapu et al. fabricated SERS substrates by directly writing on paper
using a pen filled with plasmonic nanoparticle inks to detect thiabendazole, which is a
fungicide and parasiticide.!?” Lee et al. also fabricated SERS paper substrates
impregnated with gold nanorods by dip coating. 1% Chen et al. combined adhesive tape
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and SERS activity of Au nanoparticles to fabricate a “SERS tape” substrate. The Au
particles were deposited onto the sticky side of the tape and it was used to extract
pesticides from different kinds of fruit and vegetable peels. 12° These paper-based sensors
fabricated by different methods dramatically improve the portability and feasibility of
SERS detection for pollutants as a promising technique for both laboratory and field-
based detection. Bottom up assemblies have shown very high enhancement but they often
give inconsistent performance when spot tests are conducted within a substrate or
between “identical” substrates. This is mainly because of a lack of structural uniformity
over the entire area of the substrate resulting in poor reproducibility and inhomogeneity.

Also the arrangements of the aggregates are hard to control with these methods.

1.3.5.2 Top-down Synthesis

The ability to control the shape and orientation of nanoparticles on a surface has reduced
many of the complex variables related to SERS and has greatly enhanced our
understanding of the phenomenon. In general, top-down approaches for nanofabrication
are very common as they are cost effective scalable and highly reproducible. Top-down
approaches include lithography techniques (electron-beam (E-beam),**% 3! focus ion
beam milling and nanoimprint lithography®®?), laser etching'®, film deposition
(sputtering, metal evaporation, atomic layer deposition)!3* 1% and templating (using

anodic aluminium oxide %, masks!** or molds®).

E-beam and nanoimprint lithography are fabrication methods used in nanotechnology to
create patterns with dimension down to 10 nm. In e-beam lithography, a resist is exposed
to an electron beam, which induces a change in the chemical structure of polymer resist
(cross linking). The exposed polymer can be washed away using a solvent, leaving only
the unexposed polymer on the substrate. Metal is then evaporated on the whole substrate
and the unexposed polymer is then removed using another solvent. This process results
in the metal being deposited only on areas that have been patterned. SERS substrates with
various geometries such as nanoparticle dimers have been fabricated using E-beam

lithography, see Figure 1.8.
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B

Figure 1.8: TEM and SEM images of top down approaches including E-beam fabricated (a) gold
nanodisks,*3! (b) Au star-like arrays,**® (c) Au diamond shaped structures,**® (d) Ag nanocrescent
structures,™®” (e) Au nanotriangles® ; AAO templated structures: (f) Ag-nanorods via metal

deposition,3 (g) Pt nanotubes by E-beam evaporation, 33 (h) Ag “nano-crown” arrays*’ and (i)

Au “nanofingers”.}4

Similarly, Hu et al.. fabricated polymer nanofinger structures on Si wafers using
nanoimprint lithography, and coated the nanofingers with 70 nm of gold by e-beam
evaporation, see Figure 1.8 (i). Following fabrication, exposure to solvent induced

4! and demonstrating how

leaning or self-closing of the nanowires, creating hot spots,
powerful nanofabrication lithography processes are. They fabricated arrays of
electromagnetically coupled Ag nanoparticles on Si, and could increase Raman efficiency
by controlling the interparticle separation between Ag nanoparticles.'*> These substrates
show high SERS enhancement with good control and reproducibility. However,
lithography methods, although extremely tuneable and scalable, suffer from a high cost

and slow throughput.

SERS substrates fabricated by templating methods is another common approach and have
been demonstrated by a number of groups, see Figure 1.8 (f) to (h). Van Duyne ef al. have
studied substrates based on colloidal Polystyrene (PS) capped by silver. These substrates
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have shown high enhancement and have been used to demonstrate sensing of analytes
such as glucose '** Another very popular method is using widely employed Anodised
Aluminium Oxide (AAO) as a template to produce nanotubes.'** Aluminium foil is
anodised in acid to create nanopores which are then used as a template to create SERS
substrates. Metals can be pulsed electrodeposited inside the template channels, ! 145 146
or deposited via electron beam evaporation, 47> 1¥8  Alternatively, polymers can be
employed to template the AAO. Lovera ef al. fabricated superhydrophobic PS nanotubes
by wetting commercial AAO filters and depositing silver onto the resulting PS nanotube
structures.”® Similarly, Wang et al. patterned polymethyl methacrylate (PMMA) on a
honeycomb-like AAO template and deposited Ag onto the polymer to create Ag “nano-
crown” arrays.'*® Other templates used for the fabrication of nanowires and nanotubes for
SERS substrates include Polycarbonate membranes (PCM),}4%151  Polystyrene
microspheres (PSM)*21%* and nano-channel glasses. The above substrates fabricated
with “top-down” methods can be manufactured reproducibly with high throughput, but
often produce weaker signals and involve the use of expensive equipment and/or complex

procedures.

1.3.5.3 Commercially available SERS substrates

There are several commercially available SERS substrates. Klarite™ substrates, the most
well know commercial SERS substrates, are based on gold coated inverted pyramids.
They show a high and homogeneous enhancement of 10°. A single substrate costs €55,
and only 633 nm and 785 nm laser wavelengths are suitable for analysis. Slimco
“SERSstrates” are manufactured nanopillars on a silicon chip with gold or silver coatings,
costing €70 for a single-use substrate. Integrated Optics substrates are similar in price to
the Silmco substrates at €77. They fabricate gold and silver nanostructures on soda-lime
glass. Ocean Optics glass slide SERS substrates based on gold (785 nm) or silver (532
nm) nanoparticles on paper, or gold/silver nanosponge technology (638 nm). Other
substrate include Q-SERS substrates (Nanova Inc., Columbia, Mo., U.S.A.), StellarNet

Inc. substrates and Horiba scientific SERS substrates.
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1.3.6 Application of SERS

As described previously, SERS is one of the most powerful techniques for surface science
and is emerging as a powerful technique for remote chemical > and biological sensing
applications®®. It allows for highly sensitive detection of molecules of low concentration.
Its flexibility in regard to the various chemical and biological species it can detect,
coupled with the wide range of instruments available for identification, has progressed
SERS as one of the most highly sophisticated analytical techniques. It offers many
advantages when compared to standard laboratory techniques, such as rapid and easy
sample preparation processes, portability of sensors, and the suitability for large-scale
screening. It is therefore advantageous within various fields of research including
industrial, material, forensic, biological and electrochemical fields.**> 618 Continuing
the theme of this study (outlined in section 1.1), the applications of SERS sensing within
the agri-food industry are discussed in this section. These primarily consist of
contaminants from agriculture and the environment, and chemical adulterants. The most
common chemical contaminants in foods that have been studied using SERS are
pesticides, melamine, antibiotics and illegal drugs and illegal food dyes.

1.3.6.1 Environment

Environmental pollution has become an increasingly serious problem, mainly due to
human interferences. Accordingly, there are growing demands for the development of
corresponding analytical techniques for a variety of pollutants affecting crops
(pesticides), water (heavy metals) and the air (polycyclic aromatic hydrocarbons). In this
study, the SERS publications on environmental pesticides are reviewed. Unfortunately,
rapid, chemical analyses of these environmental pollutants are unavailable, and only a
very small fraction of foods are inspected. Pesticides are widely used in modern
agriculture. The first SERS study of pesticides was the detection of organophosphorus
pesticides in 1987 by Alak et al.*® Since then, the potential toxicity to humans, animals,
and the environment was discovered, and tolerance levels were introduced for a large
number of harmful pesticides. ¥ This triggered the investigation, and thus, the
publication of numerous articles and reviews on the analysis of different types of
pesticides in the environment.®%%  Moreover, SERS detection methods have also

developed considerably, resulting in a large number of the more recent reports employing
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in-situ SERS detection methods on the skin of different foods.*%41% A web of science
search combining the topics of “surface enhanced Raman™ and “pesticides” revealed 287
publication results. The majority of these demonstrated the detection of organophosphate
(OP) insecticides, for example phosmet,%® 167 parathion-methyl, 2% 168171 malathion,'?
172,173 and chlorpyrifos.?® 174176 Other SERS pesticide studies included fungicides
(thiram, 8 12° thiabendazole'®), herbicides '/, and the insecticide, neonicotinoids

(imidacloprid!®* 1’ thiacloprid’®, acetamiprid®).

Organophosphates are the largest class of pesticide, making up 50% of the neurotoxic
agents in chemical pesticides.’®* Most OP use is agricultural, since the Environmental
Protection Agency banned their residential use in 2001.182 However, their human and
animal toxicity still make them a societal health and environmental concern 8318
Moreover, small amounts can be detected in food and drinking water.'®8 Hou et al.
showed an in situ SERS method, using commercially available gold nanoparticle colloids
to detect the organophosphates, isocarbophos and phorate, and neonicotinoid pesticide,
imidacloprid, on different plant surfaces.'®* Similarly, Bianhua Liu et al.. reported the use
of silver-coated gold bimetallic nanoparticles for in situ detection of a range of pesticides
on fruit peels without further sample preparation.’®® Both of these techniques
demonstrated sufficient limits of detection (LOD) at the pesticides required maximum
residue levels (MRL). However, as described above, these colloidal based solutions are
not ideal for portable applications and solid SERS substrates that can be prepared in
advance, are more suitable. For example, Chen et al. used “SERS tape” to extract OP
pesticides (thiram, chlorpyrifos, methyl parathion) from different kinds of fruit and
vegetable peels. The tape can simply be placed on to the surface of the produce and peeled
off for SERS analysis. This is non-invasive and required no sample or substrate
preparation. Additionally, Li et al. have created a ‘smart dust’ that can be easily spread
over a probed surface for in-situ TERS measurements. This method requires no
preparation or particle aggregation/concentration on the substrate, like solutions of
nanoparticles would need. Their shell-isolated nanoparticles were used to analyse the OP
pesticide residue, parathion, on a fresh orange, see Figure 1.9. They presented comparable
results between a normal Raman and a portable Raman, demonstrating the substrates
potential use in-field.
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Figure 1.9: Normal Raman spectra of parathion on fresh citrus fruits and a schematic of the
“shell-isolated nanoparticle-enhanced Raman spectroscopy” experiment, by Li et al. %8

Some studies use commercially available SERS solid substrates to detect pesticides. Fan
et al. employed commercially available Klarite substrates to detect the organophosphate
phosmet. 1% Whereas Bin Liu et al. demonstrated quantitative detection of three types of
pesticides (azinphos-methyl, phosmet, and carbaryl) on tomatoes and oranges, using
commercial Q-SERS™ substrates.’®” However, their detection limits did not meet the
regulatory standards for these pesticides.

Neonicotinoids are a relatively powerful class of insecticide, and since the introduction
of imidacloprid in 1991; they have been the fastest-growing class of insecticides in
modern crop protection,®! representing almost 17% of the global insecticide market.%?
Typical detection methods of neonicotinoids are enzyme linked immuno-sorbent assays
(ELISA),'*3 1% HPLC- or GC- mass spectrometry,®5-1% surface plasmon resonance,?®
and fluorescence spectroscopy,?®® none of which are suitable for field analysis.
Neonicotinoids are extremely effective against herbivorous insects,?? while having
perceived low toxicity to mammals, birds and fish.?% This led to their widespread uptake
for use on a variety of crops. However, concerns were raised about environmental impact
in affecting the homing capacity of honey bees, resulting in global colony collapse of the
pollinator population.?®* 2%  Consequently, the European Union enforced a temporary
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ban (Dec 2013)?% reducing the MRL of neonicotinoids to between 0.01 to 3 mg/kg for
many fruits and vegetables.!® 297 Regarding SERS neonicotinoid detection, all
publications are dated post 2013, after the restriction was placed to protect honeybees.
Only in these last few years have SERS studies been carried out, with the total number of
publications in the field at roughly 15 articles (Web of Science). The compounds most
reported on were acetamiprid (7 articles)?®®2!3 and imidacloprid (3 articles).64 213 214
Other neonicotinoids that have been studied using SERS include thiamethoxam?!* 21¢ and

thiacloprid.*™

Cao et al. synthesised three types of AUNP/MOF (metal-organic framework) composite to
investigate the interaction between acetamiprid and the bridging molecules of the MOFs.
Acetamiprid in this case was used to evaluate the characteristics of the SERS substrates.
LOD’s of 0.02 uM, 0.009 uM, and 0.02 uM were achieved for the three composites which
could satisfy the requirement of detection according to the MRLs of acetamiprid.?®® Yang et
al. used SERS to evaluate the penetration behaviours of 4 pesticides (acetamiprid,
thiabendazole, ferbam and phosmet) in a variety of fresh produce matrices. They used a
pescticide/ AgNP complex to deposit onto the external surfaces of different fresh produce
and measured the penetration depth of the complex using SERS.?% Although the results
are promising, this method requires complex sample preparation with the pesticide and
AgNP, including washing steps, and is not ideal for farm-side analysis. On the other hand,
Wijaya et al. employed silver dendrites for the SERS detection of acetamiprid in apple
juice and from swabs of the apple surface.?®® In this method, no pre-treatment was
undertaken on the apple juice samples and the use of the swab is non-invasive to the fruit.

This method therefore has the potential to be used for on-site pesticide detection.

1.3.6.2 Food security

Recent incidents regarding the safety of consumer foods have driven the need for highly
sensitive, specific and reliable methods to determine potential contaminants.?!” In this
section, the SERS methods for chemical contaminants are reviewed, such as dye
molecules, melamine, and antibiotics, particularly for use in remote monitoring.
Implementation of remote SERS sensing has the potential to limit public exposure to

adulterated products and maintain the current stringent levels of food safety. The literature
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also presents a considerable number of SERS studies for detecting biological
contaminants in food such as bacteria, viruses, parasites, fungi, and toxins from plants,

mushrooms, and seafood. %6223

1.3.6.2.1 Dye Molecules

The detection of trimethyldiamine dye molecules, namely rhodamine 6G, malachite
green, crystal violet and 4-aminobenzenthiol, are the most reported chemical
contaminants due to their ease of detection. These dye molecules are highly Raman active
and are used indiscriminately as antimicrobials in aquaculture, despite the reports of it
causing serious toxic, carcinogenic and mutagenic effects in mammalian cells,??4 225
Thousands of SERS publications employ these dyes as standard probe molecule to
investigate the Raman enhancement of the reported substrate, 100 123. 226228 NMoreover, the
most significant and influential papers in this field have employed these dye molecules
to report on single molecular SERS detection,??” 22% 2% the study of enhancement

factors,”* and the mechanisms of SERS.%!

1.3.6.2.2 Melamine

The 2008 melamine scandal involved the intentional contamination of milk powder with
melamine to give a false appearance of high protein levels. Monitoring the level of
residual melamine has become an important issue for industry. During and following the
scandal, much research effort has been focussed on the detection of melamine in a wide range
of products using a wide variety of analytical methods, including, chromatography and
ELISA techniques, which are discussed in chapter 2. Regarding SERS, melamine is
probably the most widely documented food adulterant, with Web of Science literature
search revealing 181 articles.?> 15 232.233 The majority of these articles employ SERS
substrates, for melamine analysis, based on Au and Ag nanoparticle fabrication. Gold
substrates include: Au colloids, 2323 AuNP agglomerates, %23 4-mercaptopyridine-
modified AuNP’s,2° and magnetic AuNPs,?*° to name a few. Similarly the silver SERS
substrates include: Ag Colloids,?** AgNP agglomerates,?*> AgNP coated Ag/C
nanospheres,*®> AgNP coated polystyrene nanospheres,®>* 244 cyclodextrin-coated
AgNP’s, 2% AgNP-coated Fes04/SiO, microspheres, 246 graphene oxide AgNP hybrid, %’

functional graphene/ Ag nanocomposite.?#
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The biggest challenge with point-of-use sensing in milk products is that the SERS method
must be (i) highly sensitive and specific, (ii) fast and easy to use by untrained personnel
(ii1) require little or no sample pre-treatment to the milk, and (iv) employ solid SERS
substrates (not solution based substrates). Peng et al. used self-assembled vertical arrays
of nanorods to detect melamine in methanol. 2*¢ and similarly, Hu et al.. coated Ag
nanoparticles on the surfaces of “Fe30s@SiO2” composite microspheres to detect a
melamine methanol solution.?*® Neither of these articles demonstrates melamine
detection in real samples. Zhang et al. demonstrated melamine detection in milk using
silver colloid solution. They report and easy pre-treatment for the milk, which however
still requires large instrumentation and, additionally, the colloid NPs required mixing with
the diluted and filtered milk.2*3 Alternatively, Guo et al. developed self-assembled hollow
gold nanospheres to detect melamine in milk on a solid chip platform, which is ideal for
remote sensing. However, they employ centrifuging as their only method of sample pre-

treatment which is complex and not suitable for transporting.

There is only one commercial substrate utilised for melamine detection,
Klarite™ substrates (Renishaw Diagnostics Ltd., Glasgow, U.K.). 24%2%0 Lin et al. used
Klarite™ substrates to detect melamine in gluten, chicken feed and other processed foods.
20 They demonstrate detection of the characteristic peaks of melamine; however these
commercial substrates are not sensitive enough to detect trace amounts of contaminants,
especially in complex media. Another novel method by Betz at al. used copper tape and
a penny coin to fabricate Ag micro- and nanostructures and analyse infant formula
adulterated with melamine.?*2 The fact that these substrates can be formed in five minutes
on-site without the need for complex equipment, sample pre-treatment or harsh chemicals
enables the possibility of remote point-of-sampling. However their LOD (5 ppm) is also

not sufficient for remote melamine detection.
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Figure 1.10: (a) The representative SEM images of open (left) and closed (right) pentamer gold
nanofingers before and after treatment with the filtered milk. (c) Effect of the nanofingers closing
on the melamine sensing performance, by Chen et al.. 22

Finally, Chen et al. reported on detection of melamine in egg whites using fabricated
ZnO/Au composite nanoneedle arrays, see Figure 1.10. The results showed some
background interferences from the egg proteins but the characteristic peak for melamine
at ~ 682 cm™ remained detectable and was well resolved. 22 The only sample preparation
was a filtering of the egg solution through 4 layers of gauge, which can be easily
employed off-site as it required no complex instrumentation. Similarly, Kim et al.
subjected their previously reported gold nanofingers to melamine detection in milk.14
Although they also required sample pre-treatment, the authors avoided using
centrifugation as it was neither portable nor low cost. Instead they employed a mini
dialysis kit and detected characteristic melamine peaks from the dialysis filtered solutions
at 1 ppm.®! They also demonstrated melamine detection at 100 ppb in infant formula
using a solution gel filtration chromatography treatment. These are two of very few
articles that report SERS substrates and methods of sample pre-treatment, that both are

fully compatible for field applications in a limited-resource environment.

1.3.6.3 Pathogen detection and health applications

SERS represents a promising technique for the portable detection and identification of
pathogens in environmental samples.?>?> For example, Wood et al. report the coupling of
a portable Raman spectrometer to an acoustic levitation device to enable environmental

monitoring and identification of microalgae.?®® Zhou et al. show SERS detection of living
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bacteria in drinking water in 10 minutes using AgNPs. Furthermore, they report the ability
to discriminate between three strains of Escherichia coli and one strain of Staphylococcus
epidermidis in a 3 pL solution.?* Traditional identification and detection methods for
microorganisms, mostly viruses and bacteria, are based on culturing of the
microorganisms and isolation of single strains. This involves a combination of different
tests and relies on determining their phenotypic characteristic and their ability to grow in
different media. All of these methods are labor-intensive and very time-consuming. SERS
has been utilised to identify microorganisms in complex media, such as anthrax, so single
strain isolation is not required, significantly reducing detection time.?>2" |t can be used
to assess the quality of natural waters in rivers, where contamination from improperly

treated wastewater imposes health problems.??®

SERS has been utilised for the detection of various pathogens, reported by Li et al. such
as Giardia, Enterococcus faecalis, Streptococcus pyogenes, Acinetobacter
baumannii, Kleb siella pneumonia, Salmonella typhimurium, Pseudomonas
aeruginosa, Bacillus megaterium, Staphylococcus cohnii, Helicobacter pylori, Listeria
monocytogenes, Erwinia amylovara, and Escherichia coli.*®* Furthermore, Granger et
al. reviewed the use of SERS for pathogen detection in human health/infectious disease
and food, water and biosecurity applications. They focus particularly on the potential to
develop point-of-use (or point-of-care, POC) sensors exploiting the capability of SERS,
such as, improved LODs, multiplexing abilities, ease of use, and cost effective
instrumentation.??? SERS is also used for the detection of numerous different biological
species,?® for example, detection of many different cancer biomarkers,?° DNA and RNA
detection,?®® and also for the detection of glucose.?! It offers an alternative approach to
biosensing, without the limitations found in other analytical techniques; fluorescent dyes
are not needed for sensing, there is no interference from water absorption, and plasmon
resonances allow for a tuneable sensor. Although SERS is a highly sensitive and selective
technique, it remains challenging to maintain these advantages for field analysis.

To conclude this section describing the optical transducer; we can see that SERS is an

exciting tool for agricultural and environmental sensing applications. It has many
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attributes that make it an excellent method for POC analysis. The sizes of Raman spectral
features are 10-100 times narrower than those of fluorescence; this minimizes spectral
overlap between different labels that are used in SERS methods for indirect
quantification, making more extensive multiplexing possible. Second, the optimum
excitation wavelength for SERS is linked to nanoparticle size, shape and composition; as
described previously, therefore only one laser excitation wavelength is required for
multiplexing. There are many methods for fabricating SERS substrates from the
expensive but highly accurate and tuneable lithographic approaches, to the low-cost,
disposable substrates fabricated from everyday materials, such as paper, leaves and
aluminium cans. Most importantly, SERS has the potential to deliver rapid, sensitive and
highly specific detections of a wide range of chemicals, biomolecules and micro-

organisms, at the point of concern.

Electrochemistry constitutes another promising group of sensing devices that allows
increased sensitivities, low cost and short analysis times with easy miniaturisation for
point of use devices. An overview of electrochemistry, particularly at nanoscale, is given

in the next section.
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1.4 Electrochemical Transducer - Fundamentals

1.4.1 Electron Transfer Mechanism

Electrochemistry is the study of chemical changes that cause electrons to move from one
element to another in a reaction known as a redox reaction or oxidation-reduction
reaction. Electron transfer governs the pathway of electrochemical reactions and as it is
difficult to trace the movement of electrons using spectroscopy methods, electrochemical

methods are used.?%?

In an electrochemical system, the application of potential results in chemical reactions
occurring at the electrode-solutions interface. This phenomenon, known as electrolysis,
involves the transfer of electrons or charge between an electrode and electroactive species
in solution,?®® which produces a positive or negative current flow around an electrical
circuit. Other common electrochemical reactions include, a change of the electrode
surface, e.g., formation of an thin film on the electrode surface or deposition of a metal,?%*
or a change of physical state, e.g., from liquid to gas.?%> 2% In all cases, electrochemical
reactions are either oxidation (a loss of electron) or reduction (a gain of electron)
reactions, represented by the following equation:
O +ne” =R

(Equation 1.2)
where O is the oxidised form of a redox species in solution, n is the number of electrons
e transferred and R is the reduced form of the redox species. The electrode where
reduction reactions occur (electrons gained) is known as the cathode and the electrode
where oxidation reactions occur (electrons are lost) is called the anode.

For electron transfer reactions to occur at the electrode/solution interface, it is necessary
that the energy level of the electron corresponds to the energy level of the donor or
acceptor molecular orbital. The energy that is required to move the electron is known as
the activation energy and depends on the applied potential. Application of an applied

voltage allows us to control the maximum energy in an electrode.

For reduction reactions the formal potential of the redox couple, E®” (the potential that is
actually measured in an electrochemical cell) is greater than the applied potential, E. In
this case, for electrons to be transferred to the lowest unoccupied molecular orbital

(LUMO) of a molecule in the solution, the electrodes Fermi-level must be high, as
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illustrated in Figure 1.11 (a), thereby forming a reduction current. This is achieved by
decreasing the potential applied. Alternatively, for oxidation reactions the applied
potential, E, is greater than the formal potential of the redox couple, E°”. So in order for
electrons to be transferred from the species in solution to the electrode, the electrode
energy must decrease sufficiently (potential is increased) to allow electron transfer from
the highest occupied molecular orbital (HOMO) of the molecules in the solution, to the
electrode, thus forming an oxidation current. This process is illustrated in Figure 1.11 (b).
Figure 1.11 highlights the changes in the electronic states at the solution/electrode

interface and the electron transfer for both reduction and oxidation processes.

Electrode Solution Electrode Solution
Vacuum level Vacuum level
e
. R\ _/—\IA
Reduction Z‘( LUMO Energy | —+—LUMO
O+ne =R !
Energy
% HOMO % HOMO
Vacuum level Vacuum level
Oxidation f_’\ LUMO LUMO
R=0+ne ef/—\.
Energy v

Figure 1.11: Diagram of the electron transfer and energy levels at an electrode-solution interface
for reduction and oxidation processes. LUMO is the lowest unoccupied molecular orbital and
HOMO is the highest occupied molecular orbital. An applied voltage is required to surmount the
energy barriers and allow electron transfer.

The application of a potential to an electrode makes the reaction thermodynamically
favourable which can be determined by the change in Gibbs free energy (AG):

AG = —nFE®°
(Equation 1.3)

where, n is the number of electrons involved in the reaction, F is Faraday’s constant
(96485 C.mol™?) and E? is the standard cell potential. AG is the difference in the energy
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between reactants and products in a chemical reaction. Standard thermodynamics says
that the actual free energy change is related to AG?, the free energy change under standard
conditions (1 atm, 298K), by the relationship:
AG = AG®° + RTInQ

(Equation 1.4)
where, R is the standard gas constant (8.314 J.mol™X.K™), T is temperature (K) and Q is
the reaction quotient which is the function of the activities or concentrations of the
chemical species involved in a chemical reaction. This equation relates Gibbs free energy
to the concentration of the oxidised and reduced species and it can be combined with
(Equation 1.3 to calculate the cell potential, E, with respect the concentrations of a redox

chemical species:

P RTl Red
B nkF n Ox

(Equation 1.5)

where, Red and Ox are the concentrations (mol.cm®) of the reduced and oxidised forms

of a redox couple, respectively. This is known as the Nernst equation.

1.4.2 Electrochemical Experimental Set-up

One of the most popular setups for an electrochemical system is a standard three-electrode
electrochemical cell. It consists of a working electrode (WE), a reference electrode (RE)
and a counter electrode (CE) immersed in an electrolytic solution of interest. To minimise
background interferences and electromagnetic noise, the cell can be placed into a faraday
cage, which facilitates lower detection limits. A simplified schematic of a potentiostat
circuit is illustrated for a standard three-electrode electrochemical experiment, in Figure
1.12. All three electrodes are electrically connected to the potentiostat which is required
to maintain the applied potential at the working electrode and measure the current
generated by electrochemical reactions occurring at the WE/solution interface. The Signal
generator provides the required voltage and applies it to the potentiostat circuit. This
voltage is controlled by the control amplifier, which drives current through the system to
ensure the desired voltage matches the measured voltage. The I/E convertor used an
amplifier to measure the voltage before and after it passes through a resistor (Rm). This
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voltage difference is then used to determine the current in the electrochemical cell. The
electrometer also used an amplifier to instead determine the potential difference between
the WE and RE. Therefore, it is said that the potential is controlled between the WE and
RE, whereas the measured current passes between the WE and CE via the analyte

solution. The potentiostat is connected to a computer to acquire data.

Control Electrochemical
+ e ge
Signal Amplifier Cell

Generator

+
[ Voltage (V) ]— x1 ﬁ

Electrometer

+ R,
[ Current (A) x1
L

I/E Convertor

Figure 1.12: A schematic circuit diagram of a potentiostat controlling a three-electrode
electrochemical cell. (Reproduced from 27)

1.4.2.1 Working Electrode

The working electrode is the electrode in an electrochemical system on which the reaction
of interest is occurring. Examples of materials used for working electrodes include gold,
carbon, silver and platinum. The material used and the size/ shape of the working
electrode depends on its application, i.e. the reactions that take place on the electrode. If
the reaction is a reduction, the electrode is cathodic; alternatively, if it is an oxidation
reaction the electrode is called anodic.?%? It is essential to have a clean working electrode
surface to obtain reliable, reproducible experiments. Therefore, depending on the
electrode material and size there are different cleaning protocols obtained. For the on chip
experiments carried out in this study (discussed in chapter 3), a gold working electrode is

employed.
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1.4.2.2 Reference Electrode

The function of a reference electrode is to provide a stable known potential and is used
as the point of reference for the control and measurement of potential in the
electrochemical cell. It also must be chemically stable so that the system control is
maintained. As outlined previously, the measured current passes between the working
and counter electrodes via the analyte solution. Little to no current should pass though
the reference electrode to prevent polarisation of the electrode and therefore the change
of its potential.?%? There are many types of reliable RE, including the saturated calomel
electrode, the silver/ silver chloride electrode, standard hydrogen electrode, platinum
pseudo-reference and the copper/copper sulfate electrode. One of most widely used of
these electrodes is the Ag/AgCI electrode due to its stability, low cost, non-toxicity and
easy fabrication. The Ag/AgCl requires a high sample volume due to its size, which limits
its use with micro/ nano devices. Consequently, alternative reference electrodes have
been developed, such as an on-chip Ag/AgCl reference electrode,?%® 26° which provides a
quasi-stable RE but requires modification of the silver after every use with AgClI, which
can be time consuming and unreliable. A different option is to use a noble metal pseudo-
reference electrode, e.g., platinum or gold,?’® 2"t which is the electrode of preference for

our experiments. Calibration of these electrodes is required prior to every measurement.

1.4.2.3 Counter Electrode

The counter electrode (or auxillary electrode) provides a circuit with the WE over which
the current is either applied or measured. Because the CE acts as a supply of electrons
(source/sink of electrons) to the working electrode to balance the reaction occurring, it is
common to use a CE that is ten times larger than the WE so that it will not be a limiting
factor in the kinetics of the electrochemical process. This also prevents current from
flowing through the RE so that the fixed potential can be maintained in the cell. In most
electrochemical reactions, the counter and working electrodes are separated so that the
alternate redox processes occurring at each electrode will not interfere with each other

and electoneutrality is maintained in the solution.
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1.4.3 Application of Nanoelectrochemistry

Electroanalytical techniques particularly at the nanoscale provide enhanced sensors
compared to commercial micro/macroscale electrodes in terms of sensitivity, response

times and real-time signal readout.

In typical electrochemical reactions, electrons are transferred between an electrode and a
redox species, resulting in a current flow. Faradaic currents are controlled by this electron
transfer and also by mass transport; the transport of material from the bulk solution to the
electrode surface. Oxidation or reduction occurs at the electrode-solution interface and
the electro-active species at the electrode are consumed, which creates depletion zones.
Due to this, redox molecules move from areas of high concentration to low concentration,
i.e. from the bulk solution to the electrode/ solution interface. This flux is a type of mass
transport known as diffusion and is defined as the number of moles passing through a
certain position per unit time and area. Figure 1.13 illustrates the concentration gradient

for the diffusion of a redox species over time.
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Figure 1.13: Concentration gradients (in red) for the reduction of FCCOOH following the
application of a potential. The longer the potential is applied the larger the distance of the diffusion
layer.2’? (Image adapted from 273)
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At t=0, before applying a potential the concentration of the redox species (Ferrocene
monocarboxylic acid - FcCOOH) is the same at all distances from the electrode’s surface.
Once a potential is applied, the FcCOOH concentration at the electrode’s surface is
depleted and more FcCOOH diffuses from bulk solution to the electrode. The longer we

apply the potential, the greater the distance over which diffusion occurs.

Effectively, nanoelectrodes display enhanced mass transport, over microelectrodes, due
to their small critical dimension. At macroelectrodes, cyclic voltammograms are typically
peak-shaped, particularly at high scan rates. This time-dependant current arises because
the diffusion layer is small compared to the critical dimension of the electrode and mass
transport occurs perpendicular to the electrode surface. This is called planar diffusion.
Alternatively, nanoelectrodes produce steady-state voltammograms. Mass transport to
these electrodes exhibit a hemispherical shape due to their extremely small critical
dimension. This is known as radial diffusion. The smaller the electrode size, the faster
radial diffusion can be achieved. Moreover the faradaic current can readily reach a time-
independent limiting value, even at high scan rates.

Figure 1.14 (a) to (c) demonstrates how the shape of simulated concentration profiles at
a microdisk electrode (12.5 um diameter) varied with the applied scan rate. 2 At 50 mV
s, Figure 1.14 (a), the diffusion layer thickness appears uniform and larger than the
electrode diameter, suggesting the analyte mass transport behaviour is dominated by
radial diffusion. As the scan rate was increased to 500 mV s*, Figure 1.14 (b), planar
diffusion becomes more dominant. When a fast scan rate of 5000 mV s* was employed,
Figure 1.14 (c), the extent of the diffusion layer is of similar dimension to the electrode
diameter, strongly suggesting that planar diffusion dominates at the electrode surface. The
electrode experienced slow mass transport of the analyte, which prevented rapid
replenishment of the electrolysed species at the electrode surface. Therefore, the response
is time-dependant and diffusion-limited. This behaviour was experimentally confirmed
by the emergence of diffusion limited peak shaped cyclic voltammograms at higher scan
rates in Figure 1.14 (g). Furthermore, it is observed that the current is also increasing with

increasing scan rate. This is because current is the flow of electric charge over time (I =
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Q/1). As the scan rate is increasing the charge will remain the same but the scanning time
is reduced, therefore a larger current is measured.

When the critical dimension of the electrode is reduced to the nanoscale, radial analyte
diffusion to the electrode dominates. This is illustrated in the equivalent simulations for
a nanoelectrode (100 nm), Figure 1.14 (d-f). Itis clear that the diffusion layer thickness
is uniform and much larger than the nanowire electrode width, resulting in increased rates
of mass transport. The increased mass transport allows for the rapid regeneration of the
analyte at the electrode surface providing time-independent, steady-state current

measurements, even at fast scan rates and in low concentrations of analyte,?” as shown
in Figure 1.14 (h).
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Figure 1.14: Simulated FcCOOH concentration profiles at a plane perpendicular to a single
ultramicrodisc electrode, at scan rates of (a) 50 mV.s?, (b) 500 mV.s* and (c) 5000 mV.s*. The
equivalent FcCOOH concentration profile at single nanowire electrodes are (d), (e) and (f),
respectively. Cyclic voltammograms obtained for a gold (g) ultramicrodisc electrode and (h)
nanowire electrode in 1 mM FcCOOH in 10 mM phosphate buffered saline showing the change

in wave shape and peak current with increasing scan rates, 5, 500 and 5000 mV s, (reproduced
from 274),
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Another important factor that must be considered is that the presence of the double layer
is responsible for non-faradaic charging currents, or capacitive currents, i.e., they are not
related to any oxidation or reduction reactions. While in most cases capacitive currents
are negligible, they can sometimes be a hindrance for monitoring faradaic processes
particularly at low concentration levels or at fast scan rates. In the case of nanoelectrode,
the charging currents are significantly reduced because of the smaller electrode area. To
this end, compared to macroelectrodes, nanoelectrodes exhibit higher sensitivity due to
higher current densities, reduced double layer capacitance thus reduced background
charging currents, and higher signal to noise ratios. Furthermore, nanoelectrodes enable
direct low volume analysis,?’® low supporting electrolyte concentrations and faster

response times.2"> 277
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1.5 Electrochemical Techniques

Electrochemical transducers detect changes in the form of electrical signal which is
directly proportional to the concentration of analyte in the electrochemical cell. These
methods can be broken down into several categories depending on which aspects of the
cell are controlled and which are measured. There are four types of techniques:
voltammetric,  potentiometric,  coulometric ~and  impedimetric  techniques.
Potentiometry measures the potential of a solution between the working and reference
electrodes. Coulometry either uses an applied current or potential to measure the number

of electrons transferred in the redox reaction.

The main techniques employed frequently in this thesis include, voltammetry in particular
electrochemical impedance spectroscopy (EIS) which will be discussed in detail, in the
next section. Computer-controlled electrochemical instruments such as potentiostats
enable voltammetric techniques to monitor the current generated by the application of a
potential wave function to a working electrode for a range of redox species in solution.
The current-potential curves obtained are known as voltammograms. The applied
potential at which electronic processes occur provides qualitative information, whereas
the current can be employed as a quantitative measure for specific redox molecules. The
two voltammetric techniques employed in this work and described here are (i) cyclic

voltammetry, and (ii) square wave voltammetry. 2’8

1.5.1 Cyclic Voltammetry

Cyclic voltammetry is one of the most widely used techniques to investigate an
electrochemical system. In CV, a potential is applied to the system and the current is
measured. The current response derives from the application of a triangular potential
waveform, Figure 1.15 (a), which produces a forward and a reverse scan. The potential is
swept linearly from an initial potential, Ein, to a final potential, Esin, and reversed from
that potential back to generally the initial one. The linear sweep rate is known as scan rate
and can vary from 1 mV up to thousands of V. The initial potential is set at a potential

where no redox reaction occurs and is swept towards the potential region where the
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electrochemical reaction of interest takes place, i.e. swept negatively or positively past
the standard potential for a redox couple, Eo’. An oxidation and a reduction reaction will
occur on either the forward or the reverse scan, depending on the redox species present.
The most useful parameters in a cyclic voltammogram are the cathodic peak potential,
Epc, the anodic peak potential, Epa, the cathodic peak current, ipc, and the anodic peak
current, ipa, illustrated in Figure 1.15 (b). The reversibility of the reaction can simply be
verified by calculating the ratio between the cathodic and anodic peak currents; a result
of 1 indicates a reversible reaction. Moreover, for a Nernstian reaction at 25 °C the
difference between peak potentials, AEp, is expected to be 0.059/n, where n is the number
of electrons involved in the half-reaction. Higher AEp indicates irreversibility due to slow

electron transfer kinetics.
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Figure 1.15: (a) Schematic diagram of the potential wave form in cyclic voltammetry. (b)
Typical voltammogram of a reversible redox couple.?®2

1.5.2 Square Wave Voltammetry

Square wave voltammetry is a widely used voltammetric technique employed to
maximise faradaic to charging current ratio. It is a pulsed technique in which the potential
applied to the working electrode is composed of a large symmetrical square wave pulse
superimposed on a staircase scan. The staircase waveform is shown in Figure.1.16,
starting from a potential Ein, where no redox reactions take place, passing through the
formal potential Eo’ of a redox species, and ending at a potential Esin, ONce either a
reduction or an oxidation reaction occurred. It is swept in a series of cycles consisting of

two symmetrical pulses, one forward and the other reverse. Each pulse is characterised
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by a pulse height (or amplitude), AEn and a pulse width, t. Each cycle is characterised by
a frequency f and at the start of each cycle the potential shifts by an incremental potential,
AEi, such that cycles successively superimposed onto each other. The current is sampled
twice during each square wave cycle, one at the end of the forward pulse, and again at the
end of the reverse pulse, in order to minimise the contribution of charging current. The
difference between the two current measurements is plotted versus the potential and a
peak-shaped voltammogram is obtained. Square wave voltammetry yields peaks for
faradaic processes, where the peak height is directly proportional to the concentration of

the species in solution.,

Forward Scan —

Iﬁ E,

O
<~ Reverse Scan
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Figure.1.16: Schematic diagram of the potential wave form in square wave voltammetry. Each
cycle comprises a forward pulse and a reverse pulse, which are characterised a pulse height
(4En), a pulse increment (4Ei) and a pulse width (t).22

1.5.3 Potentiometric Field Effect Transistors

An ion selective field effect transistor (ISFET) is a transistor that measures ion
concentrations in a solution, causing an interface potential on the gate insulator. In
general, a field-effect transistor (FET) consists of three terminals; the source, drain, and
gate, see Figure.1.17. The voltage between the source and drain of the FET regulates the
current flow in the gate voltage. The current-control mechanism is based on an electric
field generated by the voltage applied to the gate.?”® The current of the ISFET channel is
affected by the potential change on the sensing surface, i.e. the physical gate of the

MOSFET. The sensing signal can be obtained by analysing the transfer characteristics of
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the sensors. When the charged analytes attached to the sensing surface, the charges will
change the potential across the surface, and thus changes the effective gate bias of FETSs.
In this thesis the extended gate FET (EGFET) is used as a sensing platform, whereby the
sensing chip is separated (an extended gate) from the readout transducer (FET). In
EGFET configuration, an extended gate (sensing chip) is electrically connected to the

gate terminal of a transistor (transducer).?®° This is further described in Chapter 6.

Extended
Gate

o ©
® &

@9 ®¢g

Source Drain

Substrate

Figure.1.17: Basic schematic of an EGFET. The extended gate (i.e. the active sensing surface) is
separated from a MOSFET (i.e. a readout transducer) with electrical interconnection and is
immersed in the electrolyte, while the MOSFET is operated in a dry environment. The change of
surface potential due to the attachment of charged species onto the sensing chip (extended gap) is
transmitted to the MOSFET.?"®
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1.6 Fundamentals of Electrochemical Impedance

Spectroscopy

Impedance is the measure of a circuit’s ability to resist the flow of electrical current and
to store electrical energy. Electrochemical impedance spectroscopy is a technique where
a sinusoidal potential is applied to an electrochemical system and the responding
sinusoidal current signal is measured. Impedance measurements are conducted using
small amplitude perturbation signals to create a pseudo-linear system that is free from
harmonics of the excitation frequency. The resulting current sine wave oscillates at the
same frequency as the applied potential wave but will be shifted in phase (¢). The ratio
between the change in the applied voltage and the change in the current determines the
impedance of the system. A spectrum is generated by sweeping over a range of
frequencies and measuring the impedance at each point. To fully understand the
fundamentals of the concept of impedance, the basic understanding of how an electronic

circuit works is essential.

1.6.1 Ohms Law for DC and AC Currents

The fundamental relationship between voltage, current and resistance in an electrical
circuit is called Ohm’s Law. Ohm's law states that the electric current that flows through
a conductor, 1, is directly proportional to the voltage applied to the conductor, V. The
ratio of voltage to current is called the resistance, R.

I=—
R

(Equation 1.6)

The resistance is constant, regardless of the voltage or current applied. Ohm's law only
covers circuits containing resistive elements (no capacitances or inductances), whether
the circuit driving force is constant DC (direct current) or time-varying AC (alternating

current), see Figure 1.18.
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Figure 1.18: Graphs of voltage vs. time for (a) a direct current and (b) an alternating current.

The circuit’s ability to resist electrical current in a DC circuit can be described using only
resistance. As most AC circuits are not purely resistive, a modification to Ohm's law
makes the law applicable to them. The modification considers the effect of capacitive and
inductive elements which is known as reactance (X). The combined opposition of all the

circuit’s reactive and resistive components is called impedance, Z:

(Equation 1.7)

where, V and | are the root mean squared (RMS) values of the voltage and current,
respectively. To understand the concept of impedance, resistance and reactance are first
explained using waveforms and phasor diagrams. Briefly, if a sine wave voltage is applied
to a circuit, the resulting sinusoidal current will have the same frequency but may have a
phase difference. This is the difference (given in degrees) between the two waves, at the
same point in time. Two oscillators that have the same frequency and no phase difference
are said to be “in phase”. Whereas, two oscillators with the same frequency but have a
phase difference, i.e. one lags or leads the other, are said to be “out of phase”. This phase
shifting is expressed by an angle, 6, which is associated with the impedance of the circuit

and can be depicted graphically in a phasor diagram.
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1.6.2 Resistance

The electrical resistance of a circuit component or device is defined as the ratio of the
voltage applied to the electric current which flows through it; see Equation 1.6. In purely
resistive circuits, the current and voltage have the same behaviour, regardless of whether
the applied voltage is direct or alternating. This can be illustrated using a waveform, see
Figure 1.19. In this scenario, for a purely resistive circuit, the resulting sinusoidal current
(orange wave) attains the same frequency and passes through zero at the same time as the
voltage. So, although the current value may vary in proportion to the sinusoidal voltage,

they remain in-phase with each other i.e. the phase angle is zero (6 = 0).

V A Current and

Voltage are

Vimax “in phase”
Imax |- £~ -

-V

Figure 1.19: Waveform illustrating a purely resistive circuit

This “in-phase” effect is represented in Figure 1.20 as a phasor diagram, which provides
information regarding complex impedance. Impedance is a complex number, which
consists of a real and an imaginary part. The positive x-axis of the phasor diagram
represents the “real part” of the system whereas the y-axis represents the imaginary
components (j). This phasor diagram, with an angle of zero, illustrates that pure resistance
does not contain an imaginary component (j). Therefore we can say that resistance is the

real part of the impedance.

Zr = R (resistive impedance)
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Figure 1.20: Phasor diagram for purely resistive circuit (6 = 0).

1.6.3 Reactance

Electrical reactance is the opposition of a circuit element to a change in current or voltage,
due to that element’s inductance or capacitance. The total reactance is the sum of the

capacitive reactance (Xc) and the inductive reactance (-X.):

X=X:+X,
(Equation 1.8)

Unlike resistors, ideal capacitors and inductors store energy rather than dissipating it, and

contribute to the imaginary part of the impedance:

Z=R+jX
(Equation 1.9)

where, Z is the complex impedance, R is the resistance and X is the circuit reactance ( j
represents an imaginary unit where j2=-1). The presence of capacitors or inductors in an
AC circuit induces a phase shift between the current and voltage therefore, are considered
“out of phase”. When an alternating current goes through pure reactance, the phase angle

is 90°, representing ideal capacitors or inductors.

1.6.3.1 Capacitors

Capacitors store energy in an electric field between two parallel conducting plates
separated by a dielectric insulating layer. When a DC voltage is applied to a capacitor,
the plates accumulate charge (negative on one side and positive on the other) forming an
electric field. This field is the source of the opposition to the current. When the potential
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associated with the charge is equal to the applied voltage the current flow stops and the
capacitor maintains or stores that charge. With an AC supply, the capacitor will
alternately charge and discharge at a rate determined by the frequency of the voltage
supply; the higher the frequency, the less charge will accumulate and the smaller the
opposition to the current. In other words, the capacitive reactance is smaller and therefore

is inversely proportional to the signal frequency (0=2m f):

oL _ 1
CT wC ™ 2mfc

(Equation 1.10)
1.6.3.2 Inductors

An inductor is a wire coil that stores energy in a magnetic field as a result of the current
flowing through it, which is formed when a voltage is applied to the inductor. This current
produces a self —induced electromotive force (emf) that opposes current change. For a
DC supply, an inductor acts as a short circuit because once the storage is complete, current
flow becomes stable and there is no longer an emf produced. Therefore, it just acts like

an ordinary wire with no resistance.

With an AC supply, the magnetic field is constantly changing as the AC current oscillates
back and forth, with respect to the frequency. This change forms an opposing emf which
impedes the flow of the current that is generating the magnetic field. Regarding the
frequency of the applied voltage, as it increases, so does the inductive reactance value of
the coil (or opposition to the current flowing through the coil). Hence, this back emf force
is proportional to the rate of change of current flow and its opposition, the inductive

reactance, is proportional to the frequency:
X, = wL =2nfL
(Equation 1.11)

1.6.3.3 Phase Relationship

We now know that reactance is made up of capacitive reactance, inversely proportional,
and inductive reactance, proportional, to the frequency. Therefore, with increasing AC
frequency the capacitive reactance decreases, whereas the inductive reactance increases.

Waveforms are again used to explain this relationship.
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Firstly, an ideal capacitor is considered. The voltage is proportional to the charge on the
capacitor plate and in order to build up this charge, the current must flow. If a large
voltage is applied across the capacitor it will charge to its maximum and stop (Vmax). At
this point, the current is zero. The current in turn will flow in the opposite direction as the
voltage starts to decrease. When the voltage reaches zero, the current is at its maximum
(Imax). This movement is illustrated in the waveform diagram, Figure 1.21. Looking at
the graph, when both sinusoids are plot together, it is clear that the voltage lags behind
the current by a 90° phase shift. It is said that the voltage wave is -90° “out of phase” with
the current wave. The reactance of an ideal capacitor (considering ohms law, with no R)

is therefore its impedance and is negative for all frequency and capacitance values.

1
r=Xe=3c

(Equation 1.12)

Current leads
g°  Voltage by 90° 90°

Vmax | - - | |
Imax |\ " !
1
/ A\ Ve
NV R

-V

Figure 1.21: (a) sinusoidal waveform and (b) phasor diagram for a pure capacitance,

with the voltage as the reference phasor (6 = -90°)

An inductor works in the opposite way to a capacitor. For an ideal inductor in an AC
circuit, the effect of impeding a change in the current flow is due to dropping a voltage
directly proportional to the rate of change of current. So, the AC sine wave for voltage is
at zero whenever the current is at its maximum and vice versa, when the voltage is at its
maximum the current is at maximum change. This results in the voltage leading the
current by a 90° phase shift, see Figure 1.22. Here it is said that the voltage wave is +90°

“out of phase” with the current wave. Similar to the ideal capacitor, the reactance of an
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ideal inductor (no R) is therefore its impedance and is positive for all frequency and

inductance values.
Z=X, =wl

(Equation 1.13)

V A
Current lags
Voltage by 90° 90°
Vmax |-- H‘
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/:,’ ] ) 0°
-90°

Figure 1.22: (a) sinusoidal waveform and (b) phasor diagram for a pure inductance,

with the voltage as the reference phasor (6 = 90°)

The phasor diagrams for both a pure capacitor and inductor illustrates that the impedance

of these circuit is purely imaginary and contains no real parts.

1.6.4 Impedance

Theoretically, the concept is understood in ideal elements. However, like pure resistance,
pure capacitive or inductive circuits do not exist. In reality, resistors and capacitors (or
inductors) will be connected together in a circuit. In this case, the total impedance will
have a phase angle somewhere between 0° and 90° depending upon the value of the
components used. In this thesis, inductance does not have an effect on the system, so

going forward | will only discuss the capacitive and resistive elements.

For components connected in series, the current through each circuit element is the same.
A simple circuit composed of two components, a resistor and a capacitor in series, is
evaluated. The capacitor will store energy and the resistor will control the rate at which it

charges and discharges. For this example, the resistor will provide the circuit resistance
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(R) and the capacitor will provide the reactance (-1/ ®C). Both elements are combined

into a series RC circuit for analysis, see Figure 1.23 (a).

(a) "’

90°

-90°  RC Vectors Voltage triangle

Figure 1.23: (a) RC circuit in series (b) Vectors for an RC circuit, assuming ideal capacitance
and resistance. (¢) Use of Pythagoras’ theorem to calculate the total series voltage.

Referring back to the phasor diagrams, the voltage wave for resistor is “in phase” and the
capacitor is “out of phase”. The alternating current vectors in the circuit are all equivalent
(Ir and Ic) whereas the voltage vector are changing with regard to their phase shift.
Therefore, to find the series voltage in the system, the circuit’s current is used as the
reference vector, and the sum of the two voltage vectors is calculated, see Figure 1.23.
The total voltage in the series (Vs) vector is created between the existing voltage vectors,
forming a rectangular triangle. Therefore, Pythagoras’s theorem, Equation 1.4, can be

used to calculate the total voltage.
(V)2 = (VR)* + (Ve)?

(Equation 1.14)
Vs = (VR)? + (V)2 where, I =V/R
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Vs = v Ugr-R)? + (Ic. X¢)?

Vs = Imax \/ (R)? + (X¢)?

As we know, the RMS sum of the reactance and resistance is impedance:

Z= R+ X
therefore, Vs =1.Z
Hence, the total impedance is the sum of the component impedances, in series.
7 =2, +27Z, +7
(Equation 1.15)

For a circuit in parallel the voltage across each circuit element is the same, but the current
is changing through the individual elements as well as their phase. Therefore, the voltage
vector is used as the reference vector and the total current can be calculated using a current

triangle. Considering a RC circuit in parallel:

Is = J(Ig)? + (I¢)? where, | = V/R

V V
Is = j(ﬁ)z G’

.= —
STz

The ratio of currents through any two elements is the inverse ratio of their impedances.

Hence the inverse total impedance is the sum of the inverses of the component

impedances:

(Equation 1.16)

1.6.4.1 Concept of Complex Impedance

As discussed, electrochemical impedance spectroscopy (Z) is determined by applying a
small sinusoidal potential excitation to a system and measuring the AC current response.
The system impedance is studied as a function of the frequency of the potential wave.
The applied potential excitation is defined by:
Et = Epsin (wt)
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(Equation 1.17)
where E; is the potential at time t, Eo is the amplitude of the signal and w is the radial
frequency (w = 2z where f is the frequency in Hertz). The sinusoidal output current
response (l) is shifted in phase and has a different amplitude, and is defined as:

It=1Iocos (wt-¢)
Or It = lpsin (wt + @)
(Equation 1.18)

where lo is the current signal amplitude and ¢ is the phase shift of the response signal (It)

from the input signal (E).

The ratio between the applied potential and current response, according to Ohm’s law,
can be represented at any frequency (®) by the complex electrical impedance of the
system:

Er  Epsin (wt) sin (wt)

Z="= =Zy ————
It losin (wt + @) 0 sin (wt + ¢)

therefore, the impedance is expressed in terms of a magnitude, Zo, and the phase shift, ¢.
It accounts for the combined ability of all the components within an electrochemical cell

to resist the electron flow in the system.

Complex impedance is represented by real, Z’, and imaginary, Z”” impedance terms which
mainly originate from the resistance and reactance of the cell, as described in detail above.
For circuit analysis purposes, Eulers formula can be used to express impedance as a

complex function. It states that:

exp (jg) = cos ¢+ sin @
(Equation 1.19)

The AC potential is described as,
Et = Epexp (Jwt)

and the resulting current as,
It = lvexp (Jwt-@)

The impedance can therefore be expressed in terms of its real and imaginary parts,
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PR Er  Epexp(jwt)
(@)= I Iexp (jwt-¢)

= Zo exp(j$) = Zo(cos ¢+ jsin @)

The imaginary component, Z”, is represented by a capacitor or inductor. In an ideal
capacitor, the voltage runs always 90° behind the current; this is indicated with -j followed
by the impedance value. The voltage always runs 90° ahead of the current with an ideal

inductor and is indicated by +j followed by the impedance value.

1.6.5 Equivalent Circuit Modelling

Equivalent circuits in EIS are used to model and fit experimental data using different
electronic components. The circuit therefore represents alterations occurring at the
electrode/electrolyte interface due to modifications of the electrode surface. To start, we
assume the Randles circuit, as shown inset of Figure 1.23. It consists of an active
electrolyte resistance (Rs) in series with the parallel combination of the double-layer
capacitance (Cq)) and an impedance of a faradaic process, i.e. the Warburg element (W)

with the charge-transfer resistance (Rct).

1.6.5.1 Electrolyte Resistance (Rs)

All electrochemical cells have a solution resistance controlled by the cell's geometry and
the composition of the cell's electrolyte. Current flow through this solution resistance can
cause significant errors in the cell's measured potential. However, a modern three-
electrode potentiostat compensates for some of the solution resistance through placement
of the RE. However, any uncompensated resistance between the RE and the WE must be
considered when you model your cell. This uncompensated resistance is inserted in series

in the circuit owing to the fact that all current must pass through the electrolyte solution.

1.6.5.2 Warburg Impedance (W)

The Warburg impedance, W, represents the diffusion of the reacting species towards the

electrode surface. It depends on the frequency of the potential perturbation. At high
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frequencies, W is small since diffusing reactants don't have to move very far. At low
frequencies, the reactants have to diffuse farther, increasing the Warburg-impedance.
When the nominal size of the working electrode is reduced, such as for the nano-size
electrodes employed in this thesis, mass transport increases, and thus the current is no
longer dominated by the diffusion of the redox ions toward the WE.?8! As a result, the
mass transfer dominated W becomes negligible and the Randles circuit can be simplified

to a simple RC circuit.

1.6.5.3 Charge Transfer Resistance (Rc)

Electrochemical charge transfer is the transfer of electrons from the solution to the
electrode metal, and the diffusion of metal ions in to the electrolyte, via oxidation and
reduction processes, refer back to section 1.4.1. R reflects the resistance to this charge
transfer depending on the dielectric and insulating features at the electrode/electrolyte
interface. Moreover, because of the absence of W on our nanoelectrodes, a change of

surface properties on the sensing surface is mainly reflected through the change of Ret.

1.6.5.4 Double Layer Capacitance (Cal)

An electrical double layer exists on the interface between an electrode and its surrounding
electrolyte. This double layer is formed as ions from the solution adsorb onto the electrode
surface. The charged electrode is separated from the charged ions by an insulating space,
often on the order of angstroms. Charges separated by an insulator form a capacitor so a
bare metal immersed in an electrolyte will behave like a capacitor. Capacitors in EIS
experiments, however, often do not behave ideally. For example, the surface of the gold
electrode will have a roughness factor to it; therefore will never act as a pure capacitor.
Instead, they act like a constant phase element (CPE), which reflects the inhomogeneity
of the surface and the current and potential distributions associated with electrode

geometry.?8?
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1.6.6 Data Presentation

The most popular formats for evaluating electrochemical impedance data are the Nyquist
and Bode plots. Both data formats have different advantages, discussed below for a

simplified Randles cell.

1.6.6.1 Nyquist Plot

The Nyquist Plot for a Simplified Randles cell is always a semicircle. A small sinusoidal
potential (or current) is applied of fixed frequency. The system response is measured and
the impedance is computed for that frequency. That is then repeated for a range of
frequencies. The nyquist plot consists of the real component of impedance (Z”) plotted
against the imaginary component (-Z”) at these predetermined excitation frequencies. The
plot goes from high to low frequency and each point is the total impedance (Ztot) at that

frequency value, see Figure 1.24.
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Figure 1.24: Nyquist plot including impedance vector and equivalent circuit diagram inset.
(Reproduced from 283)

This plot is indicative of the capacitive and inductive character of the electrochemical
cell as well as providing insight into the mechanisms of the reaction taking place. The Rs
can be found by reading the real axis (Z’) value at the high frequency intercept, near the

origin of the plot. At the other end of the real axis (low f) the intercept is the sum of the
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Rct and the Rs. The diameter of the semicircle is therefore equal to the charge transfer
resistance. In EIS, when the system is perturbed it relaxes to a new steady state. This
relaxation takes an amount of time, known as the time constant. In Nyquist diagrams,
each semicircle plot is characteristic of a single time constant. A disadvantage to this
diagram is that the frequency cannot be determined from the plot; therefore, the AC

frequency of selected data points should be indicated.

1.6.6.2 Bode Plot

Bode plots show the frequency-dependence of the impedance of the system. The bode
modulus represents the impedance magnitude (or the real or imaginary components of the
impedance) as a function of frequency. The bode phase represents the phase shifts
discussed in section 1.6 again as a function of frequency. Both the logarithm of the
absolute impedance, |Z| and the phase shift, ¢, are plotted against the logarithm of the

excitation frequency on a shared x-axis, see Figure 1.25.
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Figure 1.25: Bode Plots including impedance modulus and phase angle vs. log of frequency.
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1.7 Introduction to Impedimetric Biosensors

A biosensor is “a device which uses a living organism or biological molecules, especially
enzymes or antibodies, to detect the presence of chemicals.” An electrochemical
biosensor is composed of an electrochemical transducer (impedimetric, in this case), a
biological recognition element and an electronic system, Figure 1.26. Briefly, the analyte
in the electrochemical cell interacts with the biorecognition element and is converted to
a measurable signal by the transduction system. The signal is then converted into a

readout or display.

. Elements of a Biosensor |
B Ry ﬁ 4

I 7 &
Cell Cultures . € < FET Devices

= Nucleic Acids =
|] Kk

Human Samples \ Nanowire Array
(Blood, Urine, Saliva) b

s | + L
-t 1 JJJ

c) Signal
Amplifier

d) Signal
Processor

£
W

: Nanoparticles
P \ | Antbodies

Food Samples . \\
w 4 i“’ﬁ’ \ Electrodes
gy Enzymes

a) Bioreceptor(s) b) Electrical Interface(s) e) Display

2

Environmental Samples
(Air, Water, Soil, Vegitation)

Samples Transducers Electronic System

Figure 1.26: The elements of a biosensor, (reproduced from 284).

Impedimetric biosensors are based on electrochemical impedance spectroscopy (EIS),
discussed in the last section. It is used to measure intrinsic properties of a surface or a
process that affects the resistive and the capacitive behaviour of an electrochemical
system, such as, binding of analyte to the biorecognition molecules at the electrode
surface. In other words, EIS can monitor electrode modifications, layer formation on
electrode surfaces and binding kinetics between molecules such as DNASs, receptors,

antibodies, antigens, proteins, ions, etc.

Impedimetric immunosensors have recently received particular attention since they
possess a number of attractive characteristics associated with the use of electrochemical

transducers, namely, low cost of electrode mass production, cost effective
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instrumentation, the ability to be miniaturised and to be integrated into multi-array or
microprocessor-controlled diagnostic tools and remote control of implanted sensor.
Indeed, due to the above-mentioned characteristics, electrochemical impedance
spectroscopy (EIS)-based sensors are considered as promising candidates for use at on-

site applications. EIS biosensors can be classified as faradaic and non-faradaic biosensors.

1.7.1 Faradaic and Non-faradaic Impedance

The difference between faradaic and non-faradaic impedance spectroscopy is the

presence and absence of a redox probe in the measurement solutions, respectively.?®

The characteristics of a modified electrode can be investigated by employing a diffusing
redox probe in the solution. As discussed in section 1.4, a redox probe, such as an iron or
cobalt complex, is oxidised or reduced on the surface depending on the applied potential.
A change in the interfacial properties of the electrode, e.g. from adsorption of
biomolecules to the surface, will result in a more resistive behaviour (higher impedance)
at the electrode. This is due to steric or electrostatic blocking of the redox ions whose
motion between the electrolyte and the electrode constitutes the faradaic current. When
the supply of ions does not meet the demand created by the potential, the resistance
increases and the cell is then said to be polarised at that electrode. This is known as the

faradaic impedance of the electrode.

Alternatively, the capacitive or dielectric features of the interface can be analytically
measured in the absence of a redox probe, known as non-faradaic impedance.?8® 287
Electrode interfacial changes, via modification with biomolecules, will lead to a
displacement of water ions from the electrode surface. This is detectable from the
associated change in the electrode surface capacitance and, consequently, the impedance.
The non-faradaic approach can be sensitive, although it is unpredictable in terms of the
associated capacitive changes upon target analyte binding. Since these non-faradaic EIS
based biosensors do not require an additional redox agent to improve their sensitivity they
can be used in label-free point of care diagnostics. However, this technique can be less

sensitive and non-specific binding can lead to false positive results.
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1.7.2 Biorecognition Elements

Chemical biosensors are based on the presence of a biological recognition element which
form a critical part of the biosensing devices. Normally, in order to create an efficient
biosensing platform, the biological receptors are immobilised onto the electrode surface
to form the biorecognition layer. The process is crucial to the senor development as the
chosen biomolecules have to be able to maintain their structure, their function and their
biological activity after immobilisation, and most importantly need to be stable during

the use.

There are many methods to immobilise a biological recognition layer on to the substrate
which depend on a number of factors, but mainly, it needs to be compatible with the
electrode surface and material, the bio-receptor (capture molecule) and the analyte of
interest (the target). EIS provides direct detection of the interaction between these
biorecognition elements, measuring the change of impedance, and provide a non-
destructive means for the characterisation of the electrical properties at biological
interfaces. To this end, the EIS-based methods have been extensively employed to study
protein binding at a surface, cell growth, bacterial growth, DNA hybridisation, and most

commonly, the antigen—antibody reaction.

1.7.2.1 Antibody-Antigen Based Sensors

Antibody-antigen based biosensors are constructed by immobilising antibodies onto an
electrode surface, then measuring the impedimetric response following antigen
attachment. The binding of the antibody-antigen complex results in formation of an
insulating layer on the electrode surface, producing a change in electrical properties over
a range of frequencies. Antibodies are the most widely reported biological recognition
element due to their high affinity, versatility, and commercial availability. The subsequent
antigens can be a range of biomolecules including bacteria, cells, viruses or other proteins,
which have an affinity to the antibody. Antibody-Antigen based sensors are also known

as immunosensors.

Immunosensor sensitivity is strongly dependant on the amount of antibody immaobilised
on the electrode, i.e. the number of potential antigen binding sites; therefore the

immobilisation chemistry plays an important role in the formation of these sensors. There
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are many way to attach antibodies to a metallic surface, including polymer

291 self-assembled monolayers (SAM)?%

electrodeposition,?88-2%° spontaneous adsorption,
or by molecularly imprinted polymers.?®3-2% Immunosensors could potentially be used to
detect and selectively quantify any chemical compound by only changing the specific
antibody that is employed.?®® Subsequently, they are very useful in widespread
applications such as medical diagnostics and environmental monitoring, which will be

discussed in the next section.

1.7.2.2 Enzyme-Based Sensors

In an enzyme-based biosensor, enzymes are immobilised onto the electrode surface
through physical adsorption, covalent attachment, entrapment or cross-linking
techniques. The specific binding capabilities and catalytic activity of enzymes make them
popular recognition elements. EIS is employed to monitor changes of the interfacial
properties of electrodes upon immobilisation of enzymes and to characterise biocatalytic
processes at the enzyme-modified electrodes.?®” A detectable electroactive signal can be
obtained in several ways: (i) the enzyme converts the analyte into a detectable product;
(if) the analyte activates or inhibits the enzyme; and (iii) interactions with analytes
produce measurable modifications to the enzyme properties. The catalytic activity of
enzymes allows lower limits of detection compared to common binding techniques.
However, the stability of the enzyme limits the biosensor’s lifetime. Enzymatic
impedimetric sensors are commonly used to detect glucose,?*® 2% hydrogen peroxide,**

301 and urea.3°2' 303

1.7.2.3 Cell-Based Sensors

Cell-based impedimetric sensors involve the use of bacterial, prokaryotic, eukaryotic and
mammalian cells for sensing and cell monitoring.>** In particular for impedance
spectroscopy, assays involve cell-cell or cell-analyte interactions. Living cells are
excellent electrical insulators at low signal frequencies, therefore culturing cells onto

electrodes, in turn, causes a change in the electrode impedance.3%®

Cell-based sensing systems are relatively easy and inexpensive to prepare and they tend

to be stable to environmental changes (temperature and pH).3%® Though cell-based
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biosensors are not as sensitive to environmental changes as molecular-based sensors; one
of their main advantages is that they provide functional information, i.e. the physiological
effect of a stimulus on a living system. For example, they can be used to study the
functional characterisations of pharmaceutical compounds on a given physiological
system, and can continuously monitor living cells to study cellular physiological action
when subjected to stimulus.®” Moreover, impedimetric cell-based methods deliver fast
response times, have long-term use and enable label-free in vivo monitoring.3%8 3%

Impedimetric cell-based biosensors have been used for pharmaceutical evaluation of

307

drugs, pathogens, and toxicants,”’ environmental monitoring of bacteria and food

pathogens, 319313 and in biomedicine for cancer monitoring.3%: 314315

1.7.2.4 Aptamer-Based Sensors

Aptamers are artificial single-stranded nucleic acids, RNA or single-stranded DNA
oligonucleotides which bind selectively to a desired target with high affinity, including
proteins small molecules, cells, viruses, bacteria, and amino acids. Aptamers can be
synthesised at low cost by in vitro evolutionary selection (SELEX) and easily modified
with different functional groups for various immobilisation strategies including SAM
with thiols or silanes.®'® 317 Impedimetric aptasensors offer analysis of interfacial

properties and provide high selectivity and label-free detection.

Aptamers have presented high specificity of binding affinity, good stabilisation, and long
shelf life. Moreover, aptamers can reversibly capture and release their target protein.!8
Aptasensors are used for contaminant detection, drugs, pesticides and toxins, in food 3%

%21 and the environment,®2? 32 as well as in medical diagnostics.34326
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1.7.3 Applications of Impedimetric Immunosensors

Potential application areas for affinity-based biosensors include health care, food
processing, environmental monitoring, and defence. Although aptamer-based and cell-
based biosensors show potential for future development, antibodies are currently the most
highly developed recognition elements for these devices. Due to the commercial success
of immunosensors in the aforementioned areas, the range of analytes, sensitivity,
selectivity, and reliability afforded by these methods appears sufficient to warrant
continued use and development.®?’ Impedimetric immunosensors in particular provide
real-time, label-free detection of antigen—antibody binding, as described above. When an
antibody, immobilised on an electrode, binds to an antigen to form a complex, the
impedance will exhibit changes in the interfacial properties at the electrode/electrolyte
interface. Particularly for Faradaic sensing, the binding of the antigen —antibody complex
hinders the transfer of electrons between the redox solution and electrode, thereby
increasing resistance and decreasing capacitance.®?® Moreover, EIS is non-destructive to

these biological interactions. 8¢

These sensors have attracted interest in recent years for applications in areas that require
both a high selectivity, a high sensitivity and require point of care sensing, such as health

and the environment.32°

1.7.3.1 Human and Animal Health

Antibody-based immunoassays are widely used for the monitoring of cancer biomarkers
such as human epidermal growth factor receptor-3 (HER-3), 39333 epidermal growth

factor receptor (EGFR),***3%" and carcinoembryonic antigen (CEA),338-342

The human epidermal growth factor receptor (HER) family plays a key role in regulation
of mammalian cell survival, proliferation, adhesion, and differentiation. HER proteins
exists in normal human adult and fetal tissues; however, in a risk of cancer, the levels of
HER will be increased.®*! HER-3 and HER-2 are overexpressed 20-30% in a range of
tumour cells, i.e. in breast cancers. It is therefore one of the best characterised biomarkers

to aid in therapeutic decision making for patients with breast cancer.3

65



Chapter 1

Impedimetric immunological biosensors have been effectively used for identification
of HER proteins. Canabaz et al. demonstrated the ultrasensitive quantification of HER-3
with a linear range of 0.2-1.4 pg/mL. They employed a gold electrode surface, layered
with, hexanedithiol, gold nanoparticles, and cysteamine, respectively. Anti-HER-3
antibody was covalently attached to cysteamine by glutaraldehyde and used as a
bioreceptor.3*® Soares et al. also demonstrated detection of HER-2 by direct
immobilisation via covalent attachment to the electrode and immobilisation in multiple
steps by bioaffinity.33® They showed a limit of detection (LOD) of 0.88 ng/mL and 1.64
ng/mL for the two sensing platforms, which is comparable to the immunosensors reported
in the literature.** 3% Other biomarkers include carcinoembryonic antigen (CEA), a
preferred tumour marker to help predict outlook in patients with colorectal cancer. Hou
et al. developed a complex sandwich-type impedimetric immunosensor on glassy carbon

electrodes.328

Whereas Tang et al. demonstrated a simple and sensitive label-free
electrochemical immunoassay for detection of CEA using on gold nanoparticles and a

nonconductive polymer film.34

Finally, another receptor that is overexpressed in tumour cells is the epidermal growth
factor receptors (EGFR). In addition, it has been identified as a strong prognostic
indicator for aggressive disease stages in several types of cancers.3*® The quantification
of this receptor is, therefore, highly desired for cancer screening and effective prognosis.
Eshafey et al. used Au electrodes modified with gold nanoparticles functionalised by
cysteamine/ PDITC/protein G for the detection of biomarker EGFR. The immunosensor
had a LOD as low as 0.34 pg/mL in PBS and 0.88 pg/mL in human plasma.®*’. Similarly,
Asav et al. demonstrated detection of EGFR in artificial serum samples.®¥’ Sensing in
serum samples further supports the potential use of these sensors for commercial
applications in healthcare. A large amount of publications based on impedimetric
immunosensors also exist for the detection of C-reactive protein (CRP); a widely accepted
biomarker for cardiovascular disease 34832 and inflammation, as well as for prostate-
specific antigen (PSA), which is elevated in the presence of prostate cancer or other

prostate disorders. 353-356
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The determination of human and animal viruses is also a large area for the development
of impedimetric immunosensors. Viral infections are often asymptomatic or present
generic symptoms which are hard to diagnose. Impedimetric sensors that detect the
presence of viruses or their specific antibodies on-site would provide doctors and
veterinarians with a rapid diagnosis tool, which saves time and money (refer to section
1.1.1). EIS immunosensors have been used to detect a number of viruses including
influenza virus,®7” 3% Citrus Tristeza virus,®° hepatitis C virus (HCV),%? ¢! dengue
virus, %2367 HIV 388 herpes virus and rabies. However, only a handful of these publications

report actual viral detection and even fewer report detection in real sera.

Fang et al. demonstrated the detection of antibodies specific to the dengue virus in human
serum. They immobilised inactivated dengue virus onto a silane/glutaraldehyde modified
interdigitated electrode surface as detection probe.%® Results show direct and repeatable
correlation between signal outputs with respect to serum concentrations. Subsequently,
this immunosensor has the potential to be developed into a hand-held device for clinical
POC screening or molecular diagnosis of dengue infection in the field. The opposite
immunosensor design was presented by Cecchetto et al. in which antibodies to a dengue
protein, anti-NS1, were used as the capture biomolecule for the detection of dengue
protein biomarker NS1.%2 This approach is more useful clinically in that NS1 is secreted
from infected cells unlike antibodies which can be present for a variety of reasons.
Moreover, this sensing method has the potential to detect all four dengue virus serotypes.
Three of the four of these glycoproteins were identified by Luna et al on one platform.
They developed a biosystem immobilising Concanavalin A lectin on a gold electrode
modified with a lipid monolayer, for the specific identification of glycoproteins present
in the sera of infected patients contaminated with dengue serotypes 1, 2 and 3.3%% This
study is very promising to POC sensor development as it can classify the type of dengue

Virus.

Influenza type A viruses are of most significance to public health due to their potential to
cause an influenza pandemic. Since the outbreaks of human influenza A (HIN1) virus in
2009, and outbreaks of the highly contagious avian influenza (H5N1), there have been

numerous recent publications employing impedimetric immunosensing of different viral
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strains. Arya et al. developed a label free immunosensor for the detection of human
influenza virus hemagglutinin (HA) specific antibody. A coiled-coil peptide with
integrated HA-antibody specific peptide was employed as a molecular recognition
element.®®® The modified electrode showed great specificity towards the HA-antibody,
however all the analytes were prepared in buffer not real samples. Although promising,
the authors have not demonstrated detection in clinical samples, to enable POC virus
detection. On the other hand, Jarocka et al. also demonstrated detection avian influenza
hemagglutinin specific antibodies (anti-H5 HA Ab) in chicken sera.®*® Not only do the
authors demonstrate detection in serum samples, they are also able to distinguish between
sera of non-vaccinated and vaccinated hens, against avian influenza. Moreover, they
demonstrated a sensitivity of almost 10* times better than ELISA. This sensor is highly
sensitive and specific and has potential for POC use as a device for antibody detection.
Furthermore, Wicklein et al. developed an affinity biosensor which could successfully
detect and distinguish between human (H1N1) and avian (H5N9) isolates.3”® This
discrimination between phenotypes of influenza virus is very important for POC sensing
so that the correct strain of virus is detected and to avoid false positives.

1.7.3.2 Food security

The analysis of foods to assess the presence of both biological (bacterial pathogens) and
chemical contaminants is critical to ensure food safety and quality. Impedimetric
immunosensors for food safety applications, in particular the detection of antibiotic

residues in foods, is reviewed.

lonescu et al. developed an immunosensor technology for the determination of trace
amounts of ciprofloxacin antibiotic.>”* The technology was based on the immobilisation
of anti-ciprofloxacin antibodies by chemical binding onto a poly(pyrrole-NHS) film
electrogenerated on a solid gold substrate. The detection method presented was fast and
easy as they employed ciprofloxacin as analyte and immobilised its specific antibody on
the electrode surface as the surface receptor. The ciprofloxacin antibiotic was detected at
a range of 1 pg/ml down to 10 pg/ml in PBS buffer solutions. Conzuelo et al.
demonstrated immunosensing of sulfonamide and tetracycline antibiotics residues, but
instead they showed detection in milk.3”? Moreover, the type of milk analysed did not

affect the immunosensor response, showing that they do not get interference from the
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milk proteins. They employ an o-ABA modified surface (similar to the modification used
in this thesis) on disposable dual screen-printed carbon electrodes and covalently attach
Protein G to immobilise capture antibodies for the antibiotics. This disposable
immunosensor demonstrates the multiplexed determination of different antibiotics in
milk samples. Although it required labels which are non-ideal for POC sensing, it does
not require milk sample treatment, which is promising. Another antibiotic that needs to
be controlled is the synthetic antibiotic chloramphenicol (CAP), which is widely used as
an anti-microbial agent. Chullasat et al. applied their immunosensor to analyse CAP
analyte in shrimp samples.®”® They use a thiourea SAM modified Au macroelectrode for
the detection of ultra-trace amount of CAP. Gold nanoparticles coated with
mercaptosuccinic acid (MSA) were adsorbed on the electrode and Anti-CAP antibodies
were immobilised as the capture biomolecule. Nanoparticles were used to increase the
surface area for attachment of the immobilised antibody and which led to a higher signal.
This platform yielded detection of a wide linear range (0.50 — 10) x 107*¢ M, and a very
low determination limit of 1.0 x 1071% M.

The quality of the impedimetric immunosensors for the detection of pathogenic bacteria,
in food analysis, is quite poor. In particular the detection limits can be improved. Very
few publications exhibited low detection limits with relatively short analyses times, in
real samples. Impedimetric detection of bacterial whole cells is otherwise quite common,
in particular for E.coli (0157:H7)%"43", For example, Varshney et al. developed an
impedimetric sensor for rapid and specific detection of E. coli O157:H7 in ground beef
samples, demonstrating an LOD of 8.0 x 10° CFU ml1.3"” Other bacterial pathogens have
also been detected, including Staphylococcus aureus, 8282 Salmonella in milk
samples®® 384 and Listeria monocytogenes.®® Melamine, again, is another contaminant

that has been employed for electrochemical detection, as reviewed by Li et al.®

1.7.3.3 Environmental Applications

Finally, to review environmental immunosensors, | focus on pesticide detection,

particularly in crop or water supplies. Fenvalerate is a pyrethroid insecticide, highly toxic
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for bees and fish. It is not listed as a mandatory detection substance, leading to the rise of
fenvalerate residues in tea leaves. Wang et al. employed glassy carbon electrodes for the
detection of fenvalerate in tea.®®’ Fenvalerate monoclonal antibodies were immobilised
on the electrode via crosslinking with gluteraldehyde for the detection of fenvalerate via
an antigen-antibody immunoreaction. POC determination of insecticides like this are
required, as they could contaminate the ecological environment and drinking water

sources by entering through means of leaching, surface run-off and dry/wet deposition.

Atrazine is widely used herbicide for the control of annual grasses and broad-leaved
weeds. 2°¢ Atrazine residues contaminate crops, wells, and streams due to spills, spraying
and run-off. Moreover, they have often been found in drinking water which is a threat for
the public health. Many immunological-based assays have been developed for the
sensitive detection of atrazine. Valera et al. developed an impedimetric immunosensor
which employed Au/Cr interdigitated microelectrodes for the detection of atrazine in
buffer. 38 Impedance experiments were carried out directly without a redox probe,
measuring the specific binding of a non-labelled antibody with a coated antigen. The
assay relies on the immunochemical competitive reaction between the pesticide and the
immobilised antigen on interdigitated microelectrodes for a small amount of the specific
antibody. Although very sensitive and selective, the process is complex and time
consuming. This platform was again used as a single frequency impedimetric
immunosensor for atrazine detection. 2 Another study, by lonescu et al. used histidine-
labelled anti-atrazine antibodies, on a polypyrrole modified gold electrode, to detect the
immunoreaction of atrazine by affinity binding. 3% Alternatively, Helali et al. described
the development of an impedimetric immunosensor, based on niobium/niobium oxide
electrodes, for the detection of atrazine. In this study, electrodes were silanised in APTES
((3-Aminopropyl)triethoxysilane) and activated using gluteraldehyde which cross-linked
to the Fab fragment K47H antibody capture for atrazine detection.3*® This protocol does
not require complex procedures or labelled antibodies and provides results at the required
sensitivity. Therefore, this pesticide biosensor can be employed for the easy and rapid

monitoring of water in environment.
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To this end, diagnostics methods must be simple, sensitive and able to detect multiple
biomarkers that exist at low concentrations in biological fluids or samples. In recent years,
the demand has grown for disposable devices that demonstrate fast response times, are
user-friendly, cost-efficient, and suitable for mass production. Biosensor technologies
offer the potential to fulfil these criteria through an interdisciplinary combination of
approaches from nanotechnology, chemistry and biochemistry. However, biosensor
devices need to be further developed and improved to face these new challenges to allow,
for example, multiplex analysis of several biomarkers where arrays of sensors need to be
developed on the same chip. In this context, impedimetric biosensing is a promising
analytical method for sensitive and selective detection of biomolecules. Furthermore, the
label-free detection that avoids the use of complex and expensive pretreatment processes
and ease of miniaturisation makes the impedimetric biosensors more attractive for POC

multiplex analysis of different targets.
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1.8 Scope and Organisation of this Thesis

The aim of the work presented is to develop sensing devices at nanoscale for the highly
sensitive detection of molecules of interest in agricultural, environmental and
pharmaceutical fields. We focused on developing SERS and electrochemical based
nanosensors, as previously described. The fundamental design characteristic was to
develop sensitive sensors that don’t require experienced personnel or a lot of sample pre-
treatment for POC use. The literature sections discussed previously in this chapter
highlighted the state of the art sensor designs, however, only a handful of them exhibited
POC capabilities. This thesis presents a SERS sensor that has minimal sample preparation
requirements and provides tremendous opportunities for food safety and security sectors.
Furthermore, a label-free, compact and cost-efficient electrochemical sensor chip
platform, is presented, that demonstrates the potential development of immunoassay-
based POC devices for on-farm diagnosis and therapeutic monitoring in animal health

applications.

Firstly, I present work undertaken to date in nanosensors development employing surface
enhanced Raman Spectroscopy in terms of fabrication and sensing application and
performances. A low-cost templating nanofabrication approach was developed for
fabrication of flexible SERS substrates employing a nanostructured soda drink can. These
substrates were applied to the detection of crystal violet and melamine, two molecules of
interest in the food industry. These substrates provided very high sensitivity and analysis
times were on the order of 10 minutes. Secondly, | will present the electroanalysis
undertaken using fully integrated nanowire devices developed within the Nanotechnology
Group. These sensor devices were applied, in chapter four, to the detection of
neonicotinoids pesticides recently banned by the EU. These devices were extremely
sensitive exhibiting limits of detection below the statutory maximum residual limit
thresholds. Furthermore, these devices are challenged to the detection of viruses
associated with the BRD in conjunction with other sensing mechanisms, and also

employing a multiplexed sensing approach.
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Finally, I will conclude by outlining the enhancement and the potential of these sensors
for security and environmental applications. Further potential opportunities for these

nanosensors will be presented in future work.

1.8.1 Chapter 2

This chapter describes the fabrication and characterisation of SERS sensors, made from
an aluminium drinks can. This work shows the quantitative detection of crystal violet and
other dye molecules, as well as the deection of glucose and the adulterant melamine in

milk and infant formula.

1.8.2 Chapter 3

Chapter 3 demonstrates the SERS detection of neonicotinoid pesticides, which are an
environmental concern. In this chapter, SERS simulations are analysed and all Raman
and SERS peaks are assigned to their corresponding molecular vibrations. This chapter
also sees the introduction of electrochemical sensing. SWYV is used to detect nano-molar

concentration of neonicotinoid pesticides.

1.8.3 Chapter 4

In this chapter | present the development of an impedimetric immunosensor for a label-
free serological diagnosis of BVDV-1. The chapter details the design, surface chemistry
and electrochemical co-detection of BVD virus and antibody in different media of
increasing biological complexity (buffer/ diluted serum). Ultimately, the sensor was
employed to discriminate between disease positive and disease negative serum samples
from both transiently infected and persistently infected calves. The chapter explains the
various issues experienced during the development of the biosensor, as well as the
strategies adopted to overcome these impediments. This sensor technology is versatile,
amenable to multiplexing, easily integrated to POC devices, and has the potential to detect

a wide range of animal diseases, as seen in the next chapter.
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1.8.4 Chapter 5

This chapter presents preliminary work on the detection of bovine Fasciola hepatica or
more commonly, liver fluke. The nanoband sensors from chapter 4 were again used in
these experiments. Recombinant cathepsin L1 protease (from Dublin City University)
was employed as the capture molecule on the nanoband electrodes. This enzyme has an
affinity to anti-Fasciola hepatica antibodies in serum. Subsequently, determination of
multiple seropositive and seronegative samples was investigated for the presence of fluke

anitbodies.

1.8.5 Chapter 6

During the fabrication of the EIS based biosensor, it was found that the application of a
second sensing mechanism can strengthen the applicability of the sensor. FET
potentiometric sensing is employed in conjunction with the EIS sensing on the same
platform described in chapter 4. The performance of the immunosensor, with both sensing
mechanisms, is assessed and characterised in this chapter by challenging it to detection
of Bovine Parainfluenza-3 Virus (BPI13-V).

1.8.6 Chapter 7

This chapter summarises the findings of the thesis and discusses their impact on the
research field of biosensors for security and environmental applications. It also discusses

the potential future directions of this work.
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2.1 Introduction

In recent years, advances in nanotechnology and nanofabrication techniques have enabled
significant enhancement in a variety of analytical sensor devices. These devices,
employing electronic,’ electrochemical and optical*® detection methods, have provided
highly qualitative and sensitive measurements. However, within the environmental and
security sectors, highly sensitive sensing alone is not enough; rapid on-site molecular
identification is also required. One approach that addresses these criteria is surface
enhanced Raman spectroscopy (SERS)” 8 which provides both a spectral molecular
fingerprint and allows for trace detection; with the potential for single molecule
sensitivity.>* SERS is thus emerging as a powerful technique for chemical, *> ¢ and

biological sensing applications.!” f

As discussed in chapter 1, SERS enhancement occurs at nanostructured plasmonic
surfaces following illumination with monochromatic radiation and results from (i) an
increase in local electromagnetic field strengths of localised surface plasmons (in
nanogaps between metal clusters called “hot spots™) and (ii) chemical resonant energy
charge transfer.’® For these processes to occur, substrates must be capable of supporting
plasmonic modes (collective oscillations of metal electrons) and have a nanostructured
rough surface with well-defined gaps in the region of 10- 100 nm between metallic
clusters (to conserve momentum). To this end, fabrication of SERS substrates using top
down approaches including: lithography techniques (Ebeam!® 2° and nanoimprint?
lithography’s), laser etching,?® film deposition (sputtering, metal evaporation, atomic
layer deposition)® 2* and templating (using anodic aluminium oxide,?® masks,?® or
molds)®® as well as bottom up approaches including chemical synthesis,?” colloid
aggregation,?® and self-assembly?® *° of metal nanoparticles,3 % nanowires,? 2
nanospheres,3! 33 34 nanorods,**" nanotubes,?® nanotriangles,®® nano-urchins, and/or
nanoshells*® have been reported. While these approaches are elegant and are attractive in
research environments for their reproducibility and large SERS enhancement, they are
limited in that they can be expensive, time consuming, and require complex fabrication

approaches which may have low throughput. Consequently, a critical challenge limiting

T This work has been published in full as “Transparent polymer-based SERS substrates templated by a
soda can” Sensors and Actuators B: Chemical 2018, 259, 64-74.
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the uptake of SERS for commercial applications is the lack of scalable and low-cost
fabrication approaches compatible with mass manufacturing.

To address this challenge, we have developed a templating approach employing
“inherent” nanostructured aluminium (Al) masters (obtained from commercial soda drink
cans) to template low-cost polymer replicates which are subsequently coated with a thin
(30 nm) silver (Ag) layer. These transparent polymer substrates offer a number of
advantages: (i) the simple manufacturing approach is scalable offering the potential for
low-cost fabrication and thus widespread uptake and applicability. (ii) The fine metallic
nanostructures provide SERS hot spots upon optical excitation. (iii) The substrates are
transparent and thus are compatible with back excitation and collection allowing
measurement in liquid environments to be undertaken. (iv) the flexible substrates may
be easily integrated in-line or on-line adding to the suite of spectroscopic process
analytical techniques used in smart manufacturing industry 4.0 approaches. (v) Finally,
the sensor may be chemically modified to widen the range of molecules that may be
detected.

To explore the versatility of our as-fabricated SERS substrates towards real world
applications, e.g., environmental monitoring and food security, a variety of different
target molecules were selected and analysed. Initially, 4-aminothiophenol (4-ABT) and
crystal violet (CrV)* were chosen to characterise SERS and allow comparison with the
published literature. Malachite green was also selected as this and other trimethyldiamine
dyes are used indiscriminately as antimicrobials in aquaculture, despite the reports of
causing serious toxic, carcinogenic and mutagenic effects in mammalian cells.*? 43
Consequently, the presence of trimethyldiamines are now tightly controlled with
minimum reside limits (MRL) set at 2 pg/L (2 ppb) in water.** Glucose was analysed by
first capturing the molecule on a substrate pre-modified with a mixed thiol monolayer in
a manner similar to that reported by the Van Duyne group.”® Chemical structures for
these compounds are illustrated in Figure 2.1. Melamine was selected as the final
contaminant as it now requires regular monitoring due to its previous use to give a false
appearance of high protein levels in milk.*® Melamine MRLs are now set at 2.5 ppm for
food products (including milk) and 1 ppm in infant formulae.*” Current detection
methods for melamine are laboratory based using high-end instrumentation. The
dominant detection paradigm for melamine is chromatography, which requires complex

sample pre-treatment to extract analytes and eliminate matrix effects. Pre-treatment can
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take the form of liquid phase extraction employing a variety of polar solvents or a
combination of liquid phase and solid phase micro-extraction for more complex
matrices.**®  Following pre-treatment analysis is undertaken using liquid
chromatography mass spectroscopy approaches.>*® These methods are expensive, time
consuming and require dedicated laboratories with highly trained personnel. Other
approaches, for example ELISA, are significantly faster, but suffer from poor

specificity.> %
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Figure 2.1: Chemical Structures for the compounds analysed in this chapter using SERS.

In this chapter, | discuss a new low-cost and rapid approach that permits robust, sensitive
and selective detection for screening applications. | present the highly sensitive detection
of crystal violet with a measured limit of detection of 204 ng/L (parts per trillion,
equivalent to 5 x 107 M), well below the permitted MRL value. Detection of low
concentrations of melamine (100 ppb) spiked into both milk and infant formula solutions
were demonstrated, without the need for any sample pre-treatment. A drop-and-dry
sampling technique was employed and an anaylsis time of 10 minutes was demonstrated.
Finally, to benchmark these results, mass spectrometry was undertaken in collaboration

with the Mass Spectrometry Research Centre in Cork Institute of Technology.
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2.2 Experimental

2.2.1 Materials and Preparation of Standards

Polystyrene (PS), 4-aminothiophenol (97%), polyvinylidene fluoride (PVDF), crystal
violet (<90% dye content), malachite green, benzocaine, 1-decanethiol, mercaptohexanol,
glucose and melamine and analytical grade solvents were purchased from Sigma-Aldrich
and used as received. Polydimethylsiloxane 184 silicon elastomer (PDMS) and curing
agent were purchased from Sylgard®. PTFE syringe filters (0.45 pm) were purchased
from Lab Unlimited. Full-fat milk and Aptamil® Follow on Milk infant formula were
purchased from a local supermarket. 4-aminothiophenol (4-ABT), 1-decanethiol (DT)
and mercaptohexanol (MH) were prepared by dissolving in ethanol. All standards of
crystal violet (CrV), melamine, and glucose were prepared as required, using deionised
water (18.2 MQ.cm ELGA Pure Lab Ultra systems) and a serial dilution method
employed to prepare standards in the desired concentration ranges. HPLC primary stock
solutions of melamine were prepared in deionised water at a concentration of 10 ppm.
Working standards were prepared in the range 0.1 ppm — 5.0 ppm using deionised water.
For EIS-MS measurements, milk samples were diluted with deionised water (1:10) and
passed through a 0.45 um syringe filter to prevent blockage during infusion. Both
melamine-spiked and unspiked milk samples were prepared in the same manner. All

standard solutions were stored at room temperature (18 °C).

2.2.2 Fabrication of the Polymer-based SERS Substrate

Substrates were fabricated as shown in the schematic below, Figure 2.2 (a). To prepare the
aluminium template, the outer (printed side) of an Al soda can was sanded using fine
(P120, ~125 um particle size) and extra fine (P280, ~50 um) grade sandpaper to remove
the paint. The can was then polished with 6 um and 1 um alumina slurry, until it appeared
shiny, to smoothen the deformities caused by sanding the Al. The Al preparation was
finished by cutting the Al into 1 cm? squares, and immersing them into a chemical bath
(5% NaOH, 2-3 minutes). The chemical wash dissolved the top layer of the aluminium
surface and yielded a nano-sized random pattern on each of the square pieces. The wash
also reduced inhomogeneous surface asperities and removed the sanding debris. The Al

108



Chapter 2

squares were used to pattern several melted polymers, so they are referred to as “Al

masters”.

In this work three polymers were chosen for substrate fabrication and comparison: PVDF,
PS and PDMS. Each polymer base was fabricated using separate processes. Pellets of
polyvinylidene fluoride (PVVDF) were placed on a microscope slide and heated at ~228°C
on a hotplate until melted. A prepared Al master was then placed onto the melted droplet
and pushed downward so the PVDF wetted the aluminium. The glass slide was then
removed from the hotplate and allowed cool whereon the PVDF hardened and could be
easily peeled from the Al, Figure 2.2 (b). The resulting polymer was yielded a flexible
transparent substrate Figure 2.2 (c), employing the same nano-sized surface pattern as on
the Al template. PS substrates were fabricated in a similar way to the PVDF above: Pellets
of PS were mounted on a coverslip and heated at ~215 °C on a hotplate. A standard
microscope slide was used to apply pressure to the pellets as they melted to obtain a
flattened disc shape. The disc was then removed from the hotplate and as it cooled, it
readily separated from the glass slide and cover slip. The prepared Al can was then
templated with the melted polymer to obtain the nanostructured polymer. A different
process was used to prepare and template the PDMS polymer. The Sylgard 184 Silicone
Elastomer base and the curing agent were mixed in a 10:1 ratio in a plastic container. The
polymer mixture was then degassed in a vacuum until no bubbles remained. The prepared
aluminium pieces were then placed into the viscous polymer and heat cured at 60 °C for
1 hour. The aluminium pieces were cut out of the flexible polymer using a clean scalpel,

and peeled from the polymer to yield a nanostructured PDMS surface.

Finally, to complete substrate fabrication, a thin silver layer (30 nm) was deposited onto
the different polymer bases by thermal evaporation, at ~1.6 A under vacuum (3x107
mbar) using a Thin Film Deposition system (Edwards Autocore 500) within an MBraun
glovebox. The thickness and the deposition rate were controlled in situ using a calibrated
quartz microbalance. Control substrates were fabricated as above, where the Al master

template was replaced with glass slides, to yield a smooth unpatterned surface.

109



Chapter 2

(a) ¥

\__________.
| —
Heat

Template
polymer with
Al can

N
Heat

Remove from
heat

—

Peel Al can of
polymer

SERS Substrate

Figure 2.2: (a) Schematic outlining the fabrication of the Ag covered nanostructured PVDF SERS
substrates. (b) Image of Aluminium easily peeling off the templated polymer. (c) Flexibility of
PVDF

2.2.3 Structural Characterisation of SERS Substrates

The completed SERS substrates were characterised structurally using scanning electron
microscopy (SEM). SEM analysis was undertaken to characterise and identify
irregularities on the substrate surface after the fabrication procedure. SEM images were
acquired using a calibrated field emission SEM (JSM-7500F, JEOL UK Ltd.) operating
at beam voltages between 3 and 5 kV.
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2.2.4 Raman Spectroscopic Characterisation of SERS Substrates

All Raman measurements were recorded using a Confocal Renishaw Raman Microscope
equipped with a 514 nm Ar ion laser and analysed using Wire 3.0 computer software. The
laser spot diameter was ~1 um at the substrates surface and a laser power density of
~7x10* W/cm? was used. SERS spectra were obtained by measuring and averaging five
different locations on pristine substrates. Data was collected using a 50x magnification
(0.75 NA) objective microscope, with an acquisition time of 10 s, over an extended
spectral range of 200 cm™ to 2000 cm™. The spectrometer was equipped with a computer
controlled motorised XYZ stage employed to focus and adjust the positioning of the
sample on the silver surface. Subtraction of the baseline was performed on all spectra to
eliminate background noise from the underlying polymer and the recorded spectra were

imported into Origin® 7.4 (OriginLab) to facilitate data analysis.

2.2.5 Finite Element Method Simulations

Dr. Pierre Lovera undertook finite element method (FEM) simulations on the fabricated
SERS substrates. The electromagnetic response of the nanostructure was simulated by the
finite element method with a commercial software package (COMSOL Multiphysics with
Wave Optics and CAD Import Modules). To construct a 3D image of the sample, the
pixel value (pv) of the greyscale, 16 bit SEM micrograph was converted into height (h)
with the following algorithm: if pv <15000, h=0 and if 15000< pv <65000, h=30*(pv-
15000)/(50000). With this conversion, black areas with pixel values below 15000
corresponded to 0 nm and white areas with a pixel value of 65000 to 30 nm. This
converted image was used as a parametric surface in COMSOL. The 3D geometry was
then constructed by intersecting the parametric surface with blocks. This resulted in three
domains, i.e. the Ag nanocluster with a PVDF substrate and an air superstrate. These
domains were meshed with tetrahedral elements with a minimum size of 0.03 nm. A total
volume of 100 x 100 x 150 nm® was chosen to keep the computational demand
manageable for a 3.50 GHz, quad core, 16 GB RAM PC. The refractive index of air,
PVDF and Ag were 1; 1.42 and 0.14, respectively. The value of Ag was obtained from
Johnson and Christy for a wavelength of 514 nm.%® A 5 nm perfectly matched layer was

considered on all sides of the structures, as well as above the air superstrate and below
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the PVDF substrate. A 514 nm plane wave Einc with a power of 1 W (corresponding to an
electromagnetic field magnitude of 3x107 VV/m) and a polarisation along the Y axis was
inputted and COMSOL solved for full field Etot. The enhancement factor G can be
calculated as G= (Etot/Einc).

2.2.6 SERS Analysis

To explore the suitability of these substrates for highly sensitive measurements, a series
of crystal violet standards ranging from 107 to 101 M were prepared in DI water and
deposited via the drop/dry process on the substrates; depositing 50 ul of solution onto the
substrate and allowing to air dry (10 minutes). All samples were thoroughly rinsed with
DI water before Raman analysis to remove unadsorbed, clumped molecules that
accumulated on the surface of the substrate during the drying process. 50 L aliquots (10
® M) of malachite green (in DI water), imidacloprid (in methanol and DI water),
benzocaine (in DI water) and 4-ABT (in 97% ethanol) were also deposited and analysed

in a similar manner.

2.2.6.1 Glucose

Glucose detection was undertaken using a similar method to Van Duyne et al.*® A mixed
decanethiol/ mercaptohexanol (DT/MH) functionalisation of the Ag surface was first
undertaken to yield a mixed thiol self-assembled monolayer (SAM). Substrates were
incubated in 1 mM DT for 45 minutes followed by incubation in 1 mM MH for 24 hours.
A Raman analysis was undertaken at this point to obtain the SAM spectra. The substrate
was then immersed into 10 mM of aqueous glucose solution for 6 hours, air dried and

Raman analysis was undertaken.

2.2.6.2 Melamine

A series of 1 ppm Melamine standards were prepared in DI water, milk and infant
formula. The same drop and dry method was employed for these experiments; depositing
50 pl of solution onto the substrate and allowing to air dry (10 minutes). Working
solutions of infant formula were first prepared using manufacturer instructions, then

diluted 1:10 with D.I. water. Working solutions of full-fat milk were similarly prepared
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using a 1:10 dilution step. Melamine powder was dissolved using the appropriate volume
of stock to yield a 10 ppm solution. The solution was sonicated for 10 minutes to ensure
the melamine was fully dissolved. An un-spiked stock solution was used to dilute the 10
ppm milk/ infant formula standards to make 1 ppm standards. No further sample
preparation was undertaken. All samples were thoroughly rinsed with DI water before
Raman analysis to remove unadsorbed, clumped molecules that accumulated on the

surface of the substrate during the drying process.

2.2.7 Direct Infusion MS/MS Analysis of Melamine

This work was carried out with partners in Cork Institute of Technology, Cork. As
prepared melamine and full-fat milk 10 ppm stock solutions were diluted with appropriate
volumes of working solutions to yield 0.5, 1, 1.5, 2, 3, 4, & 5 ppm solutions. Both
melamine-spiked and unspiked milk samples were diluted with deionised water (1:10
dilution) and passed through a 0.45 pum syringe filter to prevent blockage during ESI
infusion. Individual 500 pL glass syringes were then filled with these melamine standards
followed by infusion into the ESI source of an Agilent 6340 series ion trap mass
spectrometer (flow rate of 10 pL min). The instrument was calibrated following the
manufacturer guidelines and using Agilent ESI Tuning Mix (G2431A 100 ml acetonitrile
solution for lon-trap MS). For MS, a positive electrospray ionisation mode with nebulizer
pressure at 103 kPa was employed. Nitrogen was used as the drying gas under a flow of
5 L min"! and a temperature of 325 °C. Acquisition and analysis of data were performed
with Agilent ChemStation LC and 6300 Series Trap Control (version 6.2). Library
building and spectral matching were conducted using DataAnalysis™ and
LibraryEditor™ software (Bruker Daltonik GmbH). ESI-MS conditions were initially
optimised by directly infusing melamine standard (0.1 — 200 ppm) and varying the
amplitude for both MS2 and MS2. The optimised conditions for the MS? fragmentation of
precursor ion [m/z 127] was determined to have an amplitude of 0.5 and the optimised

conditions for MS?® fragmentation was determined to be an amplitude of 0.4.
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2.3 Results and Discussion

2.3.1 Substrate Fabrication

2.3.1.1 Preparation of “soda” can

A polished soda can (cf. methods section) was used as a template on a melted pre-polymer
generating a randomly nanostructured surface, illustrated schematically in Figure 2.2 (a).
After the templating process, the cooled polymer was released from the glass support and
the Al template easily peeled away to yield a flexible transparent polymer base, Figure
2.2 (b-c). Ag was then thermally deposited (30 nm) onto these nanopatterned polymer
substrates to complete substrate fabrication. Fabrication of the Al master included
removing the Al can’s outer print using rough sandpaper. This process yielded micron-
sized scratches across the Al master’s surface. Substrates prepared with this type of Al
master produced negligible Raman enhancement, as a result of the large surface
roughness, and in turn, the lack of nano-sized hot spots. The introduction of polishing
steps (alumina slurry polish, followed by a NaOH wash) smoothened the surface and
greatly reduced the micron-sized scratches formed from the sanding, illustrated in Figure
2.3. Subsequently, this prepared Al master was used to template (or imprint) a melted
polymer, in order to replicate the Al surface morphology. Once cooled, hardened, and the
Al master removed, the polymer revealed a nano-patterned surface which produced a
considerable SERS effect. Visual inspection of the fabricated SERS substrates displayed
a uniform non-reflective surface. By contrast, un-templated “smooth” control substrates

displayed a mirror finish following Ag deposition.

200 nm

Figure 2.3: SEM of Al Master template after sanding and polishing steps.
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2.3.1.2 Analysis of alternative base polymers

Three different polymers PVDF, PS and PDMS were assessed for fabrication of the SERS
substrate. PDMS was chosen as it is a well-characterised material that is well known to
replicate and template nanostructure surfaces.®”>® Similarly, PS has also been previously
employed to template nanostructures® as it is known to form rigid homogenous surfaces.
PVDF was selected as it is a known piezoelectric polymer.>® SERS analysis was first
undertaken on the bare Ag substrates, Figure 2.4, i.e. no molecule deposition. This allows
the examination the Raman active modes of the three selected polymers. Then we
employed both CrV and 4-ABT to compare and evaluate the SERS properties of each
polymer substrate. Characteristic SERS spectra were obtained for both molecules from

the three polymer substrates, see Figure 2.5.
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Figure 2.4: Comparison of bare polymer SERS spectra for PDMS, PS and PVDF substrates.

The SERS background spectra of the polymers (PVDF, PS and PDMS) are shown in
Figure 2.4. The PS is more SERS active than the other two polymers. We predicted that
this large polymer background signal would interfere with the SERS scattering from any
deposited molecule on the substrate surface, hence quenching its signal. This prediction
is supported by the SERS response observed for PS in Figure 2.5 (red spectra). Visually,
all three polymers produced the same roughened Ag surface from the Al master; however

the SERS responses were not equivalent. It was observed that the more SERS active the
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actual polymer was, the more it interfered with the SERS response of the deposited
molecule. The PDMS polymer exhibited high signal enhancement (blue spectra), similar

to PVDF (green spectra), whereas the PS produced a considerably weaker signal (red

spectra).
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Figure 2.5: SERS spectra of (a) 10° M CrV and (b) 10 M 4-ABT. Comparison of Al templated
polymers: PDMS, PS and PVDF, all with 30 nm Ag and 50ul drop of CrV solution. The SERS
intensities were an average of 6 different measurements of laser power 7x10*W/cm?,

To establish the optimum polymer for use in fabrication; characteristics of the polymer
substrates were examined: The robustness of the resulting substrates was inspected and a
scotch tape test was undertaken to confirm silver metal adhesion to the polymers. In this
approach, scotch tape was stuck onto and peeled from the Ag coated nanostructured
surfaces. The PDMS showed poor adherence of metal to its surface, resulting in the metal
being easily rubbed off, damaging the substrate beyond use. The PDMS was disregarded
for future fabrication. No degradation or removal of the Ag metal was observed for PVDF
substrates and similarly, excellent adhesion of metal to the PS surface was seen. However
the resulting SERS response of CrV and 4-ABT for the PS substrates, illustrated by the
red spectra in Figure 2.5 (a and b), was considerably weaker compared to the other
polymers tested. PS substrates were also rigid but fragile and easily shattered under stress.
Consequently, PVDF was selected as it produced the best SERS surface for substrate
fabrication and provided the largest intensity enhancement for both molecules.
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2.3.1.3 Characterisation of PVDF substrate

Figure 2.6 shows a typical SEM micrograph of a portion of a fully prepared polymer
substrate following Ag deposition. From SEM analysis the size distribution of the Ag
nano-structures was estimated to be roughly 60 £ 20 nm while the gaps between the
clusters were estimated to be on the order of 10 £ 5 nm (inset Figure 2.3 (b)) with the Ag
nanostructures uniformly distributed over the entire polymer surface. These well-defined
structures, comprising such small separations between clusters, are expected to deliver a
high yield of hot-spots, making them very attractive and suitable for SERS sensing. To
explore if these small gaps were sufficient to create electromagnetic hot spots and thus

enable enhanced SERS response, experiments were undertaken.

Figure 2.6: SEM image of a templated polymer (PVDF) substrate with 30 hm of Ag deposited
over the surface. Inset: same substrates at a higher magnification

2.3.1.4 Using Aluminium master as a Substrate

Experiments were undertaken using the Al master as the substrate base, thereby
eliminating the polymer step. Hence, Ag was deposited directly onto the polished Al
surface. Figure 2.7 shows a comparison between the Al substrate (red spectrum) and a
PVDF substrate (black spectrum). There was a slight SERS response from the
nanostructured Ag on the Al metal; however the spectrum has significant differences
when compared to the polymer substrate. We suspect that the presence of the aluminium
under the thin silver layer is interfering with the SERS response. Although the correct
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wavenumbers were maintained for the vibration modes of CrV on the Al substrate, there
was a large amount of background noise in the spectrum. Weak signals were observed
for the strongest CrV vibrations modes at 1620, 1386 and 915 cm™ from the Al sample
and a number of characteristic CrV peaks are not detected. We predict that, because the
aluminium is not a plasmonic metal and is present in large gquantities (approx. 1 mm)
under the 30 nm silver layer, it is quenching the electromagnetic SERS effect from CrV,

resulting in a reduced SERS response.
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1 — Al with Ag deposition
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Figure 2.7: Spectra of 10° M CrV on (i) a silver coated Al template (red) and (ii) silver coated,
Al templated PVDF substrates (black).

2.3.1.5 Alternating Thickness of Silver Overlayer

Further experiments assessing the effect of SERS responses with different silver thickness
(10, 30 and 50 nm) on PVVDF are shown, see Figure 2.8. The metal deposition technique
is a slow process to allow the silver deposit uniformly on the surface of the nanostructured
PVDF. SERS measurements of CrV and SEM analysis were used to investigate the
different Ag film thicknesses. The spectra in Figure 2.8 were obtained by averaging 6
spectra from random locations on each substrate. SEM analysis of the 10 nm Ag
substrates showed large separations between Ag clusters, due to the small amount of Ag
deposited, leaving large areas of uncovered polymer and an absence of hotspot creation.

As expected, the spectra obtained from different locations varied significantly and

118



Chapter 2

produced very little SERS enhancement (see Figure 2.8 (a-b)). SEM analysis of the 50
nm Ag substrates showed an almost continuous film with a small number of separations
visible. The corresponding spectra exhibited lower SERS enhancement compared to the
30 nm thick films, due to the lack of hot spots (see Figure 2.8 (c-d)). The 30 nm substrate
SEM images revealed a homogeneous Ag layer across the nanostructured polymer
surface, and the corresponding spectra exhibited excellent SERS responses, proving the
optimum thickness for these substrates.
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Figure 2.8: SEM images of Al templated PVDF substrates with (a) 10 nm Ag (c) 30 nm Ag and
(e) 50 nm Ag; and (b,d,f) corresponding SERS spectra of 10 CrV on each substrate respectively.
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2.3.2 Simulation Analysis

Concerning the 30 nm thick Ag deposited films, Figure 2.9 (a) shows a typical SEM
image of a portion of a substrate. Dr. Pierre Lovera undertook these simulations. The
dimensions of the Ag clusters were roughly 60 £ 20 nm while the separations between
the clusters were estimated to be 10 = 5 nm. Finite element method simulations were
undertaken to explore if these metal-dielectric-metal nanogap structures were sufficient
to produce localised significant electric field enhancements and consequently act as
hotspots when illuminated with incident light (514 nm). A portion of a SEM image
highlighted by the dashed box in Figure 2.3 (a) was imported and rendered in Comsol
Multiphysics™ see Figure 2.9 (b). Figure 2.9 (c) shows the total electric field map 2 nm
above the surface when the sample is illuminated with a light polarised along the y-axis.
As can be seen, a very high electric field (E ~ 108 VV/m) is concentrated on the edges of

the Ag nanoclusters that are perpendicular to the axis of polarisation of the incident light

Figure 2.9: (a) SEM image obtained from a PVDF substrate coated with 30 nm Ag. (b) 3D
geometry constructed by intersecting the parametric surface from the SEM image with blocks
using COMSOL (c) FEM simulation showing highly localised electric field enhancements at the
metal-dielectric-metal nanogap structures. To avoid possible artifacts at the interface
metal/dielectric, the image shows the total electric field at a distance of 2 nm above the surface
of the sample. (This work was undertaken by Pierre Lovera, Tyndall National Institute)

A cross section of the substrate, shown in Figure 2.10, demonstrates that the field
enhancement is not confined to the surface of the nanoclusters but rather extends to the
whole gap. This is characteristic of coupling of the individual localised surface plasmon
modes of the adjacent nanoclusters. These simulations confirm that the substrates

fabricated using the template technique should be sufficient to create nanogaps that will,
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on illumination, create electromagnetic hot spots and that most of the SERS signal

recorded from the sample will originate from molecules located in these nanogaps.

Figure 2.10: A cross section through the sample shows that the field enhancement is not confined
to the surface of the nanoclusters but rather extends to the whole gap.

2.3.3 Spectroscopic Characterisation

2.3.3.1 Background Control Experiments

To validate the simulation model and confirm that the origin of the observed SERS
responses arose from the metal-dielectric-metal nanogap structures, a number of control
experiments were undertaken. Figure 2.11 (a) shows the front “top excitation” response
for a 10 molar solution of CrV dropped and dried on a nanostructured silver coated
PVDF substrate, and the corresponding control measurements: (i) smooth substrates
prepared by depositing 30 nm of Ag onto smooth PVDF films, i.e., no templated
nanostructures and (ii) Ag-coated nanostructured PVDF samples in the absence of CrV.
No appreciable Raman signals were observed from the control experiments (black and
green spectra, respectively). By contrast, spectra recorded using Ag coated
nanostructured PVDF substrates in the presence of CrV (blue spectrum) show a
significant SERS response. This confirmed that the witnessed response was a SERS
response and not a bulk Raman measurement arising from crystals potentially formed
during the drying process. Such results strongly support the simulation model suggesting
that the nanogap structures between nanostructured Ag clusters created hotspots for

efficient SERS enhancement to occur.
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Figure 2.11: Front (a) and back (b) excited SERS spectra of 10 M CrV from substrate with 30
nm Ag, with the presence (blue) and absence (red) of the aluminium template. Raman spectrum
of CrV in the absence of a deposited silver overlayer (green). (c) Chart illustrating the front and
back excitation results for the control experiments

2.3.3.2 Raman Analysis of Crystal Violet

To examine the SERS effect further, the SERS spectral peaks were compared to those
exhibited in the Raman spectrum from the bulk CrV material. The intensity of the SERS
enhancements of particular Raman modes depends on the formation of, and interaction,
between the silver surface and the adsorbed molecule.’®°, The Raman spectrum of pure
bulk crystal violet solid state illustrates the characteristic peaks of CrV, observed at 913,
1176, 1376 and 1618 cm™ were in accordance with the reported values'? 61, These peaks
were assigned in Table 1.
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Normal Raman

(cm™) CV SERS 5_114 nm Vibrations contributing to the Benzene Mode

powder (cm™) Normal mode
1618 1620 - 8a
1586 1588 - 8a
1536 1538 V(Cring N) + 85 (CH3) 8b
1478 1478 8as(CHs) 19a
1444 1446 3:5(CH3) 19b
76 1389(d) 8(CH) + 8,(CH3) + 8(CCC)ying Vas((P'N}

1369(d) Vas(CCoenterC) + 8(CCCying + S(CH) Vas(¢-N
1302 1297 Vas(CCoenterC) + 8(CCC)ying + S(CH) -
1176 1175 Vas(CCoenterC) 9
940 941 pr (CHs) + v(CN) 1
913 915 3(CCeenterC) 17a
804-810 broad 804 - 10a

761 759 Ve(CCenerC) + V(CN) 6a
724 724 V(CN) 4
561 561 ¥(CCC) + 8(CNC) + 8(CCente:C) 6a
523 525 3(CNC) 16b

437(d) 440 8(CNC) 16a}

419 (d) 419 3(CNC) + 8(CCeenterC) 16a
335 337 Y(CNC) + p; (CH3) 3(¢-C- 9)
206 208 «(CH,) %E‘jf;hl'\?f’

Table 1: Raman and SERS vibrational assignments [v, stretching (s, symmetric; as,

asymmetric); 6 and y, bending; t, torsion ;} symbolises a doublet (d)]

Angeloni et al. demonstrated that aqueous solutions of CrV show a maximum absorption
at 590 nm.%2 The Raman system used in these experiments, equipped with a 514 nm laser,
theoretically could further increase the intensity of the Raman scattering due to resonance
effects of the CrV molecule at this wavelength. Before qualitatively analysing the CrV
detection, we employed a non-resonant molecule, 4-ABT, which does not exhibit any
resonance Raman effect at 514 nm, to accurately estimate and compare the SERS
capabilities of the substrate for both molecules, in the following section.

2.3.3.3 SERS Enhancement Factor

To evaluate the SERS capabilities of the substrate, we have estimated the enhancement
factor (EF) based on experimental values of the Ag substrate by comparing the SERS and
Raman intensities of the CrV vibrations at 1620, 1175 and 913 cm™ from Figure 2.11 (a),
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see Table 1. When considering these spectra, we calculated that there is approximately
108 fold enhancement in intensity. The EF values were calculated using the following
equation:®3

I N
EF = sers / Nsurr

Inr / NyoL
(Equation 2.1)

Where, Isers and Inr are the intensities of the chosen vibrational bands (state above), from
the SERS spectrum and the normal Raman spectrum, respectively. Nsurr represents the
number of CrV molecules adsorbed to the SERS substrate that are illuminated by the laser
spot (in the scattering volume), and NvoL represent the number of CrV molecules
illuminated by the laser in the bulk CrV powder. The number of CrV molecules in powder
(NvoL), illuminated by the laser spot, was calculated using the same method as Yoon et
al.®* We consider the laser as a cylinder with diameter ~0.836 um (equation 2) and

penetration depth ~20 pum into the bulk Crv.?®

d, = 222 =0.836 um

NA

(Equation 2.2)

Where NA is the numerical aperture (0.75) of the 50x lens and A is the wavelength of the
laser (514 nm). Assuming that the volume of a cylinder represents the laser illumination
volume (nr’h = 1.097 x107* cm®) and using the density (1.19 g/cm?®), Nvov is estimated

as 1.93 x10° molecules.

To calculate Nsurr, the distribution of CrV molecules on the substrate surface must first
be identified. Sasai et al. reported that Rhodamine 6G (R6G) molecule occupies an area
of ~0.4 nm? when adsorbed in a perpendicular orientation on a surface.®® The size of a
CrV molecule is very similar to the size of R6G ~4 nm?2,*! so we can assume that one CrV
molecule occupies approximately 0.4 nm? on the silver surface. Taking into account the
volume of CrV solution deposited onto the surface (50 pL) we estimate that this drop
contains 3x10*® CrV molecules. We also calculated that the drop occupies a surface area
of 0.164 cm?; however, the surface area probed is larger than calculated due to its
nanostructured roughness. A roughness factor of ~2 was evaluated from Atomic Force

Microscope (AFM) measurements from Equation 2.3:
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image surface area

image projected surface area

(Equation 2.3)

Taking the surface roughness into account, the actual surface area available for adsorption
is 0.328 cm?. If all of the molecules present in the drop adsorb to the surface, due to the
size of the CrV molecule, formation of a monolayer is not possible because an area of
0.328 cm? requires 8.2x10'2 CrV molecules for full coverage. Subsequently, we assume
a uniform distribution of CrV molecules on the substrate and therefore the number of
molecules in the area occupied by the laser spot (5.51x10° cm?) was estimated as
5.03x10° molecules. The EF formula can therefore be written, based on Equation 2.1, as:

Isgrs / 5.03x10°
EF =
INR/ 1.93x1010

(Equation 2.4)

For the peak at ~1620 cm? the intensities for SERS and Raman are 126215 a.u. and 2008
a.u. respectively. Therefore we evaluate the enhancement factor for the vibration at 1620
cm? as 2.41x10°. The vibrational band at 1175 cm™ had an Isers value of 66016.6 cm™
and an Ing value of 1558 cm™. The vibrational band at 913 cm™ had an Isgrs value of
51063.6 cm™ and an Ing value of 1433.29 cm™. The enhancement factors were calculated
to be 1.62x108 and 1.36x10° respectively. Such enhancements compares well with the
literature.*> %6 7 1t should be noted that the measured enhancement corresponds to an
average enhancement over the probed area (1 micron spot). Within this area, some hot

spots have high enhancement while other ones have lower ones.

The enhancement factor for 4-ABT was calculated in a similar way: Isers and Inr Were
selected from the Raman intensities at the peaks, 1620, 1175 and 913 cm™. Nvo. was
calculated in the same way as for CrV because the same instrument and parameters were
used, however taking into account the density and molecular weight of 4-ABT (1.18 g/L
and 129.19 g/mol respectively), NvoL was estimated as 6.23 x10'® molecules. The
calculation for Nsurr was slightly different as the 4-ABT was not prepared in an aqueous
solution so the hydrophobicity of the surface is not a factor. When dropped onto the
surface it forms a film over the entire surface (0.5 cm?), as opposed to a spherical drop
which was the case with the CrV. One 4-ABT molecule occupies an area of 0.2 nm? as
reported by Kim et al. Theoretically 2.5x10* 4-ABT molecules are needed to form a
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monolayer over the silver surface, but taking the surface roughness of ~2 into account,
the substrate needs 5x10** molecules for full coverage. We used a concentration of 10
M 4-ABT and a volume of 50 pL on the 0.5 cm? substrate, which contains 3.011x10%
molecules, thus a monolayer was achieved on the surface. Correspondingly, Nsurr is
calculated for a monolayer of laser spot area (5.49x10°° cm?) as 5.94x10® molecules. The
enhancement factors therefore for peaks at 1437, 1391 and 1142 cm™* were calculated as
2.77x10°, 2.24x10° and 2.15x10° respectively, from Equation 2.1. With this procedure,
the enhancement factor for 4-ABT can be calculated for any peak using the SERS and

bare Raman spectra.

It was found that the SERS intensities and EF values for the non-resonant 4-ABT were
similar to those of CrV, thus we consider the SERS substrate employed in this study to

have excellent SERS properties for both resonant and non-resonant molecules.

2.3.4 Back Excitation SERS

A key advantage of the Ag coated PVDF substrates is that they are optically transparent
in the visible spectrum which enables back excitation (though substrate) SERS
measurements to be undertaken. Such a capability is important for many industrial in-
line process analytical monitoring techniques (PAT) used in smart manufacturing 4.0
approaches. Back excitation SERS measurements, i.e. illumination and collection
through the back facet of the substrate were described earlier, see Figure 2.11. A typical
SERS spectrum using back excitation from 10® M CrV (red spectrum) is shown and
exhibited characteristic spectral peaks at 914, 1176, 1376 and 1618 cm™. In the absence
of CrV (green spectrum), there is a weak signal contribution from the PVDF, but it does
not cause any significant SERS interferences, as expected from the front excitation
experiments in Figure 2.5. Figure 2.11 (c) shows a direct comparison between the front
and back excitation intensities for the peak at 1620 cm™. Although there was a threefold
decrease in the measured intensity (compared with front excitation), since these spectra
were acquired through a thick PVDF base, (3 mm) we believe that if thinner substrates
were employed (by optimising the fabrication process further), reduced light scattering

within the substrates would result in a larger measured SERS enhancements.
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To explore back excitation further, a 50 pL droplet of CrV (10 M) was deposited onto a
substrate and overlaid with a glass coverslip to form a fluid-type cell with a thickness of
~ 100 um, see inset image of Figure 2.12 (b). If the molecule was simply dropped on the
surface and allowed dry, due to the surface hydrophobicity, there would be very little
wetting and we would observe localised pre-concentration of the target analyte on the Ag
surface.?® %8 In this case, we spread the droplet across the Ag surface using the cover slip,
I.e. undertaking the SERS measurements through the back of the polymer with liquid on
the metal surface. We believe that as the liquid dries, the CrV molecules can pre-
concentrate in the remaining liquid, and that the slow the evaporation process allows the
CrV molecules to adsorb more evenly across the entire surface. A number of SERS
spectra were acquired (in the same position) through the polymer substrate over a 45-
minute time frame. Figure 2.12 (a) shows a waterfall plot of CrV spectra. During these
experiments, a SERS response was observed after 1 minute and, as expected, higher
SERS signal intensities were observed with increasing time and eventually saturated.
Figure 2.12 (b) illustrates a plot of peak area (913 cm™ calculated using a Lorentzian
function) vs. time; yielding a linear relation (R? of 0.98). We suggest that the increase in
signal arises from the adsorption of the CrV molecules to the metal surface, as the droplet
dries. The ability of these substrates to undertake SERS in liquid samples supports the
suggestion that these transparent polymer substrates could find use in future in-line
measurement applications required in PAT. This ability to undertake back excitation
SERS could also open up other new remote sensing application areas if, for example, the
substrates are integrated with optical emitters or at the end of optical fibres such enabling,

e.g., in-vivo measurements or used for in-line measurement.
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Figure 2.12: (a) Waterfall of SERS spectra recorded for 10 M CrV in solution in a single spot
over 45 minutes (b) Graph showing the linear relationship between peak area (at 913 cm™) vs.
droplet drying time.

2.3.5 SERS Quantitative Detection of Crystal Violet

To explore the suitability of these substrates for highly sensitive measurements, a series
of CrV standards ranging from 107" to 10"1° M were prepared in DI water and deposited
via the drop/dry process on the substrates. SERS spectra were obtained by measuring and
averaging five different locations on pristine substrates. Data were collected using a 50x
magnification (0.75 NA) objective microscope, with an acquisition time of 10 s, over a
spectral range of 200 cm™ to 2000 cm™. The averages of the five spectra for each
concentration were plotted and typical spectra are presented in Figure 2.13 (a). As
illustrated, all the characteristic CrV peaks are well defined even at such low

concentrations (5 x 107%). The vibration peak at 915 was selected for calibration
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measurements, the peak area for the averaged spectra for each standard was determined
using a Lorentz function in Origin® 7.4 (OriginLab) and plotted versus log of
concentration to obtain a quantitative calibration curve, see Figure 2.13 (b). Regression
analysis was then undertaken Origin® 7.4 (OriginLab) and a correlation coefficient (R?)
of 0.9791 was determined with a measured limit of detection of 5 x 101 M. The results
show that the SERS substrates permit rapid analysis times (~10 min from sample
deposition). To evaluate the reproducibility and homogeneity of the substrates, Figure
2.13 (c) shows a waterfall graph for at 48 spectra (10°® M CrV concentration) taken from
4 random locations in grids of 10 um? (12 spectrum per grid) on a single substrate (north,
south, east and west separated by 5 mm). The relative standard deviation for each of the
peaks; 1620, 1587, 1174 and 913 cm?, were calculated as less than 15%.
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Figure 2.13: (a) SERS spectra recorded for different CrV concentrations ranging from 5 x 10-1°
Mto 1x 107 M (204 pg/mL —40.8 ng/mL.). (b) Graph showing semilog linear relationship between
peak area (at 915 cm, calculated using a Lorentzian function) and concentration of CrV (c) 48
separate SERS spectra (10° M CrV concentration) taken at 4 random locations on a single
substrate (north south east and west separated by 5 mm) in grids of 10 pm? illustrating substrate
surface homogeneity. (d) SERS spectra of four representative molecules: imidacloprid,
melamine, malachite green and benzocaine.
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2.3.6 Substrate Versatility and Stability

An essential characteristic of SERS substrates is maintaining their stability over time as
well as in different media. To evaluate the versatility of the SERS substrate, various
chemicals were analysed from different application fields; imidacloprid (neonicotinoid
pesticide), melamine (previously used as a food adulterant), malachite green (agricultural
antibiotic) and benzocaine (pharmaceutical molecule), see Figure 2.13 (d). The
characteristic SERS peaks of all four molecules, in aqueous solution at a concentration of
10 M, are clearly resolved and correlate well to those reported in the literature. 3¢ 6972
The stability of the PVDF polymer substrates was also assessed. PVDF has outstanding
resistance to a wide range of chemical reagents as well as excellent heat stability; typical
of fluorocarbon polymers. Regardless of this, experiments were carried out to test the
polymer substrate’s stability in various aqueous and organic solutions. Substrates were
found to be stable following immersion in a wide range of acids (acetic, nitric,
hydrochloric sulfuric and phosphoric acids) as well as most bases. They also upheld their
integrity after prolonged exposure to both polar and non-polar solvents (methanol,
ethanol, DMSO, toluene and hexane) for up to 20 minutes. However, a notable exception
was that PVDF had low resistances to sodium hydroxide and acetone. Exposure to these
solutions caused breakdown of the polymer base and deformation of the Ag surface.

2.3.6.1 Substrate Reusability

Another key quality in modern-day sensing platforms is the ability to reuse them. It was
found that a single Al master can be re-used to template multiple PVDF SERS substrates.
Following fabrication and characterisation of the PVDF substrates, a second PVDF
replicate was cast using a previously used Al master and coated with 30 nm silver layer.
Figure 2.14 (a) shows spectra from both the pristine and re-used Al master. Although
there is a slight change in the intensity of the spectrum obtained from the second replicate
sample, the close reproducibility of the data indicated that the templating procedure does
not damage the aluminium and suggests that one Al master may be used multiple times.
This is of significant advantage as the substrates could be re-used. Similar experiments
were carried out where the substrate was cleaned and re-used. Substrates were also
cleaned using a combination of a sonicated solvent wash (isopropanol and ethanol, 5

mins each) followed by exposure to UV-o0zone (20 min at ambient pressure) and re-used
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for analysis of 10 M CrV (at least four times) without any signal degradation, see Figure
2.14 (b). To avoid cross contamination and maintain a controlled experiment, the same
volume and concentration of CrV was maintained and then characterised for comparison.

The graph shows that the substrate itself can be re-used if required.
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Figure 2.14: (a) SERS spectra showing the reproducibility of the substrates by demonstrating
that the Al template can be reused after peeling of the polymer. (b) Showing that the SERS
substrates can be re-used with minimal effect on the SERS response

2.3.6.2 SERS Detection of Glucose

The SERS substrates may also be applied to molecules, such as glucose, that have a poor
binding affinity for the substrates Ag surface. In a manner similar to that reported by the
Van Duyne group %, a mixed self-assembled monolayer of mercaptohexanol and
decanethiol was first employed to partition glucose from solution at a SERS sensor
surface. The two thiols, having different length hydrocarbon chains, created “pockets” in
the monolayer, shown schematically in Figure 2.15 (a), which promoted glucose
partitioning to this modified surface via the formation of both VVan Der Vaal and hydrogen
bonding interactions. Figure 2.15 (b) shows a typical spectrum obtained for the as-
deposited SAM layer (control sample, black spectrum) exhibiting a weak SERS response
with peaks at 1122, 891 and 710 cm™. Following immersion in a 10 mMol glucose
solution for 6 hours and air drying, a spectrum for the combined SAM / sequestered
glucose layer was observed (dotted line spectrum). This spectrum contains vibrational

peaks from both the SAM layer and glucose analyte.
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Figure 2.15: (a) Schematic showing partitioning of glucose at a mixed thiol surface and (b) SERS
spectra of the mixed monolayer without (black line) and with (dotted line) glucose followed by
background subtraction to show a glucose only spectrum (blue).

Finally, the glucose spectrum, obtained by subtracting the SAM spectrum from the
combined glucose/SAM spectrum, is presented (blue spectrum). The resulting spectrum
exhibited characteristic glucose peaks at 1434 1123, 1065, 912, 893, 710 and 542 cm™,
which compare with both the literature and the characteristic Raman spectrum obtained

from bulk glucose, see Figure 2.16.”
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Figure 2.16: Bulk Raman spectrum recorded for pristine glucose powder on a glass slide.
Characteristic vibration peaks are labelled.

2.3.6.3 SERS Detection of Melamine

Finally, a case study was undertaken to demonstrate the suitability of these substrates for

real world applications, e.g. in food security. Melamine, a food adulterant, previously
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used to falsify protein content in milk products in China’* ’ and which is known to be
difficult to detect was selected.*” A typical SERS spectrum for 1 ppm melamine in
deionised water is presented in Figure 2.17 (a). The characteristic peak observed at ~702
cm in the SERS spectrum exists at 673 cm™ in the Raman spectrum, and is attributed to
the breathing mode and in plane deformation of the triazine ring,’® " while the 855 cm™
peak is attributed to the out of plane ring deformation.”® Similar to the CrV spectrum,
this shift can be attributed to melamine adsorption to the nanostructured Ag surface of the
substrate. These peaks correspond well with reported values.”’
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Figure 2.17: (a) SERS spectra of 1 ppm Melamine spiked in DI water (b) SERS spectra of 1 ppm
Melamine spiked in (a) diluted whole milk and (b) infant formula, with no pre-treatment.

Figure 2.17 (b) shows spectra obtained from 1 ppm melamine-spiked into both milk and
baby formula (diluted 1/100 as described in the experimental section). Control samples
of diluted milk and baby formula were also analysed and the absence of SERS responses
from these solutions showed that other large biomolecules (fats, proteins etc.) present in
these solutions would not interfere with the melamine analysis By contrast, the
melamine-spiked milk and baby formula samples exhibited characteristic melamine
peaks, clearly distinguishable from the pristine solution spectra, confirming the presence
of melamine even at very low concentrations, i.e., 1 ppm. A drop and dry approach was
again adopted, the total analysis time was under 10 minutes and a LOD of 0.1 ppm was
measured experimentally. These results suggest that these substrates may offer the
possibility for the rapid detection of analytes in the field, with a limit of detection similar

to gold standard laboratory-based techniques such as mass spectrometry.
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2.3.6.4 Analysis of Melamine with Mass Spectroscopy

The SERS detection method was benchmarked against electrospray ionisation mass
spectrometry (ESI-MS) in collaboration with the Cork Institute of Technology (CIT).
The spiked melamine solutions were analysed with the MS, operated in single reaction
monitoring positive mode, and the ion charge control function used to optimize both MS?

and MS?® fragmentation. Total ion count, MS? and MS? data were obtained.
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Figure 2.18: Mass spectra of melamine standard (0.1 ppm) spiked into deionised water and
infused into the ESI source (heated) of an Agilent 6340 series ion trap mass spectrometer: (i)
M*H* precursor ion at m/z 127; (ii) MS? fragmentation of precursor ion at [m/z 127] to yield five
predominant characteristic product ions at m/z 109, m/z 97, m/z 84, m/z 85 and m/z 69; (iii) MS?
fragmentation of product ions at m/z 109 to yield the predominant product at m/z 81

Figure 2.18 shows MS? and MS® mass spectra obtained for the direct infusion of
melamine standard (0.1 ppm) spiked into deionised water. Figure 2.19 shows MS? and
MS? mass spectra obtained for the direct infusion of melamine standard (10 ppm) spiked
in a diluted (1 in 10, DI) milk sample. MS? fragmentation of precursor ion at m/z 127

yielded five predominant characteristic product ions at m/z 109, 97, 84, 85 and 69 while
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MS? fragmentation of product ions at m/z 109 yielded the predominant product at m/z 81.

The spectra obtained for MS? and MS® for melamine correlated with spectra obtained in

previously published studies.” In agreement with the SERS study, no trace of melamine

was found in control pristine milk samples.
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Figure 2.19: Mass spectra of melamine standard (10 ppm) spiked into 10% Milk sample and
infused into the ESI source (heated) of an Agilent 6340 series ion trap mass spectrometer: (i)
M*H* precursor ion at m/z 127; (ii) MS? fragmentation of precursor ion at [m/z 127] to yield five
predominant characteristic product ions at m/z 109, m/z 97, m/z 84, m/z 85 and m/z 69; (iii) MS®
fragmentation of product ions at m/z 109 to yield the predominant product at m/z 81.

The SERS substrates exhibited a similar sensitivity to the ESI-MS data for melamine in
water (LOD, 0.1 ppm) and for melamine detection in diluted milk samples (1 ppm). These

results are very encouraging and demonstrate that our fabricated SERS substrates exhibit

sensitivities comparable to the gold standard analytical technique. However, the ESI-MS

samples did require the use of a syringe filter to remove any large interferences in the
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milk including proteins and lipids that masked the melamine signal. SERS, on the other
hand, had the ability to selectively detect melamine in spiked milk samples without
complex sample pretreatment (due to the lack of a background signal). These results
strongly support the assertation that SERS substrates offer the possibility for rapid and

low-cost detection of target analytes in complex media, in remote settings.
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2.4 Conclusion

In this chapter, we demonstrated the reproducible fabrication of a polymer based SERS
substrate; nanostructured using a soda can as a template. The Ag coated PVDF exhibited
strong SERS enhancement with good metal adhesion compared to PDMS and PS
polymers. Simulations and control experiments confirmed that the Raman signal arose
from the gaps (“hot spots”) between the Ag clusters throughout the Ag layer. The
substrates exhibited an enhancement factor of ~10° and that the signals observed with
these substrates arose predominantly from an electromagnetic effect. The transparent
substrates also permitted back excitation and collection through the substrate which
corresponding spectra exhibiting clear and defined spectral SERS peaks. The versatility
of the sensors was demonstrated by detection of a wide variety of analytes on pristine Ag
surfaces. The sensors exhibited rapid, quantitative and high sensitivity, for example, 5 x
101 M (204 pg/mL) crystal violet detection in 10 minutes using a simple drop and dry
method. We also show detection of glucose employing a chemically modified Ag surface
bearing a pre-deposited SAM layer. Finally, we present the detection of trace amounts
of melamine in complex media solution (milk and infant formula) and show the sensor

sensitivity is comparable with commercial analytical instrumentation (MS-MS).

These transparent polymer substrates offer a number of advantages: (i) the simple
manufacturing approach is scalable offering the potential for low-cost fabrication and
thus widespread uptake and applicability. (ii) The fine metallic nanostructures provide
SERS hot spots upon optical excitation. (iii) The substrates are transparent and thus are
compatible with back excitation and collection allowing measurement in liquid
environments to be undertaken. (iv) the flexible substrates may be easily integrated in-
line or on-line adding to the suite of spectroscopic process analytical techniques. (V)
Finally, the sensor may be chemically modified to widen the range of molecules that may
be detected.

The SERS substrates described in this chapter show a substantial improvement in terms
of cost and ease of fabrication as well as the SERS capability, compared to competitors
in the literature, whom require the use of expensive, complex equipment and skilled

personnel.
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3.1 Introduction

The need for pest control in intensive agriculture systems has driven the growth of
insecticide use within the agri-sector. In this regard, neonicotinoids are a relatively
powerful class of insecticide, and since the introduction of imidacloprid in 1991; they
have been the fastest-growing class of insecticides in modern crop protection,?
representing almost 17% of the global insecticide market.? Neonicotinoids target the
nicotinic acetylcholine receptors in insects® and are extremely effective against
herbivorous insects, while having perceived low toxicity to mammals, birds and fish.*

This led to their widespread uptake for use on a variety of crops.!

However, recently, significant concerns have been raised about their suspected
environmental impact on the global pollinator population, including honey bees, bumble
bees and solitary bees. It is claimed that neonicotinoids affect the homing capacity of
honey bees and their reproductive ability resulting in colony collapse disorder.>® Another
emerging concern is that human exposure to these pesticides may increase prevalence of
cancers,” & respiratory diseases,® 1° and damage to the reproductive system, nervous
system and liver.!" 12 Children are particularly at risk.'* Consequently, this class of
insecticides has now become the subject of a world-wide debate.* > The most widely
used neonicotinoid imidacloprid, followed by clothianidin, are routinely spread on the
major crops (cereals, corn, cotton and sugar beet).! Due to their high water solubility, 510
mg/L and 0.33 mg/L, respectively, they are easily spread on the pollen of flowering crops
and are readily absorbed into soil and other plant via their roots or leaves.'® Imidacloprid,
containing a nitro substitution, is the most toxic with an LD50 (median lethal dose) of 4-
18 ng/bee. The LD50 for clothianidin and thiamethoxam reported a similar level of
toxicity to imidacloprid with values of between 5 and 30 ng/bee.1’-2°

The European Food Safety Authority (EFSA), recognising the potential threat caused by
neonicotinoids, enforced a temporary ban by the European Union (Dec 2013).2! Currently
the maximum allowable residue limits of neonicotinoids are between 0.01 to 3 mg/kg for

many fruits and vegetables.?? 22 Ecological and human health risk assessments for select

T This work has been submitted in full as “Neonicotinoid Detection using Nano-electrochemistry
and SERS” in The Journal of Physical Chemistry C, 2018.
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neonicotinoids; Imidacloprid, Clothianidin and Thiamethoxam, were reviewed by the
EFSA this year (2018). Their review in February 2018 stated that the use of neonicotinoid
pesticides on outdoor crops presents a risk to wild bees and honeybees.?* Consequently,
in April, EU governments passed a near-total ban on the use of neonicotinoid pesticides
on outdoor crops due to their impact on pollinators. Member State authorities endorsed
the European Union to completely ban the outdoor uses of three active substances —
clothianidin, imidacloprid, and thiamethoxam. Subsequently, to enforce this ban, easy-
to-use and low maintenance sensor devices are required to enable rapid and reliable

decentralised detection of these pesticides, in order to maintain environmental security.

Current techniques for the detection of neonicotinoids include both chemical and optical
detection methods: ELISA,% 26 HPLC- or GC- mass spectrometry,?? 2’30 syrface plasmon
resonance® and fluorescence spectroscopy.®? While these techniques have the ability to
detect insecticides at low concentrations, the associated instruments are complex, have a
high cost of ownership and are not suited to remote field analysis. Gold nanowires are of
particular interest for sensing due to their high chemical and thermal stability, excellent
electrical conductivity and their particular suitability for electroanalysis.®® In
electrochemistry, nanoelectrodes have a number of advantages including low background
charging; high current density due to enhanced mass transport; low depletion of target
molecules; low supporting electrolyte concentrations and faster response times when
compared to macroelectrodes.®* % Concerning electroanalysis, voltammetry techniques
have been shown to permit effective determination of neonicotinoids. The voltammetric
signals observed for these compounds arise from the reduction of their nitro groups to
amine groups.®® Square wave voltammetry serves as a sensitive and fast technique to

study this reduction response.

One key limitation of electrochemistry is that the technique does not provide any
qualitative information on what compounds are present. Consequently, combining it with
an optical technique, such as SERS, provides a characteristic molecular spectrum of the
molecules of interest. SERS also allows for trace analyte detection and offers
complementary information to that of electrochemical techniques. Raman spectroscopy
studies the structural vibrations within the compounds of interest, providing a weak
spectral molecular finger print of the molecule. These vibrational responses are greatly

enhanced by depositing the analyte on a nanostructured metallic surface.3”*° Moreover,
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SERS provides high sensitivity, fast analysis time and little background interference from
water molecules. However the variability across the SERS substrate suggests that
quantification can be difficult; but is easily permitted by SWV. To this end, both
techniques will complement each other’s sensing capabilities, providing qualitative and

quantitative data.

In this chapter we focus on the detection of the neonicotinoids, imidacloprid and
clothianidin. We developed and characterised two different nanosensors; (i) the silver
nanostructured polymer substrate for SERS characterisation, used in Chapter 2, and (ii)
an array of four gold nanowires employing a square wave voltammetric technique. The
ultra-sensitive detection of neonicotinoids, imidacloprid and clothianidin, were
demonstrated in aqueous buffer solutions, employing the SWV technique. This detection
was then verified using SERS. Combining SWV and SERS detection methods provides
both physical (vibrational spectrum) and chemical (reduction) data for the insecticide

solutions. Furthermore, both SWV and SERS can be adapted to portable devices.
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3.2 Experimental

3.2.1 Materials and Reagents

Ferrocenemonocarboxylic acid (FCCOOH), phosphate buffer saline (PBS) tablets, PVDF,
silver wire, imidacloprid and clothianidin were purchased from Sigma-Aldrich and used
as received. Acetate buffer was purchased from Sierra Sensors, Germany. Deionised
water (18.2 MQ cm) from an ELGA Pure Lab Ultra system was used for the preparation
of samples. Electrochemical measurements are undertaken in acetate buffer solution (pH

5) unless otherwise stated.

3.2.2 SERS Substrate Sensor Fabrication

Pellets of PVDF were placed on a microscope slide and melted on a hotplate at ~220°C.

An aluminium master template was prepared as described in detail in Chapter 2. 4

3.2.3 Electrode Fabrication

Gold nanowire array electrodes were fabricated using a hybrid electron beam
photolithography process on a four inch diameter wafer silicon substrates bearing a 300
nm layer of thermally grown silicon dioxide (Si/SiO2).#> 43 Nanowire structures and
alignment marks were patterned in an e-beam sensitive resist (ZEP 520 Nippon Zeon)
using direct electron beam writing (JBX-6000FS, JEOL UK Ltd) and developed. The
optimised parameters for this step were: 50 kV beam voltage; 100 pA beam current; and
a beam dose of 120 uC cm™.Following resist development, Ti/Pt/Au (5/5/30 nm) layers
were blanket deposited by evaporation (Temescal FC-2000 E-beam evaporator) and
standard lift-off techniques were employed to remove un-patterned areas to yield stacked
Ti/Pt/Au nanowire structures. Using the electron bean alignment marks, micron-sized
interconnection tracks, half disk electrodes (~1.6 x10* cm?) and peripheral contact pads
(~1.5 nm diameter) were overlaid onto the wafer using photolithography, metal
deposition (Ti/Au 10/200 nm) and lift-off techniques. Both half disk electrodes have a
gold surface layer, so in order to fabricate the platinum reference electrode, a second
metal evaporation (Ti/Pt 10/90 nm) on one half disk electrode was performed. In this
manner, one central half-disk electrode may be employed as a gold counter and the other

as a platinum pseudo-reference electrode, respectively. A silicon nitride passivation layer
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(500 nm) was then deposited by plasma-enhanced chemical vapour deposition (PECVD)
onto the wafer surface in order to prevent electrochemical reactions between the electro
active species on the electrode and the interconnection tracks. Photolithography and dry
etching were then employed to create a window (40 pm % 100 pum) in the passivation
layer above the nanowires to allow contact with solution. This process was optimised so
that the interconnection remained covered by the passivation layer, ensuring exclusive
contact between the nanowires and electrodes and the external electrolyte solution. The
passivation layer was also removed over the counter and reference electrodes along with
peripheral contact pads. Following fabrication, wafers are diced into 16 x 16 mm chips,
such that each chip contains twelve individually contacted gold nanowire working
electrode arrays, an integrated gold counter electrode and a platinum pseudo-reference
electrode.

Evaporation and

Spin on e- E-beam lift off
Si/Si0, beam resist write
substrate
| =3 —] m) p— — = m

Evaporation and

Optical Passivation

lift-off

Figure 3.1: Schematic of hybrid e-beam lithography and optical lithography process used for
nanowire fabrication.

Spin on

3.2.4 Characterisation of the Sensors

3.2.4.1 Optical Characterisation

Optical micrographs were acquired using a calibrated microscope (Axioskop I, Carl
Zeiss Ltd.) equipped with a charge-coupled detector camera (CCD; DEI-750, Optronics).
Scanning electron microscopy analysis was undertaken to characterize the substrate
surface after the fabrication procedure. Microscopy images were acquired using a
calibrated field emission SEM (JSM-7500F, JEOL UK Ltd.) operating at beam voltages
between 3 and 5 kV.
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3.2.4.2 Raman Characterisation

All Raman measurements were recorded using a Confocal Renishaw Raman Microscope
equipped with a 514 nm Ar ion laser and analysed using Wire 3.0 computer software. The
laser spot diameter was ~1 pm at the substrate surface and a laser power density of ~7x10*
W/cm? was used. SERS spectra collected using a 50x magnification (0.75 NA) objective
microscope, with a data acquisition time of 10 s, over an extended spectral range of 200
cm™ to 3500 cm™. The spectrometer was equipped with a computer controlled motorised
XYZ stage employed to focus and adjust the positioning of the sample on the silver
surface. Subtraction of the baseline was performed on all spectra to eliminate background
noise from the underlying polymer and the recorded spectra were imported into Origin®

7.4 (OriginLab) to facilitate data analysis.

3.2.4.3 Simulation Computational Analysis

Computational analysis was undertaken by José Julio Gutiérrez Moreno (Materials
Modelling for Devices Group, Tyndall National Institute). He performed ab initio
calculations to find the equilibrium molecular structures. The Becke’s three parameter
Lee-Yang-Parr (B3LYP) * hybrid exchange-correlation functional along with triple-¢
valence with two sets of polarisation functions (TVZPP) basis set *° were used as
implemented in the Turbomole code.*® The dispersion forces were corrected by the
Grimme’s DFT-D3 method.*” Redundant internal coordinates were used for the geometry
optimisation with an energy convergence criteria of less than 10 Hartree. *® Force
constant calculations were implemented to estimate the vibrational modes of the isolated
imidacloprid and clothianidin molecules and harmonic vibrational frequencies were
estimated by the analytical evaluation of second derivatives of the energy.*® % A scaling
factor of 0.9669 was applied to the fundamental vibrational frequencies to minimize the

error due to the neglected enharmonic effects in the theoretical model. !

3.2.4.4 Electrochemical Characterisation

All electrochemical experiments were performed using a CHI660a Electrochemical
Analyser and a Faraday Cage CHI200b (CH Instruments) connected to a PC. A three
electrode electrochemical system was implemented; using an array of 4 gold nanowires

(100 nm wide, separation 500 nm) as the working electrodes versus the on-chip platinum
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pseudo-reference and gold counter electrodes. The cell was setup with a custom chip
holder containing spring loaded gold pins to permit electrical contact to the working
electrodes, and a sample well for the electrolyte solution, see Figure 3.2. To confirm
electrode functionality cyclic voltammetry (CV) experiments were first undertaken ina 1
mM FcCOOH solution in 10 mM phosphate buffer saline solution (PBS, pH 7.4) purged
in N2 prior use to displace dissolved oxygen. CV measurements were carried out in the

potential range -0.2 to 0.6 V at a scan rate of 100 mVs ™.

Figure 3.2: Image showing a fully fabricated chip mounted in the aluminium base of the custom-
made chip holder.

3.2.5 Sensing of Neonicotinoids

3.2.5.1 Raman Analysis

Working solution of both clothianidin and imidacloprid were prepared in a methanol- DI
water solution (1:1) and diluted to 1 ng/mL then deposited via the drop/dry process onto
the SERS substrates; depositing 50 pl of solution onto the substrate and allowing to air
dry (10 min). All samples were thoroughly rinsed with DI water before Raman analysis
to remove unadsorbed, clumped molecules that accumulated on the surface of the
substrate during the drying process. Bulk Raman spectra were also acquired for both
molecules. All the wavenumbers stated in the discussion section are related to the Raman

spectra, unless otherwise stated.
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3.2.5.2 Electrochemical Analysis

SWV was performed by sweeping the potential from -0.2 V to -1.4 V in acetate buffer.
All scans were performed using a frequency of 10 Hz, amplitude of 50 mV and a potential
step of 4 mV. Blank SWV of acetate buffer (pH 5) were also obtained for the purpose of
background subtraction. Imidacloprid and clothianidin stock solutions (in methanol- DI
water, 1:1) were prepared at different concentrations, and were added sequentially to 90
uL AB in the cell using a serial addition approach. Five replicate SWV scans were

undertaken for each addition. All experiments were performed at room temperature.
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3.3 Results and Discussion

3.3.1 SERS Substrate Characterisation

SERS substrate characterisation, for these sensors, was explored in detail previously, in
Chapter 2. ** Figure 3.3 (a) shows a typical SEM micrograph of a portion of a SERS
substrate used in this chapter. As expected, from SEM analysis, the size distribution of
the Ag nano-structures was estimated to be roughly 60 £ 20 nm while the gaps between
the clusters were estimated to be on the order of 10 + 5 nm. These small separations
between clusters are expected to deliver a high yield of electromagnetic hot-spots, making
them very suitable for SERS sensing. Figure 3.3 (b) shows the SERS response of CrV on
the fabricated sensors. All the characteristic peaks of CrV are well defined, indicating the
presence of SERS hotspots on the surface.
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Figure 3.3: (a) SEM image of a portion of the fabricated SERS substrate silver surface and (b)
SERS spectrum of 10® M crystal violet in water

3.3.2 Nanowire Electrochemical Characterisation

Nanowires were fabricated as described in the experimental section above. Each chip
contains 12 gold working electrode arrays of 4 nanowires, along with single Pt reference
and Au counter electrodes. The devices were characterised using optical microscopy.
Figure 3.4 (a) shows an optical micrograph of the central chip region containing the 12
electrically isolated nanowire electrodes with the Au counter and Pt reference electrodes
respectively. A more magnified image, Figure 3.4 (b), illustrates a fully fabricated and

passivated four nanowire electrode array, separated by 500 nm. The width of the
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passivation window (central dark rectangle) defined the exposed nanowire length at 45
um for the nanowire arrays. This four nanowire array structure of Au working electrode

was used throughout these experiments.

|

NW Array

Figure 3.4: (a) Plan view of the central chip region which contains 12 individual nanowire (NW)
sensors, with a gold half disk counter electrode (left) and a platinum half disk pseudo reference
electrode (right) shown in the chip centre. (b) Higher magnification image of one nanowire sensor
comprising a four nanowire array with both sides of the wire connected.

Nanowire electrodes were structurally characterised in detail previously, by Barry et al.,
using a combination of optical, electron and atomic force microscopy and electrically
characterised using two point current voltage measurements.>? Furthermore, cyclic
voltammetry (CV) characterisation was performed by applying a potential range of —0.2
V to 0.6 V to the nanowire arrays in 1 mM FcCOOH in 10 mM PBS, pH 7.4, at 100 mV
s, see Figure 3.5 (a). The magnitude of the current (~2.5 nA) is typical of a
nanoelectrode array and exhibits steady-state behaviour, as expected. *? This confirms
that the silicon nitride passivation layer has been removed to expose the gold nanowire
array and successfully shields the rest of the chip from unwanted electrochemical
reactions. Only chips that exhibit this current behaviour in FCCOOH were used for
experiments; chips that demonstrated low or no electrochemical current were discarded
and not used for further experiments. Figure 3.5 (b) shows a typical SWV of 1 mM
FCCOOH in 10 mM PBS, pH 7.4 (frequency 10 Hz, amplitude 50 mV and a potential step
4 mV) displaying a current peak in the voltage range of 0.15 to 0.25 V vs. the on-chip Pt
pseudo-reference electrode. This oxidation peak is in agreement with the CV data, and
further validated the oxidation of FCCOOH is occurring at the electrodes.
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Figure 3.5: (a) CV and (b) SWV of 1 mM FcCOOH in 10 mM PBS, pH 7.4, at 100 mVs™ vs.
on-chip Pt pseudo-reference electrode; illustrating the steady-state behaviour of a 4x 100 nm
nanowire electrode array separated by a distance of 500 nm.

3.3.3 Raman and SERS Characterisation of Neonicotinoids

Bulk Raman spectra were first acquired for both Clothianidin and imidacloprid pesticides.
All the characteristic Raman peaks are well resolved from the bulk powder. All the Raman
spectral modes for clothianidin and imidacloprid were assigned by comparison with
hybrid Density Functional Theory (DFT) calculations, as described in material and
methods section 3.2.4.3, and are listed in Table 3.1 and Table 3.2 below, respectively.
Although imidacloprid and other neonicotinoids are widely published, >3 to our

knowledge this is the first assignation of the Raman modes for Clothianidin.

3.3.3.1 Raman analysis of Clothianidin

Raman analysis on clothianidin bulk powder was first undertaken to observe if the
molecule was Raman active. The Raman spectrum acquired for the bulk is illustrated in,
Figure 3.6 (a), exhibiting all the characteristic peaks of the molecule. All the significant
Raman spectral peaks were identified and assigned to their corresponding vibrational
modes, detailed in Table 1. The assignations were achieved using a combination of direct
visualisation of the DFT vibrational modes and by comparison to vibrations of similar

molecules in the literature.>* %’

157



Chapter 3

3.3.3.2 SERS analysis of Clothianidin

SERS for prepared clothianidin solutions were then investigated using the fabricated
SERS substrates. Figure 3.6 (b) shows the SERS spectra for 10 ng/mL of clothianidin.
The peaks are well resolved for the SERS measurement and the large characteristic peaks
compare well to the bulk Raman spectrum, seen in Figure 3.6 (a). These SERS peaks
were matched to their equivalent Raman vibrations, which were previously assigned,
detailed in Table 1. We expect a shift in wavenumber for all the corresponding SERS
peaks compared to the Raman spectrum. This is due to the adsorption of clothianidin to
the SERS substrate Ag surface via the nitrogen’s in the nitroguanidine structure. We
believe that the largest shifts the SERS spectra will be observed at Raman vibrational
frequencies relating to these nitroguanidine atoms. This is typical when employing

surface enhanced Raman techniques.
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Figure 3.6: (a) Bulk Raman spectrum and (b) SERS spectrum (10 pg/mL) of clothianidin using
fabricated silver coated PVDF substrates.

3.3.3.3 Vibrational Analysis of Clothianidin

Clothianidin consists of a chloro-thiazole ring linked by a carbon to a nitroguanidine
structure. The structure of clothianidin with atomic numbering labels used in this study

is given in Figure 3.7.
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SERS DFT ) ) )
Raman Vibrational Assignments
(1ng) (scaled)
3086 - 3502.63 VN6-20
3013 - 3475.94 VN5C18
2983 - 3121.3 vC13-19
2952 - 3011.52 vC1016,H17 as
2936 - 2996.8 vC15C22 stretch
- 2965.57 vC10H16,H17 sym
- 2900.52 vC15C23,24 as
- 2859.95 vC15C22,C23,24 sym
1570 1605.44 1669/1604 vN90304 as; SN6H20; SN5H18
1532.18 1557 42 1517.95 vC11C1.3; vC10C11; 5C13H19 (ip); SN5H18;
vN7C14;
1433.75 1413.35 vN7C14; vC11C13; tC10H17,18
1422.27 1423.91 1403 8C15H21-23; 3N6H20
vNBN9; vN903,4 sym; SN8C12N5N6 ; SC5H18 (ip);
1318.07 1335.62 1317 C10H16 (00p)
1296 1304.89 1297 8C10C11C13; tC10H16,17 (oop); SC13H19
1 C10H16,17 (oop); 8C13H19 (ip); SN6H18;
1248.83 1254.79 1237 SC6H20
vC10C11; pC10H16,17 (ip); 6C13C11C10; vC11S2;
1152.94 1176.3 1148/1126 YNB6C12: 5C13H19 (ip): vC13N7
1051.39 1047.63 1051.46 \(;S)Cp)l_ws; vC10NS5; 3N5H18 (ip); tTC10H16,17
vN15N19; vN90O304 sym; oC15H21-24; vC14S2ClI1
992 997.961 997.65 as: SN7C14C13H19
pC10H16,17 (ip); SN5H18 (ip); vC15NS;
947.319 946.846 931.8 SC10C11613
871.121 867.64 »C13H19 (oop)
754.219 758.308 750.01 ®N6N90304
669 678 ®C12N5N6N8; ©C12N5C10C11; pC10H16,17;
vS2C11C14 as; ®C13H19
SdN5C12C10H; ®N5H18 (oop); vS2C11C14 sym;
651.745 650.094 671.83 VHNEN9O3: vN8CL5
»C10C11C13; ®HC13N7C14; ®C11C13N7C14;
594 573.195 589 WOLINTC14CIL
577 556.784 545.78 oN6H20; oN5H18; ©S2C11C14; vC14Cl1
514 522.681 514 ®N6H20; oN5H18
»C11C13N7C14; H19C13N7C14S2; vC14Cl1;
it LS S »C12N5H18C10; N6N9O3;
358.837 339.41 339.41 pN90304; ©®C13N7C14CI1; ®C14CI1; ®HC10;

O0C12N6N9; ®C10C11S2; ®C12N5C10C11
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SC12N6N90O4; SN6C12N8C15H; ®C12N5H18C10;
8S2C14CI1

259.539 237.97 237.97 pC10H16,17; 6S2C14CI1; SN8C15H

310.554 310.513 292.69

Table 3.1: Assignments of the most intense experimental vibrational normal modes for
clothianidin. The abbreviations are v, stretching; ®, wagging; 1, twisting; p, rocking; 6,
bending/scissoring; ip, in plane and oop, out of plane modes; sym and asym denote
symmetric and asymmetric modes, respectively.

Figure 3.7: Structure of Clothianidin with atomic numbering.

3.3.3.3.1 C-H vibrations

To begin, all the CH vibrations in the molecule were assigned to their corresponding
Raman band using the vibrations illustrated in the simulation. First the ring C13-H is
discussed followed by the C10-H vibrations and finally the C15-H vibrations. All the
single C-H stretching vibrations observed at an extended spectral range (~3000 - 3600
cm™) were assigned and are presented at the top of Table 3.1.

The Raman band at 3121 cm™ was assigned as the only stretching vibration for the CH
bond in the chlorothiazole ring, C13-H19. There are, however, several in-plane bending
vibrations associated with C13-H, which were observed at 1532 cm™?, 1296 cm™?, 1248
cmtand 1152 cm™. The first mode was strongly coupled with C13-C11, C10 and N7-
C14 stretching vibrations. The second and third were coupled with a C10-H twisting
vibration, whereas the last mode was coupled with a C10-H rocking. The out of plane

wagging modes for C13-H are observed at 871 cm* and 669 cm ™.
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The C10-H symmetric and asymmetric stretching modes are observed at 2965 cm™ and
3011 cm?, respectively. The only C10H bending vibration was assigned at 1462 cm™.
Alternatively, multiple out of plane twisting modes were found at 1422 cm™, 1296 cm™,
1248 cm™ and 1051 cm™; including a C10H16 out of plane wagging at 1318 cm™. Finally
Raman bands at 1152 cm™, 947 cm?, 669 cm™ and 259 cm™ can be assigned to the in-
plane rocking of H16 and H17 with C10.

The C15-H symmetric and asymmetric stretching modes are observed at 2860 cm™ and
2900 cm?, respectively. Raman peaks at 1422 cm™ and 992 cm™ were assigned to the in-

plane bending and wagging modes of the CHz bonds, respectively.

—— Clothianidin Bulk Raman

3013

Intensity/ 10° (a.u.)
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Figure 3.8: Raman spectrum for Clothianidin bulk powder at the higher wavenumber range.

3.3.3.3.2 RIing Vibrations

The chlorothiazole ring vibrations were examined next. First the stretching Raman
vibrations were assigned, followed by the in-plane bending and out-of-plane wagging
modes, and finally the C-CI bond vibrations are discussed.

Strong ring C13-C11 and N7-C14 stretching modes are observed at 1532 cm™ and 1433
cm in the Raman spectrum, and are both coupled with a C10-C11 stretch. The C13-N7
stretching vibration is observed at 1152 cm™ in Raman spectra. This band is also coupled
with a C10-C11 stretch, as well as a C11-S2 stretch. A strong asymmetric stretch between
C14-S2, ClI1 observed at the simulated value of 1029 cm™, was assigned to the 992 cm™*
band in the Raman spectrum, and coupled with a N7-C14 bending mode. Weak S2-C13,

C11 symmetric and asymmetric stretching vibrations are observed at 651 cm™ and 669
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cmL, respectively. The former is coupled with C12N5C10H wagging out of plane
vibrational mode. The observed band at 594 cm™ in Raman spectrum is assigned to the
out of plane wagging modes of the chlorothiazole ring, where C13 and C14 are vibrating
out of plane in an opposite direction to N7. The other out-of-plane wagging modes were
observed at 443 cm™ and 358 cm 2.

The vibrational modes for the C-Cl bond appeared at lower wavenumbers. The stretching
vibration of C14-CI1 was seen at 443 cm™! in the Raman spectrum (432.6 cm-1 in the
SERS), this is agreement with the literature data.>® Raman peaks at 259 cm™ and 358 cm’
! can be assigned to the weak bending and wagging mode of C-Cl, respectively. Both

vibrations are strongly coupled with a C10-H rocking.

3.3.3.3.3 N-O, N-H and C-N Vibrations
Following assignations of the ring vibrations and CH modes, the peaks associated with

the nitroguanidine structure were assigned. The N9-O symmetric and asymmetric
stretching vibrations occur at 1318 cm ™t and 1570 cm™2, respectively. The former, at 1318
cm ™t is coupled with weak stretching modes for N9-N6 and C12-N6, whereas the latter
is coupled with the N-H bending of N6 and N5. These are two well resolved bands in
both the Raman and SERS spectra, which compare well to the nitroalkane stretching
reported in the literature.%® >° The wagging out of plane vibration of N9-O appears as the
only observed band at 754 cm™; while the N9-O rocking occurs at 358 cm™, which is
coupled with C12N6N9 bending in plane. The strong N9-N6 stretching appears at 992
cm. The C12-N6 stretching mode is observed at 1152 cm™. The C12-N wagging
vibrations occur at 669 cm™ with C12 vibrating out of plane in opposite directions to the
nitrogen atoms. Finally the C-N bending mode for this carbon is observed at 1318 cm™.
Another C-N vibration witnessed was the N8-C15 stretching bands at 651 cm™, 947 cm-
Land 1051 cm™ which are coupled with a strong in plane N5-C10, C12 bending; a N5-H
bend and a N5-C10 stretch, respectively. The Raman band at 310 cm™ shows the bending
vibration from N5 through C12 to O4 (N5C12N6N904) and simultaneously a bending
from N6 through to C15 (N6C12N8C15H). This band also reveals a N5-H18 wagging
vibration. Similar bending and wagging vibrations are also seen at 443 cm™. The out of
plane N-H wagging vibrations (N6H20 and N5H18) are observed at 651 cm™, 514 cm™

and 577 cm™. The latter band is coupled with a weak ring wagging vibration
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(C11S2C14), where C11 and C14 are vibrating out of plane. The in-plane N-H bending
modes are observed at several higher wavenumbers; 1051, 1248, 1318, 1422, 1532 cm ™.

3.3.3.4 Raman and SERS analysis of Imidacloprid

Following Clothianidin detection, solutions of imidacloprid were analysed using Raman
and SERS. Figure 3.9 shows the bulk Raman spectrum for Imidacloprid and the SERS
detection of a 10 ng/mL solution. The Raman spectrum was compared against the SERS
data and the scaled simulated data. All vibration modes were assigned using a
combination of the literature and the DFT simulated vibrations in Jmol %2, Again, we
expect that all the corresponding peaks identified in the SERS spectra will shift in
wavenumber. This is due to the adsorption of imidacloprid to the SERS substrate Ag.
Typically for molecules that containing a pyridine ring, the compound will attach to the
metal surface via the N in the ring ®3. We expect that the largest shifts the SERS spectra

will be observed with Raman vibrational frequencies relating to Ring 1.

(@, (b)
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Figure 3.9: (a) Bulk Raman spectrum and (b) SERS spectrum (10 pg/mL) of imidacloprid using
fabricated silver coated PVDF substrates.

3.3.3.5 Vibrational Analysis of Imidacloprid

The imidacloprid molecule consists of a chloropyridine ring linked with a carbon to an
imidazole ring structure. For assignation purposes, we name these structures, ring 1 and
ring 2, respectively. The structure of imidacloprid, with atomic numbering labels used

in this study, is given in Figure 3.10.

163



Chapter 3

DFT
Raman SERS Vibrational Assignments
Scaled
- - 3452.3 vN6-C24
- - 3109.6 vC13,14 - H25,27 sym
- - 3092.83 vC13,14 - H25,27 as
3051 - 3043.66 vC15-C26
2988 - 3008.08 vC10-H21
2970 - 2992.53 vC9-H19, C11-H23 as
2951 - 2982.53 vC9-H19, C11-H23 sym
2930 - 2933.884 vC11-H22
2900 - 2884.03 vC9-H18
- - 2877.91 vC10-H20
1584.45 1607 1632/ 1606 vC12N4N5NG6 as; 3N6H24; vN70203 as
1568.09 1568 1575/1547  CCC Stretching: vC13C14C15 as; vC17N8C16 as
1483.65 1464.07 1483.31 0C9H19,H18; 6C11H23,H22
vC16C17C14 as; vC17N8; 6HC14; 6HC15; 6HC16;
1451 1448.91 5C10H20, H21
1371 1409 1376 vC16C17C14 sym; vC15N8C13 sym; oC10H20H21
®CI9H19H18; ®C11H22H23; ®C10H20H21;
1302 1356.27 1320/1282 5C14H25; yN70203 sym
vN70203 sym; «C9H1918; tC11H22H23;
LA . AR tC10H20H21; 8HC15; 6HC16
Ring 1 stretching; tC10H20H21; ®C9H1918;
1241 1298.03 125377 C11H22H23; vC12N4NSNG as; vNEN7
1195 1218 1217.61 tC9H18H19; tC11H22H23
vC10C13; vC10C13C14C15 as; ®C10H20; oC14H25;
1142 1190.94 1197 ©C15H26: ©C16H27:
1109 1162 1125.97 0H25C14C16H27; vC14C16;
998.43 987 1008.09 0C17C16N8; 6C13C14C15
3C17C16N8, vC13C14C15C10 sym; vC17CI1;
S [EE e pCIH18H19; pC11H23H24
O302N7N6 oop; Ring 2 breathing: [6N6N7C12,
751.931 740.628 768.22 8C11IN5CY]; pCL11H22H23; pCOH18H19;
dC10N4C13
C12N4N5NG6 oop; pC9C11-H sym; 6C10N4;
Sl I Jet Ring 1 breathing: [6C10C14C15, vC17CI1]
®C12N4N5NG oop; 6C9C11N4; vC13C14C15;
660 661 654 vC17CI1; 6C10N4C13
631 635 622 ON8C17C15; 6C14C13C16; d6C12N4C9C11

164



Chapter 3

Ring 2 rocking: [pC10N4C12N6 pN6C12N4N5]

475898  502.089 453 5C13C10N4C12; vC17CI1: ©C13C14C15:
tNSC17C15:
©N4C12N5; SNAC10C9 00p, SC12N5N16];
320 320 306 5C12N6N703
282658  282.813 274 pC10H20H21: pC11H22H23; 5C17CI1
142932 133193  144.91 SNGN703; pC11H22H23; pC10C13N4

Table 3.2: Assignments of the most intense experimental vibrational normal modes for
imidacloprid. The abbreviations are v, stretching; ®, wagging; t, twisting; p, rocking; 9,
bending/scissoring; ip, in plane and oop, out of plane modes; sym and asym denote
symmetric and asymmetric modes, respectively.

Figure 3.10: Structure of imidacloprid with atomic numbering.

3.3.3.5.1 C-H vibrations

To begin, all the CH vibrations were assigned to their corresponding Raman peaks. Firstly
the C-H bonds in ring 1 are assigned, followed by C-H bonds adjoined in ring 2 (C9 and
C11) and finally the C10-H vibrations were assigned.

There are 3 C-H bonds in the chloropyridine ring structure; C14, C15 and C16. Their
stretching modes all vibrate as frequencies above ~3000 cm™, which is typical for C-H
hetero-aromatic stretching vibrations.* These peaks are illustrated in the Raman
spectrum of the extended spectral range for imidacloprid, in Figure 3.11. All these C-H

stretching vibrations were assigned and are presented in at the beginning of Table 3.2.
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There are several in-plane vibrations associated with the ring CH structures. The bending
vibrations for C14H, C15H and C16H are observed at 1451 cm™, 1371 cm™ and 1277 cm
! which were all coupled with stretching vibrations associated with Ring 1. Another band
at 1109 cm™ demonstrated the strong in-plane bending between the two hydrogens
associated with C14 and C16 (H25 and H27). This band was also coupled with a C14-
C16 stretching. The out of plane wagging modes for the pyridine ring C-H bonds are
observed at 1142 cm* and coupled with a strong C13-C10 stretching mode.

—— Imidacloprid Bulk Raman

2930

Intensity/ 10° (a.u.)

2800 | 3000 | 3200
Raman Shift (cm™)

Figure 3.11: Raman spectrum for imidacloprid bulk powder at the higher wavenumber range.

The vibrational frequencies corresponding to C9H and C11H of ring 2 are also presented
in Table 3.2. Briefly, the Raman bands observed at 2951 cm™ and 2970 cm™ are assigned
to C9H and C11H symmetric and asymmetric stretching modes, respectively. The strong
in plane bending vibration for C9-H and C11-H appears as the only observed band at
1484 cm™. No other C9H or C11H bending modes were seen in the simulated vibrations.
The wagging out of plane vibrational mode of C9-H and C11-H was assigned as 1302
cmt in Raman spectra and was coupled with a C9-C11 weak stretching vibration. The
other out of plane wagging modes were observed at 1277 cm* and 1241 cm 2. The former
band was coupled with CH bending vibrations in ring 1; and the latter band was strongly
coupled with ring 1 stretching vibrations and weak asymmetric stretching in ring 2. The
only twisting vibration for the C9-H and C11-H bonds was observed at 1195 cm™. Finally
multiple C9-H and C11-H in-plane rocking modes were observed at 815 cm™, 751 cm™,
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691 cm™and 142 cm™. The first was coupled with a C10-C13 stretching mode and the
other three bands were coupled with a C10-C13, N4 bending vibration.

The C10 symmetric stretching modes with H21 and H20 were observed at 3008 cm™ and
2878 cm, respectively in the simulated data. The only C10H bending vibration was
assigned at 1451 cm™ in the Raman spectrum. Multiple out of plane vibrational modes
were observed for the C10-H20, H21 bonds in the Raman spectrum; including twisting
vibrations at 1277 cm™ and 1241 cm™, and wagging vibrations at 1371 cm™, 1302 cm'?
and 1142 cm. Finally Raman band at 282 cm™ was assigned to the in-plane rocking of
H20 and H21 with C10.

3.3.3.5.2 Ring Vibrations
The vibrations for Ring 1 (chloropyridine) are studied first followed by the vibrations for

ring 2 (imidazole). The 1568 cm™ is one of the dominating Raman peaks and can be
attributed to the pyridine ring stretching mode. In particular, this band represents the
asymmetric stretching between C13 and C17 with their adjoining atoms (vC13C14C15 and
vC17N8C16). Similarly, the band at 1451 cm™ represents a C16-C17, C14 asymmetric
stretching vibration and is coupled with a very weak C17-N8 stretch. A weak symmetric
stretching at 1371 cm™ was observed for C16 and C15 and their respective bonded atoms.
The other ring stretching modes were observed at 1142 cm™ and 815 cm™. The first band
could be recognised as a ring breathing mode, but mainly consisted of an in-plane ring
stretching from C13 to C14 and C15, with an asymmetric stretch to the out-of-ring C10.
The second ring vibrations at 815 cm™ contained a symmetric stretch from C13 to C14,
C15 and C10; and a C17 ring bending with C16 and N8 which was coupled with a C17-
CI1 stretch. Some weak ring bending vibrations were observed at and 998 cm™ and 691
cmt. The former band contains two bending modes C17-C16, N8, and C13- C14, C15,
where by the C17 and C13 atoms are stationary. On the other hand, the latter band
contains a C13-C14, C15 bend, whereby all the other ring atoms are vibrating with the
bending mode, including a C17-CI1 stretch. There is also weak ring vibration at 660 cm-
! consisting of a C13 bend with C14 and C15 coupled with a C17-ClI1 stretch and C10
bending with C13 and N4. Finally, the Raman peak at 631 cm™ exhibited the strongest
bending vibrations for the pyridine ring, specifically, the symmetric bending of C14 with
C13/C16 and N8 with C15/ C17 which was coupled with a weak ring 2 bending vibration,
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C9-N4, C11. The Raman band at 476 cm™ attributed to the only out of plane wagging of
the pyridine ring, in particular, the C13 and C17 atoms are vibrating in the opposite
direction to the other 4 atoms in the ring. This band is coupled with a C17CI1 stretching
and the bending of C10 with C13 and N4.

Raman vibrations associated with the C9 and C11 atoms of ring 2 were mostly discussed
in the above “CH vibrations” section. Subsequently we assigned the remaining ring
modes and also included vibrations involving the C12 carbon and its surrounding 3
nitrogen atoms. The C9-C11 stretching is observed at 982 cm™, in the simulated data.
Due to the orientation of imidacloprid the majority of the imidazole ring modes were
observed as out-of plane vibrations. However in-plane rocking and breathing modes were
observed at 475 cm™ and 751 cm™, respectively. The former involved rocking of the
entire ring, in-plane, across the C10-N4-C12-N6 bond, while the atoms C10 and N6
remained stationary. The Raman band at 320 cm™ was assigned as a ring wagging, mainly
involving vibration of the N4-C12-N5 bond out-of-plane. A strong C12-N asymmetric
stretching was observed at 1584 cm™ in the Raman spectrum, which is one of the
characteristic peaks for imidacloprid (1607 cm™ in the SERS spectrum). A second weaker
asymmetric stretching was seen at 1241 cm™. The common C12-N wagging vibrations
were observed at 691 cm™ and 660 cm™, whereby the C12 vibrated out-of-plane in
opposite directions to the three surrounding nitrogen atoms. The latter band was coupled
with the bending of C9 with N4 and C11.

3.3.3.5.3 N-O and C-N Vibrations
In this section, all the peaks associated with the nitro-structure were assigned; first the

N7-02, O3 modes were investigated, followed by the vibrations between N6-N7, and
finally the N-H bond was studied. The N7-O symmetric and asymmetric stretching
vibrations occur at 1302 cm ! and 1584 cm™, respectively. The former is coupled with
a weak N6-N7 stretch and the latter is coupled with the strong N6-H24 bending mode.
These are two well resolved bands in both the Raman and SERS spectra, which compare
well to the nitroalkane stretching reported in the literature.’* A weak symmetric N-O
stretching was also found at 1277 cm™. The out of plane wagging vibration of N7-O is
observed at 751 cm™*; while the bending vibration of N6N70203 occurs at 142 cm™.
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The N6-N7 stretching was observed at 1241 cm™ in the Raman spectrum, with a second
strong stretching vibration revealed at ~1050 cm™ in the simulated data. A strong in-plane
N6N702 bending mode was also observed at 443 cm™ in the simulated data. The
stretching vibration for N6-H24 was observed as highest mode in the simulated data, at
3452 cm™. The out of plane N-H wagging vibration for N6-H24 was observed at 631
cm L and a similar out of plane wagging vibration with N6-C12,H24 was identified at 691

cm,

3.3.4 Electrochemical Pathway for Neonicotinoid Sensing

Following electrochemical characterisation, nanowire arrays were subjected to the
detection of neonicotinoid pesticides. Electrochemical Imidacloprid detection is well
documented in the literature,%-% whereas, to our knowledge, detection of Clothianidin
has not been studied. Nanowire arrays were applied to the detection of both clothianidin
and imidacloprid. The voltammetric reduction signals observed for these compounds
arise from the reduction of NO> groups to NH. groups, via a two- step electro-reduction
pathway, illustrated in Figure 3.12, which is well documented in the literature®” 8971,
Firstly, a nitro intermediate followed by a hydroxylamine intermediate are formed via a
4e /4H" electron and proton transfer reaction. The hydroxylamine group is further
reduced to an amine via a 2e /2H" electron and proton transfer reaction.

Compared to CV, SWV is a very sensitive electrochemical method that permits fast scan
rates, significantly reduces background noise and as such is suitable for remote
electroanalysis. Combining this approach with the sensitivity of nanowire electrodes
permits detection in simple acetate buffer thereby obviating the requirement for more
complex mixed acid solutions such as Britton-Robinson buffer.5” 7> 3 Guzvany et al.
demonstrated previously that pH 4 to 9 is optimum for imidacloprid determination.® In
fact, in alkaline medium the nitroguanidine functional group of imidacloprid undergoes
alkaline hydrolysis.” Papp et al. showed later using linear sweep voltammetry (LSV) that
the reduction peak of imidacloprid shifts towards anodic potential with increasing pH."

On this basis a pH of 5 was chosen for imidacloprid determination.
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Figure 3.12: Reduction pathway of (a) Imidacloprid and (b) clothianidin pesticides.

3.3.5 Combined SERS and Electrochemical Sensing of Neonicotinoids

3.3.5.1 Detection of Clothianidin

Clothianidin solutions of 1 ng/mL were subjected to SERS analysis. The SERS spectrum
of clothianidin is shown in Figure 3.13. Although the peaks are not well resolved at lower
wavenumbers, there are large peaks at 946, 1176, 1335, 1557 and 1605 cm™, which
correspond to the previously established characteristic peaks of clothianidin at 947, 1152,
1318, 1532 and 1570 cm™ in the Raman spectrum. This demonstrated that clothianidin
can be detected at lower concentrations by SERS using a simple drop and dry method.
These tests can be easily performed using a portable Raman system.
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Figure 3.13: SERS detection of clothianidin at 1 ng/mL using the fabricated silver coated PVDF
substrates.

Simultaneously the same solution was challenged to SWV detection to assess the
reduction of molecule at a low concentration. Figure 3.14 (a) shows typical SWV
following background subtraction for clothianidin in the concentration range of 0.88 nM
— 378 nM (0.22 ng/mL — 94.57 ng/mL). The reduction peaks at -1.07 V and -1.18V
represent the two-step reduction of the nitro group of imidacloprid; supporting the
reduction mechanism for nitro group reduction. The first reduction is attributed to the four
electron transfer of the nitro group to yield the corresponding hydroxylamine derivative.
The second reduction wave ~-1.18V is attributed to the two electron transfer from the
hydroxylamine to produce its amine derivative.” "® To demonstrate the suitability of the
nanowire arrays as sensors for clothianidin, calibration experiments were undertaken to
examine the effects of increasing concentration on the SWYV signals using a serial addition
approach. Figure 3.14 (b) shows the calibration plot obtained by plotting the peak height
at ~-1.07 V versus log of concentration. Each measurement was undertaken five times to
monitor the stability and reproducibility of the electrodes and the error bars represent one
standard deviation from the mean value of the five replicates. The measured detection
limit for clothianidin was 0.22 ng/mL (0.88 nM) and a calibration coefficient of R? =

0.984 shows good linearity with increasing concentration in this concentration range.
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Figure 3.14: (a) SWV of Clothianidin recorded at different concentrations in acetate buffer (pH
5) versus on-chip Pt pseudo reference electrode. (b) Calibration plot of peak current vs. log
concentration of clothianidin solution. Error bars are included in clear data points.

3.3.5.2 Detection of Imidacloprid

In a similar manner, SERS measurements were undertaken on imidacloprid using the
parameters described above for a 1 ng/mL solution. The SERS spectrum for imidacloprid

is presented in Figure 3.15.
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Figure 3.15: SERS detection of imidacloprid at 1 ng/mL using the fabricated silver coated PVDF

substrates.

Again the peaks at high wavenumbers, which correspond to the characteristic peaks of
the molecule, are well resolved. Bands at 1218, 1355, 1408, 1464, 1571 and 1605 cm™,

labelled in Figure 3.15, represent similar peak in the Raman spectrum (refer back to
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Figure 3.9 (a)). They are mainly attributed to the bending and wagging of the ring
structures in imidacloprid. To further examine the 1 ng/mL pesticide solution, SWV was
employed. We predicted that the reduction of the nitro-group would be well resolved, like
for clothianidin. Figure 3.16 (a) shows the SWV of imidacloprid in the concentration
range of 8 nM — 4.1 uM (2.15 ng/mL — 1.05 pg/mL) following background subtraction.
The voltammogram shows the two reduction peaks representing the nitro-group reduction
of imidacloprid with the peaks at ~ -1.05 and -1.2V being attributed to the first and second
reduction steps, respectively. The quantitative determination of imidacloprid at gold
electrodes is based on the linear relationship between peak current intensity (nA) and
imidacloprid concentration. Figure 3.16 (b) shows the calibration plot obtained by
plotting the peak current at approx. -1.2V versus log of concentration. Again, each
measurement was undertaken five times to monitor the stability and reproducibility of the
electrodes and the error bars represent one standard deviation from the mean value of the
five replicates. The measured limit of detection was 2.14 ng/mL (8 nM) and a coefficient
of R? = 0.989 shows good linearity with increasing concentration in this concentration
range. This concentration range is lower than the lowest legal residue limit of ~10 ng/mL

for food products.”’
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Figure 3.16: (a) SWV of Imidacloprid recorded at different concentrations in acetate buffer (pH
5) versus on-chip Pt pseudo reference electrode. (b) Calibration curve of peak current vs. log
concentration of imidacloprid. Error bars are included in clear data points.
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3.3.6 State of the art

The results for neonicotinoid detection obtained using our nanowire array devices were

compared against those reported in the literature and typical values shown in Table 3.3.

As can be seen the measured LOD was significantly better than solid state electrochemical

measurements and on a par with results achieved using high-end laboratory

instrumentation. The reproducibility of SWV combined with nanoelectrodes is a useful

analytical tool and clearly demonstrates the viability of this approach to the selective

detection of neonicotinoid species.

Detection Detected Linear
Electrode Type/ Diameter Neonicotinoid Ref
method Range
Differential-Pulse Bismuth-Film Modified GCE Clothianidin 6810 — 240300 nM S
Voltammetry Carbon paste electrode (d = 2 mm) Imidacloprid 6700 — 117400 nM &
Hanging Mercury drop electrode Imidacloprid 3910 — 4700 nM &
Nanosilver/SDS GCE (d = 3 mm) Imidacloprid 500 — 3500 nM E
Hanging Mercury drop electrode Imidacloprid 39 —782.8 nM e
Cyclic voltammetry Glassy carbon Electrode (GCE) Imidacloprid 10.9 -1956 uM 65
Nanosilver/SDS GCE (d = 3 mm) Imidacloprid 1000 — 7000 nM 67
Reduced graphene oxide GCE (d = Imidacloprid 750 — 70000 nM &
3 mm)
Square wave Silver-Amalgam Film Electrode Clothianidin 6050 — 216600 nM ®
Voltammetry Hanging Mercury drop electrode Imidacloprid 20 — 500 nM B
Au nanowire electrode Imidacloprid 8 -4100 nM This
Clothianidin  0.88 — 378 nM work
High performance - Imidacloprid 290 — 23470 nM 68
liquid - Imidacloprid 39 — 19560 nM 80
chromatography - Clothianidin 10 -2000 nM 81
Enzyme-linked - Imidacloprid 20 — 490 nM 2o
immunosorbent - Clothianidin 11 — 3080 nM E2
assays
Gas Chromatography - Clothianidin 40— 16020 nM 8
— Mass Spectroscopy
Tandem Mass - Clothianidin 40 — 16020 nM £

Spectrometry

Table 3.3: Detection methods for clothianidin and imidacloprid in the literature compared

with our results.
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3.4 Conclusion

In this chapter, we employ the fabricated SERS subtraction for the environmental
detection of neonicotinoid pesticides. Raman and SERS measurements were first
undertaken, to ensure the compounds were Raman active. Following successful
determination of both clothianidin and imidacloprid, vibrational analysis of the two
compounds was undertaken, using a simulated model and algorithm designed by Julio

Gutiérrez Moreno.

In this chapter we also present a hybrid electron beam photolithography technique that
permits gold nanowire array electrodes, designed by Dr. Karen Dawson and Dr. Amelie
Wahl.33 43 52 These sensors offer the potential for enhancements in electroanalysis
including: increased signal-to-noise ratio and increased sensitivity. Following this
fabrication, clear and well defined characteristic reduction peaks of nitro groups from
neonicotinoid insecticides were resolved using potential step SWV on gold nano-array
electrodes. The gold nanowire electrodes permit LOD’s of 0.22 mg/mL (0.88 nM) and
2.14 ng/mL (8 nM), for clothianidin and imidacloprid, respectively. The LOD’s were
simultaneously validated with SERS analysis on the prepared aqueous solutions, with the
LOD being 1 ng/mL for both compounds. These detection limits are significantly higher
than reported solid state electrochemical techniques and are on par with complex

laboratory methods.

To our knowledge, this is the first demonstration of neonicotinoids detection on gold
electrodes at the nanoscale which opens the door to future sensitive devices required for
decentralised remote sensing of neonicotinoid insecticides. This is also the first SERS
analysis and vibrational assignment of Clothianidin.
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4.1 Introduction

Bovine viral diarrhoea is a disease that is endemic in many countries worldwide. The
causative agent, Bovine viral diarrhoea virus (BVDV), is a pestivirus. Viral infection
results in reduced animal welfare, arising from immunosuppression, which has a
significant economic cost for farmers through a combination of, e.g., aborted foetuses and
greatly reduced milk production.’® Its impact on animal health and the economics of
livestock production has led to a number of European countries embarking on eradication
schemes.* > Currently, Norway, Sweden, Denmark and Switzerland, have achieved
BVDV eradication,®1° whilst the Republic of Ireland is close to eradication following
five years of a compulsory testing programme and removal of persistently infected (PI)
animals. Persistent infections in cattle occur when a foetus is exposed to BVDV in utero
and subsequently develop an immunotolerance to the virus.!! These Pl cattle shed virus
throughout their lives,*? therefore in regions where BVDV is endemic, detection of virus
and Pl individuals is the method of choice to achieve eradication. > 1* In countries where
prevalence was lower, serological screening to detect exposure to BVDV is the preferred
choice. 1" For rapid progress to be made within an eradication programme, highly
specific and sensitive assays are required. Moreover, the ability to be able to detect and

identify both BVD virus and antibodies expressed by an animal to this virus is essential.*®

Currently, there are a number of methods for diagnosing both persistent and transient
BVDV infections including, several different types of enzyme-linked immunosorbent
assays (ELISA),'® 2 polymerase chain reaction (PCR) assays,?! 22 and virus isolation
techniques.?® 2* The majority of these assays are laboratory-based techniques. As such,
they often require postal submission of samples and subsequent reporting of results to
both veterinarian and farmers. For example, the BVD national eradication scheme in the
Republic of Ireland involves the collection of ear tissue samples from young calves by
farmers using modified national identifier tags and submission of those samples by post

to a designated laboratory for testing.!* Both ELISA and PCR antigen detection

+This work has been submitted as “Bovine Viral Diarrhoea virus (BVDV) and antibody
(BVDAD) detection in serum” in Biosensors and Bioelectronics, 2018
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techniques have been employed throughout the scheme with the aim of identifying virus
positive and potentially PI cattle.> While the individual techniques are relatively quick to
perform on receipt of samples to the laboratory (90 to 180 minutes), delivery of samples,
laboratory logistics, and reporting of results can delay PI detection, isolation and removal
at farm level. The knock on effect of this is further unnecessary viral spread within a
herd.

A number of ‘in-field’ tests for detection of BVDV have been described including; an
immunochromatographic test, 2° rapid PCR test, 2° and ELISA-based method by IDEXX
(SNAP, IDEXX Laboratories, Inc., Liebefeld, Switzerland). Each of the tests, however,
are subject to constraints (i.e., long assay time, logistics of sample preparation and cost)
which preclude their use from whole herd screening and incorporation into eradication
schemes. More importantly, these tests focus on a single target, either BVD virus or
antibody, (not both) meaning that two separate tests are required per animal adding cost
to any disease eradication/surveillance scheme. An economical diagnostic device capable
of rapid and sensitive detection of BVD (virus and antibody) in under 30 minutes still
remains elusive. In this regard, we aimed to investigate application of
nanoelectrochemical-based sensor technology to potentially deliver rapid and early

identification of a disease state on-farm.

Electrochemical biosensors constitute a promising group of sensing devices suitable for
remote viral detection.?’?® They permit high sensitivity, short analysis times,
affordability, miniaturised platforms, with low sample consumption and the possibility
for multiplexed measurements in complex samples.®® Electrochemical biosensors can be
classified based on the electrical property they measure and incude; amperometry,
potentiometry and impedance spectroscopy (EIS). Of these, EIS represents a powerful
method for the detection of target analytes at a functionalised sensor surface via an
immunochemical interaction in a label-free manner.3! EIS uses a periodic AC voltage
amplitude applied to an electrode where a change of measured impedance at the electrode
can be correlated to the amount of an analyte binding to the surface and thus provides a

rapid and label-free method for disease detection.
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In this chapter, we present the development of a new silicon chip impedimetric
immunosensor device based on nanoband electrodes and demonstrate co-detection of
both BVD antibodies and BVD virus in bovine serum. The chip comprises six
individually addressable gold nanoband sensors as well as a gold counter and platinum
pseudo-reference electrodes. Sensor chips were also designed with a MicroSD style edge
connector to external electronic circuitry while also permitting simple removal and
replacement of different chips essential for in-field analysis. The highly miniaturised
nature of these electrodes provide a number of advantages, when compared to larger
micro and macro electrodes, including: steady-state behaviour (particularly beneficial for
EIS); low charge transfer resistance; high current density due to enhanced mass transport;
low depletion of target molecules; low supporting electrolyte concentrations; and faster
response times.3% 33 In this work, different surface chemistries were examined, to develop
a stable, reproducible process of immobilising biomolecules onto the electrode surface.
The performance of the immunosensors was then assessed and characterised by
challenging it with detection of virus and antibody target analytes in different media of
increasing biological complexity, via, (i) spiked buffer solutions, (ii) diluted serum and
(iii) whole serum. Finally, the sensor was challenged to discriminate between disease
positive and disease negative serum samples from both T1and Pl calves. BVD assay time-
to-result is typically ~20 minutes demonstrating the potential of these nanoband

electrochemical immunosensors for use in future on-farm diagnostic applications.
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4.2 Experimental

4.2.1 Materials and Preparation of Standards

Bovine Viral Diarrhoea virus 1 (BVDV1) monoclonal antibody (RAE0823), specific to
the envelop glycoprotein Erns antigen was purchased from APHA Scientific,
Weighbridge, UK. Recombinant Purified Bovine Viral Diarrhoea Virusl Erns protein
(BVDR16-R-10) was purchased from Alpha Diagnostic International. Serum samples
from BVDV persistently infected BVDV negative, BVDAD seropositive and BVDADb
seronegative animals were provided by Teagasc (Moorepark, Cork, Ireland). Bovine IgG,
Anti-Bovine 1gG (whole molecule) antibody produced in rabbit, esterified biotin and
streptavidin protein from Streptomyces avidinii affinity were purchased from Sigma
Aldrich. Acetate buffer (10 mM; pH 4) and ethanolamine-HCI (1mM) were obtained from
Sierra Sensors GmbH (Germany). HBS-EP buffer was prepared by mixing 10 mM
HEPES, 150 mM NaCl, 3mM EDTA and 0.005% Tween-20 in DI water and adjusted to
pH to 7.4 with 5% sodium hydroxide solution. All other reagents were purchased from
Sigma Aldrich unless otherwise stated and used as received. Deionised water (resistance
18.2 MQ cm™) was obtained using an ELGA Pure Lab Ultra system.

4.2.2 Design and Fabrication of the Chip

Gold nanoband electrodes, interconnection tracks, peripheral contact pads and on-chip
gold counter (CE) and platinum pseudo-reference (RE) electrodes were fabricated on
wafer-scale silicon substrates. The chips were fabricated similarly to those described by
Dawson **. However, in this work, a new design was implemented wherein an on-chip
electrical pin-out was included to permit facile electrical connection to external
electronics using a PCB mounted microSD port. In this manner, chips could be easily
swapped in and out enabling rapid analysis of multiple samples. Nanoband electrodes
were fabricated on four inch diameter wafer silicon substrates bearing a ~300 nm layer of
thermally grown silicon dioxide. Nanoband electrodes and wafer level optical alignment
marks were first fabricated using a combination of optical lithography, metal evaporation
(Ti 5 nm /Au 50 nm Temescal FC-2000 E-beam evaporator) and lift-off techniques to
yield well-defined, stacked metallic (Ti/Au) nanoband (700 nm width, 50 nm height, 80

um length) structures. Each chip consisted of six nanoband working electrodes (WE)
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spaced 800 um apart. A second optical lithographic and metal deposition (Ti 10 nm/Au
100 nm) process, aligning to the as-deposited wafer level alignment marks, was then
undertaken to define a MicroSD pinout, interconnection tracks as well as counter and
reference electrodes (500 um wide x 10 mm long). These large counter (CE) and
platinum reference (RE) were fabricated parallel to the nanoband working electrodes to
ensure that all electrodes were equidistant from the both the CE and RE, see Figure 6.1 ()
and (b). Finally, a third optical lithographic and metal deposition and lift-off processes
were undertaken, in a similar manner, to define the pseudo reference platinum (Ti/Pt
10/90 nm) reference electrode. To complete device fabrication, a ~500 nm thick
insulating layer silicon nitride (SisN4) was then blanket deposited by PECVD.
Photolithography and reactive ion etching were then employed to selectively open
windows (45 pm x 100 um) in the insulating layer directly over the nanowire electrodes,
as well as the on-chip counter and pseudo-reference electrodes and above the peripheral

contact pads (to permit electrical contact).

A custom-built cell was fabricated to permit analysis of small sample volumes (~50 uL).
The cell consisted of a base and lid fabricated from polymethylmethacrylate (PMMA).
The base was milled to mount and hold the chip. The lid was fabricated so as to contain
a central low volume well (volume of 100uL), sealed with an O-Ring (Polymax Ltd.) to
prevent leaking of an analyte solution across a chip surface. Kalrez® O-rings were used
to prevent chemical degradation of the O-ring. The inner diameter of the O-ring was ~5
mm selected such that all electrodes were suitably covered by the analyte solution. The
holder was specifically designed so that when screwed together, the microSD primary
contact pads protruded out of the holder to allow connection with a PCB mounted
microSD port), see Figure 6.1 (c).
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4.2.3 Chip Characterisation

4.2.3.1 Optical Characterisation at Nanoband Electrodes

Prior to use, nanoband electrodes were optically imaged using a calibrated microscope
(Axioskop I, Carl Zeiss Ltd.) equipped with a charge-coupled detector camera (CCD;
DEI-750, Optronics).

4.2.3.2 Electrochemical Analysis at Nanoband Electrodes

Electrochemical experiments were carried out using an Autolab Potentiostat/ Galvanostat
PGSTAT128N (Metrohm Ltd, Utrecht, The Netherlands) controlled by the Autolab
NOVA software. All experiments employed a standard three-electrode cell configuration
using a single gold nanowire as the working electrode, versus the on-chip gold counter
and platinum pseudo-reference electrodes. Each sensor working electrode were
characterised by Cyclic voltammetry (CV) and faradaic electrochemical impedance
spectroscopy (EIS), in a 10 mM PBS solution (pH = 7.4) containing 1 mM FcCOOH. For
CV, the potential was cycled from -200 mV to +600 mV versus the on-chip platinum
pseudo-reference electrode at a scan rate of 100 mV/s. The impedance measurements
were performed over the frequency range from 100 mHz to 100 kHz at equilibrium
potential of the FcCOOH (200 mV). The amplitude of the alternating voltage was 5 mV.

All experiments were performed at room temperature in a Faraday cage.

4.2.4 Procurement of Serum samples (Teagasc)

Serum samples from BVDV PI’s and uninfected animals have been acquired, in Ireland
since 2008. Samples were collected (under license from the Health Products Regulatory
Authority, Ireland, project number AE19132) by jugular venipuncture in calves and
coccygeal venipuncture in cattle over six months of age. All samples were archived at -
80°C and were subsequently made available to this study. Concerning viral analysis,
BVDV infected individuals ranged in age from one week to four years, while BVDV
negative individuals ranged from one week to 9 years of age. Sera used in this study for
virus detection, were first assayed in a commercial analytical lab using both AnDiaTec
BoVir real time PCR kit (Kornwestheim, Germany) (2008 and 2009 samples) and the
IDEXX BVDV Pl X2 Test (Maine, USA) (2010 to 2017 samples). Animals were
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classified as a Pl if tested positive for BVDV on at least two occasions separated by an

interval of at least three weeks.

Concerning antibody detection, BVDADb seropositive and seronegative samples were
available from a Teagasc research project investigating the persistence of BVD antibodies
in calves post-colostrum feeding. Samples were collected from 60 dairy calves
immediately after birth and prior to feeding of colostrum to provide seronegative samples
(0 month calves). Unlike their human counterparts, calves are not born with wide-ranging
immunity to common microbes and therefore provide a source of serum deficient in
protective antibodies. Passive immunity is provided to calves via consumption of
colostrum (the milk produced by the dam in the hours prior to calving). In that regard,
further samples were collected at monthly intervals post-colostrum feeding (month 1, 2,
3 etc.). Depending on the BVD antibody content of the colostrum fed to calves, monthly
samples may be seropositive or seronegative. Sera used in this study for Ab detection
were first assayed in a commercial analytical lab using IDEXX BVDV p80 Ab Test
(Maine, USA) and results used to assign BVD serostatus to all samples.

4.2.5 Electrode Modification

4.2.5.1 Investigation of surface chemistries

Two procedures for the preparation of the sensing surfaces were carried out; modification
with self-assembled monolayers (SAM) and electrodeposited polymers were
investigated. Firstly, a single thiol, mercaptododecanoic acid (MDA), and a mixed SAM
of mercaptoundecanoic acid (MUA) and mercaptohexanol (MH), were examined on the
gold electrode. Stock solutions of MDA (5 mM), MUA and MH were prepared in pure
ethanol (100% proof). MUA and MH were mixed appropriately to obtain a ratio if 1:10,
respectively. Adsorption of MDA alone, or the mixed MUH/MH solution was
accomplished by dropping of 40 uL of the solution onto the electrode surface. The
solution was allowed to incubate for 18 hours at room temperature in sealed ethanolic
atmosphere. Prior to use, the electrodes were thoroughly rinsed with ethanol to remove
any loosely bound thiols.

Two insulating polymers were examined for modification of the gold nanoband

electrodes. The first polymer, o-Phenylenediamine (0-PD) was made up in 10 mM PBS
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and 5 mM NaSO4 to produce a 10 mM stock solution. 0-PD is deposited on the electrodes
using chronoamperometry (0.6 V) for 20 minutes to 1 hour, at room temperature. A
biotin-streptavidin complex was employed to test the effectiveness of 0-PD as a surface
modification. The second insulating polymer was anthranilic acid or 0-aminobenzoic acid
(0o-ABA). 0ABA deposition was investigated in an acidic buffer solution (10 mM acetate
buffer, pH 4) and sulfuric acid (0.5 M H2S0Os) at concentrations of 10 mM and 50 mM,
respectively. They were electrodeposited onto the electrode using cyclic voltammetry;
cycled 8 times in the applied potential range of 0 to 0.8V at a scan rate of 50 mV/s.

4.2.5.2 Sensor Functionalisation for BVD Investigation

All chemical and bio-modification steps were performed using the prefabricated chip
holder and the PCB mounted microSD port to connect the chip to the external potentiostat.
On-chip nanoband electrodes were first cleaned using a mixed solvent clean process
(acetone, isopropyl alcohol and DI water) for 15 minutes and dried under a stream of
nitrogen. CV was then employed for electropolymerisation of 0-aminobenzoic acid (o-
ABA, 50 mM in 0.5 M HSOg) to create a carboxylic terminated polymer layer at the gold
electrode surface, as described in the previous section. Following polymerisation, the
electrodes were carefully rinsed with DI water to remove any remaining monomer
solution. A fresh mixture of 1:1 EDC/NHS (75 mg/mL EDC and 11.5 mg/mL NHS) was
deposited onto a chip for 20 min to activate the carboxylic acid (COOH) surface.
Working electrodes were coated with capture biomolecules and allowed incubate for 1
hour at 4°C to allow covalent attachment to the electrode surface. Following this
immobilisation, the electrodes were rinsed well with acetate buffer solution containing
0.1% Tween-20 (AB-T) and DI water to remove any unbound capture biomolecules. The
un-reacted active sites were blocked by immersing in 1M ethanolamine HCI, pH 8.5 for
20 mins. Impedance measurement following this step were undertaken and considered

as the “baseline” for the on-chip sensors.

To undertake analysis, as-modified electrodes were exposed to target solutions (BVD
antibody or virus, buffer or serum, respectively) by spotting with 2 pL aliquots followed
by incubation for 10 min at room temperature. Electrodes were again rinsed thoroughly
with HBS-EP buffer and DI water to remove non-specifically bound target biomolecules

prior to subsequent electrochemical measurement. Control experiments were undertaken,
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at appropriately bio-modified electrodes, using serum samples known to be negative, i.e.,
extracted from O month healthy calves. In a similar manner, negative samples were
spotted (2 uL) onto electrodes 1 and 2 while the test serum samples were spotted onto
electrodes 3, 4 and 5, on the same chip. All data were fitted using an equivalent circuit
and experimental data were background subtracted using the values for the ethanolamine

baseline as defined.

4.2.5.3 Target BVD Antibody Detection

Electrodes were modified using with BVD Virus-1 Erns antigen as the capture
biomolecule. A concentration of 100 pg/mL (acetate buffer, pH 4) was prepared,
deposited and allowed incubate for 1 hour at 4°C. BVDADb detection was then
investigated in solutions of increasing biological complexity. (i) BVDAb in HBS-EP
buffer, prepared using BVD monoclonal antibody (RAE0823 as purchased stock sample)
diluted into working solutions of varying dilution (1:10 to 1:1000, respectively) using
HBS-EP buffer, (ii) BVD seropositive samples diluted with HBS-EP; in the range of 0.1%
to 10% serum, and (iii) BVD seropositive and seronegative undiluted serum samples
using three different serum samples from 1 month old calves along with their
corresponding pre-colostral negative sample (0 month). The spotting technique, described
above, was employed to test one negative (electrode 1 and 2) and one positive sample
(electrodes 3-5) on the same chip. Further experiments were undertaken by pooling 3
seropositive (1 month) samples and 3 seronegative (0 month) samples employing the
same spotting technique. All serum samples were incubated on an electrode for a total

~10 minutes.

4.2.5.4 Target BVD Virus Detection

Electrodes were modified using BVD monoclonal antibody, specific to Erns antigen, as
the capture biomolecule (100 pug/mL, acetate buffer, pH 4); incubated for 1 hour at 4°C.
Employing antibodies to detect the Erns protein requires minimal processing as Erns is
secreted from infected cells during virus replication at an adequate concentration to be
used for testing serum.®* 3¢ BVDV detection was investigated again using three solutions
of increasing biological complexity. (i) BVDV in HBS-EP buffer, prepared using target

Erns viral antigen (as purchased stock sample) diluted into working solutions of varying
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dilution (1:10 to 1:1000, respectively) using HBS-EP buffer, (ii) BVD virus positive and
virus negative samples diluted with HBS-EP; in the range 0.1% to 10% serum, and (iii)
BVD Virus positive (PIs) and virus negative control (O month) undiluted sera samples.
The spotting technique, described above, was again employed to test one negative
(electrode 1 and 2) and one positive sample (electrodes 3-5) per chip for five different

samples.
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4.3 Results and Discussion

4.3.1 Optical Characterisation of Nanobands

Following fabrication, as described in the experimental section, devices were first
characterised using optical microscopy. Figure 4.1 (a) show a photo of a typical sensor
chip. Each chip contained six separate nanoband working electrodes and gold counter
and platinum pseudo-reference electrodes. A microSD pinout was implemented to allow
facile and rapid interconnection with external instrumentation. Visual inspection was
undertaken to confirm correct alignment between the different fabrication steps.
Fabrication yields were ~99%; chips that exhibited visual defects were discarded and not

used for experimental purposes.

(a) (b)

6 Working Electrod
orking Electroaes Nanoband

MicroSD
pinouts

e Tyndall
Passivation
window

<
+ @ B
Reference

Counter glectrode
Electrode

(c)

connector g3

Figure 4.1: (a) Picture of fully integrated silicon sensor chip. (b) Optical micrograph of the single
nanoband working electrode with dark passivation window. (c) Electrochemical setup with sensor
chip and a PCB microSD connector

Figure 4.1 (b) shows an optical micrograph of a single fully passivated single nanoband
electrode (700 nm in width). The width of the passivation window opening (central dark
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rectangle) defined the exposed electrode length at 45 pum. Visual inspection was
employed to confirm that the opening of the passivation windows were directly above a
nanoband and not overlapping the interconnection metallisation. Openings in the
passivation layer above the CE, RE and microSD pinout were also confirmed. Figure 6.1
(c) shows a sensor chip in a chip holder, prior to inserting the microSD pinout into a PCB
mounted microSD connector. The well in the centre has a volume of ~100 uL, sealed

onto the chip using an o-ring, and aligned over the on-chip sensor electrodes.

4.3.2 Potentiometric and Impedimetric Characterisation of Sensor

Electrodes

To test electrochemical functionality, electrodes were first characterised using CV and
electrochemical impedance spectroscopy, in presence of 1 mM FcCOOH redox probe.
Figure 4.2 (a) shows a typical CV voltammogram obtained using a pristine nanoband
electrode exhibiting a quasi-steady-state behaviour, as expected. 3”3 This steady-state
behaviour is ideal for EIS and helps to correct for drift in the system. The magnitude of
the current (~1.6 nA) confirms that electrochemistry only occurs at a nanoband electrode
and the passivation layer successfully prevents unwanted electrochemistry occurring at
on-chip metallisation. Faradaic impedance spectroscopy was performed on pristine gold
electrodes and a typical Nyquist plot (real Z’ vs. imaginary Z’’ impedance), is presented
in Figure 4.2 (b). The FcCOOH redox probe was used to clearly show binding events
occurring at an electrode interface, through a measured change in the impedance. The
resistive and capacitive charges in the system can be interpreted from the Nyquist plot,
by fitting the data with a Randles equivalent circuit (discussed in detail in Chapter 1,
section 1.6.6). The double layer capacitance (Cai) can be approximated by measuring the
height of the semi-circle on the imaginary axis, Z”. The charge transfer resistance (Rct) of
impedimetric biosensors may be estimated by measuring the diameter of the semi-circle
on the real axis, Z’. The W is negligible for our system and as a result, the change of
surface properties on the sensing surface is mainly reflected through the change of Rt
Therefore, the solution resistance (Rs), reflects the properties of the electrolyte solution
that is not affected by electrode modifications. The R, instead, reflects the transfer of

electrons during redox reactions and can be used as a method to measure changes
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occurring at the surface of the electrode. Hence, it is more suitable to present the

hybridisation process as a modulation of Ret.

The experimental data (blue dots) presented in Figure 4.2 (b) were fitted with an
equivalent Randles circuit (Figure 4.2 (b) inset) modelled using the NOVA software. This
fit data (solid line) overlays the experimental data (dots) extremely well, confirming the

efficacy of the selected equivalent circuit components and defined values.

(@) 20 (b) 2
154 200
g 150
= 1.01
=
E :" Q=499 pMho
g -N 100_ (N=0.536)
3 5 !
50 4
0.0+
04
02 0.0 02 0.4 0.6 0 50 100 15 200 250 300
Potential (V vs. on-chip Pt) Z' (MQ)

Figure 4.2: (a) Typical CV of a gold nanoband electrode obtained in 1 mM FcCOOH in 10 mM
PBS, pH 7.4, in the potential range of -0.2 V to 0.5 V at 100 mV/s. (versus on-chip platinum RE).
(b) Typical Nyquist plot for a clean gold electrode 0.1 mHz to 100 kHz; Inset: the applied
equivalent electrical circuit.

4.3.3 Characterisation of the Biomodification Process

Surface chemistries for biomolecule immobilisation to electrode are numerous. In order
to build a stable and reproducible immunosensor, two well-known electrode
functionalisation processes were investigated; self-assembled monolayers (SAM) and
electrodeposited polymers. Each step of the functionalisation was electrochemically
characterised in ferrocene monocarboxylic acid to confirm the modification of the
electrodes surface by following the changes in the access of the redox couple to the gold

electrode. Some model immunoassay responses were also investigated.

4.3.3.1 Thiol modification

Thiols based self-assembled monolayers such as mercaptododecanoic acid (MDA) and
mixed SAMs of mercaptoundecanoic acid (MUA) and mercaptohexanol (MH) (1:10)
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were used to modify the gold nanoelectrodes. The CV and Nyquist data obtained
following modification with MDA highlighted how the SAM depositions were neither
reproducible nor homogenous and subsequently affecting the modification thereafter.
However, the main issue with employing thiols is that they must be diluted with ethanol
or other solvents which is not practical for use with our chip design. This is because
solvent deposition on the silicon chips cannot be controlled and therefore can cover the
entire chip surface, thereby modifying all the WE as well as altering the CE, RE and the
gold contact pads. The ultimate aim for our sensor chips is to develop them for use in
POC testing, of which, a key feature is the ability to independently modify the electrodes

for different applications.

4.3.3.2 Polymer electrodeposition

In order to optimize the reproducibility of the modification, insulating polymers were
studied, because of their ability to electropolymerise and thus, selectively functionalise
electrodes.® Particular interest has been given to o-phenylenediamine (0-PD), generally
used for the development of enzymatic biosensors as entrapping matrix;*> ** and o-
aminobenzoic acid (0-ABA).*> *3 The electrodeposition of 0-PD onto the gold nanobands
is shown in Figure 4.3, employing a model complex to investigate the functionality of the
0-PD layer. Upon testing of several chips, it was observed that the deposited polymer
adsorbs on all the electrodes neighbouring the selected electrode. Immunologic events
were observed on the nanoband electrode, with an esterified biotin capture and a
streptavidin target. CV plots and Nyquist plots obtained by EIS Figure 4.3 revealed a
decrease in impedance from the 0-PD to binding of the biotin. Subsequently, the
impedance decreases with increasing concentration of the streptavidin. However, these
experiments showed the poor stability of the 0-PD as the layer integrity decreased with
time. Degradation half period of about 5.4 hours in our working conditions were reported
in the literature and can explain the important variability found between the electrodes.
Moreover, 0-PD would not be suitable long-term because selective deposition was not

achievable.

198



Chapter 4

(a ) ( b) 900 5
i — Clean
1.27 ——Clean 800 —o-PD
10 —o-PD —— Biotin
.09 ——Biotin 700+ Strep 10 pg/mL
—~ Strep 10 pg/mL —— 1 ng/mL
g 0.8 - 6001 __3, ng/mL
= A 5004 — 100 ng/mL
£ 06 %
o < 4004
= 0.4 i
=] N 3004
3 h
0.24 200+
0.0 1004
04
'02 T T T T T T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0 100 200 300 400 500 600 700 800 900
Potential (V vs on-chip Pt) Z' (MQ)

Figure 4.3: (a) CV’s and (b) Nyquist plots of a single gold nanoband electrode (blue), modified
with 0-PD (red), and studying the immunologic detection of the model esterified biotin modified
(green) and streptavidin 10 pg/mL (orange); 1 ng/mL (pink); 10 ng/mL (wine); 100 ng/mL
(purple).

An alternative carboxyl functionalised polymer, capable of self-doping, 0-aminobenzoic
acid (0o-ABA), was also assessed. This bio-compatible aniline polymer is emerging as a
promising polyaniline derivative for biosensor applications. It electro-polymerises onto
the sensor surface via the compound’s amine groups, leaving carboxylic acid functional
groups available on the sensor surface to enable bioconjugation , see Figure 4.4 (b).
Carboxylic acids can easily crosslink to primary amines on proteins or other
biomolecules, immobilising them to the sensor surface. A typical CV obtained for the
electrodeposition of 0-ABA on a nanoband is shown in Figure 4.4 (a). The first cycle of
the electrodeposition displays an oxidative peak around 0.5 V corresponding to the
formation of the polymer on the gold electrode. This peak disappears with subsequent
scans and a small reversible peak around 0 V, characteristic of the doping-dedoping of
the polymer, and a second dedoping peak at 0.3 V in the cathodic scan appear with
increasing number of cycles. The emergence of these peaks confirms the
electrodeposition of 0-ABA on the gold surface.
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Figure 4.4: CV’s for the electropolymerisation of o-aminobenzoic acid (0-ABA, 50 mM in 0.5
M H,SO,) at a gold microband electrode. The electrode was cycled 8 times in the applied potential
range of 0 to 0.8V at a scan rate of 50 mV/s. (b) Electropolymerisation scheme for 0-ABA.

Figure 4.5 shows the CV and Nyquist data for another well know antibody-antigen model
system (IgG), to show the comparison of 0-ABA electrodeposition in two media, acetate
buffer (a and b) and sulphuric acid (c and d). The 0o-ABA deposition in sulfuric acid
clearly shows a larger response, i.e. a measured increase in the impedance and a decrease
in the CV current, for the antibody-antigen binding. All further electrochemical
modifications in this thesis employ oABA electrodeposition in sulfuric acid as the

“primer” layer.
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Figure 4.5: (a) CV’s and (b) Nyquist plots for the deposition of 10 mM 0ABA in 10 mM acetate
buffer pH 4 and subsequent binding of 1IgG Ab- Ag complex. (a) CV and (b) Nyquist plots for the
deposition of 50 mM oABA in 0.5 M H,SO, and subsequent binding of the same IgG Ab- Ag
complex.

4.3.4 Detection of BVD in Buffer

4.3.4.1 Antibody Detection

Figure 4.6 shows the CV’s at an electrode surface following modification and exposure
to different concentrations of target antibody. As expected, the CV current magnitude
decreases with increasing concentration due to layer build-up at the electrode—electrolyte
interface. The layers are partially insulating and act to block FcCOOH redox ions from
reaching the electrode surface, therefore decreasing electron transfer. The changes in
current magnitude, however, are minimal and do not provide the necessary sensitivity
required for POC experiments. Consequently, further CV experiments were not

undertaken for this study.
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Figure 4.6: CV’s obtained of 0-ABA modified gold nanoband electrode with: BVD virus (100
ug/mL) modification, ethanolamine blocking and binding of BVD antibody in HBS-EP buffer;
recorded in 10 mM PBS containing 1 mM FcCOOH.

By contrast to CV, EIS is measured at the formal potential of the redox probe (0.2 V, in
this case); therefore the recorded data reveals other physical processes occurring
following the biomolecule capture on the gold nanoband biosensor. The BVD Ab-virus
complex can be considered as a coating film which provides a significant impedance
response at the required sensitivity. A modified equivalent circuit, to account for the
additional electrode bio-layers, was used to fit the results. This circuit is almost identical
to the previous Randles fit except that an additional resistive and capacitive elements have
been added. R1 and R2 both represent the charge transfer resistance, while C1 and C2
represent the double layer and coating capacitances respectively. All the capacitances
shown in the equivalent electrical circuit are mathematically modelled using a constant
phase element (CPE) in NOVA software; and represent all the frequency dependent

electrochemical phenomena.

Figure 4.7 (b) shows the Nyquist diagrams, in the presence of 1 mM FcCOOH, measured
an electrode surface following modification and exposure to different concentrations of
target antibody. An increase in the semi-circle diameter i.e. increases of the charge
transfer resistance (Rc) and the global capacitance, was observed with increasing
antibody concentration. This suggests that the antibodies bound to the immobilised Erns
antigen, further block the electrode surface and subsequently restrict electron transfer.

Figure 4.7 (c) shows that a semi-log linear relationship exists between the charge transfer

202



Chapter 4

resistance across the band, and different dilutions of the stock antibody solution. The

error bars represent n=3 replicates.
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Figure 4.7: (a) Nyquist plots obtained of o-ABA modified gold nanoband electrode with: BVD
virus (100 pg/mL) modification, ethanolamine blocking and binding of BVD antibody in HBS-
EP buffer; recorded in 10 mM PBS containing 1 mM FcCOOH. (c) Semi-log relationship of the
charge transfer resistance versus antibody dilution (error bars represent n=3 replicates)
background subtracted using ethanolamine baseline.

4.3.4.2 Virus Detection

Figure 4.8 (a) shows the Nyquist diagrams, in the presence of 1mM FcCOOH, measured
an electrode surface following modification and exposure to different concentration of
viral protein in HBS-EP buffer ranging from 1 ng/mL to 10 pg/mL. A corresponding
increase in measured Rct (~200 MQ to ~425 MQ) was observed. This increase can be
attributed to the virus binding as it acts as a kinetic barrier for electron transfer. These
results also suggest that the antibody specificity/functionality is not hindered by its
covalent attachment to an electrode. Figure 4.8 (b) shows the semi-log linear relationship
between the R¢ sensor response and virus concentration thereby suggesting viral
detection is possible with high sensitivity and a large dynamic range (1ng/mL to

10pg/mL). The error bars represent n=3 replicates.
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Figure 4.8: (a) Nyquist plots of 1 mM FcCOOH showing quantitative detection of recombinant
BVDV1 Erns protein in HBS-EP buffer. (b) Semi-log relationship of the charge transfer
resistance versus virus concentration (error bars represent n=3 replicates) background subtracted
using ethanolamine baseline.

4.3.5 Detection in Diluted Serum

After successful detection of BVD antibodies and viruses in buffer, the immunosensor
was applied to BVDV and BVDADb detection in diluted serum. These experiments were
undertaken to examine the behaviour of the immunosensor in a more complex matrix, in
order to identify and assess the amount of non-specific binding/adsorption and specificity
in the presence of other non-specific proteins. To this end, (i) virus-modified sensors
were applied to detection of BVD antibody in diluted bovine sera of known disease state
i.e. BVDAD seropositive and seronegative samples. (ii) Reverse experiments were also
undertaken where antibody-modified sensors were employed for the detection of BVDV

in virus positive and virus negative sera samples.

4.3.5.1 Antibody detection in Diluted Serum

Figure 4.9 (a) shows the Nyquist diagrams, in the presence of 1 mM FcCOOH, of an
electrode surface following modification and spotting of different dilutions of
seropositive samples (0.1% to 10% serum). This dilution range was selected as it
corresponds to the maximum dilution permitting the BVD Antibody detection with the
ELISA (IDEXX) after 1h incubation of the positive infected serum sample. The Nyquist

plot of the 0.1% dilution (orange plot) does not reveal any measurable increase in the
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impedance ~140 MQ versus the ethanolamine curve ~130 MQ. Incubation with 0.5%
serum sample lead to an increase in the impedance to ~200 Q (red plot), thus an increase
in double layer capacitance and charge transfer resistance. Analysis of 0.2%, 0.3%, 1%,
5% and 10% sera shows an incremental increase in the impedance as the concentration
of the antibody increased; exhibiting a semi-log relationship similar to the buffer results
in Figure 4.7, see Figure 4.9 (b). This is consistent with results presented in buffer and
strongly agrees that the observed changes in the Nyquist spectra are attributed to the

binding of BVD antibody to the modified electrode.
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Figure 4.9: (a) Nyquist plots obtained of virus modified gold nanoband electrode when exposed
to different concentration of antibody (dilute sera samples). (b) Semi-log relationship of the
charge transfer resistance versus virus concentration (error bars represent n=6 replicates)
background subtracted using ethanolamine baseline for positive and control samples. (¢) Nyquist
plots obtained of antibody modified gold nanoband electrode when exposed to different
concentration of virus (dilute sera samples). (d) Semi-log relationship of the charge transfer
resistance versus virus concentration (error bars represent n=6 replicates) background subtracted
using ethanolamine baseline for positive and control samples.
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To explore the specificity of the modified sensors against BVD antibodies and to assess
the presence/degree of non-specific binding, control experiments were also undertaken
using different electrodes on the same chips spotted with BVDAD seronegative samples.
Following incubation, slight increases in the impedance (approximately 100 MQ) versus
the ethanolamine curve, were observed, arising from a slight reduction of electron
transfer; see Figure 4.9 (b). Error bars represent 6 replicates. The corresponding raw data
in Nyquist plots are presented in Figure 4.10 (a). This suggests a partial insulating layer
was formed on the electrode, which may be attributed to nonspecific binding/adsorption
by proteins present in the bovine serum. However, these data show that there is clear
discrimination between BVD seropositive and seronegative bovine samples particularly
at low dilution, i.e., 10% serum. This data strongly suggests that the sensors should be
sufficiently sensitive and selective enough to discriminate between seropositive and

seronegative in undiluted serum.

4.3.5.2 Virus Detection in Serum

In a similar manner, assays were undertaken to assess virus detection in diluted serum.
Positive Pl and virus negative control sera were spotted on different BVD antibody
modified sensors on a chip. Figure 4.9 (c) shows the impedimetric response for BVD virus
in 0.1 -10% diluted sera, measured for virus positive sera. The corresponding Nyquist
data plots for virus negative sera are presented in Figure 4.10 (b). All Nyquist data were
fit using the Randles-type circuit as described previously. An incremental increase in the
impedance was observed, as the concentration of the virus is increased (decreasing
dilution), which is consistent with results presented in buffer. The virus detection exhibits
a larger impedance value (~600 — 1700 MQ, Figure 4.9 (c)) compared to antibody
detection (~200 — 800 MQ, Figure 4.9 (b)), suggesting that binding of large BVD virus to
the modified electrode sterically hinders the electron transfer. Figure 4.9 (d) shows a semi-
log relationship between virus concentration and measured signal. Error bars represent 6
replicates. Control virus negative samples exhibited slight increases in the impedance
when compared to the ethanolamine baseline. This data verifies that the virus positive
response arose from the binding of BVD virus to the modified surface and demonstrates

the potential for virus detection in undiluted serum.
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Figure 4.10: Nyquist plots, undertaken in 10 mM PBS containing 1 mM FcCOOH redox
molecule, of 0-ABA modified gold microband electrode with (a) BVD seronegative and (b) BVD
virus negative controls in diluted bovine sera, background subtracted from their corresponding
ethanolamine baseline (grey data). Plots are at the same scale as the target experiments for direct
comparison.

4.3.6 Detection of BVD in Bovine Whole Serum Samples at MicroSD

Devices

Following successful detection of BVD antibodies and viruses in diluted sera as described
above, the immunosensors were applied to BVDV and BVDADb detection in whole
(undiluted) serum. These experiments were then undertaken to assess suitability of the
sensors for use as on-farm diagnostic applications. To this end, (i) virus-modified sensors
were applied to the detection of BVDADb seropositive and seronegative samples; and (ii),
antibody-modified sensors were applied to the detection of BVDV in PI calves (virus
positive) and virus negative samples. The electrodes were again characterised using EIS
and data fit as previously described.

4.3.6.1 Antibody detection in Serum:

A number of sensor chips were modified with virus (10 pg/mL) to test for BVDAD in
pooled and unpooled seropositive and seronegative samples. A spotting technique was
again employed to deposit multiple sera samples on separate electrodes ona chip. Typical
EIS measurements for the detection of BVDAD in a single calf (No. 8954) obtained at
time 0 month, and 1 month are presented in Figure 4.11 (a). Data from the seronegative

sample produced an electrode impedance of ~350MQ, a ~30 MQ increase compared to
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the baseline attributed to small amounts of non-specific binding (green plot). A
significant increase in impedance was observed following incubation with a seropositive
sample ~800 MQ (red plot). This increase may be attributed to binding of the BVD
antibodies present in the serum to the viral modified electrode surface. Figure 4.11 (b)
shows experimental background subtracted Rc: EIS data in a bar chart format, obtained
for a number of individual and pooled samples when undertaking BVDAb detection in
seronegative and seropositive samples. Zero month samples (known to be seronegative)
for an individual calf or pool are shown as dark green bars. These 0 month samples all
exhibited very low impedance (<250 MQ) for antibody detection, as expected. One
month seronegative samples for two individual calves are presented as light green bars.
The small difference in impedance values the zero and one month samples may be
attributed to slight variation in the degree of non-specific adsorption and in electrode
preparation. However, a clear increase in the electron-transfer resistance (>800 MQ) red
bars is observed between the negative controls and both individual and pooled
seropositive samples, (time to results 15 minutes). These results strongly support the
suitability of these sensors for use as on-farm diagnostic devices as the sensors can

discriminate between seropositive and seronegative in undiluted blood serum.

4.3.6.2 Virus Detection in Serum:

A number of sensor chips, modified with monoclonal BVDAb (10 pg/mL), were
employed to test for the presence of BVD virus in Pl calf whole serum. In the same
manner as previously discussed, a spotting technique was used to deposit Pl serum and
virus negative serum on electrodes 3-5 and 1-2, respectively. Nyquist plots, illustrating
detection of BVDV positive serum (from PI calf 4334) and BVDV negative serum (from
0 month calf 8946) on the same microSD chip, are shown in Figure 4.11 (c). The
deposition of BVDV negative serum 8946 shows an Rt of ~600 MQ, which increased
slightly following the ethanolamine baseline ~350 MQ, Figure 4.11 (c) green plot. As
mentioned previously, this data suggest there is a small formation of a more insulating
layer on the electrode which could be attributed to increasing nonspecific binding from
protein in the bovine serum (like alboumin) to the antibody modified electrode surface. On
a separate electrode on the same chip, the target virus positive Pl serum was immobilised
and again, revealed a substantial Rt value of ~1600 MQ; an increase of ~1230 MQ from

the baseline, which compensates for the small amount of non-specific binding reported
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from the negative serum samples. We suggest that this large increase in Rt arises from
the large virus molecules acting as a kinetic barrier to the transfer of electrons from the

FcCOOH to the electrode, hence increasing the system resistance.
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Figure 4.11: (a) Nyquist plots of seropositive and seronegative blood deposition on BVD virus
(10 ug/mL) modified microelectrodes, in the presence of 10 mM PBS containing 1 mM FcCOOH.
(b) Bar chart comparison of seropositive samples and their respective seronegative samples,
background subtracted from their respective ethanolamine baselines. (c) Nyquist plots of a virus
negative and virus positive Pl serum, deposited on BVD antibody modified nanoband (measured
in the presence of 1 mM FcCOOH). (d) Bar chart testing Pl serum and virus negative serum
samples, background subtracted from their respective ethanolamine baselines. \

In order to validate these findings, several more Pl serum samples were tested for
presence of virus and compared to virus negative serum samples. In total, five BVDV
negative samples (green) and five BVDV positive Pl samples (red) were examined and
the Rct value measured. The chart in Figure 4.11 (d) shows the background subtracted Rct
data for these assays. As expected the virus negative sera exhibited minor NSB binding
to the electrode (<400 MQ), whereas the target seropositive 1 month samples present a
significant increase in the electron-transfer resistance (>800 MQ). These results propose
that there is successful serological binding of the BVDADb to the immobilised viral
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protein. The results presented above, clearly demonstrate that the nanoband sensors have
sufficient sensitivity and specificity for detection of both target antibody and virus
detection in serum. The findings are of particular significance for on-farm POC
applications where high sensitivity and specificity and low time-to-result, are required to

permit early diagnostics by veterinarians.

4.3.7 Comparison to ELISA testing

All of the impedimetric results were compared with their respective ELISA
measurements and are presented in Table 4.1. Ten chips were employed for the
electrochemical detection of both BVDAb and BVDV. The use of a spotting technique
permitted on-chip dual sensing capabilities, enabling the detection of a target biomolecule
as well as a negative control experiment on the same chip. ELISA tests were performed
using a commercial BVDV p80 Ab detection kit for the detection of specific antibodies
directed to bovine viral diarrhea virus (IDEXX, UK). Briefly, the p80 modified ELISA
plate of the kit was exposed to the serum samples diluted (10 %) in the commercial
dilution solution. The conjugate was diluted (with the provided solution) and incubated
in the plate for 30 min at room temperature. After washing, a chromogenic substrate was
added for 20 min in dark room at room temperature. Finally, the reaction revealing the
conjugate was stopped using the commercial stop solution and the absorbance value was
read at 450 nm using an ELISA plate reader (DIASource, Belgium). The absorbance
readings for each sample was analysed, and values less than 45 were considered BVD
positive, whereas values greater than 45 were considered BVD negative. These readings
were compared to the EIS data and revealed a 100% level of agreement between the
ELISA and EIS results, illustrated in Table 4.1. The BVD negative results, EIS values
<250 MQ and ELISA’s >45, are represented by green boxes. The BVD positive results,
>250 MQ EIS and <45 ELISA values are represented by red boxes.
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BVD Control (Electrode 1-2) (Electrodes 3-5)
Target ELISA | EIS ELISA EIS
g Calf ID/ Age 0B | (M) Calf ID/ Age (1DEX) PCR (MQ)
Antibody | 8898 | 0 Month | 96.78 | 245.21 | 8898 | 1 Month | 88.85 - 17135
8928 89.44 8976 20.59
Abpool | 8931 | 0 Month | 99.32 | 249.34 | 8978 | 1 Month 8.58 - 779.32
8933 99.32 8980 5.38
Virus | 8934 | 0 Month | 99.67 | 158.05 | 3861 | PI calf - POS | 18275
Virus 8938 | 0 Month | 96.78 | 251.73 61149 Pl calf - POS | 1587.56
Virus 8944 | 0 Month | 101.80 | 391.45 | 4643 | PI calf - POS | 923.71
Antibody | 8946 | 0 Month | 97.01 | 198.66 | 8946 | 1 Month 2.84 - 1436.20
Virus 8946 | 0 Month | 97.01 | 263.18 | 4334 | Pl calf - POS | 1096.61
Virus 8950 | 0 Month | 100.86 | 252.83 | 4554 | PI calf - POS | 602.86
Antibody | 8954 | 0 Month | 95.12 | 363.76 | 8954 | 1 Month 6.86 - 707.15
Antibody | 9042 | 0 Month | 102.87 | 110.93 | 9042 | 1 Month | 95.94 - 212.56

Table 4.1: EIS results obtained from the 10 nanoband senor chips in this study; and results
obtained from the gold standard analytical laboratory technique, ELISA. Data constitutes
detection of BVD antibody and virus on electrodes 1-2 (0 hour negative controls) and electrodes
3-5 on the microSD chips (1 month and PI calves).
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4.4 Conclusions

In this chapter, we present new sensor chips that comprise six on-chip nanoband
electrodes, integrated counter and pseudo reference electrode and a micro SD style pin-
out connection to facilitate facile connection to external circuitry. The pin-out allows

easy replacement of disposable biosensor chips in a final diagnostic device.

Biomolecules were immobilised at nanoband electrodes using an electrodeposited
polymer anchor layer followed by EDC based covalent coupling of capture probe material
to provide a robust bio-modification process that could withstand cleaning protocols
without degradation. Appropriately modified sensors were challenged with their target
analytes in three different media with increasing levels of biological complexity. In all
cases, the sensors exhibited excellent specificity easily distinguishing between positive
and negative samples while also exhibiting a semi-log linear dependency between
concentration and increase in charge transfer resistance. Concerning whole serum, the
sensors were benchmarked against and, in all cases, were in agreement with, commercial
‘gold standard’ laboratory results. These proof-of-concept studies in sera samples are
very promising in that they show clear differentiation between BVD (antibody and virus)
positive and negative sera samples. The nanoband sensors demonstrate the capability to
detect both virus and antibodies in whole serum, which is an essential prerequisite for on-
farm BVD serological screening and surveillance. The short measurement times ~20

minutes also satisfies the time requirements for on-farm analysis.
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5.1 Introduction

The previous chapters introduced new sensor chips that employed a micro SD style pin-
out connection for the detection of a virus associated with the bovine respiratory disease,
bovine viral diarrhoea (BVD). The proof-of-concept studies, in the case of BVD
detection, showed a clear differentiation between BVD positive and BVD negative sera
samples for detection of both antibodies and viruses. In this chapter, the same sensor
platform is employed and challenged to the detection of antibodies against Fasciola

hepatica, or more commonly Liver Fluke.

Liver fluke disease (or fasciolosis) is a disease caused by a helminth flat worm parasite,
Fasciola hepatica, affecting cattle and sheep globally.® 2 It is an ovoid shaped worm that
colonises the liver of its host species. Grazing animals are infected through the ingestion
of larvae (metacercariae) on contaminated grass. In cattle, liver fluke is most prevalent in
Europe, with infection rates increasing because of the emergence of drug-resistant
parasites and, possibly, as a result of climate change.® These infections are responsible
for massive economic losses of ~€2.5 billion to livestock and food industries worldwide,*
® and is estimated to cost the Irish industry ~€90M, annually.” Similar to the other bovine
diseases previously discussed, economic losses caused by liver fluke are mainly
associated with a reduction in milk yields and meat production. Moreover the WHO have
emphasised the serious and growing public health concern posed by foodborne trematode
infections, which affect an estimated 40 million persons.? It is estimated that worldwide
over 2.4 million humans are infected with F. hepatica and about 180 million, mainly in
South America, are at risk of infection.® 1% Therefore, there is an increased need to

implement control measures against these infections, both in humans and animals.

Traditional diagnosis methods for Fasciola were based on faecal egg counts, or detection
of the parasite’s eggs in stool samples.® However these methods are reported to be
unsatisfactory due to cases of low egg shedding.** *? Current detection method includes
the serological diagnosis in milk or serum by an ELISA. The majority of the ELISA
described in the literature employ excretory-secretory (ES) antigens for the detection of
anti-Fasciola antibodies.***® Commercial ELISA’s also exist as detection methods

employing these ES antigens, including the Bio-X bovine F. hepatica ELISA kit'® and the
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Pourquier ELISA kit.!® " 18 Furthermore, cathepsin L1 (cat L1), a major cysteine
protease, has been widely recognised as a potential prospective diagnostic tool
for Fasciola infections.?® Robinson and Smith et al. have shown that the most
predominant molecules secreted by F. hepatica parasites in vitro are cat L1 L-cysteine
proteases and therefore function extracellularly. 2> ?? Biochemical and immunological
studies indicate that, by the time the parasites have moved into the immunologically safe

environment of the bile ducts, they become reliant solely on cathepsin L-proteases.?? 2

The reported literature presents the ELISA results for cat L1 affinity towards liver fluke
antibodies. To our knowledge there are no electrochemical techniques used for the
determination of the parasite, in the literature. Protease enzyme activity had to be explored
electrochemically, for example as cancer biomarkers,?* but they have not been employed
as a capture biomolecule for the detection of liver fluke, previously. In this short chapter,
proof of concept studies on the detection of anti-Fasciola antibodies in serum samples,
are undertaken. A protease enzyme, cat L1 from University College Dublin, (UCD) was
employed as the capture antigen on our electrodes and subsequently, the sensors were

subjected to different groups of blood sera, of know serostatus.
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5.2 Experimental

5.2.1 Materials and Preparation of Standards

Procathepsin L1 was expressed and purified by UCD.?° Serum samples from Fasciola
hepatica seronegative and seropositive animals were provided by Teagasc (Moorepark,
Cork, Ireland). Anti-Bovine Albumin antibody produced in rabbit (B7276), was
purchased from Sigma Aldrich. Acetate buffer (10 mM; pH 4) and ethanolamine-HCI
(ImM) were obtained from Sierra Sensors GmbH (Germany). All other reagents were
purchased from Sigma Aldrich unless otherwise stated and used as received. Deionised

water (resistance 18.2 MQ cm) was obtained using an ELGA Pure Lab Ultra system.

5.2.2 Fabrication and Characterisation of the Sensor Chip

5.2.2.1 Fabrication of Nanoband Electrodes

Gold nanoband, contact pads and on-chip gold counter and platinum pseudo-reference
electrodes were fabricated using lithography processes as previously described in chapter
4 (section 4.4.2). The same connection with a PCB mounted microSD port was used in

conjunction with the fabricated chip holders, for analysis.

5.2.2.2 Characterisation at Nanoband Electrodes

SEM analysis was undertaken following the electrodeposition of 0ABA, to examine the
polymerisation on the electrode surface. SEM images were acquired using a calibrated
field emission SEM (JSM-7500F, JEOL UK Ltd.) operating at beam voltages between 3
and 5 kV.

Electrochemical experiments were carried out using an Autolab Potentiostat/ Galvanostat
PGSTAT128N (Metrohm Ltd, Utrecht, The Netherlands) controlled by the Autolab
NOVA software. All experiments employed a standard three-electrode cell configuration
using a single gold nanowire as the working electrode, versus the on-chip gold counter
and platinum pseudo-reference electrodes. Each sensor working electrode was
characterised by CV and faradaic EIS, in a 10 mM PBS solution (pH = 7.4) containing 1
mM FcCOOH. For CV, the potential was cycled from -200 mV to +600 mV versus the
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on-chip platinum pseudo reference electrode at a scan rate of 100 mV/s. The impedance
measurements were performed over the frequency range from 100 mHz to 100 kHz at the
equilibrium potential of the FcCOOH (200 mV). The amplitude of the alternating voltage
was 5 mV. All experiments were performed at room temperature in a Faraday cage.

5.2.3 Target Liver Fluke Detection

The nanoband sensor was applied to the detection of anti-Fasciola antibodies in serum
samples. Figure 5.1 illustrates a schematic of this modification process. On-chip
nanoband electrodes were first cleaned using a mixed solvent clean process (acetone,
isopropyl alcohol and DI water) for 15 minutes and dried under a stream of nitrogen.
Cyclic voltammetry was then employed for electropolymerisation of o-aminobenzoic
acid (0-ABA, 50 mM in 0.5 M H2S0,) to create a carboxylic terminated polymer layer at
the gold electrode surface, as described in the previous chapter (section 4.2.5.3). The
electrodeposition was performed using the prefabricated chip holder and the PCB
mounted microSD port to connect the chip to the external potentiostat. A fresh NHS/EDC
mixture was prepared in DI water and subsequently deposited onto the polymerised
electrodes, for approximately 30 min, to activate the surface. Recombinant cat L1 enzyme
protease was diluted in 10 mM sodium acetate buffer, pH 4.0 to a concentration of
10 pg/mL, and was deposited onto all the activated nanoband electrodes, for 1 hour, at
4°C. The unbound active-sites on the electrodes were then subsequently blocked with

ethanolamine (1 M) for 20 minutes.

Fasciola hepatica seropositive and seronegative undiluted serum samples were then
investigated. A spotting technique, was employed to test one negative (electrode 1 and
2) and one positive sample (electrodes 3-5) on the same chip. The samples were incubated
on the electrodes for a 10 minutes, followed by thorough rinsing with HBS-EP buffer

solution (contain Tween-20) to remove any un-bound antibodies.

A number of serum samples from different hosts were examined, all of which have
corresponding ELISA results (undertaken by partners in Teagasc) determining whether

the blood was seronegative or seropositive for anti-Fasciola hepatica antibodies.
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Figure 5.1: Schematic of the electrode surface modification for the detection of liver fluke
antibodies (not to scale).
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5.3 Results and Discussion

5.3.1 Electrode Characterisation

Figure 5.2 (a) shows a photograph of a sensor chip on the tip of a finger. The electrode
are spaced out enough that their passivation window are visible to the human eye. As
discussed, each chip contained six separate nanoband working electrodes and gold
counter and platinum pseudo-reference electrodes. Following modification with o0ABA,
SEM analysis was undertaken on the electrode to characterise the deposition of the )ABA
layer. Figure 5.2 (b) shows a typical SEM micrograph of clean gold nanoband electrode,
whereas Figure 5.2 (c) portrays a nanoband electrode following electrodeposition of o-
aminobenzoic acid. From SEM analysis, the polymer layer appears to be uniformly
distributed over the entire electrode surface.

(a)

e

— | @Tyndal
W ey svver

Figure 5.2: (a) Photograph of the micro-SD sensor chip and a schematic of the chip design layout
with electrodes 1-6 labelled (right). (b) SEM image of a clean gold nanoband electrode (700 nm)
and (c) SEM image of the nanoband following electropolymerisation with 0-ABA.
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The polymer layer covers the electrode enough for successful crosslinking to
biomolecules. Also, there are slight gaps which are required to prevent a fully capacitive

coating on the electrode and thus permit electron transfer.

5.3.2 Detection of Liver Fluke

A protein, cathepsin L1 was employed as the capture on the sensor to detect liver fluke
antibodies present in bovine serum. A number of sensor chips, modified with cat L1 (10
pug/mL), were employed to test for the presence of fluke in calf whole serum. A spotting
technique was used to deposit multiple fluke positive and negative sera samples on
different on-chip electrodes. Typical EIS Nyquist plots for the detection of anti-
Fasciola antibodies in seronegative (calf no.8954) obtained at time O month, and
seropositive (calf no. 941) samples, are presented in Figure 5.3 (a) and (b), respectively.

Both measurements were undertaken on separate electrodes on the same microSD chip.
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Figure 5.3: Nyquist plots for the detection of (a) a seronegative fluke sample and (b) a
seropositive fluke sample.

Data from the seronegative sample produced an impedance of ~650 MQ (Rct), which
increased slightly following the ethanolamine baseline of ~500 MQ, see Figure 5.3 (a),
green plot. This data suggest there is minimal non-specific binding from the serum
samples. Moreover, judging from the baseline ethanolamine measurements, the cat L1
immobilisation appears to be blocking the electrode more than previously seen with BVD,
in chapter 4. In these experiments, it is therefore crucial to background subtract the
ethanolamine data from the target to ensure correct serostatus determination. The target
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fluke seropositive sample revealed a substantial increase in the Rt value (~1200 MQ),
following incubation when compared to the baseline (400 MQ). We suggest that this large
increase in Rt arises from the binding of fluke antibodies to the cat L1 and thus act as a
kinetic barrier to the transfer of electrons from the FcCOOH to the electrode, hence

increasing the system resistance.

In order to validate these findings, several more seropositive and seronegative samples
were analysed for the presence of liver fluke. Figure 5.4 shows a bar chart of experimental
background subtracted Rct EIS data, obtained for a number of individual samples. All the
samples were provided by Teagasc and were subjected to ELISA testing prior to analysis.
The bars in Figure 5.4 have been colour coded corresponding to their ELISA results.
Seronegative samples for individual calves are shown as green bars. These samples all
exhibited very low impedance (<300 MQ) for antibody detection, as expected. Calves
that exhibited ELISA results that are considered “suspect” are presented as orange bars.
These samples contain antibodies for fasciolosis at a level in which they cannot be
determined positive or negative for the parasite infection. Briefly, ELISA testing has a
scale by which they deem samples as positive or negative from their absorbance readings.
The samples that fall close to the positive/negative border are the suspect samples. The
impedance values for these samples lay between the positive and negative values. These
samples may contain a small concentration of the fasciolosis antibodies, perhaps from the
past infections, since antibodies may persist in the subject for years post treatment. The
individual could also be newly infected, thus it is these samples that cause false positive
or false negative results. The target seropositive samples, presented as red bars, show a
significant increase in the electron-transfer resistance (>800 MQ) at the electrode
following deposition. Comparing this response to the seronegative response, the
impedance increase can be attributed the attachments of anti-Fasciola antibodies to the

cat L1 protein.

These results propose that there is successful serological binding of the fluke antibodies
to the immobilised cat L1 protein, as experienced for the BVD samples in Chapter 4.
Furthermore, the data supports the suitability of these sensors for use as on-farm
diagnostic devices as the sensors can discriminate between seropositive and seronegative

in undiluted blood serum with comparable ELISA results. Further work is however
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needed, to improve sensitivity of the sensors and the inclusion of control electrodes are

required, see Chapter 7.
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Figure 5.4: Bar chart testing seropositive and seronegative fluke samples, background subtracted
from their respective ethanolamine baselines. Colours correspond to their equivalent ELISA
readings, red — positive, green — negative and orange — unknown.
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5.4 Conclusions

In this short chapter, | presented some of the preliminary proof of concept results obtained
with the microSD sensing platform for the detection of a parasitic bovine liver fluke. A
protease enzyme, cathepsin L1, produced by DCU was employed at the capture molecule
for the detection of anti-Fasciola antibodies in serum samples. All serum samples
employed in this study had previous ELISA testing undertaken by researchers in Teagasc.
The serostatus observed from the EIS data was the same as for the ELISA testing, for a
number of serum samples. To our knowledge this is the first electrochemical
determination of the parasite, in the literature. For future experiments, the presence of the
parasite anti-Fasciola antibodies will be explored in bovine milk samples as it requires

little sample pre-treatment
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5.5 References

1. Boray, J., Flukes of Domestic Animals; Elsevier, Amsterdam, 1985; Vol. B2.

2. Tort, J.; Brindley, P.J.; Knox, D.; Wolfe, K.H.; Dalton, J.P., Proteinases and Associated
Genes of Parasitic Helminths; Advances in Parasitology, 1999, 43, 161-266.

3. Stack, C.M.; Caffrey, C.R.; Donnelly, S.M.; Seshaadri, A.; Lowther, J.; Tort, J.F.;
Collins, P.R.; Robinson, M.W.; Xu, W.; Mckerrow, J.H.; Craik, C.S.; Geiger, S.R.; Marion, R.;
Brinen, L.S.; Dalton, J.P., Structural and Functional Relationships in the Virulence-Associated
Cathepsin L Proteases of the Parasitic Liver Fluke, Fasciola Hepatica; Journal of Biological
Chemistry, 2008, 283, 9896-9908.

4, Bisset, S.A., Helminth-Parasites of Economic Importance in Cattle in New-Zealand; New
Zealand Journal of Zoology, 1994, 21, 9-22.

5. Sargison, N.D.; Scott, P.R., Diagnosis and Economic Consequences of Triclabendazole
Resistance in Fasciola Hepatica in a Sheep Flock in South-East Scotland; Veterinary Record,
2011, 168, 159-U22.

6. Charlier, J.; Van Der Voort, M.; Kenyon, F.; Skuce, P.; Vercruysse, J., Chasing
Helminths and Their Economic Impact on Farmed Ruminants; Trends in Parasitology, 2014, 30,
361-367.

7. Schweizer, G.; Braun, U.; Deplazes, P.; Torgerson, P.R., Estimating the Financial Losses
Due to Bovine Fasciolosis in Switzerland; Veterinary Record, 2005, 157, 188-193.

8. Organization, W.H., Control of Foodborne Trematode Infections: Report of a Who Study
Group; 1995.
9. Mas-Coma, S.; Bargues, M.D.; Valero, M.A., Fascioliasis and Other Plant-Borne

Trematode Zoonoses; International Journal for Parasitology, 2005, 35, 1255-1278.

10. Mcmanus, D.P.; Dalton, J.P., Vaccines against the Zoonotic Trematodes Schistosoma
Japonicum, Fasciola Hepatica and Fasciola Gigantica; Parasitology, 2007, 133, S43-S61.

11. Happich, F.; Boray, J., Quantitative Diagnosis of Chronic Fasciolosis. 1. Comparative
Studies on Quantitative Faecal Examinations for Chronic Fasdola Hepatica in Sheep; Australian
Veterinary Journal, 1969, 45, 326-328.

12. Mas-Coma, S.; Bargues, M.; Valero, M., Diagnosis of Human Fascioliasis by Stool and
Blood Techniques: Update for the Present Global Scenario; Parasitology, 2014, 141, 1918-1946.

13. Salimi-Bejestani, M.R.; Mcgarry, JW.; Felstead, S.; Ortiz, P.; Akca, A.; Williams,
D.J.L., Development of an Antibody-Detection Elisa for Fasciola Hepatica and Its Evaluation
against a Commercially Available Test; Research in Veterinary Science, 2005, 78, 177-181.

14. Anuracpreeda, P.; Wanichanon, C.; Chawengkirtikul, R.; Chaithirayanon, K.; Sobhon,
P., Fasciola Gigantica: Immunodiagnosis of Fasciolosis by Detection of Circulating 28.5 Kda
Tegumental Antigen; Experimental Parasitology, 2009, 123, 334-340.

15. Martinez, A.; Martinezcruz, M.S.; Martinez, F.J.; Gutierrez, P.N.; Hernandez, S.,

Detection of Antibodies to Fasciola Hepatica Excretory-Secretory Antigens in Experimentally
Infected Goats by Enzyme Immunosorbent Assay; Veterinary Parasitology, 1996, 62, 247-252.

229



Chapter 5

16. Arias, M.; Hillyer, G.V.; Sanchez-Andrade, R.; Suarez, J.L.; Pedreira, J.; Lomba, C.;
Diaz, P.; Morrondo, P.; Diez-Banos, P.; Paz-Silva, A., A 2.9 Kda Fasciola Hepatica-Recombinant
Protein Based Elisa Test for the Detection of Current-Ovine Fasciolosis Trickle Infected;
Veterinary Parasitology, 2006, 137, 67-73.

17. Levieux, D.; Levieux, A.; Mage, C.; Garel, J.P., Immunological Detection of
Chemotherapeutic Success in Bovine Fascioliasis Using the Specific Antigen-F2; Veterinary
Parasitology, 1992, 45, 81-88.

18. Mezo, M.; Gonzalez-Warleta, M.; Castro-Hermida, J.A.; Muino, L.; Ubeira, F.M., Field
Evaluation of the Mm3-Sero Elisa for Detection of Anti-Fasciola Igg Antibodies in Milk Samples
from Individual Cows and Bulk Milk Tanks; Parasitology International, 2010, 59, 610-615.

19. Charlier, J.; De Meulemeester, L.; Claerebout, E.; Williams, D.; Vercruysse, J.,
Qualitative and Quantitative Evaluation of Coprological and Serological Techniques for the
Diagnosis of Fasciolosis in Cattle; Veterinary Parasitology, 2008, 153, 44-51.

20. Collins, P.R.; Stack, C.M.; O'neill, S.M.; Doyle, S.; Ryan, T.; Brennan, G.P.; Mousley,
A.; Stewart, M.; Maule, A.G.; Dalton, J.P.; Donnelly, S., Cathepsin L1, the Major Protease
Involved in Liver Fluke (Fasciola Hepatica) Virulence; Journal of Biological Chemistry, 2004,
279, 17038-17046.

21. Smith, A.M.; Dowd, A.J.; Mcgonigle, S.; Keegan, P.S.; Brennan, G.; Trudgett, A.;
Dalton, J.P., Purification of a Cathepsin L-Like Proteinase Secreted by Adult Fasciola Hepatica;
Molecular and Biochemical Parasitology, 1993, 62, 1-8.

22. Robinson, M.\W.; Tort, J.F.; Lowther, J.; Donnelly, S.M.; Wong, E.; Xu, W.; Stack, C.M.;
Padula, M.; Herbert, B.; Dalton, J.P., Proteomics and Phylogenetic Analysis of the Cathepsin L
Protease Family of the Helminth Pathogen Fasciola Hepatica: Expansion of a Repertoire of
Virulence-Associated Factors; Molecular & Cellular Proteomics, 2008, 7, 1111-1123.

23. Robinson, M.W.; Dalton, J.P.; Donnelly, S., Helminth Pathogen Cathepsin Proteases: It's
a Family Affair; Trends in Biochemical Sciences, 2008, 33, 601-608.

24. Swisher, L.Z.; Prior, A.M.; Shishido, S.; Nguyen, T.A.; Hua, D.H.; Li, J., Quantitative
Electrochemical Detection of Cathepsin B Activity in Complex Tissue Lysates Using Enhanced
Ac Voltammetry at Carbon Nanofiber Nanoelectrode Arrays; Biosensors and Bioelectronics,
2014, 56, 129-136.

230



Chapter 6 Integrated Impedimetric and
Potentiometric Biosensing of BPI3-V Antibody-
Antigen Complex



Chapter 6

232



Chapter 6

6.1 Introduction

In Chapter 4, the bovine viral diarrhoea virus, one of the viruses associated with bovine
respiratory disease (BRD); the leading natural cause of death in the US and EU,* was
introduced and discussed. Continuing the investigation on BRD, in this chapter, the
bovine parainfluenza virus type 3 (BPIV-3) is presensted. BPI3-V is a member of the
Paramyxoviridae family, genus Respirovirus, one of the largest and most rapidly growing
groups of viruses causing significant human and veterinary disease. * ° It is associated
with the clinical condition known as 'shipping fever', in which the animal develops
clinical signs after transport over long distances. To reiterate, these diseases have
detrimental impacts on the cattle industry; decreasing on-farm efficiency and profitability
through waste feed and increased veterinary costs. & 7 Furthermore, the demand for an
increase in livestock production potentially increases virus development within herds.
Although a few European countries have achieved total eradication, many countries have
not initiated national schemes as they are deemed too cost-prohibitive and time-
consuming.®1%  This BPI3-V remains a major source of economic loss in the cattle

industry, and again, early identification is essential to achieve disease control.!

Current detection methods are performed using Reverse Transcription Polymerase Chain
Reaction (RT-PCR), immunohistochemistry or ELISA;*° although these high-end
analytical techniques are sensitive and reliable, they require dedicated laboratories,
skilled personnel and long analysis times.  Label-free immunosensors constitute a
promising group of sensing devices that offer the potential to deliver rapid and early
identification of animal disease state on-farm through the use of microfabrication
techniques and biochemistry. They allow high sensitivity, short analysis times,
affordability, miniaturised platforms with low sample consumption and the possibility for

measurements in complex samples.® ¥ Immunosensors measure the interaction of

T This work was published in part as “Direct correlation between potentiometric and impedance
biosensing of antibody-antigen interactions using an integrated system.” Applied Physics Letters
2017, 111, 073701.

T This work has been prepared for publications as “Integrated Impedimetric and Potentiometric
Biosensing of BPIV-3 Antibody-Antigen Complex” Journal of Phys Chem , in preparation
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antibody-antigen complexes, and employ a transduction system to directly detect the
immunochemical reaction and deliver a measurable signal.*® The electrical transducer
EIS, which demonstrated label-free sensing of BVD, in Chapter 4, is again employed in
this chapter, but in combination with field effect transistor potentiometry.

Potentiometric and impedimetric sensors are both capable of label-free operation that can
simplify sample preparation steps and enable on-site detection with shorter turnover
times. Potentiometric sensors measure the potential change induced by biomolecule
binding to the sensor surface, under DC operation, and directly translate this interaction
into an electrical signal. The ion sensitive FET (ISFET) and extended gate FET (EGFET)
are the most popular electrical sensors for immunosensing applications. 1*?* However,
for these experiments, the EGFET design was preferred to an ISFET, because the
presence of an extended gate separates the transducer from the sensing platform,
providing a better configuration to allow parallel sensing with EIS and integration with
the sensor chip platform. Alternatively, impedimetric sensors measure the current change
in a system, which correlated to the amount of an analyte binding, through application of
AC voltage amplitudes, against a DC bias. 228 This provides the resistive and capacitive
properties of the sensor interface and can be correlated to the amount of biomolecule
binding.?® EIS measurements can be performed in the presence or absence of a redox
probe; faradaic and non-faradaic respectively. Faradaic sensors measure the electron
transfer between the redox molecules in solution and the electrode surface; whereas non-
faradaic sensors directly measure the changes in capacitance, due to displacement of
water and hydrated ions, at the electrode-electrolyte interface.*° Potentiometric sensing is
non-faradaic as FET sensors are not influenced by the presence of redox molecules. In
general, for label-free EIS measurements it is expected that impedance changes will be
most pronounced if the target is substantially larger than the probe or has significantly
different properties. Whereas FETs rely on the interaction of external charges with
carriers in a nearby semiconductor and thus exhibit enhanced sensitivity at low ionic
strength.?” 31 Combining both techniques, in turn, combines their advantages and
provides data into the origins of the sensing signal while discovering similarities between
both transducers. Furthermore, we can investigate the development of a hybrid biosensor

through multiplexing and dual sensing experiments.
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One of the challenges with combining both techniques with one physical sensor platform
was choosing the suitable buffer solutions as salt concentration greatly affects the FET
sensors. Again, whether, or not, to use a redox molecule was another challenge. In this
chapter, experiments are undertaken in the presence and absence of redox probes, and
also in different buffers, PBS and HBS-EP, at different salt concentrations. Furthermore,
in the previous chapters non-specific binding (NSB) from the serum samples was not an
Issue as the deposited solutions were very specific and thorough rinsing steps were
employed after each incubation. In this chapter, fish gelatin in introduced as a potential
aid to reduce NSB. Fish Gelatin is a non-mammalian buffer solution that maximises the
signal-to-noise ratio in immunoassays. It used to block non-specific binding sites, and
because it is derived from the skin of cold water fish, it does not cross-react with
mammalian antibodies which is ideal for these experiments. Additionally, low
concentrations of Tween-20 present in the buffer solutions also prevent non-specific
protein-protein interactions. The specific binding is usually more resistant to this
detergent, but non-specifically bound proteins (week interactions) can be prevented from
binding to the sensor surface. The combination of both Tween-20 and gelatin provides
the best condition to decrease most of the non-specific binding. Different conditions, with

and without, gelatin and Tween are investigated in this chapter.

Ultimately, we combine potentiometric FET-based sensing and electrochemical
impedance techniques to undertake the label-free detection of antibody-antigen
interactions on a shared sensor platform (previously used in Chapter 4). The sensor was
first subjected to a trial immunoassay to investigate a well-documented model complex,
the interaction between haptoglobin and anti-haptoglobin antibody in buffer, using both
techniques. Following successful determination of haptoglobin, the non-specific binding
properties of the sensor in serum were examined with the use of gelatin. Subsequently,
the blocking functionality of gelatin on the nanobands was assessed using a second model
complex (BSA/ anti-BSA Ab). Finally, the nanoband sensors were challenged to
detection of bovine parainfluenza antibodies in a blood system using hemagglutinin-
neuraminidase (HN) as the electrode modification capture protein; employing both
sensing mechanisms. Assay times were typically ~20 minutes demonstrating the
potential of these sensors for use in future portable devices required for on-farm

diagnostic applications.
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All the data in this chapter was undertaken in the Georgia Institute of Technology,
Atlanta, USA, with project partners, namely Dr. Meng-Yen Tsai and Prof. Eric Vogel.
The protein employed in our experiment was produced by partners in Queens University
Belfast, namely, Dr. Darren Gray, Mr. Niall Shields and Dr Mark Mooney.
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6.2 Experimental

6.2.1 Materials and Preparation of Standards

Bovine Parainfluenza Virus Type 3 (BPI13V) Hemagglutinin Neuraminidase (HN) was
provided by Queens University Belfast. HN was produced using the baculovirus
expression system using previously established protocols.?? BPI3V positive and negative
bovine serum samples were provided by Teagasc biobank (Moorepark, Ireland) and
pooled before use. Blood samples taken from calves in Northern Ireland were processed
to plasma®? and screened for the presence of anti-BPI3V antibodies using the Svanovir
PI3V-Ab ELISA. Bovine Serum Albumin 98% (A7906), Anti-Bovine Albumin antibody
produced in rabbit (B7276), Haptoglobin from pooled human plasma (H3536) and rabbit
anti-Haptoglobin antibody (Ab Hp, IgG fraction of antiserum) were purchased from
Sigma Aldrich. Acetate buffer was prepared by titrating 200 mM sodium acetate into 200
mM acetic acid until pH 4.0 is reached; then the buffer is diluted to 10 mM with DI water.
HBS-EP buffer was prepared by mixing 10 mM HEPES, 150 mM NaCl, 3 mM EDTA
and 0.005% Tween-20 in DI water and adjusted to pH to 7.4 with 5% sodium hydroxide
solution. All other reagents were purchased from Sigma Aldrich unless otherwise stated
and used as received. Deionised water (resistance 18.2 MQ cm) was obtained using an

ELGA Pure Lab Ultra system.

6.2.2 Fabrication and Characterisation of the Sensor Chip

6.2.2.1 Fabrication of Nanoband Electrodes

Gold nanoband, contact pads and on-chip gold counter and platinum pseudo-reference
electrodes were fabricated in Tyndall National Institute, using lithography processes as
previously described in Chapter 4 (section 4.4.2). The same connection with a PCB
mounted microSD port was used in conjunction with the fabricated chip holders, for

analysis.
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6.2.2.2 Optical Characterisation at Nanoband Electrodes

Chip characterisation was undertaken as outlined in Chapter 4 (section 4.2.3). They were
examined optically using a calibrated microscope (Axioskop Il, Carl Zeiss Ltd.) equipped

with a charge-coupled detector camera (CCD; DEI-750, Optronics).

6.2.2.3 Electrical Characterisation at Nanoband Electrodes

The on-chip working electrode is common to both potentiometric (EGFET) and
Impedimetric (EIS) sensing. Both sensing mechanisms were employed to compare model
antibody-antigen interactions on a fully integrated biosensor chip. Electrochemical
experiments were carried out using a Gamry Interface 1000™ potentiostat and controlled
by the Gamery data software. All electrochemistry employed a standard three-electrode
cell configuration using a single gold nanoband as the working electrode, versus the on-
chip gold counter electrode and the on-chip platinum pseudo-reference electrode.
Faradaic EIS was recorded in a frequency range of 100 mHz to 100 kHz at -0.45 mV, the
equilibrium potential of the redox couple. The amplitude of the alternating voltage was 5

mV. All experiments were performed at room temperature in a Faraday cage.

The EGFET measurements were performed by Dr. Meng-Yen Tsai (GIT). A commercial
n-MOSFET (VNO0104, Supertex) was used as the transducer for EGFET biosensors,
employing two-electrode system. In the two-terminal EGFET sensor, the Au nanoband
electrode serves as the WE, i.e. the extended gate, which was electrically connected to
the gate terminal of an n-MOSFET. This is exposed to the target analyte solution during
the measurement. A flow-through reference electrode (Ag/AgCl; Microelectrodes Inc.)
was placed into the chip holder well, close to the chip surface in order to gate the transistor
through the liquid during the measurements and a DC voltage sweep is applied to the
liquid. The electrical I-V measurements were performed using a semiconductor
parameter analyser (Keithley 4200-SCS and HP 4145A). The resulting Id-Vref curve of
the transistor will shift horizontally depending on the magnitude and the polarity of the

change of surface potential on the Au sensing surface.

Most experiments were performed in a 10 mM HBS-EP solution (pH 7.4) containing 1
mM hexaammineruthenium (111) chloride as a redox molecule, unless otherwise stated.

The oxidation and reduction of [Ru(NHs)s]>*** (RuHex) is achieved at negative potential
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(-0.7 V to -0.1 V) which was preferred as it would not interfere with the positive voltage

applied during the FET measurement.

6.2.3 Nanoband Sensor Modification

All chemical and bio modification steps were performed using the prefabricated chip
holder and the PCB mounted microSD port to connect the chip to the external potentiostat.
All on-chip nanoband electrodes employed in this chapter were solvent cleaned,
polymerised with 0-ABA (50 mM in 0.5 M H2S04) and cross-linked using EDC/NHS to

the capture biomolecule, as previously described in Chapter 4, (section 4.2.5.3).

6.2.3.1 Antibody Haptoglobin Detection

This haptoglobin Ab-Ag model complex assay was undertaken to assess the functionality
of both sensing mechanisms. The chip was incubated in 10 pg/mL haptoglobin (from
pooled human plasma) diluted with 10 mM acetate buffer, pH 4.0. The electrodes were
subsequently blocked with ethanolamine and incubated with target Hp antibodies. Anti-
haptoglobin target solutions were prepared using anti-Hp antibody (produced in rabbit as
purchased stock sample) diluted with 10 mM PBS into working solutions of varying
dilution (10 ng/mL to 100 pg/mL).

6.2.3.2 Assessment of non-specific binding — Fish Gelatin

The level of non-specific binding, from the serum samples was assessed by using fish
gelatin as the capture probe using EIS only. Nanoband electrodes were first
functionalised with oABA and EDC/NHS as detailed above; with fish gelatin as the
capture molecule (1% solution, for 1 hour) to block the gold surface. There was no
biomolecule deposition, i.e. no active sites. Ethanolamine (1 M) was deposited on the
electrode for 20 minutes to block any remaining unbound EDC/ NHS sites. The gelatin-
modified sensing surface was then exposed to four seronegative plasma samples (calf
numbers 8891, 8892, 8898 and 8907) and two seropositive samples (calves 129 and 103).
The serum was diluted with 1:16 HBS-EP buffer (10 mM) and incubated on the electrodes
for 30 min contact time each. The EIS measurements were performed in buffer with 10

mM hexaammineruthenium (I11) chloride in HBS-EP as the redox couple.
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6.2.3.3 Antibody BSA Detection

This assay, employing BSA and Ab BSA, was undertaken to investigate the presence of
gelatin blocking on a model antibody-antigen complex, using both sensing mechanisms
again. Electrodes were modified using BSA proteins (50 ug/mL in acetate buffer, 30
mins), as the capture biomolecule through amine coupling using NHS/EDC. The protein
was incubated for 1 hour at 4 °C. The electrode surface was blocked using 1% fish gelatin
for 20 minutes, followed by the standard ethanolamine blocking (1 M in water, 20 mins).
Anti-BSA detection was investigated in HBS-EP buffer, diluted into working solutions
of varying dilution (100 pg/mL to 1 ug/mL). A 10 mM hexaammineruthenium (I11)
chloride in PBS was used as redox couple in HBS-EP, incubation for 20 mins.

6.2.3.4 Target Antibody BP13-V Detection

Following the NSB testing, the sensor was subject to determination of BP13-V antibodies
in serum. An experimental control was also undertaken. To deposit the two capture
biomolecules, a spotting technique was employed, allowing multiple detections within a
single sample. Electrodes 1 and 3 were modified with 50 pg/ml Hemagglutinin
Neuraminidase (HN) protein in acetate buffer, pH 4.0 (synthesised by QUB).
Simultaneously, Ab BSA was spotted on to electrode 6, to use as a control electrode.
Both biomolecules were incubated for 30 minutes at 4°C. Following these
immobilisation steps, the electrodes were well rinsed with acetate buffer solution
containing 0.1% Tween-20 (AB10-T) and DI water to remove any unbound proteins and
the un-reacted active sites were blocked by immersing in 1% gelatin followed by 1M
ethanolamine HCI, pH 8.5 for 20 mins. Finally, the modified electrodes were exposed to
pooled BPI3V blood serum samples (antibody positive). Three seronegative dilutions
(1:200 to 1:50) and three seropositive samples (1:300 to 1:50) were tested on the
electrodes. All of the serum samples were diluted neat HBS-EP buffer (160 mM) at
different concentrations, and incubated on the electrode for 20 minutes each. The
electrodes were rinsed thoroughly with HBS-EP buffer and DI water to remove non-
specifically bound target biomolecules prior to measurement.

The dual sensing experiments were carried out using the nanoband chip sensors with both

sensing mechanisms. Firstly an EIS measurement was taken followed by a MOSFET scan
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then a second EIS scan. This technique was used for every modification step on the

electrode to evaluate if the MOSFET reader had any impact on the electrode.
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6.3 Results and Discussion

6.3.1 EIS/ FET Functionality of Nanobands

Figure 6.1 shows a schematic of the nanoband sensor device, consisting of the two
transducers for electrical measurements; EIS and FET. The gold nanoband surface can be
chemically modified to achieve specific adsorption of certain biomolecules. Its surface
potential (FET) and impedances (EIS) depend on the amount of biomolecule binding. To
first assess functionality of employing this dual sensing method, the Au nanoband chip
electrodes are employed as the shared active working electrodes for both EIS
impedimetric and EGFET potentiometric techniques. This resulting fully integrated
system, offers a direct comparison between both techniques, through analysis of the
biomolecular binding events. Moreover the gold sensing surface allows the possibility of
a direct comparison to commercial tools based on SPR, which also typically use a gold
surface. Nanoband electrodes were of the same design as the arrays previously reported
in Chapter 4 (700 nm width bands), see Figure 6.1 (b) Optical and electrical
characterisation data for these electrodes used in this chapter bore no significant

difference to those already presented.
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Figure 6.1: A scheme and an optical image of the integrated FET/EIS biosensor system. (a) The
experimental setup of the integrated system. (b) An optical image of the biosensor chip used in
chapter 4. (Image recreated from )

To test electrochemical functionality, electrodes were characterised using CV and EIS, in
presence of 1 mM RuHex redox probe. Figure 6.2 (a), shows a typical CV voltammogram
obtained using a pristine nanoband electrode exhibiting a quasi-steady-state behaviour,

as expected.® * The magnitude of the current (~2.5 nA) confirms that electrochemistry
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only occurs at the electrode and the passivation layer successfully prevents unwanted
electrochemistry occurring at on-chip metallisation. Sensor devices that exhibited lower
or no electrochemical current were discarded and not used for further experiments.
Faradaic EIS was performed on pristine gold electrodes and a typical Nyquist plot
presented in Figure 6.2 (b). The resistive and capacitive charges in the system were
extracted from the Nyquist plot, by fitting the data with a Randles equivalent circuit, inset
of Figure 6.2 (b). This circuit is limited to solution resistance, and charge transfer
resistance in parallel with surface capacitance (Cdl). The experimental data (blue dots)
presented in Figure 6.2 (b) were fitted with the equivalent circuit, modelled using the
NOVA software. This fit data (solid line) overlays the experimental data (dots) extremely

well, confirming the efficacy of the selected equivalent circuit components and defined

values.
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Figure 6.2: (a) CV for a clean gold nanoband electrode obtained in 1 mM Ru(NHs)s (in 10 mM
HBS-EP, pH 7.4), the potential was cycled from -0.7 V to -0.1 V, versus the on-chip platinum
pseudo-reference electrode at a scan rate of 1200 mV/s. (b) A Nyquist plot for the same electrode
recorded at a frequency range of 100 mHz to 100 kHz at -0.45 mV (versus external Ag/AgCI RE,
Vef). The dots represent the experimental data, whereas the curved line represents the
electrochemical circuit fit data (inset).

On a side note, as these experiments were undertaken in GIT, the instrumentation is
different from the previous chapters. The faraday cage employed, in particular, was small
and portable, and was not grounded. Hence, there is a small interference at 60 Hz in all
the data, which is the standard frequency of the sockets in the United States. Following
electrochemical characterisation, the nanoband chip was characterised using

potentiometric extended-gate FET sensing, by Dr. Tsai. The commercial MOSFET was
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used to read out the potential changes on the gold surface. The nanoband acts as the so-
called “extended gate” of the MOSFET, and is electrically connected to the gate terminal.
A reference electrode (Ag/AgCl) was immersed in the solution to gate the transistor
through the RuHex solution. The resulting surface potential depends on the amount of
charged molecules attached to the surface. A typical transfer curve was observed, of the
liquid-gated EGFET in HBS-EP buffer. The drain current lq can be modulated by
sweeping the voltage at the reference electrode Vrer.??

6.3.2 Detection of Haptoglobin/ AbHp complex

To assess the functionality of the integrated EGFET potentiometric and EIS impedance
biosensor system, the immunological detection of antibody Haptoglobin to its antigen,
was first studied. Each modification step of the assay was characterised using EIS in only
PBS, and both sensing mechanisms were employed to measure the antibody binding. A
polymer modified single gold microband electrode was exposed to haptoglobin in acetate
buffer as the capture molecule, and target anti-haptoglobin antibody was detected in PBS.
No redox molecules were used in this experiment in order to direct compare the EIS and
FET sensing, with little variability. EIS Nyquist plots in the absence of redox ions yield
a large capacitive response, i.e. non-faradaic impedance. Therefore, to assess the potential
binding of antibodies to the modified sensor surface, the EIS modulus plot was employed
(total impedance vs. frequency); see Chapter 1 section 1.6.4.2, for more detail. Typically
with EIS, the increases in charge transfer resistance and global capacitance of the
nanoband are examined following biomolecule binding; hence in this case, an increase in
the total impedance is expected. The potentiometric I-V curve and impedimetric modulus

for the detection of antibody Hp are presented in Figure 6.3.

The EIS modulus data represented a response to the binding of different concentrations
of Ab Hp is presented in Figure 6.3 (a). The total impedance (|Z|) increased with
increasing anti-Hp concentration. This suggests that the Hp antibodies bound to the
immobilised haptoglobin protein, changing the electrode interface and subsequently
restricting access to the electrode surface. The solution resistance, Rs, arises from the
finite conductance of the ions in bulk solution, and thus is generally not affected by

binding. However, the capacitance between the metal electrode and ions in solution is
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detectable, and can be modelled as a series combination of the surface modification
capacitance and the double layer capacitance. This detectable response arises from the
displacement of water ions from the electrode surface due to electrode interfacial changes
following target binding. Furthermore, there is a semi-log linear relationship between the
total impedance across the wire, and different dilutions of the stock antibody solution,
shown in Figure 6.3 (b). This demonstrates that antibody detection is possible in the

absence of a redox molecule, allowing for potential non-faradaic impedance studies.
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Figure 6.3: The responses for FET potentiometric and EIS impedance to anti-Hp concentrations
on nanoband electrodes (a) Modulus data plots of impedance spectra measured with EIS and (b)
the R¢ change in response to anti-BSA concentrations in logarithm scale. (¢) The shift of Ig-Vier
curve measured with FET and (d) the FET signal (surface potential) in response to anti-BSA
concentrations in logarithm scale

The potentiometric 1¢-Vref measurement demonstrates the change of surface potential for
the same binding events. Figure 6.3 (c) shows the transfer curve shifting horizontally to
the right, i.e. in the positive direction, which indicates a negative charge on the surface.

Figure 6.3 (d), in turn, shows the response of the active FET, i.e. the gate voltage required
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to achieve a drain current of 10 nA, versus anti-Hp concentration in logarithm scale. The
FET response for the nanoband exhibits a similar trend to the impedance modulus,
validating that both sensing mechanisms are functional on the sensor chip. EIS measures
the impedance of the biological layer, in the absence of a redox probe. The layer consists
of an insulating oABA polymer film and the haptoglobin complex, which acts as a
capacitor at the electrode-electrolyte interface. Field-effect devices are basically surface-
charge measuring devices, i.e. they detect the charge in a capacitive way, and therefore
they can principally measure the charge of adsorbed macromolecules (anti-Hp).
Therefore both sensing mechanisms are detecting the capacitive response to the formation

of the haptoglobin complex on the gold nanoband electrode.

6.3.3 Assessment of Non-specific Binding using Fish Gelatin

A fish gelatin was introduced to our experiments to investigate its use as an additional
blocking agent to reduce any non-specific binding in serum samples. Electrodes were
modified as normal, but employed a 1% fish gelatin solution as the capture molecule.
This experiment aimed to saturate the sensor with BP13-V seronegative samples to assess
the level of NSB from the serum and also to test the functionality of employing the fish
gelatin as a blocking agent. Moreover, HBS-EP buffer was used as the serum diluent
which contained Tween-20. EIS only (not FET) was used as the sensing method to study
this.

Figure 6.4 (a) shows the Nyquist plot for the immunoassay. The measured electrode
resistance following the gelatin deposition (~250 MQ) had increased compared to the
clean electrode charge transfer resistance (~130 MQ), as expected. The electrode was
then blocked by ethanolamine and the Rt increased further to ~350 MQ. The first
negative sample was immobilised on the sensor and rinsed with 10 mM HBS-EP buffer.
The resulting Nyquist plot Rt value was measured as ~700 MQ. Subsequently, the second
and third seronegative samples were tested (calves 8892 and 8898, respectively), and no
change in the Nyquist plot was observed, i.e. R¢t remained at ~700 MQ. Although the fish
gelatin did not remove all the NSB, it seemed to be limited. After the 3" negative sample
measurement, the electrode was washed with neat HBS-EP buffer (160 mM) and the 4™

seronegative sample was deposited. Several impedance measurements were undertaken,
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showing the Nyquist semi-circle had decreased back to ~350 MQ, the ethanolamine
baseline. This finding indicates that after the rinsing step in neat HBS-EP, the non-

specifically bound proteins were removed from the electrode.
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Figure 6.4: (a) Nyquist plots of 0-ABA modified gold nanobands with 1% fish gelatin
modification, ethanolamine blocking and binding of seronegative samples to assess NSB on the
surface of the electrode. Data was recorded in 10 mM HSB-EP containing 1 mM Ru(NHs)s. (b)
Plot demonstrating the level of NSB with increases in R at each deposition of seronegative blood
samples, and subsequently the removal of the NSB following the thorough rinsing step.

Following the saturation of the electrode, the two seropositive samples were deposited
onto the electrode, out of curiosity. There are no HN active sites on the electrode for the
BPI13 antibodies to bind to, so there should be no observable difference in the impedance.
The green data plots in Figure 6.4 (a) represent the seropositive samples deposited on the
saturated electrode. The Nyquist semi-circle increased from the baseline at ~ 350 MQ, to
the same values as the seronegative samples (700 MQ and 750 MQ). As there are no HN
binding sites, the impedance increase can therefore be attributed to the same non-specific

binding witnessed for the negative samples.

Following the rinsing step in neat HBS-EP (160 mM), see Figure 6.4 (b), it appears that
the weakly bound proteins which contributed to the NSB were removed from the
electrode surface, due to higher concentration of the surfactant Tween-20 in the stock
buffer (16 times more than serum samples diluent buffer). Although the gelatin does show
slight reduction in NSB; its use alone does not provide the blocking required for the
complex serum samples used in these experiments. The obvious outcome is to use neat

HBS-EP buffer in all future serum dilutions in combination with the gelatin to ensure the
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best blocking protocol. However, for FET sensing, solutions with a high ionic strength
cause severe charge-screening effect by small inorganic counter ions present in the
electrolyte solution. This results in uncharged layers and prevents measurements of
immunospecies with field-effect devices. Therefore 1:16 diluted HBS-EP buffer had to
be used for the dual sensing experiments. To this end, gelatin will be employed for the
dual sensing experiments, but further testing with gelatin is also required, to ensure that

it is practical to use on the electrode with the lower HBS-EP concentration.

6.3.4 Detection of BSA/ Antibody BSA

The gelatin blocking modification on the nanoband was investigated further using a
second model complex, BSA/ anti-BSA, this time, employing both EIS and FET detection
as well as the RuHex redox probe. As there are no other proteins present in the anti-BSA
buffer solution, there will be no NBS interferences. Therefore, this experiment was
undertaken to study the effect, if any, that gelatin had on the two sensing mechanisms;
before undertaking dual sensing assays in complex serum samples. The potentiometric
and EIS sensors’ responses to the BSA versus anti-BSA system are shown in Figure 6.5.
The l1g-Vrer curve of the transistor, Figure 6.5 (a), depicts the shift of potentiometric sensor
in the positive direction in response to the increasing concentration of anti-BSA in the
HBS-EP buffer, indicating that the anti-BSA (with an isoelectric point 4.8 — 5.2) is
negatively charged in the buffer.36 Figure 6.5 (b) shows the change of surface potential
measured by the FET sensor versus anti-BSA concentration in linear scale and logarithm
scale (inset of Figure 6.5 (b)). The FET response data points (on the x-axis) represent the
changes in surface potential on the electrode, due to the attachment of charged antibodies

to the extended gate, i.e. the nanoband working electrode.
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Figure 6.5: The responses of FET potentiometric and EIS impedance biosensors to anti-BSA
concentrations. (a) The shift of I4-Vrer curve measured with FET and (b) the FET response (surface
potential) in response to anti-BSA concentrations in linear scale and logarithm scale (inset).
(Image taken from 3%)

Measuring the same binding event at the working electrode, the change of EIS sensor’s
impedance spectra with respect to anti-BSA concentration is presented in a Nyquist plot
in Figure 6.6 (a). An increase in the semi-circle diameter i.e. increase in the resistance of
the charge transfer between the electrode and the RuHex solution, as well as increased
global capacitance, was observed with increasing antibody concentration, as expected.
By fitting the impedance spectra with their equivalent circuit models, the values for R,
could be extracted. The R¢t values for each data plot in (a) is plot versus the log of the
anti-BSA concentration, shown in Figure 6.6 (b). The charge transfer resistance, again,
increases with increasing concentration of anti-BSA, suggesting binding of the antibodies
to the available sites on the electrode. To conclude in this section, there were no major
observed differences with the presence of fish gelatin, when compared to the haptoglobin

assay results, thus the blocking does not interfere with the binding of Ab-Ag complexes.
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Figure 6.6: (a) Nyquist plots of impedance spectra measured with EIS and (b) the R¢ change in
response to anti-BSA concentrations in linear scale and logarithm scale (inset) ; recorded in 10
mM HBS-EP containing 1 mM Ru(NHs)s.

6.3.5 Comparison between EIS and FET Model Responses

As outlined in the experimental section, the electrical measurements for BSA/aBSA were
performed in buffer with 10 mM hexaammineruthenium (I11) chloride in HBS-EP (10
mM), whereas for the Hp/aHp assay, measurements were undertaken in only PBS solution
(10 mM). Hence, the total impedance value, from the EIS modulus, was used instead of
the Rct for the haptoglobin assay (section 6.3.2). The same semi-log relationship is
observed for EIS responses, as for the FET surface potential responses. If the plots are
overlaid, the trends for EIS and FET responses bare close resemblance for the haptoglobin
and BSA immunoassays, Figure 6.7 (a) and (b) respectively. This suggests a correlation

between surface potential and the impedance.

Dr. Meng-Yeng Tsai (GIT), revealed a correlation between surface potential of the FET
and charge transfer resistance of EIS for this experiment, using the Butler-Volmer
equation.®® This equation predicts that Rc; is exponentially related to the change of surface
potential (AV). For this nanoband biosensor, the surface potential changes results from
the binding of charged biomolecules (anti-BSA) to the WE surface. Subsequently, Dr.
Tsai demonstrated a high linearity for the relationship between R¢ (EIS) and the
exponentiation of AV (FET) for the detection of the BSA/anti-BSA complex; confirming
that both potentiometric and impedance biosensors are charge sensitive. EGFET sensors

directly measure this surface potential change, which concurrently influences the
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electrical current and impedance, by blocking the redox ions from reaching the electrode
surface. This finding validates that not only does this dual sensing approach provide data
from both sensing mechanisms but that the signal output from impedimetric biosensors
can be linked to that of potentiometric biosensors.
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Figure 6.7: Comparison of the EIS R change and the FET surface potential change in response
to (a) anti-Hp antibody concentration and (b) anti-BSA antibody concentrations in logarithm
scale.

This dual sensing approach can potentially be used eliminate false positives. The EGFET
will measure surface potential (charge) whereas the EIS will measure the electrostatic
repulsion or steric barriers (mass) inflicted on the electrode.

Similar to having a control experiment, the two techniques support each other when they
are combined on the same active surface. In other words, to ensure an accurate result for
the detection of a target analyte, both mechanisms must yield positive results or both must
be negative. If the EIS displays a positive result and the FET is negative for a target then
there is something influencing the EIS sensor, and vice versa. To get a false positive result
with this dual sensing method, any ions or non-specific proteins which negatively
influence the sensor would have to be the same size/mass as the target ions, as well as
have the same charge. Furthermore, this establishes an important use for these dual

sensors in POC sensing.
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6.3.6 Detection of BPI13-V Antibodies

Based on the previously established model platform of Haptoglobin and BSA sensing
using the combined potentiometric extended-gate sensing and electrochemical sensing,
bovine parainfluenza virus type 3 (BPI3V) was investigated in animal blood against
Haemagglutinin Neuraminidase (HN); chosen for its selectivity towards this virus. In
addition to this, fish gelatin is employed to reduce the NSB attachment to the electrode,
from the serum samples. On-farm serological sampling is time consuming and testing
every individual sample is more costly for the farmer or veterinarian. Therefore to make
these assays more feasible, practical and convenient, the seropositive and seronegative
subsamples were pooled in composites of 10 and diluted in aliquots of 1:200, 1:100 and
1:50 serum to buffer (1:16 HBS-EP), prior to testing. To construct the immunoassay, the
HN protein was covalently immobilised onto the gold electrode through the amide bond
formed by the EDC-NHS coupling to the 0-ABA polymer layer and the same electrode
modification is employed as described previously. The electrodes were again

characterised using EIS and FET.

The Nyquist spectrum of the layer-by-layer immunoassay and immunological detection
of BPI3V is shown in Figure 6.8 (a). The cleaned gold microband electrode displays a
semi-circle with an estimated charge transfer resistance around 30 MQ. After
electrodeposition of the 0-ABA layer, the charge transfer resistance increases to 50 MQ;
this also indicates an increase in the global capacitance at the microband. These changes
are attributed to the insulating polymer partially blocking the electrode and therefore
limiting the electron transfer from RuHex to the gold electrode. The negative charges on
the carboxylate terminated polymer can also induce an electrostatic repulsion of bulk
RuHex ions. Covalent immobilisation of HN through EDC-NHS coupling reveals a slight
increase in the impedance. This change can be attributed to the covalent immobilisation
of HN at only the carboxylate activated sites of the polymer, therefore the accessible
surface for the oxidation and reduction of the RuHex remains relatively constant, leading
to a small decrease in the transfer of charged ions to the surface. After gelatin and
ethanolamine steps, the resistance charge transfer further increases, suggesting that the

remaining unbound active sites are blocked.
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Figure 6.8: (a) Nyquist plots and (b) FET curves obtained from 0-ABA modified gold nanoband
electrode with: HN modification (50 pg/ml in pH 4), gelatin and ethanolamine blocking, and
binding of BPI3V seronegative samples in HBS-EP buffer; recorded in 10 mM HBS-EP
containing 1 mM Ru(NHs)s. (c) Nyquist and (c) IV curves for the same sensor surface, following
deposition of the BPI3V seropositive samples.

The plots in Figure 6.8 (c), shows the Nyquist plot of the EIS impedance biosensors in
response to several dilutions of positive BPIV3 plasma samples. The pooled serum
samples were incubated for 10 minutes on the HN modified sensor, starting with the
seronegative pooled samples. The measured impedance of ~90 MQ for the 1:200 negative
pooled samples had shown a decrease compared with the ethanolamine baseline of ~110
MQ. This could be attributed to removal of some of the bulky blocking gelatin. The two
lower dilutions (higher concentrations) of seronegative pooled serum, 1:100 and 1:50,
unexpectedly presented increases in the measured impedance, ~140 MQ and ~210 MQ.
Normally these increases would be attributed to binding of un-specific biomolecules to
the sensor, as their values are minimal. The FET measurements following deposition of
the seronegative samples, plot in Figure 6.8 (b), show the same trend. The FET data shift

in the positive direction suggests binding to the sensor surface, therefore, there must
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remain a slight NSB from the serum samples. These results suggest that the gelatin is not
functional as a blocking agent on the nanoband electrode surface, when used with 1:16
diluted HBS-EP buffer.

As we have already discovered, when the charged HN protein attaches to the sensing
surface, the subsequent BPI3-V antibody attachments cause the change of surface
potential measured by the FET, as well as a change of the charge transfer resistance
measured by EIS. The data plots, in Figure 6.8 (c), show the Nyquist EIS responses
following electrode incubation with BPI3-V seropositive samples. Deposition of the
1:300 dilution of seropositive blood resulted in a slight increase in the impedance to ~230
MQ. However, more significant increases in impedance were observed, reading ~ 260,
310 and 360 MQ, following incubation with the three higher concentrations of
seropositive BPIV3 pooled samples, 1:200, 1:150 and 1:100 dilutions, respectively. This
is comparable to the results observed for the model immunoassays, indicating a decrease
in charge transfer at the electrode (higher charge transfer resistance), which can be
attributed to the HN/ BPIV3 complex forming on the sensor. Similarly, the I-V data in
Figure 6.8 (d) shows the drain current FET readout from the same binding events on the
electrode. The horizontal potential shifting to the right, i.e. in the positive direction,

indicates that the BP13-V antibodies are negatively charged on the surface.
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Figure 6.9: Nyquist plots obtained from a nanoband electrode with Ab BSA modification (100
ug/ml in pH 4) and binding of pooled BPI3V seronegative and seropositive samples in HBS-EP
buffer; recorded in 10 mM HBS-EP containing 1 mM Ru(NHs)s.
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Another on-chip electrode (electrode 6) was prepared as a positive control to ensure the
sensor is functional. Over 50% of bovine blood is made up of bovine serum albumin
(BSA); commonly used in immunoassays as an effective blocking step. For these
nanobands, we immobilise anti-BSA antibodies on the electrode and expect a binding to
the surface from BSA, present in the serum samples. Following the fish
gelatin/ethanolamine blocking steps, the measured impedance value was lower than usual
~40 MQ. Deposition of the seronegative pool samples showed very slight increases in
the measured impedance. However, upon deposition of the remaining seropositive
samples the impedance increased sequentially to ~130 MQ. The Nyquist data presented
in Figure 6.9 was lower than expected but a still produced a trend comparable to that of

the inverse experiments, BSA/ anti-BSA, in Figure 6.6.

Figure 6.10 shows a linear relationship between the exponentiation of surface potential
change (measured by FET — green dots) and the charge transfer resistance (from EIS-
black dots). Both sensors exhibit significant and very similar responses for detection of
seropositive BPI3-V samples at different concentrations. The positive control, Ab BSA-
coated electrode, also shows a positive response with increasing serum dilutions (red
circles). This weaker response only suggests that the HN sensor has a stronger affinity to
the BPI3-V antibodies, than the deposited anti-BSA does for aloumin in serum. The linear
relationship, again, confirms the correlation between potentiometric and impedimetric

biosensors.
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Figure 6.10: Linear relationship between the exponentiation of surface potential change
(measured by FET) and the charge transfer resistance (from EIS) for the detection of seropositive
BPI13-V samples.
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SPR data was undertaken by QUB for these experiments, in the presence of gelatin, using
neat HBS-EP buffer and 1:16 diluted HBS-EP buffer. The 1:16 diluted HBS-EP buffer
was used for the nanoband sensor. Individual serum samples and pooled blood samples
were both analysed using the SPR. HN modified sensors responded to seronegative and
seropositive blood samples as expected, however the response was larger for the
seropositive samples than for the seronegative samples. NSB causes a large contribution
in the SPR results, however upon background subtraction, both seropositive and
seronegative samples produced a similar performance to the immunoassay trend, see
Figure 6.11. These results provide the initial insight of the non-specific binding behaviour

on our EIS sensors. It was observed that the trends of all three techniques were

comparable.
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Figure 6.11: SPR data produced in GIT, by partners in QUB, for HN detection with and without
gelatin.

6.3.7 Effect of two Sensing Techniques on one Electrode

As outlined in the experimental section (6.2.3.4), EIS measurements were undertaken
first, followed by MOSFET scans, then a second set of EIS scans. This method was
employed for all the modification steps. It was observed that the first set of EIS scans
taken, for all the modification steps, presented a working immunoassay. The second set
of EIS results, preceding the FET measurements, illustrated in Figure 6.12, demonstrated
significant decreases in comparison to the first EIS scans. As the electrode was functional
for the full experiment, and didn’t break after the first MOSFET measurement; it is

predicted that the reduced signal observed may be due to charges still present in the
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electrode subsequent to the MOSFET scans. Further work is required to fully comprehend

these observations.
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Figure 6.12: Comparison between two sets of impedance values for the detection of three
seropositive BP13-V samples at different dilutions. The first scan (black dots) was taken prior to
the FET scans and the second scans (red dots) were taken directly after the FET sans.
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6.4 Conclusions

In this chapter, the work undertaken in Georgia Institute of Technology, with partners
from GIT and Queens University Belfast, was presented. We combined potentiometric
FET-based sensing and electrochemical impedance techniques to undertake the label-free
detection of antibody-antigen interactions on a shared sensor platform. The modified
nanoband chips presented in chapter 4, were used as the common WE platform. The dual
sensing method was ultimately used to detect bovine parainfluenza antibodies in a
complex blood system using Hemagglutinin-Neuraminidase (synthesised in Queens
University Belfast).

The sensor was first subjected to a trial immunoassay to investigate the functionality of
the dual sensing method. Successful demonstrations of the detection of Hp/ anti-Hp
complex in PBS buffer only, established the sensor capabilities for use in faradaic and
non-faradaic systems (i.e. presence and absence of a redox probe). Additionally, the FET
and EIS data revealed comparable results for the model systems and a correlation between
surface potential of the FET and charge transfer resistance of EIS, using the Butler-
Volmer equation. This direct comparison sheds light on the fundamental origins of
sensing signals produced by FET and EIS biosensors, as well as the correlation between

the two.

Fish gelatin (1%) was also investigated, in this chapter, as an additional blocking step to
minimise the NSB from serum samples. A test assay with gelatin modification, i.e. no
active surface, was incubated in seronegative samples diluted with 1:16 HBS-EP buffer.
Results revealed that although the gelatin does show slight reduction in NSB; its use alone
does not provide the blocking required for the complex. The use of a neat HBS-EP rinsing
buffer (160 mM) which has a higher concentration of the surfactant Tween-20, removed
the weakly bound proteins that contributed to the NSB on the electrode. The presence of
gelatin was further investigated using a second model complex (BSA/ anti-BSA Ab),
which successfully demonstrated that gelatin does not interfere with the binding of Ab-

Ag complexes.
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The nanoband sensors were challenged to detection of BPI3-V antibodies in a blood
serum samples using HN as the electrode modification capture protein; employing both
sensing mechanisms. The HN protein from QUB performs well compared to SPR data.
NSB remained an issue when samples were diluted in 1:16 HBS-EP buffer. SPR data
show that this was significantly reduced with neat HBS-EP buffer (160 mM). Again, the
relationship between signals from potentiometric and impedance sensors, AV and Rt
respectively, agrees well with Butler-Volmer theory. The results further confirm the
correlation between potentiometric and impedance sensors. Furthermore, with assay
times of typically ~20 minutes, these findings suggest that the electrical sensor is a
promising tool for use in future portable devices required for on-farm diagnostic

applications.
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7.1 Summary

The original intent of this PhD work was to develop a commercially viable sensing
platform that could be used at the point of care for applications in the agricultural and
food industries. The intended devices were cost-effective, robust and highly reproducible
sensing systems for effective determination of food contaminants and disease states. As
outlined in the introduction chapter, there are a large number of sensing technigques and
mechanisms that could be employed for these devices. SERS and EIS were selected as
our two sensing methods as they both deliver sensitive and direct determination of
analytes, and provide a non-destructive means for the characterisation of the sensor
interfaces. To this end, two functional device platforms were developed, employing
nanoscale sensing surfaces; (i) a SERS sensor and (ii) an electrochemical impedance

Sensor.

In Chapter 2, the simple fabrication of a polymer based SERS substrate was presented
using a nanostructured soda can as a template. Simulations and control experiments
confirmed that the Raman signal enhancement ~10° arose from the gaps (“hot spots™)
between the Ag clusters occurring throughout the Ag layer and that the signals observed
with these substrates arose predominantly from an electromagnetic effect. The
transparent substrates also permitted back excitation and SERS detection through the
substrate. The sensor demonstrated quantitative detection as well as a low LOD (~200
pg/mL) for the detection of dye molecule crystal violet. Versatility of the sensor
performance was confirmed from the detection of trace amounts of melamine in milk and

infant formula, as well as the detection of glucose via surface modification.

Chapter 3 focused on employing the SERS sensors in combination with electrochemical
sensors for the environmental detection of neonicotinoid pesticides. Firstly, Raman and
SERS analysis of two pesticides, imidacloprid and clothianidin, were performed to
establish the characteristic vibrations of the molecules. All these vibration modes were
subsequently assigned using a combination of the literature and the DFT simulated
vibrations. A shift in wavenumber between the SERS and Raman spectra were observed,
as expected, due to the adsorption of molecules to the substrate’s silver surface. Gold
nanowire array electrodes (4 x 100 nm) were fabricated on silicon chips using e-beam

lithography, and applied to the detection of the neonicotinoids using square wave
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voltammetry, alongside SERS determination. Well defined characteristic reduction peaks
of nitro groups from neonicotinoid insecticides were resolved with SWV, permitting
LOD’s of ~1 ng/mL for both compounds, and were simultaneously validated with SERS

analysis on the prepared aqueous solutions.

In Chapter 4, a new electrochemical sensor chip design was introduced, which comprised
of six single on-chip nanoband electrodes, and a micro SD style pin-out connection. The
objective was to modify the original chip design by increasing the inter-electrode spacing
to permit independent modification of electrode and to facilitate easy connection to
external circuitry via the new SD port. Moreover, the pin-out allows easy replacement of
disposable biosensor chips in a final diagnostic device. Firstly, different surface
chemistries were examined to develop a stable and reproducible method of immobilising
biomolecules onto the electrode surface. The sensor performance was then assessed by
challenging it with detection of virus and antibody target analytes in different media of
increasing biological complexity, i.e. buffer and diluted serum samples. Ultimately, the
sensor demonstrated co-detection of both BVD antibodies and BVD virus in whole
bovine serum, using electrochemical impedance spectroscopy. The sensor also
discriminated between disease positive and disease negative serum samples from both
transiently and permanently infected calves. These detection capabilities in whole serum
are an essential prerequisite for on-farm BVD serological screening and surveillance.
BVD assay time-to-result was typically ~20 minutes, which also satisfies the time

requirements for on-farm analysis.

Chapter 5 is a short chapter which focused on further development of applications for the
microSD affinity sensors. Here, some of the preliminary results for the detection of a
parasitic bovine liver fluke were presented. The selective detection of anti-Fasciola
antibodies in serum samples was shown by employing a protease enzyme, cathepsin L1,
as the immobilised capture biomolecule. Impedimetric investigation of several different

serum samples revealed the same serostatus as ELISA data on the same samples.

In this chapter 6, a potentiometric FET-based sensing method (from Georgia Institute of
Technology) was introduced in combination with electrochemical impedance
spectroscopy. The objectives of this chapter were to employ the nanoband sensor chip,

used in Chapter 4, as a shared platform for combined Label-free FET/EIS detection of

266



Chapter 7

antibody-antigen interactions. The dual sensing method was used to detect bovine
parainfluenza antibodies in a complex blood system using Hemagglutinin-Neuraminidase
protein as the capture probe (synthesised by Queens University Belfast).

Furthermore, a correlation between surface potential of the FET and charge transfer
resistance of EIS, was discovered. The blocking efficiency of the nanoband electrode was
also assessed; using fish gelatin as an additional blocking step. The gelatin showed a slight
reduction in NSB but it was found that the introduction of neat HBS-EP rinsing buffer
(160 mM) containing the surfactant tween-20, worked more effectively in removing the

weakly bound proteins that contributed to the NSB on the electrode.

To conclude, this thesis presents two sensing platforms that display POC capabilities for
agri-food applications. The SERS substrate has a simple fabrication mechanism which
exhibits a high enhancement factor, while providing a rapid analysis of a variety of
analytes. The impedance sensor provides a simple and sensitive diagnosis of biomarkers
in biological fluids at low concentrations. The re-design of the electrochemical sensor
chips provided a platform in which multiplexed diagnostics could be performed and also
allows the integration of micro-fluidics which will be discussed in the future work section.
Furthermore, the label-free detection methods that were employed, avoids the use of
expensive and time consuming pre-treatment processes and makes these sensor designs

even more attractive for POC multiplexed analysis.

267



Chapter 7

7.2 Future Work

During the course of this work, proof-of-concept immunosensors were developed for the
detection of antibody-antigen complexes, whereby both biomolecules were employed as
the capture probe. There is now a great opportunity to further exploit the capabilities of
these devices. Furthermore, the sensors need to move out of proof-of-concept stages and
towards development of viable commercial product. In order to achieve this, the
sensitivity and selectivity of the sensors must be improved. Although the methods
presented in this thesis are both sensitive and selective, employing interdigitated
electrodes and microfluidic channels will create the standard of biosensor required for

commercialisation.

The future experiments will be transferred from the nanoband sensor platforms onto
interdigitated electrode arrays (IDE). The chip will remain the same with the SD pin-out
but the 6 working electrodes will have an IDE design. By maintaining the inter-electrode
separation at the nanoscale (~500 nm) reduces the solution impedance when one comb
electrode is biased against a second. Using this approach, significantly smaller changes
in impedance may be detected (due to the lower background) giving to up to 100 times
increase in sensitivity compared to interdigitated microelectrodes. The nanoscale
separation will also confine the electric field to within 200 nm of the surface of the
interdigitated electrode, i.e. within the bio-molecular binding region, thus further

increasing sensitivity.

A spotting technique was employed to independently modify nanoband electrodes for
multiplexing applications in Chapters 4, 5 and 6. While this process is effective, it is not
efficient and would be complicated to integrate into scalable processing techniques. The
development of these sensors to become feasible products requires the introduction of a
microfluidic mask, in order to facilitate the modification process so as to allow mass
production. In addition, a microfluidic mask is necessary to enable a multichannel sensing
platform. One positive control channel will be employed to confirm assay functionality,
i.e. reducing false negatives, and one negative control will be used to correct for
noise/drift and non-specific binding, thereby reducing false positives. This microfluidic
sensor would also enable further collaboration with GIT and QUB, on the dual sensing
EIS/FET platform. Preliminary work in developing polymer microfluidic moulds, for use
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with the SD sensor chips, has been undertaken, see Figure 7.1. The initial mould designs
were undertaken by Dr. Sean Barry, however have been updated since. Microfluidic
technology seeks to improve analytical performance by integrating multiple processes in
a single device as well as by increasing sensor reliability and sensitivity while reducing

sample volume and analysis time.

Figure 7.1: Initial designs for the microfluidic mould (a) the aluminium mould design (left) with
schematic overlay of the chips (right), (b) PDMS bonded onto a sensor chip with 6 channels filled
with different dyes and inserted into the microSD pin out. (c) Optical micrographs of the fluidic
channels overlaying the electrodes.

These features are particularly suitable for immunoassay applications. Wet PDMS can be
templated with the aluminium cast then heat cured to produce a PDMS microfluidic
mould. This mould and the silicon chip are plasma cleaned to produce the required OH
groups for surface binding. The mould is then aligned with alignment marks on the chips
and both chip and mould are pushed together. Pressure is applied for several seconds to
allow the binding to occur. The 6 micro-channels overlay the 6 electrodes and sections of
both the counter and reference electrodes. The PDMS is aligned so that the chip’s micro-
SD connection pads are not blocked and can connect via the SD port. Holes at each end
of the channel allow fluid to be pumped though for electrode functionalisation. Although

we have produced the initial fluidic platform, electrode characterisation needs to be
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undertaken and followed by assay development. Future work also needs to investigate the
use of different polymers for fabrication, as PDMS is reported to allow adsorption of
biomolecules. Moreover the PDMS moulds are being permanently bonded to the chips
which reduce the potential applications for the sensors. Thus, reversible bonding would
be a good asset for the sensor. The pumping mechanisms, i.e. by capillary force, injection
or suction, needs to be assessed to reduce leakages in the mould. For example, a PMMA
platform with built in channels could be a solution, whereby the chip would be placed
into the platform and encompassed like a chip holder. The application of a microfluidic
channel, coupled with coating the sensors with specific capture probe biomolecules and
control molecules, will provide the necessary speed and specificity for further product

development.

Additionally, more sensor experiments are required to improve sensor performance,
particularly for bovine liver fluke detection. The preliminary detection of anti-Fasciola
antibodies were presented in Chapter 5. These antibodies have the advantage of being
present in the blood as early as two weeks post infection. This is far before the presence
of eggs in the faeces (over two months), which is the current detection method on-farm.
However, antibody detection tests are incapable of differentiating between the past and
present infections, since antibodies may persist in the subject for years post treatment.
Moreover, in fascioliasis, antigenemia concentration depletes and become undetectable
in later phases of infection, so it is necessary to detect both the antibody and antigen for
remote analysis. Hence for future work, we aim to develop a sensor that will detect both
biomolecules in serum, employing the above mentioned microfluidic channels.
Combining both tests on one sensor will increase the selectivity of the sensor for
Fasciola detection, similar to the dual sensing discussed in the previous chapter, both

results would have to be valid to ensure a trustworthy result.

Regarding the SERS work in Chapter 3, the next step is to co-localise the SERS and
electrochemical sensing onto a single sensor to enable a dual sensing approach from both
techniques. Further work would involve developing the connectivity of these devices, to

utilise the cloud, and incorporate them into the Internet of Things network.
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Al. Abbreviations and Acronyms

4-ABT
AAO
Ab
AFM
Ag/AgCI
Al

Au
BHV
BPI3V
BRD
BRSV
BSA
BVD
CAT L1
CCD
CE

CM
CPE
Crv
CVv
DFT

DI
DNA
DT
EBL
EDC
EF
EFSA
EGFET
EIS

4- Aminobenzenethiol

Anodic Alumina Oxide

Antibody

Atomic Force Microscopy
Silver/Silver Chloride

Aluminium

Gold

Bovine Herpes Virus (Infectious Bovine Rhinotracheitis — IBR)
Bovine Parainfluenza 3 Viruse
Bovine Respiratory Disease

Bovine Respiratory Syncytial Virus
Bovine Serum Albumin

Bovine Viral Diarrhoea

Cathepsin L1

Charge-Coupled Detector

Counter Electrode

Chemical Mechanism

Constant phase element

Crystal Violet

Cyclic Voltammetry

Density functional theory
Deionised

Deoxyribonucleic acid
1-Decanethiol

Electron Beam Lithography
N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
Enhancement Factor

European Food Safety Authority
Extended gate field-effect transistor

Electrochemical impedance spectroscopy

271



Appendices

ELISA
EM
FAO
FcCOOH
FEM
FET
gE
H2S04
HN
HOMO
Hp
ISFET
LOD
LSPR
LUMO
MDA
MG
MH
MOFET
MRL
NaOH
NHS
NP
NSB
NW
0-ABA
0-PD
OoP
PBS
PCB
PDMS
Pl
PMMA
POC

Enzyme-linked immunosorbent assay
Electromagnetic Mechanism

Food and Agriculture Organisation
Ferrocenemonocarboxylic Acid
Finite Element Method

Field-effect transistor

Glycoprotein E

Sulphuric acid

Hemagglutinin neuraminidase
Highest Occupied Molecular Orbital
Haptoglobin

lon-sensitive field-effect transistor
Limit of Detection

Localised Surface Plasmon Resonance
Lowest Unoccupied Molecular Orbital
16-Mercaptohexadecanoic acid
Malachite Green

Mercaptohexanol
Metal—oxide—semiconductor field-effect transistor
Minimum Residue Limit

Sodium Hydroxide
N-Hydroxysuccinimide

Nanoparticle

Non-specific binding

Nanowire

ortho-aminobenzoic acid
ortho-phenelenediamine
Organophosphate

Phosphate Buffered Saline

Printed Circuit Board
Polydimethylsiloxane

Persistently Infected
Polymethylmethacrylate

Point-of-care
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PS

Pt
PTFE
PVDF
RE
SAM
SEM
SERS
SiN
SPR
SWV
Tl
WE

Polystyrene

Platinum
Polytetrafluoroethylene
Polyvinylidene Fluoride
Reference electrode
Self-assembly monolayer
Scanning Electron Microscopy
Surface Enhanced Raman Scattering/ Spectroscopy
Silicon Nitride

Surface plasmon resonance
Square Wave Voltammetry
Transiently Infected

Working Electrode
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A3. Publications in Submitted or in Preparation

1. Creedon, N.; Sayers, R.; Barry, S.; O’Sullivan, B.; Lovera, P.; O’Riordan, A. “Label-
free impedimetric sensor for Bovine Viral Diarrhoea virus (BVDV) and antibody
(BVDAD) detection in serum” — Submitted, Biosensors and Bioelectronics, 2018

2. Creedon, N.; Montrose, A.; O’Riordan, A. “Application of Gold Nanowire
Electrodes for Spectro-electrochemical Detection of Neonicotinoid Insecticides” —
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3. Creedon, N.; Montrose, A.; Tsai, MG.; Tarasov A.; Gray, D.; Shields, N. ;Mooney,
M.; Vogel, E.; O’Riordan, A. “Impedimetric and Potentiometric Dual Immunosensor

for Rapid Detection of Bovine Parainfluenza 3 Virus” — In preparation

A4. Conferences Attended

1. Agri-Tech Pitch, Tyndall Technology days, Cork, October 2017 “Smart sensing for

agriculture, environment & security” (Oral Pitching Presentation)

2. Powering the 10T Pitch, Tyndall Technology days, Dublin, October 2016 “Agri-

Food smart sensor systems” (Oral Pitching Presentation)

3. Innovation Arena Judging, National Ploughing Championship, “Nanosensor systems

for on-farm disease diagnostics” Offaly, September 2016 (Oral Presentation)

4. Postgraduate Research Day, UCC, August 2016 “Fabrication of transparent Polymer-
based Surface Enhanced Raman Spectroscopy (SERS) Sensors” (Oral Presentation)

5. Nanonet Ireland Conference, University of Limerick, October 2016 , “Rapid
Electrochemical Detection of Bovine Viral Diarrhoea Disease in Serum” (Poster

Presentation)

6. 29th World Buiatrics Congress, Dublin, July 2016. “Nanowire-based
electrochemical detection of Bovine Viral Diarrhoea virus in serum” (Poster

Presentation)

7. 68th Irish Universities Chemistry Research Colloquium, “Nanowire-based, Label-

free Electrochemical Detection of Bovine Respiratory Disease Pathogens in Serum”

UCC, June 2016 (Oral Presentation)

8. Conference of Analytical Sciences in Ireland, CASi - National Center for Sensor
Research, Dublin City University, April 2016, “Soda Can Templated Flexible
Polymer SERS Substrates for multiple sensing applications” (Oral and Poster
Presentation)
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9. Tyndall SAFE and ICT Conference, Tyndall Technology days, Cork, October 2014

“Electrochemical sensing of Neonicotinoid Pesticides” (Oral Pitching Presentation)

10. Second Food Integrity and Traceability Conference, Queens University Belfast,
March 2014 “Low-cost SERS Substrates for Rapid Detection of Contaminants in

Food Products” (Poster Presentation)

A5. Awards

1. Gold Medal Award, Most innovative Research Emerging from 3rd Level
“Nanosensor systems for on-farm disease diagnostics” Innovation Arena, National

Ploughing Championship, Offaly, September 2016

2. First Place, Best Presentation, “Soda Can Templated Flexible Polymer SERS
Substrates for multiple sensing applications” CASi - National Center for Sensor
Research, Dublin City University, April 2016

3.  Second Place, Student Poster Competition “Rapid BVD Disease detection in
Serum” Postgraduate Research Day, Tyndall, August 2015

4.  Third Place, Poster Competition “AgriSense: Multichannel Disposable Sensors for
Animal Health Disease Diagnostics” Second Food Integrity and Traceability
Conference, Queens University Belfast, March 2014
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