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1 INTRODUCTION

1.1 AIMS AND RATIONALE
The aim of this work is to develop a biosensor capable of detecting bacteria

through the specific detection of intracellular hydrogen peroxide. When
bacteria interact with host phagocytic immune cells there is a burst of reactive
oxygen species known as the respiratory burst!. Traditionally this is thought to
be along and extended production of reactive oxygen species. Recent advances
however, have shown that the respiratory burst can be more dynamic with a
fast and rapid response to bacteria’. Conventional techniques for the
measurement of reactive oxygen species are limited in their ability to
differentiate between reactive oxygen species and to detect them in a time

sensitive manner.

In order to fulfil this need for a rapid sensor, an electrochemical nano-biosensor
was developed that can interface with cells interacting with the cell cytoplasm
and detect hydrogen peroxide in a time and concentration dependent manner.
Such a development is a vital first step in the production of a rapid diagnostic
device that will aid physicians in correctly treating bacterial infection and will

be of particular use in the treatment of sepsis.

1.2 INTRODUCTION
Reactive oxygen species (ROS) are involved in many different diseases including

Parkinson’s, arthritis, inflammation and sepsis3®.
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Sepsis is the disproportional immune response to an infection and can cause
major health complications in patients including multiple organ failure and
death. The likelihood of a patient surviving sepsis is directly linked to the time
taken to correctly identify and treat the infection’. It has been shown that for
every hour that the appropriate treatment is delayed sepsis-related mortality
increases by 8%2. However, clinical techniques currently in use can take up to
48 hours to identify the precise cause of the symptoms allowing sepsis to
develop further. New techniques able to detect and identify the bacterial

infection would be key in the appropriate treatment of sepsis with patients.

Currently clinicians qualitatively diagnose the likelihood of bacterial infection
based on the patient’s heart rate, blood pressure and temperature®. Once an
infection is suspected further tests are carried out such as taking urine or blood
samples to determine type of infection and using imaging techniques such as
X-ray, ultrasound or CT scans used to help define the infected region®. A
common biomarker currently used to detect the presence of a bacterial
infection is procalcitonin (PCT), though it is mainly used for respiratory tract
infections'*13, The concentration of PCT correlates to infection severity and is
used as a guideline for treatment. However, whilst a useful biomarker to detect
the presence of an infection, it cannot distinguish between serotypes of

bacteria.

It is well established that when bacteria interact with the innate immune
system there is a respiratory burst. This is a burst of ROS from phagocytes that

are involved in host defence, specifically phagocytosis. How the host immune
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system recognises bacteria and what ROS it produces could be the key in
developing a test to distinguish between bacterial serotypes and for accurate
diagnosis leading to a decrease in time from symptoms appearing and the

appropriate treatment applied.

1.2.1 Reactive Oxygen Species

Reactive oxygen species (ROS) are a class of molecules that are derived from
oxygen metabolism. With the exception of hydrogen peroxide and hydroxide
ions, they are all radicals with an unpaired electron in their outer shell making
them highly reactive and act as rapid oxidisers of target proteins. ROS are
ubiquitously expressed in a strictly controlled manner and play diverse roles
that are dictated by their concentration and location. Other than their roles in
normal cellular function, ROS play intricate roles in various diseases and
inflammation where they are upregulated. The concentration of ROS within a
cell can determine whether or not the cell divides'* and grows normally or
triggers apoptosis. For example, it has been shown that hydrogen peroxide at
concentrations of < 0.7 uM supports proliferation, triggers apoptosis between
1-3 uM and concentrations of more than 3 uM causes cellular necrosis!>.
Biology has, therefore, evolved intricate regulation mechanisms to control the
concentration of endogenously produced ROS to within cellular limits by strictly
controlling their formation and degradation. The normal steady state cellular

concentration of hydrogen peroxide being between 10 and 107 M6,

Originally thought to be toxic substances, the discovery that ROS are produced

as by-products of aerobic metabolism led to the belief that low concentrations
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of ROS are involved in signal transduction®” 18, ROS production in prokaryotes
has been shown to allow for adaptation to changes in the environment® and
adapting to stress by the activation of various transcription factors?°. Hydrogen
peroxide has been shown to be key in signal transduction through its ability to
reversibly oxidise cysteine residues on target proteins?' 22, Oxidation of a thiol
group forms sulfenic acid (R-SOH) which can be further altered resulting in
either a disulphide bridge (internally or between two proteins) or forming a
glutathione conjugate (R-S-SG)?% 24, These modifications are achieved via the
antioxidant glutathione (GSH)?° and can be reversed by the action of
thioredoxin (Trx) and nicotinamide adenine dinucleotide phosphate (NADPH).
Thioredoxin is a small ubiquitous protein that aids in many biosynthetic
pathways and acts as a transcriptional control®. The modification of these
target proteins can control the activation or inactivation of various genetic
pathways. However, at higher concentrations hydrogen peroxide can cause
irreversible, permanent protein damage!® through further oxidation of the
sulfenic acid into sulfonic acids (R-SO;H or R-SOsH) (Figure 1.1). Signal
transduction via thiol modifications is thought to act in the same way as
phosphorylation and dephosphorylation of proteins can activate and

deactivate molecules?®.
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Figure 1-1 Schematic of how thiol residues on proteins react with hydrogen peroxide
to form sulfenic acid, sulfonic acid, disulphide bridges and glutathione conjugation.

Due to their reactive nature, the targets of ROS are often determined based on
the sub-cellular location of where they are generated. For example, the targets
of ROS generated by NADPH oxidase (NOX), a membrane bound complex, tend
to be near the plasma membrane!®. NOX and mitochondrial ROS*> 27?8 are two
of the main producers of superoxide and subsequently hydrogen peroxide
within eukaryotic cells. Hydrogen peroxide lasts considerably longer in solution
than other ROS so can affect a wider range of targets by diffusion with a
diffusion distance of up to 1600 pm while superoxide only diffuses
approximately 40 um before reacting?’. This is of course, highly dependent on
pH, metal ion content and composition of degrading enzymes within the

cytosol.

ROS produced by NOX2 have been shown to play a protective role in

autoimmune diseases by mediating the inflammatory response to pathogens?®
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However, immune cells can produce ROS that exceed the cellular limits at which
point their reactive nature becomes highly dangerous as can be seen in many
diseases and disorders3-32 and is the cause of cellular damage and apoptosis33.
Phagocytic cells also however, use these higher concentrations of ROS to aid in
the destruction of pathogens. One of the many enzymes involved in the
neutralisation of ROS, is the superoxide dismutase 2 (SOD2) enzyme which has
been shown to be a key antioxidant produced in mitochondria in response to
increased ROS production3*. Enzymes such as SOD2 have been shown to display
remarkable selectivity to specific ROS making enzymatic methods of ROS
neutralisation a target of research, particularly in the study of autoimmune

disorders.

Due to the diverse roles of ROS in both cell life and death, they are an
important topic of study; however, because of their high reactivity and
transient nature this is extremely difficult. Another difficulty in the study of ROS
is in the number of forms they can take; including hydrogen peroxide,
superoxide anions and hydroxyl ions. All however, are intrinsically linked to one
another in their production, propagation and destruction within the cell making
it difficult to measure one specific ROS. Figure 1.2 shows how some of the
various ROS are connected in their production and destruction. Superoxide
radicals are formed from oxygen either by the mitochondrial electron transport
chain (ETC) or through enzymes such as NOX. These are then transformed into
hydrogen peroxide through enzymes such as SOD. Hydrogen peroxide can then

form a variety of ROS including hypochlorous acid through the enzyme
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myeloperoxidase (MPQO), hydroxyl radicals through iron or be neutralised

through catalase which transforms it into water3> 36,

NOX -
O, —fc— H,0,

2
C
f?fe/
6}5\@
+

HOCl

Figure 1-2 Schematic displaying the relationship between different reactive oxygen
species. MPO=myeloperoxidase. SOD= superoxide dismutase, ETC= electron transport
chain.

1.2.2 Reactive Oxygen Species and The Immune System

NADPH Oxidases

The respiratory burst after infection was first noticed in the 1930’s®’. Originally
thought to be produced from mitochondria, the burst was unresponsive to
mitochondrial inhibitor studies32. It wasn’t until three decades later that the
mystery of the respiratory burst was assigned to an additional class of
oxidases® now referred to as NADPH oxidases (NOXs). Despite knowing there
was a family of oxidases responsible for the respiratory burst, isolating and
purifying them for structural analysis proved to be extremely challenging.

740 complete purification was impossible

Described as the “elusive pimpernel,
due to the instability of NOX proteins and their sensitivity to salts*'. While
scientists were attempting to solve this dilemma, another b-type cytochrome

present in neutrophils was purified and recognised*? *3 to be of similar function

to the NOX family of proteins and shown to be missing in patients with chronic
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granulomatous disease (CGD)** 4>, CGD affects 1:200,000 people*® and is a
result of defects in NOX*'. Patients with CGD are hypersensitive to infection
with a build-up of granulomas from neutrophils that are defective in killing
bacteria due to a low respiratory burst*® 4° so phagocytes within the cells build
up? 50, Infections to CGD patients are often life threatening®. With NOX being
identified as the key protein responsible for CGD it is clear that the ROS
response to bacteria is vitally important and it is essential to know how NOX

functions in response to infection.

NOXis made up of several subunits responsible both for function and regulation
of activity. There are two subunits that span the plasma membrane: gp91Phox
(also referred to as cytochrome b or NOX2) and p22Ph°*, Together gp91°P" and
p22PhoX make a mutually stabilising complex®! known as flavocytochrome bss®?
which contains the catalytic machinery required to oxidise NADPH and reduce
02 in to superoxide. The electron transfer mechanism for this will be discussed
in depth later. Three redox co-factors are involved>3>> in the oxidation of
NADPH, all of which are located on gp91P"°*. These are FAD and two iron
protoporphyrin IX (haem b) molecules. FAD is non-covalently bound to gp91Phox
and is essential for electron transport from NADPH to the two haem
molecules®® 7. Within the cytosol there are three key regulatory subunits of
NOX: p47°P"°%, p40P"X gand p67P"* and the GTPase RAC®8. When NOX is inactive
an inhibitory region of p47P"°* combines with a bis-SH3 domain®® ¢ on gp91Phox
which prevents its binding to p22Ph°*. RAC is also tethered to the inhibitor
RhoGDI. The multiple inhibitors involved in NOX are thought to ensure NOX is

not activated accidentally. Despite this, when active, the NOX complex can
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produce large concentrations of superoxide within 30 s>! at a rate of 20 mM.s™%

61

Unsurprisingly, activation of NOX requires phosphorylation at multiple sites on
all subunits. P47P"°% is phosphorylated at multiple sites and is thought to start
a chain reaction in phosphorylation of the other subunits. It is also a possibility
that some of the phosphorylation sites are involved in the deactivation of
NOX®2. P47°Phox gnd p67P"* are strongly associated with various cytoskeletal
components including moesin and actin, which aid in bringing the subunits
together upon activation®3, A schematic of NOX2 and all its subunits can be

seen in Figure 1.3.

91phox e-
) &
Sl

|

Figure 1-3 Assembled subunits of NOX2 including depictions of haem proteins (Fe**)
FAD and NADPH are non-covalently tethered to cytosolic C-terminus of gp91°".
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NOX’s microbicidal activity is from its ability to produce ROS, superoxide and
hydrogen peroxide in particular, which act as inflammatory mediators®”-%°, This
is from the joint oxidation of NADPH and reduction of O; to superoxide. This is
achieved through a series of electron transfers from NADPH to flavin adenine
dinucleotide (FAD) and through the two haem proteins before finally reaching
the O2. FAD here is used to convert a two-electron transfer to a one-electron
transfer’C. It is this initial step that is the rate-limiting step in oxidase turnover.
FAD is reduced to a semiquinone before the electron passes through the outer
and inner haems via cytochrome b’! (Figure 1.4). It is generally believed that
superoxide is produced extracellularly. The transfer of electrons from NADPH
within the cytosol to extracellular oxygen therefore creates a charge across the
membrane’2. Potassium ions are transported into the cell to compensate for
the charge. The alkaline pH and influx of potassium causes protease release
which is suggested to be an alternative method for bacterial destruction that is
ROS independent’2. While this may aid in bacterial clearance it is likely to be
secondary to the ROS dependent mechanisms or may even be pathogen

specific’? 73,
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NADPH FAD )( Cyt. b (req) Cyt. b (ox) 07,
FAD Cyt. b o) CYL. b (req) 0,

semiquinone)( Cyt b (red) C\/t b (ox.) O"2
NADP I:AD(red) C\/t. b (ox.) C\/t b (red) 02
Inner Haem Outer Haem

Figure 1-4 Adapted from reference >? depicting electron transfer chain from NADPH to
oxygen via the inner and outer haem proteins.

Historically it is believed that NOX produces superoxide extracellularly which is
then rapidly converted into hydrogen peroxide. However, the enzyme required
for the conversion of superoxide into hydrogen peroxide (SOD) is located within
the cytosol. There is now emerging evidence that superoxide may also be
produced within the cell?. This may be largely due to developing technologies
now capable of measuring ROS intracellularly which has been a major limitation
in research. Methods for ROS detection will be discussed in depth later (section

1.2.3).

The timescale of the respiratory burst produced from NOX reported has largely
been technique dependent. There is no doubt that the increase of ROS
produced in phagocytes after infection is due to NOX, as many inhibitory
studies have been conducted over the years, particularly utilising the NOX
inhibitor diphenyleneiodonium (DPI)’* 7>. Lambeth et al. report that
neutrophils, once activated, can produce ROS within 30 seconds>! though the

technique is not mentioned. While Carrichon et al. report intracellular
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hydrogen peroxide detection between 30 seconds and 7 minutes using a
chemiluminescence assay’®. More recently, Rawson et al. reported NOX
dependent ROS production within 5 seconds of activation by stimuli2. So, while
the origin of ROS is agreed to be from NOX, the timeline of events is still under
discussion. As is the question of whether the enzyme is already primed or
partially activated ready to respond quickly or if there is a time delay due to the

need for individual components to be activated and assembled.

Toll-Like Receptors

Host immune cells recognise a bacterial threat through pathogen associated
molecular pattern (PAMP) that interact with pattern recognition receptors
(PRRs) which in turn activate the innate immune system’”. A specific type of
PRR that is of particular use in detecting gram negative bacteria are toll like
receptors (TLRs), which are transmembrane homodimer receptors. TLRs
recognise and react to the lipopolysaccharides (LPS) present on the outer
membrane of gram-negative bacteria (see Figure 1.5). TLRs are classed as type
| integral membrane receptors with an extracellular, horseshoe shaped domain
and a transmembrane helix that connects the extracellular to the intracellular
signalling domains’®. They do not do recognise bacterial infection alone,
however, as various other molecules are needed first to bind to the LPS and

transport it to TLR.

LPS are endotoxins comprised of a lipid A moiety and a series of
polysaccharides. These can be separated into multiple components: the inner

core, outer core and the O specific chain. Together these make for LPS that can
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vary in length and branching and is highly variable between bacterial

serotypes’®.

[A] [B]

Lipopolysaccharides / ~ \

(LPS)

O specific Chain A

Outer Membrane Outer Core A

Inner Core 4

Periplasmic Space— STinaan® :
000000000000¢ ° Lipid A -

Inner Membrane K L /

Peptidoglycans

Figure 1-5 [A] Double membrane structure of gram- negative bacteria. [B] General
structure of wild type lipopolysaccharides.

The first molecule to interact with the LPS from Gram-negative bacteria is
lipopolysaccharide binding protein (LBP). LBP is a serum glycoprotein®-82 that
has been shown to be essential in preventing septic shock from Gram-negative
bacteria®. LBP is capable of intercalating with lipid bilayers that have a negative
surface charge like bacterial cell membranes. Once embedded in the
membrane, LPS binds to LBP on both sides of the membrane. The binding on
the extracellular portion of LBP triggers a conformational change allowing the
release of LPS from the bacterial membrane®. LBP shuttles LPS to CD1478 which
can be either membrane bound or soluble depending on the tissue type. CD14
is a glycosylphosphatidylinositol linked glycoprotein that in macrophage cells is

expressed as membrane bound®> 8. CD14 then passes LPS onto a small LPS
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binding element, MD-2, that has a large internal hydrophobic binding pocket
ideal for binding molecules such as LPS’8. MD-2 is complexed with TLR4 through
hydrophilic interactions®” 88, While MD-2 contains the binding pocket for LPS,
TLR4 is responsible for the intracellular response. Upon binding of LPS to the
MD-2/TLR4 complex, TLR4 dimerises leading to the association of the

intracellular domains and recruitment of various signalling adaptors.

The primary signalling adaptor of interest recruited is myeloid differentiation
factor-88 (MyD88) which in turn recruits IL-1R-associated kinase 4 (IRAK4).
IRAK4 is auto-phosphorylated upon interaction with MyD88/TLR4 and leaves
the complex to interact with tumour necrosis factor receptor-associated factor
6 (TRAF6). Activated TRAF6 is capable of activating multiple signalling pathways
including the NF-kB and MAPK pathways. IRAK4 however, phosphorylates
p47Pho* which activates the NOX2 complex resulting in ROS production as

discussed. A summary of this pathway is seen in Figure 1.6.
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Figure 1-6 Simplified cartoon overview of how Gram-negative bacteria cause
intracellular production of reactive oxygen species and activate various signalling
pathways. (1) LBP interacts with bacteria and harvests LPS. (2)LBP confers LPS to

CD14 (3)CD14 transfers LPS to the TLR4/MD-2 complex. (4)TLR4 dimerises. (5)

Intracellular signalling adaptors assembled. (6) Activation of pathways through IRAK4
and TRAF6.
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There has been a great deal of research developing methods specific for LPS
detection with varying success. A commercial kit for LPS detection is available
based on a colorimetric assay where a yellow colour is produced when the
protein limulus amebocyte lysate (LAL), isolated from crabs, reacts with
endotoxins®. This LAL assay however cannot differentiate between bacterial
serotypes and is very easily contaminated. Other tests for LPS detection utilise
a variety of techniques to achieve specificity including aptamers and

bacteriophages® °.

Aptamers are single stranded oligonucleotides that are designed to bind to a
specific molecule with high specificity and affinity®2. They have been designed
as an alternative to using antibodies which are extremely expensive to develop
and are up to one hundred times smaller than antibodies. Aptamers have
proven to be an efficient recognition element®! and are re-useable®3. However,
to date only one aptamer has been approved for therapeutic use®* with the
main disadvantage being the extreme difficulty in their synthesis®2.
Bacteriophages have proven to be a successful alternative to both LAL and
aptamer-based assays being extremely sensitive and easily modified as an
addition to an electrode surface. There is however, limited sensitivity between
serotypes and often involve the lysis of bacterial and host cells which could
induce an immune inflammatory response if used in a clinical setting®. Current
LPS testing is sensitive to less than 1 ng/ml of LPS in suspension however, the
key issue is distinguishing between serotypes. A summary of current LPS

technologies can be seen in Table 1.1.
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Table 1-1 Summary of current techniques for LPS detection.

LoD Description Advantage Disadvantage  Ref
1.73 Apatamer based A Low LoD, A Complicated %
ng/ml sensor, colourimetric Synthesis

readout
1 ng/ml Limulus amebocyte A Low LoD, A Easyto 97
lysate (LAL) assay, A Easytouse contaminate
colourimetric
>1 Red Fluorescent A High A Lacks 97
ng/ml protein under NFkB throughput specificity,
promoter A <20 mins
before
detection
100 Capacitor coated with A Label free, A Limited %
pg/ml T4 bacteriophage A Selective Selectivity
A Low LoD, between
serotypes

There is clearly a great need for accurate and rapid diagnostics of bacterial
infection. ROS is a key target as an analyte for bacterial detection. Through the
detection and identification of the ROS burst after infection, rather than
through the detection of LPS, there is a greater capacity to develop a dynamic

test capable of distinguishing between serotypes.

1.2.3 Current Technologies for ROS Detection

An ideal technique for ROS detection needs to have the ability to selectively
sense intracellular ROS in a time sensitive manner. The technique should also
be relatively cheap and easy to construct in order to be commercialised.
Measurements should be easy to obtain without requiring extra, specialist
equipment. Such a technique of course, does not currently exist though there
is a vast library of methods that can be used to some extent. Research is still
on-going to try and produce the ‘perfect’ technique for ROS detection.
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For many years fluorescent probes have been the fore-runner in ROS detection
as they are widely available and have decades of papers behind them. While
their commercial availability is important for user access, they have many

benefits and drawback which will be discussed later (section 1.2.3.1).

Electrochemical based sensors have been around since the early 1970’s. Due
their diverse applications and extreme adaptability, many electrochemical
sensors have been developed for the detection of biologically relevant
compounds often using the presence of hydrogen peroxide as an indicator for
a different analyte of interest. It is only in recent years that the technology has

been adapted for the direct detection of intracellular ROS.

Fluorescent Techniqgues
Fluorescent probes are used commonly in research for the detection of ROS in
vitro and are based on colorimetric dyes and the emission of light that can be

detected with use of a plate reader, a microscope or by flow cytometry.

When a molecule absorbs a photon of energy, typically in the form of
electromagnetic radiation or energy from lasers, it is excited from the
electronic ground state. Some of this energy is lost through vibrational
relaxation; the rest is released as fluorescence when the molecule returns to its
ground state. This is commonly displayed in a Jablonski diagram®® (Figure 1.7A).
The relaxation of the electron emits energy in the form of a photon of a certain
wavelength that is different from the wavelength of energy that excited the

molecule originally.
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Figure 1-7 [A]Simplified Jablonski diagram. SO= ground state; S1=excited state; where
E’ is the energy decay from internal conversion and vibrational relaxation. [B]
Example of a standard excitation/emission wave diagram where the shift in peaks
corresponds to the ‘Stokes Shift’ and is proportional to the energy decay shown in [A].
[C] The three broad categories of fluorescent probes with examples. The ex/em for
each is noted and changes in chemical structure from oxidation are shown in blue.

The energy of a photon is related to the frequency and wavelength of the

energy. This is shown in Equations 1.1- 1.3.

0 B [1.1]
‘_*’ [1.2]

= 9
‘@ pgoyp T [1.3]

0O

E= energy (Joules), h= Planks constant, v= frequency of light (s*), A= wavelength (nm),
c= speed of light (m.s™).

In this way the energy used to excite, and the energy emitted is often referred

to as excitation and emission wavelengths. The change in peak maxima of the
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excitation and emission spectra is known as the Stokes shift and is seen in
Figure 1.7B. The excited state of a molecule is short lived lasting typically ~10%

seconds®.

All fluorescent probes are based on a conjugated bond system. This is a series
of alternating double and single bonds, typically including benzene rings. Such
a configuration allows for the movement of electrons in an ‘electron cloud’
around the molecule. This allows for the easy excitation of an electron and the
subsequent emission of a photon. The colour associated with the fluorophore
is determined by the energy of the electrons which is controlled by the
molecular structure and degree of conjugation. When a fluorescent probe
reacts with an analyte the structure is altered, generally by oxidation, which
therefore alters the conjugated bond system and hence the colour associated

with its excitation and emission.

There are three main types of fluorophores: 1- where upon oxidation the
fluorophore becomes fluorescent at a particular wavelength, (colourless to
coloured); 2- where the fluorescence decreases upon oxidation (coloured to
colourless) and 3- where there is a change in colour, (the excitation and
emission wavelengths shift.) Examples of each is shown in Figure 1.7C with the

change in structure shown in blue.

There is a vast library of fluorescent based detectors available commercially for
a range of uses. One of the prime uses of fluorescent probes is for the detection
of cellular analytes such as ROS. Fluorescent probes have been designed that

are able to cross the plasma membrane and be internalised by the cell. An
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example of this is 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) which
after traversing the plasma membrane is then trapped within the cell through
cleavage of the diacetate groups. DCFH-DA allows for the detection of
intracellular ROS, and has proven popular with researchers' 101 however,
there are many limitations to DCFH-DA. Once DCFH-DA has diffused across the
plasma membrane and hydrolysed to DCFH it is then open to oxidation forming
DCF via a radical intermediate (DCFH-). DCF however, can produce superoxide
radicals that can then produce hydrogen peroxide forming a false increase in
signal output. Oxidation of DCFH can also occur in the presence of various

transition metals, heme peroxidases and cytochrome ¢12,

DCFHA-DA, like many fluorescent probes, is commonly based around the
structure of the fluorophore fluorescein (structure shown in Figure 1.8). It has
an extensive conjugated bond system with multiple points of oxidation.
However, the similarity in structure of fluorescein and its derivatives makes
specificity of a dye to an analyte challenging. Indeed, fluorescent dyes are not
known for their specificity towards ROS as they tend to react with multiple ROS

(see Table 1.2 for examples).

Figure 1-8 Chemical structure of fluorescein.

Fluorescent probes do have a key advantage over other techniques, in that

their localisation of reactivity can be identified or even targeted. One of the
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most popular dyes for ROS detection is MitoSox. MitoSox is a dye that
accumulates within mitochondria, one of the major ROS producers within the
cell, and reacts with superoxide. MitoSox is an analog of the fluorescent probe
dihydroethidine (DHE) with the addition of a triphenylphosphium group that
targets the probe to the mitochondrial® 194, Upon reaction with superoxide the
product 2-OH-Mito-E* is formed!®, via a radical intermediate, that can be
detected at excitation and emission wavelengths of 385 nm and 560 nm
respectively’®, These excitation and emission wavelengths are an
improvement of the excitation and emission of DHE which is 350 nm and 400
nm respectively and in the range of autofluorescence from NAD(P) which would
cause interference!?’. MitoSox is extremely specific to mitochondrial ROS
which can be of great use in research. Its specificity to superoxide however, is
doubtful as DHE has been shown to react with hydrogen peroxide as well as
superoxidel®®110 For this reason, additional controls are always needed to aid
in distinguishing the ROS involved in the fluorescent signal!?2. The radical
intermediate formed can also interact with local peroxidases resulting in
unwanted reactions and affecting the ability to quantify the superoxide
present!!l, Another drawback of using MitoSox and DHE is the concentration
of which they can be used. DHE has to compete with local superoxide dismutase
(SOD) meaning it has to be used at millimolar concentrations which can lead to

112 MitoSox has a similar restriction as higher concentrations

toxicity
compromise mitochondrial function and therefore needs to be used in

micromolar concentrations,
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Table 1-2 Summary of fluorescent compounds for ROS detection with cross-reactivity
and detection times listed.

Compound Structure Excitation/  Reactivity Excitation/ Time
Emission Emission after
before Reaction
Reaction
Dihydroethidine 3-60
(DHE) 113115 HaN O Q ni,  370/420nm 02", 520/610nm mins
HO—N H20.,
Q CH,CHg4
2-(2-Pyridyl)- @N\ e Non- 02" 377/528nm Un-
benzothiazoline®* ”@ Fluorescent defined
6
1,.3- _ O o O 410/477nm 07", Same, <3 mins
Diphenylisobenzo » 10,, decreases
furan; (DPBF) 1%/ Q with time
2,7- O Non- H202, 498/522nm 5 mins
Dichlorodihydrofl N COOH Fluorescent HO,
ourescein; (DCFH) O O ROO
118 ' Q o o '
07 “cH, 07 ¢H,
Scopoletin!® mo‘cm 360/460nm H20,, Non- 15 mins
0" o OH Fluorescent
N-acetyl-3,7- "'O\@:O:@/DH Non- H.0, 563/587nm 2 mins
dihydroxyphenox N Fluorescent 027,
azine; (Amplex G-CH,
Red) 120
Homovanillic acid; /OWOH Non- H.0, 312/420nm 3 mins
(HVA)2 Ho o Fluorescent
Dihydrorhodamin N O o O NH, Non- H.0, 505/529nm 10 mins
e 123; (DHR) 122 , Fluorescent ROO,
COCH,
oL
9-[2-(3-carboxy- Minimal '0,, 492/515nm Un-
9,10- defined
dimethyl)anthryl]-
6-hydroxy-3H-
xanthen-3-one;
(DMAX) 123
1,3- © Non- HO, 400/452nm Un-
Cyclohexanedion U Fluorescent defined
e; (CHD)13
Sodium . Na' <2 mins
terephthalate!?4 o Non- HO, 310/430
erephthalate " O%O on /430nm

fluorescent
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Compound Structure Excitation/  Reactivity Excitation/ Time
Emission Emission after
before Reaction
Reaction
Coumarin12% 126 m Non- HO, 350 or 5 mins
o =g fluorescent H.0,, 395/450nm
Fluoresceint?’ HO o o 495/515nm ROO, Non- Variable
O / HO, fluorescent
O COOH H20.,
2-[6- G <1 min
(4’Hydroxy)pheno Non- HO:, 500/520nm
xy-3H-xanthen-3- Fluorescent
on-9-yllbenzoic
acid/ 2-[6-(4-
amino)-phenoxy-
3H-xanthen-3-on-
9-yl]benzoic acid;
(HPF/APF) 128
cis-Parinaric - COOCH; 320/432nm ROO;, Non- Un-
acid!?® = = Fluorescent defined
C11-BODIPY>EY/*** Q! \N\\ 510/595nm  HO;, ROO, 510/520nm  ~10 mins
10 W, o=t F ¥ Fio
C=
@ H
Dipyridamole!®3 OH 415/480nm  HO;, ROO;, Quenched Un-
O 07", with time defined
N lN\\NrN\/
N
HO\/\N/QN/ '\O
g
Diphenyl-1- Non- ROO;, 351/380nm <1 min
pyrenylphosphine Fluorescent
; (DPPP) 131
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Fluorescent probes, like any technique, have their own benefits and drawbacks
for use. There are many different probes readily available for use in research (a
comprehensive table of probes is seen in Table 1.2) and are extensively used in
cell biology. Being able to visualise fluorescence on a microscope is a valuable
advantage in determining the location of the analyte and its distribution.
However, specificity of fluorescent probes for ROS detection leaves much to be
desired with the majority of probes reacting with multiple different ROS. While
scavenger studies can aid in distinguishing between ROS, this technique is
clearly not suited for fast, specific detection of a particular ROS. Fluorescent
probes also lack the ability to detect dynamic changes in ROS with time; both
their production ad destruction. While used considerably in research,
fluorescent probes are not suited for use as a commercial diagnostic tool as

they require extensive training and bulky specialist equipment.

Biosensors

Fluorescent sensors, while very useful, fail in their ability to distinguish between
ROS in complex solutions. Useful as a research tool, fluorescent techniques
cannot either be easily transformed into a clinical test. Electrochemical
biosensors seem to hold greater potential in fulfilling this niche due their
adaptability and ability to sense specific analytes in a time sensitive manner and

in their ease of miniaturisation.

Electrochemical biosensors are sensors that are made up of a biorecognition
element, for specificity, that is attached to a transducer. The interaction of the

analyte of interest (i.e. whole bacteria) to the biorecognition element
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stimulates a signal that can be detected by the transducer. This is often in the
form of a change in potential, current or resistance, depending on the nature
of the sensor. It was in 1906 that Cremer et al.!3? established the relationship
between the concentration of an acid and how it directly effects the electronic
potential between a glass membrane. The concept of pH was then recognised
in 1909 which led to the development of an electrode for the measurement of
pH®33, The first electrochemical biosensor was introduced much later in 1962
by Clark Jr'3* and was capable of measuring blood pH as well as blood glucose,
oxygen and carbon dioxide levels through amperometric detection with great
potential of use during surgery. Since then, a great deal of work has been done

on electrochemical biosensors with success commercially3> 136,

There are three generations of biosensors. The first has quite broad capabilities
where the product of a biological reaction diffuses to the sensor surface causing
the resulting electrical response. Second generation biosensors increase
selectivity of the response by introducing a mediator between the reaction and
the electrode and can be any range of molecules such as FAD and ferrocene.
Third generation biosensors on the other hand, involve the direct transfer of
electron to the electrode without the use of a mediator or the need for the
electron to diffuse'®’. Third generation biosensors hold the potential for rapid,
selective and accurate measurements of ROS through their direct reaction with

the electrochemical biosensor (see figure 1.9).
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Figure 1-9 Schematic of the three generations of electrochemical biosensors. First
generation relay on the diffusion of the product to the electrode surface. Second
generation goes through a mediator (Mox and Mgeq) and third generation the
reduction or oxidation occurs directly at the electrode surface.

Third generation biosensors are the current focus of research. Specificity is
achieved through modification of the electrode with a recognition element that
can react solely with the analyte of interest. This also gives the added benefit
of increasing the surface area to volume ratio of the sensor which increases the
resolution and allows for single molecule detection?3®. One of the advantages
of modern biosensors is their size. Research into electrochemical sensors often

revolves around the development of micro and nano-sensors. The decrease is
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diameter from macro sensors results in an improved signal to noise ratio and
allows for detection of analytes close to and within cells. The electron transfer
kinetics of nano-sensors are generally vastly improved allowing detection of
analytes within nano-seconds'3. The precise nature of the electrochemistry of

nano-sensors will be discussed in depth in Chapter 2.

A significant challenge facing electrochemical biosensors is the progression
from academic research to a working commercial prototype. For research to be
commercially viable and of use in diagnostics, the performance and stability of
the sensor needs to be proven as well as being cost-efficient with minimal
hazards associated. The development of electrochemical biosensors also
requires expertise in numerous fields of study including biology and
engineering. Due to the surge inter-disciplinary research, these obstacles are
being slowly overcome and now the main limitation is the time required to

develop working biosensors3? from proof of concept.

Having established the viability of electrochemical biosensors in their use as a
tool it is now important to consider their applicability to bacterial sensing.
When considering designing a device for the diagnosis of infection there are
two different approaches one can take when looking specifically at Gram-
negative bacteria. Specificity can be designed either for the detection of the LPS
on Gram-negative bacteria or towards the ROS response produced by the host

immune system.
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Testing for the immune ROS response to bacteria rather than the LPS itself is a
more dynamic method and holds greater promise as a clinical diagnostic test.
As already discussed, there is a ROS burst produced in response to bacterial
infection. The timeframe and specific ROS produced is thought to be indicative
of the infection, acting almost like a ‘fingerprint’ in identifying the bacteria
involved. The primary ROS produced by NOX is superoxide, however due to its
extreme reactivity it has a very short lifespan. Hydrogen peroxide that is
subsequently produced has a longer lifespan and a greater variety of possible
effects based on concentration and location. For this reason, the detection of

hydrogen peroxide is an ideal primary candidate for bacterial identification.

Designing an electrochemical sensor specific to the detection of hydrogen
peroxide can be done in multiple ways. Enzymes such as horseradish
peroxidase (HRP) have been utilised for specificity. However, maintaining
maximal enzyme activity after attachment to an electrode surface can be
difficult though there has been some success in the literature particular in
binding HRP to electrodes!®® 41, Alternatively, specificity is achieved through
modification of surfaces with nanostructures such as nanoparticles. Table 1.3
shows a summary of current electrochemical sensors aimed towards hydrogen
peroxide detection. Whilst the limit of detection of current hydrogen peroxides
sensors may not be sufficiently sensitive as to detect cellular concentrations
which are in the range of 10 and 107 M'6. However, this is constantly being
improved upon and has shown great promise in rapid, reproducible detection

and capable of detecting both intracellular and intercellular hydrogen peroxide.
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Work is needed to fully understand the varying responses of the host immune
system to infection in order for any hydrogen peroxide sensor to be of use.
However, once developed it may be possible to run a dynamic test capable of
distinguishing bacteria from a library of ‘fingerprints’ rather than running a

multitude of tests testing for individual serotypes.
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Table 1-1 Summary of electrochemical technologies for hydrogen peroxide detection.

LoD Description Advantage Disadvantage Ref
3.1uM  Oxidation at a 1 Reproducible 1 High 142
platinum electrode potential

1 pH
dependent
0.1 uM  Spectrophotometric 9 Intracellular 1 Indirect 143
sensor measurement
0.1 uM  Glassy carbon 9 Rapid (<2s) 9 Extracellular  4°
electrode with HRP
26.8 Glass functionalised 1 Miniaturised, 91 Non-Specific 4
UM with SWCNTs and 9 Simple and
gold nanoparticles. cost
effective
0.1pM  Nanorod 1 Specific 9 Extracellular *
functionalised with 9 Stable
gold
0.02 Gold/platinum 1 Extremely 9 Extracellular  4¢
UM nanoparticles on a sensitive 1 Limited
graphene sheet selectivity
<mM Commercial {1 Easytouse 1 Non-specific ¥’
ratiometric 1 High
fluorophore detection
limit
1uM Tin oxide nanorods 1 Easyto 1 Extracellular *

on ITO base
functionalised with
HRP

characterise
{ Selective

Other Techniques for ROS Detection

Fluorescent probes and electrochemical biosensors are the primary, modern

techniques for ROS detection. They are not however, the only techniques

available. Spin-trapping is an alternative method that utilises compounds that

form covalent bonds with a radical or in the case of spin probes, are oxidised

by the analyte without binding!®*. The most common spin trap 5,5-dimethyl-1-

pyrroline-N-oxide (DMPQ)# is commonly used to detect superoxide by binding

to it and essentially ‘freezing’ it in place. This overcomes the barrier of the
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reactivity of ROS allowing them to be detected. This technique is primarily of
use within isolated solutions as the reaction with superoxide is extremely slow
(30 to 70 M1.s?) that when studying complex solutions there is difficulty
detecting superoxide as SOD competes for the superoxide4°. A more modern
adaptation of spin trapping is known as immuno-spin trapping and is used in
complex systems such as in mitochondria, cells and tissues'*®. Upon reaction
of probes such as DMPO with radicals the species formed is known as an
epitope. This epitope can then be detected with antibodies that have been
developed for use with Western blotting and immunostaining®!. This is a much
more efficient method than spin trapping. However, both don’t allow the
dynamic change in ROS concentrations to be measured as a function of time.
Complex equipment (an EPR spectrophotometer) is also required making its

development into a miniaturised clinical test unfeasible.

Another alternative technique is chemiluminescence which, like fluorescence,
is based on the absorption and emission of energy. Chemiluminescence
however results in visible light. There are many molecules available for this such
as lucigenin and luminol but false positives are common as radical

intermediates are known to react with oxygen forming superoxide®2.

1.3 SuMMARY

Rapid diagnosis of sepsis in patients is key to reducing the risks associated to
the patient. Clinicians currently rely on qualitative assessments of patients and
blood panels to diagnose patients; both of which are unreliable and time
consuming. A rapid, specific test for the detection of bacterial infection would
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be extremely beneficial to the patient’s well-being. Host immune response to
infection is an ideal target as it is highly dynamic. Reactive oxygen species are
produced when the lipopolysaccharides from Gram-negative bacteria interact
with TLR’s that activate NOX-derived intracellular ROS. This production of ROS
is different to the source of ROS associated with the traditional respiratory bust
which is produced by the mitochondria. The ROS produced can vary in timing
and concentration; both of which effect how the cell will respond to the

bacteria.

A rapid, selective ROS test is needed in order to determine whether the ROS
response in immune cells is indicative of a specific infection which could then
lead to a new diagnostic device. Current methods such as fluorescence and spin
traps fail in either their specificity or their ability to sense ROS dynamically.
Electrochemical biosensors however may hold the key in developing such a
test. Through their size they are able to interact with cells and can be modified
as necessary for specificity. Their electrochemical nature also allows for the
rapid detection of diffusion of the analyte of interest and can accurately

guantify their change in concentration with time.

In this work | developed an electrochemical biosensor, targeted to the
detection of hydrogen peroxide produced when bacteria interact with
macrophage cells. This shows the applicability of biosensors as a diagnostic tool
with the potential for future use in detecting ROS in a time sensitive manner.
A schematic relating the sensor developed in this work to the various generic

components of a biosensor is shown in Figure 1.10 and the chapters they will

42



be discussed in. This biosensor is based upon carbon nanotubes, as a signal
transducer, which have been tethered to a conductive surface (indium tin
oxide) via diazonium chemistry (Chapter 3). Through the precise manipulation
of the diazonium tether the limit of detection is greatly reduced (Chapter 4),
which is essential for the accurate detection of the intracellular analyte of
interest. These sensors were then modified further with an osmium complex
that acts as a recognition element for the detection of hydrogen peroxide
(Chapter 5) produced within mammalian immune cells in response to a
bacterial assault. Combined these elements of the biosensor produce a
diagnostic tool capable of rapid and specific detection of hydrogen peroxide.
This has been applied to investigate the ROS (specifically hydrogen peroxide)
response produced when Gram-negative bacteria interact with murine
macrophage cells (RAW 264.7). A complete diagram displaying the interface
of the CNT biosensor within cells is displayed in Fig. 1.11. The production of

hydrogen peroxide via the NOX system (as described) is also shown.
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Figure 1-10 Biosensor components and chapter overview.
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Figure 1-11 Schematic showing the production of intracellular hydrogen peroxide via
the activation of the TLR4 pathway by Gram-negative bacteria. Subsequent detection
by the ITO-CNT-Osby sensor which carries the change in current to the potentiostat.
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2 METHODS

INTRODUCTION TO ELECTROCHEMICAL METHODS

This section uses information from references 153-156 repeatedly.

Electrochemistry is the measurement of the movement of electrons in a
chemical reaction. One of the fundamentals of electrochemical systems is
based upon Butler-Volmer kinetics which states that the current at the
electrode is dependent on the potential, presuming that both the reduction
and oxidation reactions are occurring at the same electrode. This relationship
between current and potential appears in numerous electrochemical
equations, that will be discussed in detail, allowing for extensive data to be

collected from simple experiments.

Most faradaic electrochemical experiments are based on a three-electrode
system (see figure 2.1). The working electrode (WE) is where the reaction of
interest occurs. The reference electrode (RE) is based upon a standard reaction
with a known potential which the potential of the system is measured against;
they are extremely stable with the potential reached by employing a redox
system with constant concentrations of both the reduced and oxidised species.

Finally, the counter electrode (CE) completes the circuit.

The original reference electrode was a standard hydrogen electrode (SHE) also
known as a normal hydrogen electrode (NHE). It has a standard potential of O
V at all temperatures and forms the base of what all other potentials are

measured against. A SHE is formed by bubbling hydrogen through an acid that
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contains a metal rod such as platinised platinum. The half reaction for this

electrode is seen in equation 2.1.

¢O ¢Q © 0 [2.1]

Hydrogen half-cell reaction, (aq)= aqueous, (g)= solid

While using a SHE as a reference electrode may sound ideal, keeping the
hydrogen pressure, temperature and concentration constant at known values
can be difficult. For this reason, other reference electrodes are more commonly
used. All the work presented here utilised a silver/silver chloride (Ag/AgCl) RE,
which is cheap and easy to make so is easily obtained commercially. An Ag/AgCl
electrode is based on the half reaction shown in equation 2.2 and has a formal

potential of 0.199 vs NHE at 25°C**7,

0Q6a Q °©06Q oa [2.2]

Silver chloride half-cell reaction. (s)=solid, (ag)= aqueous.

An AgCl electrode is constructed from a silver wire, coated in silver chloride,

dipped in saturated potassium chloride. This is commonly kept separate from
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the bulk solution by a porous frit. The use of a reference electrode allows the

determination of the potential difference across an electrochemical cell.

/“RIE CE Mﬁf’\

[ ]

= electrolyte

% = analyte

*® -

\_ J

Figure 2-1 Schematic displaying a three-electrode system in a solution containing
both analyte and electrolyte.

The composition of the solution of which the electrodes are submerged also
needs to be controlled. The species of interest is termed the ‘analyte’ and is the
compound that will be either reduced or oxidised. Reactions between the
analyte and the electrode can occur via quantum mechanical tunnelling so it is
key that the species of interest is within 10-20 A of the electrode surface. The
potential drop between the electrode surface and the bulk solution must
therefore occur in a similar distance to be effective in reducing or oxidising the
species of interest. If this is not the case, then only a fraction of the potential
drop will be available to drive the electron transfer event and relevant
equations will need to be adapted. These corrections are known as ‘Frumkin

1153

corrections’!>3 and will not be discussed further. To avoid this, electrochemists
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intentionally add comparatively concentrated quantities of supporting
electrolyte which compresses the potential drop to within 20 A of the working
electrode surface. These solutions are ideally inert at the potential range being
measured. For all the experiments within this thesis the supporting electrolyte
was 0.1 M phosphate buffered saline (pH 7) which is compatible with biological

experiments.

2.1.1 Nernst and the Diffusion Layer

Potentials calculated using a SHE or NHE when the concentration of the analyte
is 1 mol at 25°C is known as the standard potential, E?. This is the potential
measured in standard conditions. As this is often not the case the measured
potential, E, is often reported instead. This is measured at non-standard
conditions and can be done with varying concentrations of analyte and with an
alternative reference electrode. Calculating the standard potential from the

formal potential can be done through use of the Nernst equation.

YUY [2.3]
£

Y o ®
o d —0&—
O w

Nernst Equation. E= measured electrode potential, d = standard electrode
potential, R= gas constant (8.314 J/K/mol), T= temperature (K), n= number of
electrons exchanged, F= Faraday constant (96500 C/mol), a.x= activity of oxidised
species, areq= activity of reduced species.

When a potential is applied to an electrode surface the electrode surface
becomes charged. This charge then creates what is known as the ‘electrical
double layer’. Assuming no reaction is occurring within the electrolyte solution,

if the electrode has become negatively charged positive ions will be attracted
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to the surface (and vice versa). This ensures that the electrode interface
remains neutral. This double layer of charge (one layer from the electrode, the
second layer from the ions at the surface balancing the charge) acts like a
capacitor in solution with one ‘plate’ formed from the electrode and the second
‘plate’ formed from the attracted ions. In this situation, ions are considered as
point charges that are fixed within their solvation shell of a mixed solution®°8.
The gap between these two plates is known as the outer helmholtz plane (OHP)
within which the potential drop is assumed to be linear. A concentration
gradient is then formed from the OHP out into the solution. The region near
the electrode where the ion concentration is different to that of the bulk
solution is referred to as the Nernst diffusion layer (see figure 2.2). For

simplicity, ions from the supporting electrolyte are not shown.
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Figure 2-2 Schematic displaying how a charge on an electrode establishes the Outer
Helmholtz Plane (OHP) and the Nernst diffusion layer.

2.1.2 Mass Transport

When considering an electrochemical system, where one species is oxidised or
reduced producing a current; it is important to understand the movement of
the analyte of interest and how it effects the current. The movement of ions
and molecules to an electrode surface is known as mass transport and there
are three major types: convection, migration and diffusion. Convection results
from a force applied to the solution that induces movement, such as by stirring.
Migration relates to the electrostatic forces that result from the application of
an external force such as an applied potential. Diffusion is often the key form
of mass transport and can be the limiting factor in electrode kinetics. Diffusion

occurs in all solutions and is of particular interest when an external voltage is
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applied as this creates a concentration gradient of reduced/oxidised molecules.
The molecules will then diffuse across this gradient to try and ‘even-out’ the
uneven distribution of charge. This is expressed in Fick’s first law of diffusion
which describes how diffusion occurs in response to a concentration gradient

and can be seen in equation 2.4.

10 [2.4]

Ficks 1°t Law. J= flux, D= diffusion coefficient, C,= concentration, x= position, 6=
diffusion layer depth.

Here the movement of ions or molecules is called the ‘flux’ (J) and it is
presumed that the flux is driven solely by a concentration gradient. Fick’s 2"

law relates to the rate of change of concentration at a given point.

LI s
(0] Tw

Ficks 2™ Law. 6= depth of diffusion layer, Co= analyte concentration, t=time,
D=diffusion coefficient, x= position.

Ficks 2" law allows the calculation of the rate of change of concentration in
relation to the change in concentration gradient; where the steeper the

concentration gradient the greater the rate of diffusion.

2.1.3 Planar vs Radial Diffusion

Having discussed diffusion as the primary method of mass transport, it is
necessary to understand that there are two major forms of diffusion: planar
and radial. Planar and radial refer to the direction of which ions diffuse to the
electrode surface. Which process dominates is dependent on the depth of the

diffusion layer (or Nernst diffusion layer, 6) and has ramifications on the
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electrode kinetics which can be seen by cyclic voltammetry (see section 2.1.4).
Typically, electrodes with a working area of >1 mm (macro electrode) planar
diffusion dominates and when the electrode dimensions are less than this
(micro electrodes) radial diffusion dominates (see figure 2.3). More precisely
when ‘6" is small relative to the electrode radius then planar diffusion

dominates, when it is large radial diffusion dominates. (See equation 2.6).

) coo” [2.6]

6= diffusion layer depth, D= diffusion coefficient, t=time.

While macro and micro electrodes therefore have relatively predictable
characteristics, nano electrodes are more complex. As can be seen in figure 2.3
nano electrodes can have either linear or radial diffusion as the dominant form

of mass transport.
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Figure 2-3 Schematic relating types of diffusion to electrode surface type. Dashed
grey line represents the diffusion layer while red arrows represent the direction of
diffusion to the electroactive surface.

Nanoelectrodes are rarely used as individual electrodes but instead, multiple
are used at once as a collective. The size and spacing of the nanoelectrodes
determine the dominant form of diffusion. If they are tightly packed then the
diffusion layers over lap and planar diffusion dominates, if they are spaced as
small clusters or as an array then radial diffusion dominates. In this way
nanoelectrodes are more adaptable to the purpose as they can be arranged, by
design, for the features required. The dominant form of diffusion determines
whether the electrochemical reaction is diffusion limited or not. In the case of
radial diffusion, the rate of diffusion is equal to the rate of electron transfer
whereas in the case of planar diffusion, the diffusion to the electrode surface is

slower than the rate of electron transfer, due to the greater depth of the
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diffusion layer. Another key factor in determining the depth of the diffusion
layer, and therefore the dominant form of mass transport, is time. Considering
an electrode with a fixed potential that charges the electrode surface. The
longer this charge is applied the greater the depth of the diffusion layer into
the electrolyte solution, as described by Fick’s 1%t law, flux and current will
therefore be decreased. The Cottrell equation [2.7] can be used to describe the
change in current with respect to time within a controlled experiment. The
practical implications of this will be discussed in section 2.1.4.
£ oo [2.7]

Cottrell equation. I= current, n=number of electrons transferred, F=Faraday Constant,
A=surface area, C=analyte concentration, D=diffusion coefficient, t=time.

2.1.4 Cyclic Voltammetry®?°

One of the main techniques used in electrochemistry is called cyclic
voltammetry (CV) where the potential is controlled and cycled between two
fixed potentials (vertices) and the resulting current is measured. The graph
produced is dependent on the type of working electrode in use but generally it
allows you to measure the reduction and oxidation of a species; at what
potentials these reactions occur; whether it is diffusion dependent and the
concentration. A typical CV for a diffusion-controlled reaction at a macro
electrode is shown in Figure 2.4. As is shown, the graph can be broken down
into ten stages. Initially upon applying a potential and therefore a charge to the
electrode what is known as the ‘Nernst diffusion/double’ layer is set up (1);
which occurs very quickly. Until the potential is sufficient to induce reduction

of the analyte (3) only capacitance current is observed; this varies between
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electrodes and is reflective of the electrodes ability to store charge. Once the
potential is sufficient to induce reduction (3) a steep curve is seen until a peak
is formed (4) when the maximum reductive current is reached. This is
proportional to the concentration of analyte in solution and the electrode
surface area. The electrode surface then becomes saturated with reduced
species as they diffuse away from the surface and a current decay is seen (5).
The vertex is then when the direction of the potential sweep is reversed, and

the analyte becomes oxidised at a peak oxidative current at (9).
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Figure 2-4: Schematic overview of the stages of cyclic voltammetry.
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CV is a versatile technique and additional data can be collected by changing the
rate of which the potential is changed (scan rate) or the concentration of the
analyte or even simply by repeating the CV multiple times. Key information
that is obtained from a CV is the peak reductive or oxidative current (Ip/Al), the
peak potential (Ep) (Figure 2.5A) and the peak separation (AE). For when it is
required to calculate the standard potential and the activities or concentrations
of the reduced and oxidised species are unknown a CV can be used by
determining the E1/,. This is the half potential at which point the concentrations
of the reduced and oxidised species are equal so can be excluded from the
Nernst equation and rearranged for calculation of the standard potential in

equation 2.8.

YUY [2.8]

g ° o

E’..i= standard potential, R= gas constant, T=temperature, n=number of electrons,
F=Faraday constant

A visualisation of the determination of E1/; is seen in Figure 2.5B.
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Potential vs RE

Figure 2-5 [A] Typical CV of a macro electrode, annotated to show calculation of peak
currents (l,) and peak potentials (E,). [B] Zoom of reductive portion of a CV displaying
determination of the half peak potential (E1/).

In a Nernstian system the peak potential is independent of the scan rate and
the current peak intensity is proportional to the square root of the scan rate;
combined this indicates that the electrochemical reaction is diffusion
controlled. Scan rate does however, affect the peak current. As described in

section 2.1.2, the diffusion layer surrounding the electrode is directly related to
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the time a potential is applied. At slower scan rates the diffusion layer is
greater, and the flux is therefore decreased. Conversely, at faster scan rates the
diffusion layer is thinner, so the concentration gradient is steeper, and the flux
is greater. On a CV this results in greater peak currents though the peak

potential remains unchanged. (See Figure 2.6).

Increasing
Scan Rate

Current (pA)

20mV/s
— 50mV/s
— 100mV/s
— 125mV/s
— 150mV/s
— 175mV/s
— 200mV/s

nfn 0.|5 1.0
Potential vs Ag/AgCI (V)

Figure 2-6 Effect of scan rate on peak current.

Once it has been determined that the electron exchange event is diffusion
controlled the Randles-Sevcik equation can be utilised which links the peak
current to the concentration of the analyte and its diffusion coefficient. There

are various forms of this equation depending on whether the reaction is fully
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reversible or not. In the case of a fully reversible process equation 2.9 can be

used.

. . & OO0 [2.9]
Q ——
™M 1T @ 600 Ny

ip= peak current, n=number of electrons, F=Faraday constant, A=area,
C=concentration, v= scan rate, D=diffusion coefficient, R= gas constant, T=
temperature.

The peak current effect can be visualised in graph form by plotting the peak
current against the concentration to form a linear plot. (See Figure 2.7).
Alternatively, the Randles-Sevcik can be used to confirm whether an electron
exchange event is diffusion controlled or not by plotting the peak current
against the square root of the scan rate. If a linear plot is the result than the

process is diffusion limited.

%]
1

Peak Current (pA)

0 50 100 150 200
Concentration (pM)

Figure 2-7 Typical graph of peak current against concentration using a glassy carbon
macroelectrode and potassium ferricyanide as an analyte within 0.1 M PBS, pH 7.
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2.1.5 Chronoamperometry'>®

Another type of common electrochemical experiment is chronoamperometry.
This is the application of a fixed potential to the working electrode and the
measurement of the resulting current. Typically, chronoamperograms will
always tend towards zero though current is dependent on the concentration of
analyte as described by the Randles-Sevcik equation. A typical

chronoamperogram is show in in Figure 2.8.
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Figure 2-8 Example of a typical chronoamperogram.

Chronoamperograms are commonly used in kinetics studies, measurement of
diffusion as well as in biosensing for detecting a change in concentration of
analyte. The initial overpotential is formed from the charging effect of the
double layer (the capacitive current) and decays as a function of 1/t, typically
only lasting a few milliseconds. The Cottrell equation is of particular importance
with chronoamperometry experiments as it directly links the current with time.

The Cottrell equation can also be used to determine the electrode area by using
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a well-known redox couple of a fixed concentration and known diffusion

coefficient.

2.1.6 Electrochemical Reversibility and Electrode Kinetics

At the heart of electrochemical studies is a chemical reaction where there is an
exchange of electrons (other than pH meters which measure hydrogen ions).
As in any chemical reaction the reaction can be reversible [2.10], irreversible

[2.11] or quasi-reversible [2.12] where one side of the reaction is favoured.

0 Q z'Y [2.10]
0 Q Y [2.11]
0 Q=Y [2.12]

It is important to note that chemical reversibility and electrochemical
reversibility are not the same concept. If a reaction is chemically reversible then
the products of the reaction can be reversed and form the reactants under the
right conditions. Electrochemical reversibility relates to the rate, where charge
transfer is fast relative to mass transfer and can occur quickly without

thermodynamic barriers.

In reactions there is both a forward and reverse rate constant (ks and k) as well
as a heterogenous rate constant (k°) that defines the kinetics of the electron
transfer reaction in standard conditions (at E?). This is described by Butler-

Volmer kinetics which can be seen in equations 2.13 and 2.14.
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N QAgH @ © [2.13]
T QAg®Hm | 00 © [2.14]

k= forward rate constant, ky= backwards rate constant, k°= heterogenous rate
constant, a= transfer coefficient, E=potential, E’= standard potential.

Another factor in these equations: a, the transfer coefficient, is a variable for
reactions that describes the symmetry of the reaction and can greatly affect the
rate transfer. It is always less than one and is typically assumed to be 0.5, where
the reaction is symmetrical with the transition state favouring neither the
reactants or the products. As can be seen in equations 13 and 14 the rate
constants depend exponentially on a. The electrochemical reversibility (A) of a
reaction can then be described using equation 2.15 and is a function of the

heterogeneous rate constant and the mass transfer by diffusion.

Q [2.15]

Y oo0e

N=electrochemical reversibility, K°= heterogenous rate constant, D=diffusion constant,
F=Faraday constant, v=scan rate.

A practical approach of testing the reversibility of a system is through CV. As
has been discussed the electrochemical reversibility is dependent on the rate
of charge transfer versus mass transfer, which is dependent on the scan rate of
the CV. At slow scan rates the diffusion layer is greater which decreases the flux
of ions to the electrode surface, therefore the rate of mass transfer is slower,
and the charge transfer dominates. In this case the reaction will appear
reversible, if slow enough, the peak separation will be close to 57 mV as
described by a derivative of the Nernst equation [2.16]. However, the converse

of this is also true that at fast enough scan rates all reactions will appear
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irreversible as the mass transport to the electrode surface dominates over the

rate of charge transfer at the surface.

. Y'Y 2.16
50 & ps [2.18]
=57 mV

AE,= peak separation, R= gas constant, T=temperature, F=Faraday constant.

There are many methods for determining the heterogenous rate constant of an
electrode both practical and mathematical. Marcus theory is the dominant
form of calculating k° from mathematical modelling, however it has had limited
success. Practical methods used tend to be more accurate as they are based on
real data. Determining which method is appropriate is often a matter of
preference though there are two key methods for determining k° for both
diffusion dependent and diffusion independent reactions. The Laviron
formalism is commonly used for diffusion independent kinetics calculations and
utilises the peak separation from CVs at varying scan rates!®%162 (equation

2.17).

. ¢ "Ov [2.17]
Q p | BVARY,

k°= heterogenous rate constant, a=transfer coefficient, n=number of electrons
transferred, F=Faraday constant, v=scan rate, R=gas constant, T=temperature.

In the case of diffusion dependent kinetics, the Nicholson-Shain'®3 method is
more appropriate though again is based on the peak separation of CVs at

varying scan rates [equation 2.18].
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q O 050 [2.18]
vy

= peak separation function, k°= heterogenous rate constant, D=diffusion coefficient,
n=number of electrons, v=scan rate, F=Faraday constant, R=gas constant,
T=temperature.

The primary equation in this method for calculating K° [equation 2.18] is based
on a function of peak separation, y. Determining { is traditionally done via a
look up table; however, this is based on the presumption that the transfer
coefficient is 0.5. For a more accurate determination of K° the transfer
coefficient must first be calculated to determine a more accurate value of .
Conveniently this can be done from the same scan rate study. An example of a
scan rate study on an electrode surface is shown in figure 2.9A. Calculating a
can be done by plotting the peak potential (minus the potential of the cell)

against the log of the scan rate (Figure 2.9B). At fast enough scan rates, the

&Y Y
TN Reiah [2.19]
| € O

R=gas constant, T=temperature, a=transfer coefficient, n=number of electrons,
F=Faraday constant.

graph will become linear. The slope of this portion of the graph can then be

inputted into equation [2.19] to calculate the transfer coefficient.
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Figure 2-9 [A] Example of a scan rate study on an electrode surface. Scan rates from
0.005 V.s* to 5 V.s2. [B] Plot of potential minus cell potential against the log of scan
rate.

Once a has been calculated { can be determined using the equation from

Lavagnini et al*®* [2.20].

0 .. 2.20
i q@qﬁ“— 8A DD '.—"Yéyo [2.20]

Y=function on peak separation, a=transfer coefficient, F=Faraday constant, R=gas
constant, T=temperature, n=number of electrons, AE,=peak separation.

Having calculated U, k° can finally be calculated from Nicholson and Shains

8 which are all constant.

original equation [2.18] by plotting { against
The slope of which is equivalent to K°. An example of such a plot is seen in
Figure 2.10. While the equations may seem complex at first, the calculation of
KO simply requires a scan rate study of the electrode surface across a wide range
of scan rates. From these CVs the full characteristics of the electrode can be
determined from dominant form of mass transport to the rate of electron
charge transfer, proving its usefulness as a technique especially when

combined with other electrochemical methods.

67



As already stated, an Ag/AgCl reference electrode was used throughout this
work but the working electrode is based on a forest of carbon nanotubes
tethered to a surface. The properties of this electrode were investigated
utilising CV, chronoamperometry and the Nicholson-Shain method as

described. The results of which can be found in Chapters 3 and 4.
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Figure 2-10 Nicholson-Shain Plot to determine K°.

2.2 GENERAL METHODS

2.2.1 Electrochemical Grafting of Surfaces

Corning low alkaline earth boro-aluminosilicate glass, deposited with indium tin
oxide (ITO) on one side was purchased from Delta Technologies Limited and
rinsed with HPLC grade ethanol and then distilled water before being exposed
to UV light for an hour in a UV drawer (Bioforce Nanosciences). The ITO was
then sonicated (Fisherbrand FB11021) in acetone twice each for 2 minutes and
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propan-2-ol for 30 seconds. In order to graft the aryl layer to the ITO, a 10 mM
solution of p-phenylenediamine in 0.5 M hydrochloric acid was added to a 1
mole equivalent of sodium nitrite in distilled water and allowed to react for 2
minutes to form 4-aminobenzenediazonium. The reaction solution was then
added to the electrochemical cell with the ITO in place. The diazonium radical
from the reaction mixture was electrochemically grafted to the ITO by
chronoamperometry at a fixed potential at -0.6 V for 2 minutes (unless
otherwise stated). The electrochemical surface area was defined by a silicon ‘O’

ring and was approximately 7 mm in diameter.

2.2.2 Cell Culture

RAW?264.7 cells (ATCC) were cultured in Corning T75 flasks within 15ml
Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% fetal bovine
serum (FBS) and 2.4% HEPES. Cells were cultured for approximately 2-3 days
until 80% confluency before being harvested with a cell scraper (Corning

International Costar).
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3 CHARACTERISATION OF THE ARYL LAYER AND OPTIMISATION
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3.1 AimMS AND OBJECTIVES

The aim of this chapter is to optimise the poly-arylamine layer used to tether

the carbon nanotubes to the surface.

This will be done through the precise tailoring of the depth of the arylamine
layer and measuring its effects. The bond connecting the arylamine layer to the

ITO surface will also be investigated.

3.2 ABSTRACT

The ability to tailor the electronic properties of surfaces by nano-modification
is paramount for various applications, including development of sensing, fuel
cell, and solar technologies. Moreover, in order to improve the rational design
of conducting surfaces, an improved understanding of structure/function
relationships of nano-modifications and effect they have on the underlying

electronic properties is required. Herein, the tuning and optimisation of the
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electrochemical properties of indium tin oxide (ITO) for use as a biosensor in
conjunction with single walled carbon nanotubes (SWCNTs) is reported. This
was achieved by controlling in situ grafting of aryl amine diazonium films on the
nanoscale, which were used to covalently tether SWCNTs. The
structure/function relationship of these nano-modifications on the electronic
properties of ITO was elucidated via Time of Flight Secondary lon Mass
Spectrometry (ToF-SIMS) and electrochemical and physical characterisation
techniques which has led to new mechanistic insights into the in situ grafting of
diazonium. It was discovered that the connecting bond is a nitro group which is
covalently linked to a carbon on the aryl amine. The knowledge gained from
these studies allows for the rational design and tuning of the electronic
properties of ITO based conducting surfaces important for development of

various electronic applications?®>,

3.3 INTRODUCTION

There is a pressing requirement to tune the electronic properties of
materials in order to advance the development of sensors, fuel cells, energy
capture and solar technologies. A more detailed knowledge of the
structure/function relationship is required of the nano-modification techniques
used for developing electronics. This will facilitate the rational design of
conductive surfaces and optimise the development of nanotechnology. For
example, particular attention has been paid in the use of carbon nanotubes
(CNTSs) as cellular sensing devices due to their ability to sense a wide range of

moieties as well as their ability to penetrate into cells for intracellular
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measurements!®® 167 2 Our group have recently developed conducting
electrodes that used indium tin oxide (ITO) modified with an aryl amine film,
via the in situ electrochemical grafting of aryl diazonium, which acted as an
2,167, 168

anchor layer, to which CNTs where attached for sensing cellular events

and mediating charge transfer from bacteria.

Indium tin oxide is an ideal substrate for nano-based sensors due to its
excellent electro-optical properties. Indeed even ITO of a thickness of 260 nm
still gives more than 70 % transmission®®, ITO has also been shown to be
chemically inert!’% 171 have good hardness and gives high substrate adherence
as has been shown on multiple occasions when ITO has been used for the
deposition of thin films’> 173, Even better, when ITO is briefly etched with
hydrochloride acid the electrical activity of the surface oxides is significantly

increased!’4.

Changes in cellular analytes that can be potentially detected by
electrochemical sensing technology tend be at very low concentrations.
Additionally, in applications where there is a requirement to facilitate charge
transfer, such as in fuel cells, electrodes require optimisation in order to
maximise current, output and efficiency %8, Therefore, investigations are
required to optimise the ITO platform to enhance sensing sensitivities and
facilitate charge transfer. Importantly, no thorough studies have been
performed to improve the electronic properties of ITO conducting surfaces
using diazonium chemistry or details elucidated of the physico-chemical

structure/function relationships.
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Diazonium chemistry has been attracting growing interest particularly
in its ability to form organic layers that can covalently bind onto a variety of
surfaces!’. The majority of studies using diazonium chemistry to modify
surfaces has focused on modification of gold and carbon surfaces!’®79(See
Table 3.1). Adaptation of ITO surfaces with films via grafting of diazonium
molecules has only recently been reported?®”. 180, 181, However, the underlying
mechanism of diazonium attachment to an ITO substrate has largely gone
unstudied until the work reported herein. The application of diazonium species
are broad, but have been important for functionalisation of surfaces by
immobilising carbon nanotubes (CNTs)!®?, anchoring polymers!® and applied

to improving the electronic performance of microbial fuel cells83,

The grafting mechanisms that have been previously suggested at
varying surfaces including gold, carbon and ITO involve the formation of either
a radical intermediate or a diazonium cation that reacts with the substrate (See
Table 3.1). The assertion of the presence of a covalent bond between the
surface and the diazonium ion is largely reliant on its stability and ability to
withstand ultrasonic cleaning in a variety of solvents including hydrochloric acid
and ammonium hydroxide'’® 18418 The |ayer formed from the diazonium onto
the varied material surfaces has also been shown to withstand extreme
potentials in cyclic voltammetry experiments giving further evidence of a strong
covalent attachment'®’. The identity of this bond and the mechanism of binding
are of great interest, though the general consensus is that either an aryl radical
or cation is formed from the diazonium which then attaches to the surface. This

mechanism of binding has been thought to produce a carbon-based bond
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directly from the benzene group to the surface that is independent of the
surface chemistry!’> 176, There is, however, recent evidence of a mixed
mechanism involving an azo phenyl group which can bind directly to the surface
via its nitrogen atom®®8, More recently, an azo phenyl radical was shown to
have been involved in the grafting of diazonium salts on metallic surface
material®®. There have also been literature reports that contradict the theory
of electrochemically induced grafting of diazonium as the sole method of
attachment, with evidence indicating that diazonium ions can graft to the

surface spontaneously®-1°1 as well as electrochemically.

With the diverse uses and clear adaptability of diazonium-based organic
films on surfaces, it is important to fully understand the mechanism behind
their attachment to the surface. Therefore, the aim of the work within this
chapter was to provide more detailed knowledge of the structure/function
relationship of ITO surfaces modified with nano-scale films. This allowed us to
optimise the electron transfer kinetics of the electrode once the ITO-aryl films
were functionalised with CNTs and subsequently gain insight into how the
underlying film structure affects the end-sensor properties. The kinetic effects
of optimising the aryl-amine film will be discussed further in Chapter 4. A new
mechanism is proposed, for the formation of an aryl-amine film on ITO via the
in situ electrochemical grafting of aryl diazonium. The knowledge gained from
these studies allows for the rational design and tuning of electronic properties
of ITO based conducting surfaces important for development of various

electronic applications.
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Table 3-1 Reaction schemes of diazonium formation and its attachment to surfaces as
reported in the literature.
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3.4 METHODS

3.4.1 Time of Flight Secondary lon Mass Spectrometry (ToF-SIMS)

ToF-SIMS was carried out using a ToF-SIMS IV (IONTOF GmbH) instrument in
static mode. Static conditions were ensured by maintaining a primary ion dose
density < 1 x 102 ions per cm™. A Bis* pulsed ion beam was used with a target
current of ~0.3pA. Scans were taken (5 x 5 mm areas at a resolution of 100
pixels per mm) covering both a region with diazonium grafting (within the O
ring) and a region where grafting did not occur (outside the O ring) as an
internal control. Positive and negative ion fragments were collected and
normalised to total ion peak intensity for comparison. ToF-SIMS data
acquisition and analysis was performed using Surfacelab 6 software (IONTOF
GmbH). Further analysis including statistical tests were conducted with
Graphpad Prism software (version 7). Samples analysed are described by the
length of time a potential is applied during electrografting with an additional
control performed in which no electrochemical grafting was conducted. This
was termed 0 s, as no application of potential was applied but the sample was

exposed to a solution of the in-situ generated 4-aminobenzenediazonium.

3.4.2 X-Ray Photoelectron Spectroscopy (XPS)

XPS data was collected with a Kratos Axis Nova spectrometer. The X-ray source
was monochromatic Alka with a working energy of 1486.6 eV. Spectra were
collected with a 0° emission angle with a field of view of 700 pum x 300 um. Pass
energy of 160 eV was used for the survey scans and 20 eV for the high

resolution regions (Cls, O1s and N1s). CASA XPS curve-fitting software was
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used to analyse the spectra. Bare ITO, ‘0’ s grafted and ‘1’ s grafted were
analysed with three repeats of each and three regions within each. Samples
were analysed at the National XPS EPRSC users service (NEXUS) at Newcastle

University.

3.4.3 Electrochemical Studies

For the stability study samples were electrografted by applying a fixed potential
of -0.6 V for either: 1, 2, 4, 6, 8 or 10 seconds. These were then tested via cyclic
voltammetry using a VersaStudio Potentiostat cycling between 0.8 V and -0.4 V
at a scan rate of 100 mV/s. Samples were tested on the same day as grafting
(day 0) and days 3, 5 and 7 post-grafting. Phosphate buffered saline (PBS: 0.01
M phosphate buffer, 0.0027 M potassium chloride with 0.137 M sodium
chloride, pH 7.4) was used as a control solution while potassium ferricyanide
(250 pM, in PBS) was utilised as a standard redox molecule. Bare, cleaned ITO

was also tested on “day 0” as a control.

3.4.4 Ellipsometry

The thickness of the aryl films on ITO were measured with a J.A. Woollam Co.,
Inc. Spectroscopic ellipsometer a-SE™ and modelled with CompleteEASE
software. Thicknesses were calculated in fast mode with the refractive index,
n, and dispersion coefficient, k, calculated to be approximately 1.705 and 0.045
respectively for the ITO layer and 1.713 and 0.011 respectively when measuring
the aryl layer as calculated by the CompleteEASE software. The ellipsometry
model was based on multiple layers. The base of the surface being 1 mm of

glass was inputted as a 7059 Cauchy substrate. Layer 1 and 2 was ‘ITO
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parameterised’ (built into the software) to measure the thickness of the ITO on
the glass substrate; this was done for each individual sample for the ITO outside
the grafted region in order to get a more accurate measurement of the aryl
amine layer. Layer 3 — to measure the thickness of the aryl amine was a
standard Cauchy layer with substrate backside correction on and back
reflections set to 5 % to take into account the near- transparent nature of our

surfaces.

3.4.5 Atomic Force Spectroscopy (AFM)

Depth analysis of samples was conducted by AFM depth profiling with an
Atomic Force Microscope Dimension 3000 (Veeco) with a NanoScope
version:llla controller and NanoScope V531rl software. All AFM images were
obtained with a RTESPA-150 cantilever (BRUKER) with a resonant frequency of
150 kHz and a spring constant of 6 Nm™. The samples were held on a metal
stage and initially scanned in tapping mode with a scan size of 15 um x 15 um
and a scan angle of 90°. A scan rate of 1 Hz was used to gain an initial idea of
topography of the surface. The surface of the samples were then scratched in
contact mode with a deflection set-point of 8 V, scan size of 5um x 5um, scan
angle of 0°, scan rate of 0.5 Hz, integral gain of 0.2 and a resolution of 512 x 512
pixels. Following this the tip was disengaged and the sample was scanned for a
second time in tapping mode again at 15 um x 15 pum with the same settings as

previously described.

Processing and analysis of the AFM images was performed with NanoScope

Analysis 1.5. Images were ‘flattened’ with the scratch area excluded in this
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function. Thickness of the aryl film was subsequently determined by the ‘step’
function which measured the difference in height between the scratched and

unscratched regions.

3.5 RESULTS AND DiscussION

3.5.1 Characterisation of the Aryl-Amine Layer

Our group'®” and others'® have recently developed sensors that use
ITO modified with an aryl amine film which acted as an anchor layer. ITO was
used to functionalise surfaces with SWCNTSs. The choice of the aryl-diazonium
was based on previous work done by the Rawson group'®®. The amine terminal
group is ideal for conjugating to the CNTs which have exposed carboxylic acid
groups'®’2, The SWCNT modified ITO was subsequently modified with an
electrocatalyst?. Importantly, the electronic properties of the sensor-cell
constructs were not optimised and constructed with an aryl film that was
electrografted by applying a fixed potential of -0.6 V (vs Ag/AgCl reference) for
120 seconds.'®” 18 Thijs results in comparatively thick films (see Table 3-2);
close to the maxima reported in the literature!® 19 |nitial investigations to
establish the electrochemical nature of this relatively thick aryl amine film were
therefore conducted. This was achieved by performing cyclic voltammetric
experiments (Figure 3.1) on solutions of in situ generated aryl diazonium,
thereby modifying the ITO with an aryl amine layer. Figure 3.1 demonstrates
that the resulting film passivates the conductive nature of the ITO. The initial
cyclic voltammogram (CV) obtained (Figure 3.1; CV1) with the in situ generated

diazonium solution resulted in observing a reductive peak at -0.141 V, which
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after applying a fixed potential of -0.6 V for 120 s disappears (Figure 3.1; CV2).
This has previously been seen on both ITO and gold*®. This is presumed to be
because a thick multi-layered film has been formed!®® which increases the
resistance of the film to the point that the surface has been passivated and
therefore no additional aryl diazonium in solution can be reduced. In order to
investigate the effect of film thickness on the final nanotube sensor construct,
a physical and electrochemical characterisation of the aryl film electrografted

for different lengths of time was conducted before testing the films with the

nanotubes.
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Figure 3-1 Typical cyclic voltammograms (CVs) obtained for solutions containing 10
mM p-phenylenediamine and 1 M sodium nitrite at an ITO electrode before grafting
(CV1) and after grafting with the aryl radical produced after 120 seconds (CV2) using
fixed potential amperometry. CVs were conducted using an initial potential of 0.2 V

and a vertex of -0.6 V at a scan rate of 0.1 V/s.

In order to determine the precise nature of the aryl-amine film
produced, time of flight secondary ion mass spectrometry (ToF-SIMS) was

utilised to investigate how the surface chemistry changes with grafting time.
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Initial ToF-SIMS analysis of the ITO was conducted on samples
electrochemically grafted for between 1 and 120 s, either scanned immediately
after grafting (Day ‘0’) or after 3 or 7 days, respectively. This allowed an
assessment of the changes on the surface of the sample in order to examine
the stability of the grafted surfaces as well as the effect of grafting time (Figure
3.2). If the CNT sensors were to ever be constructed on a large scale as a
diagnostic device for example, the stability of each step of their construction
becomes important and could indeed become a limiting factor in their
fabrication. Figures 3.2B and 3.2C show secondary ion images for indium (m/z=
114.91), including both grafted and non-grafted regions of the sample, for 4 s
and 120 s grafting time, respectively. These ion images highlight the differences
in ion intensities within the grafted regions while also functioning as an internal
control in areas which were not grafted. The grafting area was defined by use

of an O-ring (# 7 mm) as detailed in the methods section.
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Figure 3-2 [A]indium ion (m/z= 114.91) intensities for samples grafted between 1 and
120 seconds, scanned either on day of grafting (day 0) or day 7 post-grafting (error
bars represent £SD). Secondary ion images for In+ for [B] 4 s grafting and [C] 120 s

grafting. The regions outlined in [B] represent the four regions of interest (ROI’s)
isolated in each sample within the reaction area to generate the mean ion intensities
that are represented in [A].

Figure 3.2A demonstrates that there is a decrease in indium ion
intensity (within the grafted region) with increasing grafting time correlating to
the increasing thickness of the bound aryl layer on the surface. The 120 s
sample showed no detectable In* ions within the grafted region presumably
due to the depth limits of the ion beam and the thickness of the layer. This is
contrasted by the 4 s grafted sample as displayed in Figure 3.2B which shows

some In* ion fragments but is still not as intense as the region outside the
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grafted circle. For the thinner layers on the 1 and 2 second grafted surfaces
there is a mixture of fragments including indium ions and fragments formed
from the aryl-amine layer; this is due to the aryl-amine layer being thinner than
the analysis depth of the ion beam which is approximately 4 nm®°, Two
methods were utilised to estimate the depth of the films electrografted by
varying the applied potential, AFM depth profiling (Figure 3.3) and ellipsometry
(Table 3.2). Due to the limitations of ellipsometry, mainly that within our model
the indices of refraction of the ITO and the aryl amine layer are very similar, for
this reason the AFM depth profiling was necessary as an alternative method to

measure the depth of the films.
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Figure 3-3 Summary of typical AFM images of depth profiling of aryl amine films on
ITO. Left column shows topology of surfaces after scratching; right hand column
displays a line profile of the height difference of the surface between the scratched
and non-scratched regions. [A] 1 s grafted surface. [B] 10 s grafted surface and [C]
120 s grafted surface.

From the data shown in Table 3.2 it can be seen that the layers range in
thickness from approximately 2 nm to 26 nm. The standard deviations
displayed in Table 3.2 are believed to arise from a combination of the
limitations of the techniques and the heterogeneity of the surfaces. It is
important to note that the surface roughness (Ra) of bare, clean ITO was
measured at 0.8 nm with a standard deviation of £0.03 nm. Considering that
the standard deviation of the surface roughness at the 1 second grafted sample
is £ 1.1 nm indicates that the technique is sufficiently accurate to determine
the film thickness even at the thinnest film. This data is in agreement with
previous studies stating the maximum achieved diazonium-based aryl film
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formed on a surface by electrochemical reduction is approximately 20 nm?8%

198 With a single aniline molecule being approximately 0.9 nm in diameter 2%
it would seem that even at the surface grafted for only 1 second, aryl amine
multilayers are exhibited at the surface of the electrode and become thicker
with increased grafting time as indicated by the ellipsometry and AFM data.
This is in agreement with the literature in which there are extensive

descriptions and reports of multilayers formed with modification of surfaces by

diazonium grafting?9> 196,197,

Table 3-2 Ellipsometry and AFM depth profiling data of samples grafted for between
1 and 120 seconds. Values displayed are mean thickness in nm + standard deviation.

Grafting Time (s) 1 2 4 6 8 10 120
Ellipsometry 2.34+0.3 2.27+0.5 2.56+0.4 2.63+0.5 45129 4.57+2.5 15.49+2.4
AFM 291x1.1 3.14£2.0 3.51£1.6 4.75£23 5.25£1.9 5.36+2.8 26.41=4.2
3.5.2 Stability

Stability of the aryl-amine film will become a crucial factor if the ITO-
SWCNT sensors are to ever be mass produced. Stability was studied
electrochemically by performing cyclic voltammetry, across the ITO modified
with different depth films, by using the well characterised redox mediator
ferricyanide ([Fe(CN)g]*) as a standard redox probe, on days 0, 3 and 7 post-
grafting. The initial hypothesis for the films was that with time the oxidative
and reductive peaks seen via CV when run in the presence of ferricyanide would
become larger as the film degrades and reveals the conductive nature of the
ITO film beneath. However, as can be seen from figure 3.4 the reverse of this is

true.
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Figure 3-4 [A] Representative CVs of 1 second grafted sample across 7 days in 250 uM
potassium ferricyanide (PBS) at a scan rate of 100 mV/s between 0.6 V and -0.4 V (vs
Ag/AgCl) scanned initially in the negative direction. [B] Mean peak cathodic currents
(Ipc) from all samples across 7 days with mean peak anodic currents (Ipa) shown in
[C]; B+C: n is between 4 and 8.
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It is apparent that from day O (figure 3.4A) that the thinner aryl-amine
layers are not thick enough to passivate electron transfer to ferricyanide.
Therefore, reductive and oxidative peaks can be seen at 0.130 V and 0.286 V,
respectively, as is shown for the 1 s grafted sample in figure 3.4A. The peak
currents are approximately 2 pA for both reductive (lpc) and oxidative (lpa) peak
currents (Figure 3.4A, day 0) and the magnitude of the peak currents decay with
time which can be seen in figures 3.4B and 3.4C. This is seen consistently with
all the film depths with an apparent inverse relationship between film thickness
and peak current, as to be expected. From this the resultant hypothesis was
that the layer is not degrading, which would reveal the ITO, but rather material
from the atmosphere is being adsorbed and passivating the surface with time.
If films were not stable and the ITO surface was being revealed, cyclic
voltammograms obtained in the presence of ferricyanide would result in a
typical redox couple associated with ferricyanide as seen at day O (figure 3.4A).
On the contrary this was not the case and peak current associated with the
ferricyanide decreases which is indicative of a smaller electroactive area as
governed by the Randles-Sevcik equation (see Chapter 2). It was therefore
important to understand what is occurring at the surface to passivate the aryl-
amine layers. This was achieved by performing ToF-SIMS analysis on surfaces

grafted and stored in air for several days (see Figure 3.5 and 3.6).
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Figure 3-5 ToF-SIMS secondary ion images of In* (left) and CN- (right) of samples
grafted for either 1 second or 2 seconds, scanned on day 0 and day 3. Scale bar
indicative for all images.

Figure 3.5 displays how the surfaces are prone to absorbing impurities
from the atmosphere such as the characteristic CN" fragment shown. This can
also be seen from the In* secondary ion images which show an increase in
surface coverage with time as the In* ion intensity decreases. The CeHy
fragment peak was also investigated, which was indicative of the diazonium
derived film’s presence (Figure 3.6). A phenyl-NO peak was not chosen as this
can only be detected in the thinnest layers, as shown with the 1 s grafted
sample, due to narrow penetration of the ion beam. This shows that the aryl-
amine film is consistently present in the films over a week, independent of
grafting time. By combining the electrochemical data from the CVs (Figure 3.4)
and the surface analysis from ToF-SIMS, it would appear that the aryl-amine

layers are stable throughout seven days. As such, if they were to be mass
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produced it would be necessary to store them either under an inert gas such as

argon, or under vacuum conditions prior to CNT coupling.
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Figure 3-6 [A] ToF-SIMS secondary ion images of CsH ion formed from the aryl-amine
layer. Layers grafted for between 1 and 120s as shown and scanned on Day 0, 3 and 7
with a bare ITO sample as a control. All images are scaled to the same maximum ion
count. [B] Graph depicting normalised ion intensities of the same samples as in [A].
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3.5.3 Identifying the Connecting Bond

The nature of the bond formed from electrochemically grafting the in
situ generated 4-aminobenzenediazonium to the ITO surface is yet to be
established. Establishing the nature of the bond formed will be indicative of the
mechanism and would provide further insight into the nature of the aryl amine
film. To elucidate the type of bond formed ToF-SIMS was initially used to
determine and compare the chemical fragments produced from four different
samples which were: an unmodified ITO; ‘O’ s which was exposed to the in situ
generated 4-aminobenzenediazonium but without application of any applied
potential to determine if any spontaneous electrografting occurs (see methods
3.3.1); 1 s electrografted and 120 s electrografted samples. When a fixed
potential was applied for 1 s it resulted in thinner aryl amine layers on the ITO
than compared to longer electrografting times (Table 3.2). Therefore,
electrografted sample fragments formed by ToF-SIMS from the 1 s sample
should contain ions formed from the ITO surface and the bond formed between
the ITO and the first aryl layer whereas the 120 s aryl-amine layer will be too

thick for this bond to be detected. The results of this can be seen in figure 3.7A.
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Figure 3-7 [A] Bar graph displaying normalised ion intensities for CsH;NO*, CsHsNO?,
NOz, and CO*, error bars represent 1 standard deviation. Proposed chemical
structures based on the chemical assignments are shown above the tallest bar for
each ion. Two-way ANOVA was performed with Tukey post-test to test for
significance against the bare ITO control. [B] XPS data displaying nitrogen peaks
(N1s, n=9) for samples of bare ITO, 0 second and 1 second grafted. Fitted peaks are
displayed.

To determine the secondary ions that were likely to contain information
relating to the bond to the ITO surface from the ToF-SIMS, the mass spectra
peak list was initially filtered so only peaks that were exclusive in to the 1 s or
0 s samples remained. The sample electrografted for 120 s was used as a
negative control as the aryl amine layer will be so thick that fragments

produced in ToF-SIMs will not contain ions from the surface of the ITO. A two-
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way ANOVA followed by a Sidak multiple comparison test was then conducted
to isolate the peaks that were significantly different to the bare ITO control.
Following this, two secondary ions in particular were isolated as being of
interest to the binding of the aryl-amine to the ITO surface: CsH7NO* (p<0.0001)
and C3HsNO* (p=0.01). Considering the initial compound these fragments can
be arranged in two ways either with the carbon binding to the surface oxygen
or the nitrogen. It is, however, the significantly increased N-O ion in the 1 s and
the lack of a C-O" ion that leads us to propose that the aryl amine is binding via
a nitrogen and an oxygen and not via a carbon. The XPS data in Figure 3.7B
displays the N1s spectra for the ITO, 1 s and 0 s samples. In the N1s spectra,
there are clear NH;, ~400 eV, NO and NO; peaks at ~402 eV and ~406 eV
respectively?®l 292 further supporting the presence of a NO; based bond to the
surface. There also appears to be a small amount of spontaneous binding as
can be seen by the presence of the C3H;NO* ion in the ToF-SIMS data for the
“0” second grafted surface (Fig 3.7A). There does not appear to be any
spontaneous binding shown in the XPS data so if any spontaneous binding is
occurring it is likely to be nominal compared to the reductive electrochemical

binding.

Figure 3.8A further shows the presence of the NO; ion peak in increasing
intensity in samples that only came into contact with sodium nitrite when the
potential was applied. It is also interesting to note that with increased length
of grafting time the relative ion intensity associated with NO; increases;
providing further evidence this is adsorbed on to the ITO surface which is in

contrast to that observed on copper?®. Interestingly, the NO, peaks observed
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are not found to the same magnitude when looking at the sodium nitrite
samples only (Figure 3.8A). It can be tentatively inferred from this that there is
some sort of co-operative effect between the sodium nitrite and the p-

phenylenediamine though the exact details requires further study.
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Figure 3-8[A] NO* ion fragment peaks for ITO, Os, 1s and 120s (all with NaNO2 only),
1 s (p-phenylenediamine ‘amine’ only) and 1s complete mix (right y-axis). N=1. [B]
Typical cyclic voltammograms (CVs) for HCI (blank line) and sodium nitrite (orange

line). CV’s were conducted between 0 V and -0.6 V at a scan rate of 0.1 V/s.

CVs of NaNO; solutions (Fig 3.8B) were also performed and an increase in
electrolysis at -0.6 V as well as a greater capacitance overrall is seen when
compared to the HCI control CV. No reduction peak is observed as was seen in

Figure 3.1 at-0.15 V. These differences presumably occur due to ions associated
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with NaNO; adsorbing on the ITO supporting the ToF-SIMS and XPS data in
Figure 3.7. There is a slight increase in the C-O peak??? from the O1s spectra in
the XPS however, as can be seen in Figure 3.9 there is high background carbon
as well on the control sample. After blank subtracting the ITO from the 1 s XPS
data the Cls and N1s spectra data give a ratio of N:C of 1:6.78. This is expected
assuming there is complete reduction of the azo group to the aryl radical which

prior to reaction with the surface yielding an amine functional group.
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Figure 3-9 [A] Wide field XPS scan of plain ITO (black line) and 1 s grafted sample
(blue line). Nitrogen peak is highlighted by red dotted lines. [B] C-O peak across all
three samples from the O1s spectra. N=3.

Mechanisms proposed for diazonium binding shown on other surfaces
such as gold and carbon (see Table 3.1) have indicated a carbon-based bond or
a —N=N- bond. In these investigations an N-O bond as been identified,
previously unseen for diazonium grafting; which suggests a different
mechanism for diazonium binding at ITO to that previously observed at gold

and carbon. Work by Hetemi et a/*** has shown that while the diazonium is
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reduced to an aryl radical as expected, it is also possible to reduce sodium
nitrate to nitrite which can then absorb to the surface. This supports our
assertions that sodium nitrite adsorbs or binds to the ITO. As the diazonium
cation is formed in situ from the reaction of sodium nitrite and p-
phenylenediamine (in a 1:1 ratio) the data suggests that the NO; identified
originates from unreacted sodium nitrite. This then provides a docking point for

the aryl radical formed from the diazonium; (as depicted in Figure 3.10).
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Figure 3-10 Schematic demonstrating aryl-amine film formation on ITO surface.
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Au 1 sec 120 sec

Figure 3-11 ToF-SIMS secondary ion images of Au, NO and NO; fragments of
diazonium reaction conducted on a gold surface for either 1 second or 120 seconds.
Bare gold surface (left column) is shown as a control. Colour scales on the right apply
to the entire row.

This is further supported by the presence of the same NO; ion fragment
when the diazonium grafting is conducted on gold (see Figure 3.11) further
substantiating that an alternative reaction is occurring in situ than has been
observed previously. In Figure 3.11 it can be seen that when the same reaction
is conducted on a gold surface, which have been extensively researched
previously, the same presence of the NO; fragment (bottom row) in the 1
second sample is seen, which is not present on the 120 second sample. This
correlates with the diminishing visibility of the underlying gold surface (top
row) and corroborates our theory that the NO;™ ‘docking point’ for the growth
of the poly-aryl amine originates from the sodium nitrite and not the ITO

surface itself.
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3.6 CONCLUSION

In this Chapter evidence has been presented that the bond formed between an
ITO substrate and a diazonium based film to be NO; in nature. This unique bond
was proven to not be a result of the surface chemistry of ITO but from the
reduction of the diazonium and the physio-adsorption of excess sodium nitrite
in solution; as was shown by its presence on a gold substrate also. The depth of
such films can be tailored by altering the length of time a current is passed
through the substrate. The films are stable with time though prone to adsorb
contaminates from the environment, as displayed by the increasing presence
of the CN"ion as a function of time in the ToF-SIMS data; therefore, binding of
CNTs should ideally be done immediately to limit exposure to contaminates.
This is a crucial step towards the development of a rapid, sensitive biosensor
by optimising its surface chemistry. Developing the work presented in this
Chapter further, sensors constructed with thinner arylamine tether layers were
evaluated for their kinetic properties and how the tether layer impacted their
ability to detect an analyte. It is expected that with thinner layers a lower limit

of detection will be achieved. This can be seen in the following Chapters.
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4 CNT CHARACTERISATION AND INTERNALISATION
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4.1 AIMS AND OBJECTIVES
The aim of this chapter is to characterise the ITO-CNT kinetics and to

characterise their internalisation within macrophage cells.

This will be achieved through an in-depth kinetics study utilising cyclic
voltammetry. Various electrochemical and imaging techniques will be used to

characterise their interaction with macrophage cells.

4.2 ABSTRACT

Carbon nanotubes act as an ideal transducer when constructing an intracellular

biosensor due to their size and vast adaptability. With diameters of less than 3
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nm and of varying length, with assistance, they are capable of crossing the
plasma membrane of mammalian cells and sensing intracellular events?%4,
Building on the work in Chapter 3, where the depth of a poly-arylamine tether
layer was controlled, here work will be presented where CNTs are tethered to
this poly-arylamine layer on indium tin oxide (ITO). The kinetics of the resultant
sensor (with varying depths of tether layer) was investigated using cyclic
voltammetry (CV) and a modification of the Nicholson-Shain method for
determination of the heterogenous rate constant (k°)!3. Furthermore, the
effect of the internalisation of the CNTs within cells was investigated and the
membrane integrity of mouse macrophage (RAW 264.7) cells was established
through the use of TEM imaging and the membrane diffusible redox probe:
methylene blue. From this work the optimal tether layer thickness was
established, that when combined with bound CNTs resuls in a sensor that is

capable of intracellular sensing without disrupting cellular integrity and with an

increased K° than seen previously.

Figure 4-1 Schematic displaying the portion of the biosensor to be investigated in this
chapter.
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4.3 [INTRODUCTION

As discussed in Chapter one, a biosensor is made up of 3 key elements. 1) A
recognition element, 2) a transducer and 3) a processor. A transducer is a
component that translates changes in a physical entity into an electrical signal.
For the purposes of this work this shall be the changes in intracellular hydrogen
peroxide concentration that will be converted into a change in current utilising
single walled carbon nanotubes (SWCNTs/CNTs) as the transducing element.
Before such measurements can be conducted however, it is necessary to define

and optimise the sensors parameters.

When constructing a biosensor for use in detecting intracellular analytes the
dimensions of the sensor are paramount. CNTs are ideal in this aspect as they
are typically 2 — 3 nm in diameter?% but can be up to 20 cm in length?%. CNTs
are also remarkably strong considering their dimensions, having a higher tensile
strength than steel or Kevlar?®> 207, Such small dimensions allow for the
nanotubes to traverse the plasma membrane that when combined with their
electronic properties , as discussed in Chapter 3, enable CNTs to act as an
intracellular nanosensor. However, CNTs can act in a number of diverse ways
dependent on their construction, modification and how they are assembled as

a Sensor.

CNTs can be made through three main techniques; 1) chemical vapour
deposition, (CVD) 2) laser ablation?°® 2%° and 3) carbon arc discharge?!® 211,
While each technique has its own pros and cons CVD tends to be the most

popular technique with a high yield (more than 75%), the ability to make both
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single walled and multi-walled nanotubes as well as being a simple technique
with a high purity of products formed. CVD also allows for accurate control in
the length of nanotubes produced. Briefly CVD involves a substrate with a metal
catalyst within a reactor. Two gases are flowed through the reactor: a process
gas (generally an inert gas such as argon) and a precursor gas (a hydrocarbon).
The substrate is heated to roughly 800°C which initiates the nanotube growth
upon the catalyst?!2. The nanotube diameter is highly dependent on the size
and spacing of the metal catalyst. The carbon source used for this reaction also
affects the morphology of the nanotubes produced. If a linear hydrocarbon is
used then straight, hollow CNTs are produced while if a cyclic hydrocarbon is
used then the result is curved CNTs where the tubes contain bridged internal
walls. The temperature applied to the substrate is what controls whether multi-
walled or single-walled CNTs are produced. CVD therefore is clearly a technique
that can be adapted to the product requirement and has been shown to be
easily upscaled for large scale production?!® with products produced within 15
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to 60 minutes“** and can now be easily obtained commercially.

CNTs display interesting electrochemical properties which are dependent on
the length?! of the nanotubes as well as the surface to which they are attached.
CNTs have been studied on numerous surfaces such as glass?*> 216, metal coated

168 and

silicon wafers?'’, gold coated Si0,%8, pyrolysed photoresist electrodes
ITO®’. Different methods exist for the attachment of CNTs to surfaces with the
most common being CVD where the nanotubes are ‘grown’ directly onto the

surface. Alternatively, CNTs can be covalently bound to surfaces either directly

(dependent on the surface) or via a tether molecule. One example of this is a
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diazonium®”: 219 based electrochemical grafted aryl-amine layer, which can
then be used to covalently tether carboxylated CNTs. Diazonium chemistry was

discussed in depth in Chapter 3.

Despite the CVD method of producing CNTs being around since the 19605229 221
it was not until 1991 that CNTs were first used in biosensing??2. CNTs have since
been used by many groups as the transduction element of biosensors; either
solo or conjugated to compounds?%3226, One of the major advantages of CNTs
as an adaptable sensor, unusually derives from the defects that are introduced
during synthesis. These defects allow for shortening of the CNTs through
chemical oxidation which also introduces carboxylic groups allowing for the
easy addition of functional groups??” 222, CNTs are extremely hydrophobic
which makes their interaction with cells difficult as they will not cross the
plasma membrane. By functionalising the CNTs however, functional groups
such as amines can be introduced to overcome this making them more water
soluble??® 230, Without additional functional groups to overcome the CNTs
hydrophobic nature, internalisation of surface bound CNTS, can only be
achieved through physical methods such as centrifugation. Functionalisation
has also been used to control organ distribution and the clearance profiles of
CNTs in vivo?31. CNTs are not limited to one functional group but can be double
or triple functionalised?3? 233, Beyond external functionalisation, as CNTs are
hollow, they can also be filled with solutions acting as an ‘internal reversal
functionalisation’. Hampel et al. and Sanz et al. have shown CNTs can be filled

with anti-cancer?34 and anti-malarial®*® drugs respectively. The adaptability of
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CNTs both by their method of construction, and further functionalisation makes

them a valuable tool in creating biosensors for a wide range of applications.

CNTs are rarely used individually and prove to be of particular use when
tethered to a conductive surface. CNTs can be generally arranged in two ways
on surfaces: either as a random forest or as an ordered array. The arrangement
and spacing of the CNTs on the surface also affect whether linear or radial
diffusion is the dominant form of mass transport to the surface (see Chapter 2.)
Ordered arrays of CNTs allow for complete control of the CNT height, spacing
and arrangement with the CNTs often grown directly?3® onto the surface with
methods such as CVD. This way you can control the electrochemical properties
of the surface more easily?®’. However, in order to create sensors in this
manner, expensive equipment is required that is not always readily available.
While CNT arrays can also be purchased, as they are custom made this is often
also very costly and not always available. For this reason, a lot of work has been
done on CNT forests. CNTs commercially bought are tethered to surfaces via
chemical coupling. This is a cheap and easy alternative to creating arrays and
can easily be achieved on a benchtop within the lab. While you cannot control
the distribution of the CNTs on the surface, the length of the CNTs attached can
be generally controlled by chemical cutting prior to attachment to the surface.
Controlling the electrochemical properties of the surface proves more
challenging though an element of control can be achieved through the tailoring

of the tether layer'®> 167,219,
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With the clear advantages of using CNTs as the transduction element for an
intracellular biosensor the work in this chapter will show how it is possible to
modulate the electrochemical properties through altering the aryl-amine layer
that was investigated in Chapter 3. Further to this, the effect of inserting the
CNTs into mammalian cells physically (via centrifugation) was examined looking
closely at cell viability and membrane integrity. This was essential in building a
base knowledge in how to optimise the sensor for successful intracellular

analyte detection.

4.4 METHODS

4.4.1 Scan Rate Study

Cyclic voltammetry studies were performed with a fixed surface area of 7.07
mm? (diameter 3 mm, defined by an O ring) exposed to the solution. Scan range
was between 0.8 V and -0.4 V starting at 0.8 V and switching at -0.4 V. For
determination of the heterogeneous rate, constant scan rates were varied
between 5 mV.s! and 5 V.s'. Potassium ferricyanide (250 uM) in phosphate
buffered saline (10mM PBS, pH 7.4) was used as an analyte and was purged of
air with argon. Control scans were conducted with PBS at the two extreme scan

rates. Ohmic drop was not compensated for at any scan rate.

442 SEM
FEG-SEM was conducted on surfaces (courtesy of the Nanoscale and Microscale
Research Centre Nottingham). Surfaces with and without and aryl amine layer

were investigated and CNTs bound to the surface. FEG-SEM was conducted
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using a Jeol JSM-7100F equipped with PC-SEM software. Samples were coated
with 5nm iridium prior to imaging to avoid charging of the samples (Quorum

Q150T ES) at a density of 22.4 g/cm?3.

4.4.3 Atomic Force Microscopy (AFM)

AFM was conducted on a Bruker Fastscan Bio ICON instrument utilising
Nanoscope 9.1 software on peak force mode (tapping) in air. A 2 uM square
was analysed with multiple squares per sample and minimum three repeats per
sample type. A Bruker Probe AFM tip (RTESPA-300) with a resonance frequency
(Fo) of 300 khz was equiped. Analysis of scans were performed on Bruker
Nanoscope 9.1 software. Images were smoothed before 3D reconstructions

were generated.

4.44 Methylene Blue Study

RAW 264.7 cells were incubated in 100 uM methylene blue solution (solubilised
in sterile PBS) for 30 minutes to allow cellular uptake, prior to centrifugation
onto CNT sensors (1 x 108 cells/sensor) for 3 minutes at 1000 rpm (Heraeus
Multifuge 3s equipped with plate rotor). Control samples had methylene blue
incubated cells in contact with the sensor for 3 minutes without centrifugation.
Sensors were then washed three times with sterile PBS. Cyclic voltammograms
were conducted at sensors with an initial potential at 0.2 V and a vertex
potential at -0.6 V, scan rate of 0.1 V.s™* with a platinum counter electrode and
a Ag/AgCl reference electrode (10mM PBS electrolyte). Working electrode
diameter of 3 mm in an electrolyte of sterile PBS. Two types of sensors were

tested: 1) 10 s grafted aryl-amine layer (thin layer) and 2) 120 s grafted aryl-
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amine layer (thick layer). Surfaces/cells were also imaged as described in 4.3.6
to display the internalisation of the methylene blue. Minimum of three repeats

was conducted for each sample type.

4.4.5 Transmission Electron Microscopy (TEM)

Samples for TEM were constructed as described previously in Chapter 2 before
being inserted into RAW 264.7 cells by centrifugation. Samples were then fixed
in 4% paraformaldehyde for 20 minutes and washed twice in 0.1 M sodium
cacodylate. Samples were sent to Public Health England, Collindale, for further

processing by Dr Matthew Hannah.

Briefly, osmication of samples was conducted with 1% osmium tetroxide
containing 1.5% potassium ferricyanide, with just enough to cover each sample,
for one hour in a fume hood. Samples were then washed repeatedly in 0.1M
sodium cacodylate buffer. Prior to embedding in epon, samples were
dehydrated stepwise in ethanol. A 50:50 mixture of Taab 812 resin and ethanol
was used to submerge the samples for up to an hour before solution was
replaced with neat epon. Samples were removed from the epon with the
majority of the solution allowed to drain from the surfaces and excess epon
removed with a fine tissue (Kimcare medical wipes). Samples were then
mounted (cell-side down) onto a drop of liquid epon that covered the cavity of
a pre-prepared polymerised epon stub careful to avoid any air bubbles.
Polymerisation occurred in an embedding oven at 60 -65 °C overnight. The glass
surface was removed from the epon through repeated freeze thaw cycles by

dipping the stubs into liquid nitrogen, leaving behind the cells embedded in the
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resin. For side-on sectioning the resin stubs were re-embedded with liquid epon

and a second epon stub before sectioning

Post embedding and sectioning of the stubs the samples were stained with lead
citrate (1.33g lead nitrate and 1.76 g sodium citrate made up in 50 ml distilled
water and 0.8 ml 10N NaOH) and uranyl acetate (2g uranyl acetate made up in
25 ml methanol). Samples were blotted dry on filter paper and imaged via TEM

by Dr Hannah.

4.4.6 Viability Study

RAW 264.7 cells were inserted onto CNT sensors constructed with a thin (10 s
grafted) aryl-amine layer. Cell viability was tested prior to insertion by trypan
blue dye exclusion at a concentration of 0.2%. Either 5 minutes or 60 minutes
post-insertion CNT/cell sensors were then submerged in 0.2% trypan blue. Cells
without an intact cellular membrane would take up the dye appearing blue
when imaged. Sensor/cells were imaged using a Nikon Eclipse microscope
TE3000 with an Optimos sCMOS camera. Images were captured with
Micromanager 1.4 software and analysed with Imagel 1.47. Three replicates of

each time point were counted.

4.5 RESULTS AND DISCUSSION

45.1 Calculation of the Heterogenous Rate Constant
Samples of varying film thicknesses (as described in Chapter 3) were used to
construct various ITO-CNT sensor platforms and the ability to tailor the electron

transfer kinetics of the chips was investigated. Three different aryl thicknesses
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were utilised by grafting the aryl layer for either 1 s, 10 s or 120 s. It was
hypothesised that the thinner the aryl layer the faster and more efficient the
electron transfer kinetics should be. Laforgue et al showed that thin films on a
surface exhibit no detectable barrier effect!®® unlike thick. They also showed
that the kapp® Which is the apparent rate constant, is dependent not only on
layer thickness but also on the homogeneity of the surface. Despite thinner
layers being ideal, a monolayer, however, may not be. With a monolayer the
conformational state is fixed, but when multilayers are present there is
flexibility in the conformation which can give a higher conductivity?3®. As is
clear from the ellipsometry and AFM scratching data, (Table 3.2) even the layer
grafted for 1 second is on average more than a monolayer in thickness, yet
relatively thin (mean 2.34 nm * 0.33 nm), which it was hypothesised would
result in more conductive and efficient final sensor when compared to the

sensor made with the aryl layer grafted for 120 seconds.

There are various methods for calculating K° including both practical and
mathematical modelling. As our sensors are diffusion dependent the most
appropriate method for calculating K° was utilising the Nicholson-Shain
method?®? (see equation 1) which is based on a scan rate study. Where { is a
function of the peak separation (AEp), D is the diffusion coefficient, n, the
number of electrons transferred in the redox reaction, F, the Faraday constant,

R, the gas constant and T the temperature.

Equation 4.1 shows how to calculate k° from :
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Y=peak separation function, k°= heterogeneous rate constant, D=diffusion
coefficient, n=number of electrons, v=scan rate, F=Faraday constant, R=gas constant,
T=temperature, a=rate transfer coefficient, AE, = peak separation

However, Nicholson and Shain’s method for determining | assumes that the
rate transfer coefficient, a, is 0.5. As this may not be constant between our
sensors to get a more accurate value of ), a was calculated independently for
each sensor using an adaptation of the method by Lavagnini'®*. This was then

inputted into equation 4.2 to calculate a more accurate value of .

Calculating the rate transfer coefficient, a, involved a scan rate study where
cyclic voltammograms were conducted between the range of 5 mV.s? and
5 V.s™! with the peak cathodic and anodic potentials measured. A plot of the
logarithm of the scan rate versus the peak potential minus the formal potential
of the cell yields the graphs that can be seen in Fig 4.2. a can then be calculated

from the slopes of these lines and equation 4.3.

&YV
i oé r‘]'Q—c| —0 [4.3]

a=rate transfer coefficient, R=gas constant, T=temperature, n=number of electrons,
F=Faraday constant
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Figure 4-2 [A] and [B] unmodified ITO surface. [C] and [D] ITO-CNT surface with
diazonium layer grafted for 1 s. [E] and [F] ITO-CNT surface with diazonium layer
grafted for 10 s. [G] and [H] ITO-CNT surface with diazonium layer grafted for 120 s.
[AJ[CJ[E][G] Compiled cyclic voltammograms of varying scan rates from 0.005 V.s to
5 V.s"2 of ITO-CNT sensors made of varying grafting times in 250 uM potassium
ferricyanide in a PBS electrolyte. [B][D][F][H] Plots of log of the scan rate versus peak
potential minus the formal potential of the cell.
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From this, an accurate value of  could be obtained for all values of AE, and
was plotted against [mDnvF/(RT)] % to obtain k°. The results of this can be seen

in Figure 4.3[A].
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Figure 4-3 [A] Y plot to determine the heterogenous rate constant, k°, for unmodified

ITO surface (black line) and surfaces modified for 1 s (green line), 10 s(blue line) and

120 s (purple line) and further modified with CNTs. [B] Typical cyclic voltamograms of

surfaces in an electrolyte solution of PBS containing 250 uM potassium ferricyanide.
0.1 V.s scan rate, upper vertex of 0.8 V and lower vertex of -0.4 V.

Figure 4.3[B] displays the real effect this varying of k° has on typical CV’s of the
surfaces in potassium ferricyanide. It is clear from this that the surface with the
steepest slope from Figure 4.3[A], and therefore the fastest k°, results in larger

peak currents which is seen in Figure 4.3[B].

The a values calculated for the three sensors constructed with their

corresponding K°values were determined as the following:
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Table 4-1 Calculate a values and K° values for surfaces grafted with diazonium for
either 1s, 10s or 120 s.

Sample U K°

1s Aryl Layer + CNTs  0.37 4.26 10%cm.st
10s Aryl Layer + CNTS 0.45 1.74 10%cm.st

120s Aryl Layer + CNTs 0.84 3.57 10%*cm.s?

By decreasing the aryl-amine film from ~20 nm (120 s) to ~2 nm (1 s) the k° is
increased by an order of magnitude from 3.57 x 10% cm.s-1t0 4.26 x 103 cm.s™?
with the ~5 nm aryl-amine film (10 s) following the trend and having a k° of 1.74
x 103 cm.s™. The ITO control also has a K° of only 3.7 x 10* cm.s* which is slower
than all surfaces modified with CNTs. This gives direct evidence for the
improvement in electron transfer rates of ITO-CNT sensors through the
tailoring and thinning of the aryl-amine film. One interpretation of the data is
that the trend of increasing rate constant with thinner films results from greater
access of the redox couple to the bare ITO as the aryl layer gets thinner.
However, this can be discounted as | have previously reported that at the
thickest film the electrochemistry (grafting time 120 s) associated with the
ferricyanide is blocked'®’. Therefore the fact that the rate constants is greater
when aryl amine functionalised ITO is modified with CNTs in comparison to
plain ITO, and we are observing electrochemistry associated with ferricyanide
which is not observed at thicker films'®’ is evidence that it is the presence of

the CNTs which results in the increased rate constants. Consequently, it is not
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due to increased access of the redox probe to the ITO as the films become

thinner.

45.2 CNT Characterisation

To provide evidence that CNTs are physically bound to the ITO and the
mechanism is not via adsorption. Plain ITO and ITO functionalised with the aryl
amine were exposed to CNTs which had their carboxyl groups activated, via
carbodiimide coupling chemistry, and characterised by FEG-SEM. Surfaces were
coated with iridium to reduce the effect of charging and visualised between
x35,000 and x100,000 magnification. It was already known that when the
diazonium is grafted for 120 s the CNTs that bind to it form a densely packed
forest of varying lengths. Hussein et al?3® have shown however, that the layer

underlying the CNTs affects the orientation of which they bind.
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Figure 4-4 FEG-SEM of surfaces grafted for varying lengths of time coated in iridium.
[A] no aryl layer, [B] 1 s grafted, [C] 10 s grafted and [D] 120 s grafted. Scale bar for
each =100 nm. Inset in each is the corresponding 3D AFM displaying topology of the
surface. [A] AFM z-axis max= 7.5 nm. [B] AFM z-axis max = 11.2 nm. [C] AFM z-axis
max =57.9 nm, [D] AFM z-axis max = 80.2 nm.

In the absence of the aryl amine tether layer very few CNTs were observed
(Figure 4.4[A]) on the surface suggesting a physical interaction between the
CNTs and aryl amine is the mechanism of attachment. As the layers seem to
passivate with time due to contaminates from the environment, in all cases
CNTs were bound to the aryl layer immediately after grafting. As expected the
120 s surface (Fig.4.4[D]) presented a dense forest of CNTs and from its
corresponding AFM (inset) we can see the maximum height of these nanotube

is approximately 80 nm?1% 240 When the arylamine layer is thinner for grafting
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foronly 1 sor 10 s the distribution and size of CNTs on the surface changes. The
1 s layer appears to be insufficient to support a dense layer of nanotubes with
them being sparsely distributed and some of the longest nanotubes apparently
being laid down rather than vertically aligned. This is supported by the work of
Hussein et al. who showed that the interaction between CNTs and the
functionalised surface is key in how the CNTs are assembled, in a length
selective manner?3°, The maximum height displayed on their AFM scan was
11.2 nm, which is likely to be of insufficient length to cross the cell plasma
membrane and therefore would be of no use as in intracellular sensor. The 10 s
layer strikes the perfect balance between sensor speed (as defined by the k°)
and CNT height and density. The CNTs form a dense forest on the surface with
heights of 57.9 nm which will be sufficient to cross the plasma membrane and

is still approximately 5 times faster than the original 120 s arylamine layer.

4.5.3 CNT Integration within Cells

While the speed of the sensor, allowing for more accurate detection of the
analyte, has been successfully increased by the narrowing of the poly-
arylamine layer; it is uncertain whether these faster sensors with their shorter
CNTs attached will integrate fully with the cells. To discern this a well-known
redox probe, methylene blue was used. Methylene blue is a membrane
diffusible compound (Figure 4.5) where it is trapped within cells. If the
nanotubes are within the cell, once a potential is applied the methylene blue
can be reduced into its leucomethylene blue form (Fig. 4.5). This reduction (and

subsequent re-oxidation) can therefore be visualised on a CV (Figure 4.6)%41.
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Figure 4-5 Chemical structure of methylene blue (left) and its reduced form
leucomethylene blue (right).
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Figure 4-6 Cyclic voltammograms of CNTs inserted into cells by centrifugation or non-
centrifuged cells as a control (black lines). CVs conducted in a PBS electrolyte and a
scan rate of 0.1 mV.s™. Upper vertex of 0.2 V and lower vertex of -0.6 V. Cells
incubated with 100 uM methylene blue. [A] 10 s aryl layer + CNTs, green line. [B] 120
s aryl layer + CNTs, purple line. [C] Example image of cells incubated with methylene
blue and spun onto surfaces x10 magnification. Scale bar = 50 uM.

Figure 4.6 shows that after insertion of the CNTs into cells by centrifugation
there are redox peaks visible representing the reduction and oxidation of the
methylene blue that are not seen in the control scans. This is evidence that the
centrifugation of the cells onto the ITO-CNT sensors is proficient at inserting the
nanotubes across the plasma membrane and therefore overcoming their
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hydrophobic nature. Both the 10 s and 120 s type sensors have a peak
separation of approximately 100 mV; the 10 s type sensor however, displays a
larger peak reduction current of 2.10 pA (SEM = 0.09) compared to the 120 s
type sensors 1.83 pA (SEM = 0.15, not significant). The oxidation peak of the
10 s type sensor is also more clearly defined than the 120 s type sensor. This
confirms that both types of sensors successfully penetrate the cells after
centrifugation and that that the 10 s type sensor is more efficient as is expected

from its faster k® value.

Next, it was important to establish the cells health when integrated with the
CNT sensor chip. It is important to determine whether the cell membrane
remains intact after insertion and that it forms a tight seal around the
nanotubes. If this were not the case, then we would simply be facilitating cell
lysis rather than an inserting an innocuous biosensor. This was primarily done
through TEM imaging of the macrophage cells post-insertion with CNTs (see

Figure 4.7).
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Figure 4-7. Typical TEM image of ITO-CNT (120 s grafted) embedded into RAW264.7
cells by centrifugation. Scale bar = 100 nm. Image courtesy of Dr M. Hannah, Public
Health England.

Unfortunately, nanotubes cannot be visualised by TEM, unless by dye
exclusion, which was not possible while imaging with the cells. However, we
can establish the membrane integrity of the cells knowing from the methylene
blue study that the nanotubes have successfully traversed the cells plasma
membrane. In Figure 4.7 we see a thick, dark band underneath the cell that is
approximately 50 nm thick. This is the ITO which is pulled from the glass
surface. The gap between the surface and the cell is presumed to be the poly-
arylamine surface and part of the CNTs extending from the cells. It is also
apparent, that the cell interacts with the surface as in multiple places the cell
edge is deformed slightly to align with the ITO surface. Across all images the

cell membrane appears intact with no sign of lysis or blebbing.

Further viability studies were conducted by the trypan blue dye exclusion

method, to ascertain membrane integrity immediately after insertion (5-
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minute time point) and one hour after insertion to establish if there was a

delayed detrimental effect to the cells by the nanotubes. (Figure 4.8).

[A]

(Bl100

% Viable

Figure 4-8 [A] Example image of cells 60 minutes post-CNT insertion. Cells that have
up taken trypan blue appear dark. [B]Percentage of viable RAW264.7 cells prior to
CNT insertion (grey bar), after 5 minutes (green bar) and after 60 minutes (blue bar).
Bars display a mean of 3 sensors £ SEM.

From this it is apparent that the cells membrane remains intact at least up to

an hour after insertion. This supports the TEM imaging that shows no defect in

cellular integrity after insertion.

4.6 CONCLUSION
This work shows that having limited the depth of the aryl-amine layer the
kinetics of the ITO-CNT sensor can be improved, with the heterogenous rate

constant improved by up to a factor of 10. By altering the underlying aryl-amine
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layer CNT binding is also affected rendering the 1 s grafted surface unusable.
However, both the 10 s and 120 s grafted surfaces can successfully penetrate
mammalian cells and sense an intracellular redox probe without compromising
membrane integrity or cellular viability. This provides a successful sensing
platform, ready for use as an intracellular sensor, that simply requires
functionalisation for use in a specific application. The functionalisation and

application of the CNT sensor is examined further in Chapter 5.
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5 RAPID INTRACELLULAR HYDROGEN PEROXIDE DETECTION

ACKNOWLEDGEMENTS

The whole bacterial cell work conducted in this chapter was done at Public
Health England (PHE), Porton Down. Training and assistance were provided by
the Pathogen Immunology Group. Colony forming units per millilitre were

calculated by Rachel Halkerston of PHE.

5.1 AIMS AND OBJECTIVES

The aim of this chapter is to establish the sensitivity of the biosensor to

hydrogen peroxide and utilise it in the detection of bacteria.

This will be accomplished through the utilisation of an osmium compound.
Lipopolysaccharide extracts will be then used as a bacterial model before

moving to whole bacterial work.

5.2 ABSTRACT

Gram-negative and Gram-positive bacteria interact with the host immune
system through the lipopolysaccharides (LPS) present on their outer
membranes. This LPS interacts with TLR4 receptors on immune cells triggering
the production of intracellular hydrogen peroxide. This work aims to show that
LPS, and therefore bacteria, can be detected through this production of
hydrogen peroxide with the use of an intracellular electrochemical biosensor.
Carbon nanotubes functionalised with an osmium complex proved to be a

successful, rapid biosensor that specifically detects hydrogen peroxide and its
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diffusion to the nanosensor. With chronoamperometry methods, a change in
detected current is proportional to the change in concentration of hydrogen

peroxide with a limit of detection of 368 nM.

%205“ H,0, +2H*
N. =~

z N
CI 205 +  2H,0

Figure 5-1 Summary scheme of fragment of biosensor of interest within this chapter.
Specifically achieving specificity through an osmium complex tethered to the CNTs.

5.3 INTRODUCTION

Ahmed et al?*?. described the ideal bacterial biosensor as fulfilling certain
criteria: sensitivity to less than 10° CFU/ml; can distinguish between serotypes;
rapid testing within 10 minutes; it needs to be compact and portable as well as
being stable and no specialist training required. To fulfil these requirements a
variety of sensor types have been developed. Optical biosensors are based
around changes in light, often fluorescence?*3. These sensors have evolved
from traditional sandwich assays but in order to make them more portable
work has been done using fibre optic cables as the transducer with the
biorecognition elements contained within?*424¢, However, labelled elements
are still required which adds time and cost. Label-free optical sensors are
largely based around the use of surface plasmon resonance (SPR) and have
been commercially available since 1990%24. Upon analyte binding to the
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transducer the refraction index of the light hitting the surface changes. This has
been tested with a range of biorecognition molecules; most commonly with
antibodies?*® 249, bacteriophages® and lectins?®® 2>, SPR based optical
biosensors generally have low sensitivity due to the similarity of refractive
index between the bacterial cytoplasm and the medium. While work has been
done to improve this sensitivity??2>* it currently remains a non-viable
technique for clinical detection of bacteria. Mechanical biosensors (such as
sensors based on a cantilever of quartz crystal microbalance, QCM) hold more
promise as they have shown to have high sensitivity to bacteria as well as fast
processing times?>>. While a QCM based biosensor has been shown to have a
limit of detection as low as 10 CFU/mI%>® and a microcantilever biosensor as low
as one E.coli cell in buffer?®’; there is a lack of literature demonstrating the use

of these sensors in clinically relevant medium or environments.

Electrochemical biosensors currently have the greatest potential as bacterial
sensors and fulfilling the criteria set out by Ahmed et al. First described in
19532%% 239 electrochemical biosensors have seen success both within the
laboratory and commercially. Electrochemical biosensors are based on either
1) a change in potential, 2) a change in current or 3) a change in impedance
upon interaction with the analyte of interest. Measuring a change in current
with amperometric sensors dominates current research?6® 261, The change in
current measured is a direct response to a reduction or oxidation (redox) event
that has occurred at or near the working electrodes surface where the current
produced is directly proportional to the concentration of the analyte?®2. For

whole-cell bacteria detection bacteriophages have often been used for
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specificity?®3, however, this involves the bacteriophage lysing the bacteria
which would not be ideal for clinical use within a patient. Laczka et al?4. have
presented an interesting blend of techniques for bacterial detection. A
traditional sandwich assay executed on magnetic beads either modified with
an anti-E.coli antibody or HRP, capturing the bacteria via microfluidics, with this
Laczka et al. reported limits of detection as low as 55 cells.ml* in PBS and 100
cells.mlt in milk. It is clear that many researchers achieve specificity through
the use of antibodies?®™ 26, However, this approach limits their tests to single
bacterial strains, which clinically while each test would be fast, collectively

testing for a broad panel of infections would still be extremely time consuming.

Rather than being limited to a single bacteria serotype, the aim is to be able to
distinguish between serotypes within a single test, taking under 5 minutes to
complete. This will be based on the host’s innate immune response and the
subsequent production of reactive oxygen species (ROS) within the cell upon
interaction with bacteria. This was discussed in detail in Chapter 1. Briefly,
when bacteria interact with the host immune system ROS are produced in what
is typically referred to as a respiratory burst. The role of ROS is highly varied,
from cell signalling to bactericidal. ROS can be produced in response to bacteria

by two main pathways: mitochondria or NADPH oxidase.

Lipopolysaccharides (LPS) embedded on the outer membrane of Gram-
negative bacteria, are known to interact with the Toll-like receptor 4 (TLR4)?¢7
present on many cell types, including macrophages. When bacteria are

introduced to a host, the host cells first recognise the presence of Gram-
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negative bacteria through lipid binding protein (LBP). LBP dissociates LPS from
the bacterial membrane and disaggregates it for transport®> 268, LBP then
transfers LPS to CD142%° (either membrane bound or soluble) which confers it
to the binding pocket of MD-2279272/ 3 protein associated with TLR4. The
binding of LPS to TLR4 causes the dimerization and activation of TLR4. Upon
binding and activation of TLR4, a series of intracellular signalling adaptors are
recruited. Importantly, myeloid differentiation factor-88 (MyD88) s
recruited?’® 274 which allows for the association of interleukin-1R-associated
kinase-4 (IRAK-4) to TLR4. Upon association IRAK-4 is auto-phosphorylated and
leaves the TLR4/MyD88 complex to interact with tumour necrosis factor
receptor-associated factor 6 (TRAF6)%7>. It is this interaction that is key in the
production of reactive oxygen species (ROS). The interaction between IRAK4
and TRAF6 can activate both NF-kB27 276 and the MAPK pathways?’” as well as,
importantly, activating another membrane bound protein: NADPH oxidase
(NOX), through the phosphorylation of one of NOXs intracellular subunits?’8 279,
Alternatively, there has been some research conducted that shows the
intracellular portion of certain isoforms of TLR can interact and activate directly
with isoforms of NOX?8°, The NOX family of proteins produces superoxide
radicals through the oxidation of NADP to NADPH and the co-reduction of
oxygen to superoxide. Superoxide, an extremely unstable molecule, then in
turn forms H,0,. What signalling pathway that is activated is thought to be
dependent on the ROS generated in a temporal dependent manner?®. For
example, prolonged and diffused, production of ROS is thought to be a trigger

for cells activating apoptotic pathways through non-specific oxidative
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damage?8l. The variety of outcomes possible from this one interaction of LPS
with TLR4 can explain why the immune system reacts differently to different

bacterial serotypes.

LPS can be grouped broadly into two phenotypes as ‘smooth’ or ‘rough’?%2. Both
smooth and rough phenotypes consist of a lipid A moiety and a series of core
oligosaccharides. Smooth LPS (sLPS) also has an outer O-antigen region. sLPS
makes up the majority of LPS from wildtype bacteria; as synthesising the
carbohydrate region of the oligosaccharides and O-antigens is energy
consuming, a bacterium will form rough LPS (rLPS) when there is insufficient
energy?®® to continue synthesis to the O-antigens forming the truncated
mutant rLPS. Other than differences in their structure, a key difference
between sLPS and rLPS is how they interact with TLR4. While both sLPS and rLPS
contain Lipid A, the bioactive moiety of LPS?®4, the truncated nature of rLPS
allows it to bypass LBP and CD14%% allowing faster activation of TLR4. It has
been shown that rLPS can induce a faster ROS (and therefore hydrogen
peroxide) response in a wider variety of cells for this reason?®. The diversity of
LPS structural phenotypes may play a role in the different ROS responses seen.
Rough LPS may also be important in the rapid ROS response seen recently? and
not as vital in the traditional respiratory response which is typically a longer
more diffuse response. However, it is important to note that a lot of research
into the respiratory burst has been limited by techniques that are unable to

selectively measure ROS in a time dependent manner (see Chapter 1).
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Sensing bacteria based on the subsequent hydrogen peroxide response may
therefore be the key to a multi-serotype test; if bacteria produce different
concentrations of hydrogen peroxide as expected. Developing an
electrochemical based biosensor targeted to the detection of hydrogen
peroxide could therefore be the answer for the rapid detection of bacteria.
Figure 5.2 shows a summary of the TLR4 pathway described, and also displays
how the SWCNT biosensors will interface with the cells in order to detect a
response. The osmium core of the biosensor can be readily reduced/oxidsed by
available H,0,. The mechanism by which this occurs is similar to iron induced
H,0, disproportionation?®’ (see equations 5.1 and 5.2). The redox state of the
osmium core is dependent on the applied potential meaning it can be both
readily reduced by hydrogen peroxide and re-oxidised at 0.4 V (equation 5.1)
and readily oxidised by hydrogen peroxide and re-reduced at 0.15 V (see
equation 5.2)2. This results in a change in current proportional to the local H20;

concentration.

cU i OO0 O O i ¢cO O [5.1]

cU i 00 ¢O O ¢Oi 00 [5.2]

The dimension and orientation on surface of the SWCNT allows for intracellular
detection. While their being tethered to a conductive surface (for example
indium tin oxide, ITO) allows for ease of measurement as the signal is
conducted along the SWCNT and the surface to the potentiostat. Figure 5.2 also

shows the various parts of the pathway we will target to confirm our
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measurements. TAK-242 will be used as an TLR4 inhibitor, preventing LPS
binding, while N-acetyl-L-cysteine (NAC) and sodium pyruvate will be used to
prove that we are able to sense intracellular H,O.. Initial testing with isolated
LPS from various bacterial strains (including smooth and rough LPS) is required
to test the feasibility of this theory before further work with live bacterial
culture. The aim of the work in this chapter is therefore to detect Gram-
negative bacteria by its LPS and to determine if there are any differences in

hydrogen peroxide response between serotypes.

Sodium
Pyruvate

LPS Induced

TAK-242

Activation

Figure 5-2 Schematic showing the production of intracellular hydrogen peroxide via
the activation of the TLR4 pathway by Gram-negative bacteria. Subsequent detection
by the ITO-CNT-Osby sensor which carries the change in current to the potentiostat.
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5.4 METHODS

5.4.1 Osmium Synthesis

Osmium(lIl)bis-2,2-bipyridine(p-aminomethyl pyridine)chloride
hexafluorophosphate was synthesised as described previously by Rawson et
al?. 100 mg of NH40sCls (0.23 mmol) was dissolved in 10 ml of ethylene glycol
under argon gas by stirring for 15 minutes. 2,2’-bipyridine was subsequently
added in 2:1 molar equivalent (78 mg) and the solution was refluxed under
argon for 1 hour. The solution was allowed to cool to room temperature
(approximately 30 minutes) prior to the addition of 10 ml of saturated sodium
dithionite and the solution stirred on ice for 1 hour. The Os(bpy).Cl> product
was collected by vacuum filtration and washed with 50 ml diethyl ether and 15
ml of Milli Q water before being dried in an oven at 40°C. 100 mg of Os(bpy).Cl>
was then dissolved in 10 ml ethylene glycol and stirred for 15 minutes. 4-
aminomethyl pyridine was added to the solution in 1:1 molar equivalents (20.7
mg) and the solution was refluxed for 1 hour. After being allowed to cool to
room temperature once again excess NH4PFs (approximately 100 mg in 10 ml
Milli Q water) was added and the solution was stirred on ice for 1 hour. The
Os(bpy)2Cl(4-aminomethyl pyridine)-PFs product was collected by vacuum
filtration, washed with 50 ml diethyl ether and 15 ml Milli Q water before being

dried overnight in an oven at 40°C.

5.4.2 Osmium Binding
ITO-SWCNTs were coupled to Os(bpy).Cl(4-aminomethyl pyridine)* complex

through the exposed carboxylic groups on the SWCNTs. SWCNTs were

130



immersed in a mixed solution of 40 mM 1-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide hydrochloride (EDC) and 10 mM N-hydroxysuccinimide (NHS) in
MilliQ water for 1 hour before transferring the SWCNTs to a 2.5 mM solution of
the Os(bpy).Cl(4-aminomethyl pyridine)+ that had been solubilised in a mix
solution of PBS and ethanol (7:3) for 24 hours. ITO-SWCNTs-Os were pre-
treated by running 100 consecutive CVs between the ranges of 0.6 V and 0.0 V

at a scan rate of 0.1 V/s in sterile PBS.

5.4.3 Hydrogen Peroxide Calibration

Calibration of the sensors and calculation of the limit of detection was
performed with chronoamperometric experiments. A platinum counter
electrode and a Ag/AgCl reference electrode were used with the ITO-CNT-Osby
sensor acting as the working electrode. A fixed potential of 0.15 V was applied
to facilitate the re-reduction of the osmium compound tethered to the CNTs
post-oxidation by hydrogen peroxide, with an interval time of 0.1 s. Hydrogen
peroxide was serially diluted in 10 mM PBS to a range of concentrations from 0
UM (PBS only) to 80 uM. Chronoamperometric experiments were performed at
all concentrations for 150 s. The final 10 data points (1 s) were averaged to
calculate the mean current for that concentration of hydrogen peroxide. This
was then subtracted from the PBS control which results in the mean reduction
current by the hydrogen peroxide. This was plotted versus concentration and
the linear portion of the graph was used for the calculation of the limit of

detection.
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5.4.4 Fluorescence

Two commercial kits for the detection of hydrogen peroxide or total ROS were
used: Abcam ab102500 and Abcam ab139476. For both RAW264.7 cells were
seeded in 96-well plates (Corning) overnight at an initial concentration of 1 -2
x10% cells/well in 200 pL media. Cells were washed with PBS and incubated with
reconstituted dye for up to an hour prior to stimulation with hydrogen peroxide
(100 uM) or LPS (1 pg/ml) and mixed by agitation prior to imaging. Images were
captured with a Nikon fluorescent microscope (Model: TI-DH) with an optiMOS

sCMOS camera and utilising NIS-Elements (version 4.60) software.

5.4.5 LPS Studies

Bacterial lipopolysaccharide (LPS) studies were conducted with either ultra-
pure E.coli 0111:B4 smooth form LPS or ultra-pure S.minnesota Re595 rough
mutant form (Quadratech diagnostics Ltd.). LPS was re-constituted in sterile
PBS at a stock concentration of 100 pg/ml. Sensors were assembled into an
electrochemical cell with a circle 3mm in diameter exposed to the electrolytic
solution (990 ul PBS). A 1 ml syringe with a 27-gauge needle attached
containing 10 ul of stock LPS solution was attached to the electrochemical cell
so the needle is the centre of the solution pool. Both reference electrode and
syringe are secured in place with tape. A potential was initially applied at 0.15
V for 500s to ascertain the appropriate current range (10 nA or 1 nA).
Subsequently a potential of 0.15 V was then applied for a fix time of 1000 s;

once a steady state current has been reached, after approximately 900 s, the
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LPS is released into the solution via the syringe plunger giving a final

concentration of 1ug/ml.

RE

Syringe Containing
10 puL LPS

\ / 990 pL PBS
Cells

WE (ITO-SWCNTs-Os)

CE

3mm

Figure 5-3 Schematic of electrochemical cell set up for LPS studies. RE= reference
electrode, CE= counter electrode, WE= working electrode.

5.4.6 Bacterial Culture

E.coli (0111:B4) and S.minnesota (WT) were obtained from Public Health
England’s NCTC culture collection. S.minnesota (Re595) was obtained from the
ATCC. Stock cultures of bacterium were created by growing bacteria on
streaked TSA plates (trypticase soy agar, Oxoid) overnight. Bacterial colonies
were then harvested and suspended and grown in broth (LB was used for the
E.coli culture and TSB for both S.minnesota strains) until an absorbance at 600
nm of 0.5 was achieved. (Typically 1 to 2 hours). Cultures were then diluted
with glycerol (25% final concentration) and aliquoted and frozen at -800C until
use. Glycerol stocks were thawed to room temperature and used to streak
plates the day before experiments and stored in an incubator at 370C and 5%

CO2 (Brunswick Galaxy 170s incubator). On the day of experiments bacterial
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colonies were harvested from plates and grown in broth in 250 ml baffle flasks
(Thermofisher) in a shaking incubator (Stuart orbital incubator S1500) at 37°C
for the desired amount of time. Growth was tracked by measuring the

absorbance at 600 nm (OD600) using a spectrophotometer (WPA Biowave ll).

5.4.7 LAL Assay

Lipopolysaccharide (LPS) concentration was calculated using the commercial
LAL chromogenic endpoint assay kit from Hycult Biotech (HIT302). Bacteria was
grown as described for two hours and was diluted 1:1000 prior to use in the
assay. A set of standards (provided by the supplier) of hydrogen peroxide was
tested on every plate with additional controls of just the broth (LB or TSB,
diluted 1:1000) with and without the LAL reagent. Endotoxin free water was
used for all the dilutions that was provided with the LAL assay kit from Hycult
Biotech. The LAL reagent binds to endotoxins producing a yellow colour.
Absorbance at 405 nm was measured using a VERSAmax tuneable microplate

reader (BN02863).

5.4.8 Hydrogen Peroxide Detection

ITO-CNT-Osby sensors were placed within a 12 well plate (Corning). Cells were
harvested from the T80 flasks and counted using an automated counter
(Invitrogen countess); 0.5 x 108 cells were then gently pipetted onto each
sensor and inserted onto the CNTs via centrifugation (Sorvail Legend RT) at
178G for 3 minutes. Sensors were rinsed in sterile PBS (Severn Biotech) to
remove excess cells. The sensors/cells as the working electrode were

assembled with the rest of the electrochemical cell so that a circle of 3 mm in
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diameter was exposed to the electrolyte (800 uL sterile 1X PBS,) and the rest of
the sensor was dried with argon gas. A fixed potential of 0.15 V (vs Ag/AgCl)
was applied with a platinum wire as the counter electrode. Simultaneously,
bacteria that had been growing in suspension for 2 hours previously, were
centrifuged at 3060 G for 5 minutes to form a pellet of the bacteria. Bacteria
was then re-suspended in sterile PBS to a final concentration of 500 ng/ml of
LPS (calculated from LAL assay). 200 plL of bacterial suspension was pipetted
into the analyte (termed time ‘0’) and the change in current was measured for

5 minutes post-infection.

5.5 RESULTS AND DISCUSSION

Having confirmed that the ITO-CNT sensors can successfully penetrate cells and
are capable of intracellular sensing (see Chapter 4) it is necessary to
functionalise the chips for specific detection of the analyte of interest. This was
done building on the work done by Rawson et al?> which used an osmium
complex tethered to the CNTs. The osmium complex acts as a catalase with the
osmium core being specifically reduced by hydrogen peroxide; (see equations
5.1 and 5.2). The osmium complex is bound to the CNTs via EDC/NHS chemistry.
Excess unbound osmium is cleaned from the surfaces through repeated cyclic
voltammetry (CV). This method of removing adsorbed species from a working

electrode to clean the surface is known as ‘pre-treating’>> 288,
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5.5.1 Hydrogen Peroxide Sensitivity
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Figure 5-4 Osmium cleaning via cyclic voltammetry. 100 CVs in PBS of an ITO-SWCNT-
Osby sensor with a 10s aryl layer. Arrows show the decreasing peak size with scan
number. Scan rate of 0.1 V.s™, scanning between 0.6 V and 0.0 V with an Ag/AgC/

reference electrode.

As can be seen from Figure 5.4, when a surface that has been bound to osmium
and exposed to repetitive CVs the redox peaks of the osmium core gradually
reduce. This is from the excess osmium that is not covalently bound to the CNTs
being released from the CNTs and going into the bulk solution. After 100 CVs
redox peaks are still present with a peak separation of 0.1 V. The reductive peak

is present at approximately 0.3 V and the oxidative peak at 0.4 V.

To establish whether the ITO-CNT-Osby sensors could be reused a fixed
potential of 0.15 V was applied to the sensors and the reduction of the osmium

core was repetitively reduced with a solution of hydrogen peroxide. (Figure

5.5).
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Figure 5-5 Typical chronoamperogram at 0.15 V in a PBS electrolyte. Working
electrode of ITO-CNT-Osby sensor with a 10 s poly-aryl amine layer. Interval time of
0.1 s. Repetitive stimulations with 100 uM hydrogen peroxide. Study repeated three

times. Stimulations shown are the final 5 stimulations after more than 30
stimulations.

After every addition of hydrogen peroxide the steady state current is rapidly
reduced. This shows that the sensors can be reused without an obvious
reduction in signal. After more than 30 stimulations with hydrogen peroxide
the osmium sensor is still responding with an approximate reduction in current
of 3 nA immediately after hydrogen peroxide stimulation. Due to the time
frame required to make each sensor, being up to 2 days, it is an advantage that
once constructed the sensors can be re-used. This also means that if the sensors

were ever to be commercialised they are not limited to being single-use.

Considering intracellular concentrations of H,0> are relatively low (<100 pM)?8°
our sensor will need to be able to detect at least micromolar concentrations of

H,0..

137



After cleaning the ITO-SWCNT-Osby sensors, chronoamperograms were
conducted at 0.15 V (vs Ag/AgCl) for 150 s with various concentrations of H,0;
using PBS as a blank control. An example of this can be seen in Figure 5.6. With
increasing concentrations of hydrogen peroxide the difference in current from

the PBS blank is increased.
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Figure 5-6 Typical chronoamperograms of an ITO-(10s)CNT-Osby sensor in varying
concentrations of hydrogen peroxide and PBS. Interval time of 0.1 s, Ag/AgCl
reference electrode and a circular working area with a diameter of 3 mm.

The final ten data points for each chronoamperogram were averaged and the
PBS control was subtracted. After blank subtraction, current versus
concentration was plotted to obtain a linear plot and enable calculation of the
limit of detection (LoD). This can be seen in Figure 5.7. A concentration plot
was created for sensors that were constructed with a 10 s poly-arylamine layer
(ITO-(10s)CNTs-Osby) and sensors constructed with a 120 s poly-arylamine
layer (ITO-(120s)CNTs-Osby) for comparison. Based on the heterogenous rate
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constant being faster for the ITO-(10s)CNTs-Osby it is predicted that these

sensors will have a lower limit of detection than their 120 s counterpart.

[A] Oh

-54 E -
z |t :
£ 101
E 0 5 10 15 20
o (M) 1
= -154
O ®
-20 - 1
-25 T T T
0 20 40 60 80
Hydrogen Peroxide
Bl om Concentration (pM)
— -5--
<
=
E -10+ |
3
-15- [ |
-20 T r r
0 20 40 60 80

Hydrogen Peroxide
Concentration (pM)

Figure 5-7 Calibration curves with varying concentrations of hydrogen peroxide (0.1
UM to 80 uM) diluted in PBS. PBS used as a baseline control [A] ITO-CNT-Osby sensor
with a 10 s poly-arylamine layer, inset: 0 — 20 uM concentrations shown with line of
best fit used for calculating the limit of detection. [B] ] ITO-CNT-Osby sensor with a
120 s poly-arylamine layer, inset: 0 — 10 uM concentrations shown with line of best fit
used for calculating the limit of detection. Error bars displayed are * standard

deviation.

LoD was calculated following the ICH quality control guidelines?®®

where from

a calibration curve the standard deviation (SD) of one of the lowest
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concentrations used with the slope of the curve. Calculation of LoD is shown in

equation 5.3.

o® av'YO [5.3]
i aégnNQ

Using this equation, the theoretical LoD for the ITO-(10s)CNTs-Osby sensors
was calculated as 368 nM, with the lowest tested concentration being 100 nM.
For the ITO-(120s)CNTs-Osby sensors the LoD was much higher, as predicted,
at 25 uM. In practice however, a change can be easily identified in current with
concentrations as low as 100 nM as can be seen from Figure 5.6 with the ITO-
(10s)CNTs-Osby sensor. The ITO-(120s)CNTs-Osby sensor also seems to have a
much narrower detection limit as a plateau in current is reached by 10 puM.
Whereas for the ITO-(10s)CNTs-Osby sensor a plateau in current is not reached
until >80 uM. This is a much lower limit of detection than seen in the literature
with the standard LoD being approximately 0.1 uM***> 291 Due to its faster
kinetics (Chapter 4) and its lower limit of detection the ITO-(10s)CNTs-Osby
sensor will be used solely for testing with the LPS and bacteria and from here-

on out.

When comparing this to other techniques available for hydrogen peroxide
detection, two commercially available fluorescent kits were used. Fluorescence
being, currently, the most popular method for ROS and hydrogen peroxide
detection in tissue culture. The benefits and drawbacks of fluorescent

techniques were extensively reviewed in Chapter 1.
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The first kit tested was an Abcam kit designed specifically for hydrogen peroxide
detection while the second kit is advertised as a generic ROS detection kit,
including hydrogen peroxide. A positive control of 100 uM hydrogen peroxide
and lipopolysaccharides from E.coli at a final concentration of 1 pug/ml were
tested. Figure 5.8 shows the results from the Abcam hydrogen peroxide kit
which is based on the Fluo-8 fluorophore which is more commonly used for

calcium detection.

100 uM H,0, 1 “gE/ miLPS
Lol

20 mins

Figure 5-8 Fluorescent images using the Abcam hydrogen peroxide assay kit
(Ab138874). Left column: cells stimulated with 100 uM hydrogen peroxide. Right
column: cells stimulated with 1 ug/ml ultra-pure E.Coli (0111:B4) LPS. Times indicated
are time post stimulation. Scale bars = 50 uM. Fluorescence imaged with an ex/em of
490/520 nm.
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Using this detection kit cells were imaged via timelapse, with a fluorescent
microscope, post-stimulation with either the hydrogen peroxide or the LPS.
Fluorescence was observed within 4 minutes of stimulation with hydrogen
peroxide. Due to the fluorescence being localised within cells, it is clear that the
fluorophore is localised intracellularly, and excess has been effectively
removed. This time delay is most likely then due to the diffusion of the
hydrogen peroxide into the cells and the time taken for it to oxidise the
fluorophore. There is a much longer time delay when the cells are stimulated
with the E.coli LPS with no fluorescence until 8 minutes and the majority of cells
still dark at 20 minutes post-stimulation. While 1 pg/ml LPS is a relatively high
concentration in terms of LPS, the hydrogen peroxide produced via the TLR-4
pathway is likely a lot lower than this. The advertised detection limit of the kit
being 3 UM may likely be the limiting factor in the indirect measurement of LPS

via hydrogen peroxide production.

The kit advertised at detecting general ROS, and hydrogen peroxide, had even

less success in detecting LPS. (Figure 5.9).
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Figure 5-9 Images taken in brightfield and with fluorescence channel with an ex/em of
520/625 nm. RAW264.7 cells grown adherent on a 96 well plate. Top row: cells
incubated with the fluorescent dye with no stimulus, middle row: cells incubated with
100 uM hydrogen peroxide and bottom row: cells stimulated with 1 ug/ml ultra-pure
E.coli (0111:B4) LPS. Left column images are taken after 5 minutes of stimulus. Right
column images are taken 30 minutes after stimulation. Scale bars = 50 um.

In this instance images were taken at timed intervals of cells that had been
stimulated with either hydrogen peroxide, LPS or nothing at all (dye only).
While the hydrogen peroxide samples had a clear increase in fluorescence; all
samples including the dye only samples showed initial fluorescence. This makes
it difficult to distinguish discrete changes in fluorescence either by time or

stimulus.

While commercial kits may not represent the best fluorescent techniques that
are currently being used, they are the most readily available. Jiang et al have
developed a fluorescent test for the measurement of LPS where a red

fluorescent protein is under the control of a NFkB promoter®”. While this
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technique can detect LPS as low as 1 ng/ml (equivalent H,0, LoD not reported)
it is time limited as detection does not occur until after stimulated genetic

transcription.

5.5.2 Lipopolysaccharide Detection

Having established that traditional techniques lack the sensitivity or the speed
for detecting LPS it was appropriate to next test the ITO-CNT-Osby sensors
further with LPS. Both smooth and rough LPS were investigated. E.coli
(0111:B4) was chosen as the smooth strain of LPS, based on previous work?;
and S.minnesota (Re595) was chosen as the rough mutant strain of LPS. Using
chronoamperometry, cells that were inserted with CNTs were allowed to reach
a baseline current (approximately 10 minutes) prior to stimulation with LPS via
injection into the electrolyte solution. As a blank control PBS was injected into
the solution rather than LPS. Additional controls to ascertain precisely what was
being detected were also performed by pre-incubating the cells either with the
anti-oxidant N-acetyl-cysteine (NAC) or the membrane diffusible compound
sodium pyruvate. Controls incubated with NAC will show how much of the
signal is due to an intracellular (generic) ROS? burst while controls incubated
with sodium pyruvate will show that not only is the signal due to intracellular
ROS, but more specifically due to a burst in intracellular hydrogen peroxide.
This is due to the sodium pyruvate being membrane diffusible and acting as a

hydrogen peroxide scavenger?®?,

Besides measuring a change in current that is proportional to the concentration

increase in hydrogen peroxide, the sensors will be tested for their ability to
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detect the diffusion of hydrogen peroxide to the sensor surface. This will be
done by converting the chronoamperograms into a ‘Cottrell’ plot. This was
discussed in depth in Chapter 2, briefly, in a diffusion-controlled process the

current is proportion to time®> as can be seen in the equation 5.4.

¢ "0Ob MO [5.4]

n o

0

Where i = current (A) n= number of electrons transferred, F= faraday constant
(C/mol), A= surface area (cm?), Co= initial concentration of analyte (mol/cm?3),
D=Diffusion co-efficient (cm?/s) and t = time (s). By plotting current (y axis) vs
time®> (x axis) diffusion can be detected in regions of the graph where an

inverse proportional relationship is shown.
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Figure 5-10 [A] Typical chronoamperogram response, 0.15 V, of an ITO-CNT-Osby
sensor integrated with RAW264.7 cells and exposed to 1 ug/ml final concentration of
ultra-pure E.coli 0111:B4 LPS. Highlighted region indicating time frame of which
measurable diffusion occurs. [B] Bar graph of mean change in current response + SEM
(n=6). Sensors either stimulated with PBS, bacteria, or bacteria after the cells have
been pre-incubated with either NAC or sodium pyruvate. [C] Typical graph displaying
measurement of diffusion by plotting the current vs time™®>, line of best fit plotted for
region where diffusion is detected. [D] Bar graph plotting average slopes of diffusion
across all conditions. Significance was tested with a one-way ANOVA multiple
comparisons test and a TUKEY post-test.

Figure 5.10A shows a typical chronoamperogram when cells are stimulated
with LPS from E.coli. Time 0 relates to the time of injection. Due to
chronoamperograms always tending towards zero and never truly being flat, to
reduce error in calculating the difference in current before and after
stimulation, graphs were baseline corrected using minimum of 10 data points
prior to stimulation. After baseline correction, to calculate current before and
after, 10 s before was averaged to calculate the ‘pre-current’ and 10 s after any

measured diffusion (typically when a new baseline has been reached) to
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calculate the ‘post-current’. The change in currents (delta current, pA) is
plotted on Figure 5.9B. From this it can be seen that when just a blank injection
of PBS is introduced into the system there is a positive change in current of
+168 pA. When E.coli LPS is introduced however there is a mean change of -196
pA which is significantly lower than the PBS control (p<0.0001). When cells are
pre-incubated with either the NAC or the sodium pyruvate there is almost no
change in current pre- and post- stimulation with E.coli LPS. With NAC there is
a mean change of +28 pA (p=0.0048 vs E.coli) and sodium pyruvate there is a
mean change in current of -1.16 pA (p=0.0303 vs E.coli). Both treatments are

not significantly different from the PBS control.

When investigating whether any diffusion has been detected, Cottrell plots as
described, where plotted with an example shown in Figure 5.10C. Slopes were
plotted over regions where diffusion occurred and was detected. These were
then averaged by sample type as shown in Figure 5.10D. As can be seen from
this there is minimal diffusion detected when PBS is injected. There is highly
variable diffusion detected when E.coli is injected (average slope -1.2 x 104,
Al/At0>) with still some diffusion detected when cells are pre-treated (NAC
average slope -1.6 x 10* and sodium pyruvate average slope -9.7 x 10>
Al/At3). Overall, there is minimal diffusion detected across all types with
highly variable responses. The diffusion detected therefore, is clearly as a result
of production of the intracellular hydrogen peroxide when the LPS interacts
with the RAW cells. The variability in the diffusion detected could be for many
reasons. Considering the nature of the sensors themselves, their nano

structures allow for the sensitivity of detection seen here. However, their
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construction onto the surface, while optimised, is essentially random. The
diffusion layers for each individual nanotube therefore may overlap to different
extents on different sensor chips resulting in in a variance in their sensitivities.
Besides this, there is the natural variation present in biology. In these
experiments whole bacteria and cultured cells are used; both of which can

account for some of the variance seen as is normal in all biology experiments.

Next the mutant rough strain of LPS from S.minnesota (Re595) was tested via
the same methods. It was expected that the Re595 strain would give a greater
hydrogen peroxide response than the E.coli due to current literature that shows
rough LPS giving a greater ROS response than smooth. Figure 5.11 shows the

results of the Re595 testing.
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Figure 5-11 [A] Typical chronoamperogram response, 0.15 V, of an ITO-CNT-Osby
sensor integrated with RAW264.7 cells and exposed to 1 ug/ml final concentration of
ultra-pure S.minnesota Re595 LPS. Highlighted region indicating time frame of which
measurable diffusion occurs. [B] Bar graph of mean change in current response + SEM

(n=6). Sensors either stimulated with PBS, bacteria, or bacteria after the cells have
been pre-incubated with either NAC or sodium pyruvate. [C] Typical graph displaying
measurement of diffusion by plotting the current vs time™®, line of best fit plotted for
region where diffusion is detected. [D] Bar graph plotting average slopes of diffusion

across all conditions. Significance was tested with a one-way ANOVA multiple
comparisons test and a TUKEY post-test.

The mean change in current for Re595 stimulated cells was -91 pA which is
significantly reduced from the PBS control (p= 0.0003). It was not however,
significantly different from the controls where cells were pre-incubated with
either NAC or sodium pyruvate (+31 pA and +8.9 pA respectively). Nor were
these controls significantly different from the PBS control. The measured
diffusion of from the Re595 was much more distinct than the E.coli strain with
the average Cottrell slope for Re595 stimulation being -3.8 x 10" Al/At %>, This

diffusion measurement is completely abolished in the samples where cells were

149



pre-treated with NAC. The diffusion slope average for cells pre-treated with
sodium pyruvate being greatly reduced at -1.2 x 10 Al/At %>, However, again

due to the high variability these differences were not significant.

Interestingly, when comparing the rough vs smooth LPS the inverse of what was
expected is observed. (See Figure 5.12). No change in current was observed for
sensors tested with LPS but without macrophage cells. This proves that we are
sensing an intracellular phenomenon of a rapid ROS response that does not
support traditional theories of rough vs smooth LPS. This also shows that the
ROS response produced upon bacterial infection is a lot faster than traditionally

thought.
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Figure 5-12 Comparative bar graph of mean change in current after stimulation with
either PBS, E.Coli or S.minnesota Re595 LPS. Significance tested against the PBS
control with a one-way ANOVA and a TUKEY post-test.

The smooth E.coli LPS resulted in a much greater change in current vs the rough

Re595 LPS. Conversely, diffusion measured in the Re595 samples gave much
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steeper slopes. This adds the variability in ROS response that can be seen when

comparing different LPS strains.

5.5.3 Bacterial Analysis

Having established that the ITO-CNT-Osby sensors are capable of LPS detection
indirectly through their stimulated production of hydrogen peroxide; next it
was essential to test the sensors with whole, live, bacterial culture. The
preliminary experiments? (Chapter 5.4.2) were conducted using LPS extracted
from bacteria in all previous experiments at a concentration of 1 pg/ml LPS. In
order to be comparable, LPS concentrations were analysed in relation to the
normal growth curve of the bacteria. Figure 5.13 displays the growth curves for
each serotype. LPS concentration with time was also calculated using a LAL
assay kit. Figure 5.14A shows LPS concentration with bacterial growth for the
Re595 strain of S.minnesota and Figure 5.14B displays the LPS concentration of
all three different bacterial serotypes after two hours of growth in suspension.

At this time each strain is in the early exponential phase of growth.
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Figure 5-13 Growth curves measured by absorption at 600nm of [A] E.coli, n=3 [B]
S.minnesota (WT) n=3 and [C] S.minnesota (Re595) n=2. Dashed line on each at x= 2
hours.
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Figure 5-14 [A] Typical growth curve of S.minnesota Re595 (left y axis)up

to 2 hours

and LPS concentration (right y axis.) [B] ] Box and whiskers plot of LPS concentration,

as calculated by LAL assay, after bacteria have been growing in suspension for two
hours. N=4. Tested for significance by one-way ANOVA with TUKEY post-test. E.coli vs
both S.minnesota strains p<0.0001, S.minnesota WT vs Re595 p=0.0106

As can be seen in Figures 5.13 and 5.14, while all three bacteria have similar

bacterial densities in solution (as measured by the ODego) there is a disparity

between the LPS presentation with the E.coli (WT/smooth strain) having a

particular high concentration when compared to both S.minnesota strains.
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Subsequent testing was conducted using 100 ng/ml (LPS concentration) of each
bacterium to be more comparable to current literature and to not overload the

cell with unnecessarily high bacterial concentrations.

The aim of this work, as stated, is to be able to distinguish between different
bacterial serotypes based on their current response using our H,0; biosensor.
Numerous controls were conducted to ensure we were measuring intracellular
H20,. NAC and sodium pyruvate were used as antioxidants to inhibit the total
ROS response or the intracellular H,0; response respectively. TAK-242, a TLR4
inhibitor, was also used to determine how much of the total ROS response is
resultant from the bacterial LPS binding to the TLR4/MD-2 complex. Cells were

treated for 2 hours in suspension prior to testing with the bacteria.

With these controls we were able to ascertain of the total response detected
by our ITO-SWCNT-Osby sensor and what percentage is LPS induced while

confirming that we are specifically detecting intracellular H,0..

ROS response was measured by the change in current across the ITO-SWCNT-
Osby sensor. A fixed potential of 0.15 V applied to the sensor is sufficient for
the reduction of the osmium core as facilitated by H,0;. An increase in local
H20, concentration will result in a drop in current proportional to the
concentration change. A baseline is achieved by applying the potential for
approximately 10 minutes prior to introducing the bacteria to the electrolyte

solution (PBS). Typical responses can be seen in Figure 5.15.
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Figure 5-15 Typical chronoamperogram responses post bacterial stimulation. Time 0=
time at which bacteria is introduced to the solution. [A]-[D] green line represents
E.coli, purple- S.minnesota (WT) and blue is S.minnesota (Re595). [A] bacterial
response with no cell treatments, [B] cells pre-treated with NAC, [C] cells pre-treated
with sodium pyruvate and [D] cells pre-treated with TAK-242. Scans were baseline
corrected pre-time O. For calculating the average current post-stimulation 100 data
points were averaged after the period of diffusion and disturbance of the diffusion
layer (indicated by coloured asterisks).

Bacteria are introduced at ‘O s’ and a response is seen within 3 seconds in all
cases. The change in current was measured by averaging the current for 10 s
prior to bacterial infection and for 10 s after either the end of measured
diffusion or once a new baseline is established. This is indicated by the asterisks
(*) in Figure 5.15[A-D]. Diffusion of H.0, to the working electrode is detected
in all cases where the cells have not been pre-treated (with either TAK-242, NAC
or sodium pyruvate). When cells are pre-treated the change in current is greatly
reduced as can be observed. PBS was used as a negative control to see the

effect of the disruption of the Nernst diffusion layer by the motion of the
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pipetting into the electrolyte solution. When PBS is pipetted into the total
analyte solution there is a minor positive change in current. With the bacteria,
in all cases, there was a negative change in current indicative of the osmium
core being reduced (Figure 5.16). When the cells are pre-incubated with NAC
this signal becomes positive, comparable to the PBS response (E.coli + NAC
p=0.0002***; S.minnesota WT + NAC p=0.0452%; S.minnesota Re595 + NAC"*),
proving that the signal is entirely produced from an increase in intracellular
ROS. When the cells are pre-incubated with sodium pyruvate however, the
majority of the signal is abolished but not to the same level as the PBS control
(E.coli + sodium pyruvate p=0.003**; S.minnesota WT + sodium pyruvate
p=0.021*; S.minnesota Re595 + sodium pyruvate™*). When the TLR4 receptor
is inhibited, and thus the production of LPS induced intracellular ROS inhibited,
we get a varied response between the bacterial serotypes. With both
wildtype/smooth bacterial serotypes (E.coli and S.minnesota) the signal is
reduced by approximately 65%. The signal from the rough serotype of
S.minnesota (Re595) however, is completely reduced and is insignificantly

different from the PBS control.
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Figure 5-16 Bar graph of mean change in current (ApA) after bacterial addition; [A]
E.coli, [B] S.minnesota (WT) and [C] S.minnesota (Re595). A-C show comparative
between current change with bacterial addition and addition when the cells have
been pre-incubated with either NAC, sodium pyruvate or TAK-242. Control of PBS

addition is shown in eachStatistical significance was tested with a one-way ANOVA
and Tukey post-test. A-C significance is tested vs bacterial 100 ng/ml LPS sample.

(P<0.05%*, p<0.01**, p<0.001***). N is between 3 and 6 for all samples.
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A comparative of the change in current from the three different serotypes can
be seen in Figure 5.17. A similar trend that was seen with the LPS experiments
is also seen when testing whole bacteria; in that the smooth E.coli bacteria gave
a greater response than the rough S.minnesota bacteria. Continuing on from
this trend the smooth LPS form of S.minnesota gave a significantly greater
response than its rough counter-part. Most importantly, all three serotypes

gave statistically significant different responses from each other.
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Figure 5-17 Comparative mean change in current after bacterial addition. Significance
tested via one-way ANOVA and TUKEY post-test. E.coli vs S.minnesota WT p=0.019,
E.coli vs S.minnesota Re595 p=0.0146, S.minnesota WT vs Re595 p=0.0005. E.coli n=6,
S.minnesota WT n=5, S.minnesota Re595 n=4.

Colony forming units per ml (CFU/ml) after two hours of growth were also
identified to compare response to bacterial concentration as well as to LPS
concentration. The results of these calculations can be seen in Table 5-1. From

this we can see again see that the rLPS gives a lower response per CFU than its
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smooth counterpart. However, it seems per CFU the E.coli serotype is more

pathogenic that the S.minnesota WT serotype.

Table 5-1 Summary data of current response, LPS concentration and CFU/ml.

S.minnesota S.minnesota

(WT) (Re595)
LPS (ng/ml) 1545 327 111
CFU/ml 1.0x10° 6.7 x 108 1.3x10°
ng LPS/CFU 1.5x 10 49x107 1.3x 108
100 ng LPS Current -440 -675 -163
Response (pA)
Response per CFU -5.5x 10°® -1.9x10° -0.2510°®
(pA)

The hypothesis was that different bacteria would give different ROS responses.
We expected that the rough mutant LPS would result in a much higher ROS
response based on current literature where rough LPS has been shown to
produce a faster and much more concentrated ROS burst?’1 286, Rough LPS does
not need to be escorted to the TLR4/MD-2 complex via lipid binding protein
and CD14 unlike smooth LPS which does?® 28>, When CD14 is present (as it is
in macrophage cells) rough LPS signalling via the TLR4/MD-2 complex is
normally increased?®® also. However, we have seen the opposite of this with
both WT (smooth) strains resulting in much greater hydrogen peroxide bursts
compared to the rough S.minnesota strain. As current research has been

limited by detection times within minutes rather than seconds, it could be that
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rough bacteria give a greater response at these longer timescales. The
differences in the hydrogen peroxide bursts highlights how dynamic the
immune response is to infection and could mean the difference between the
cell initiating apoptosis or cell survival via antibacterial measures such as

cytokine and caspase production??3-2%,

The data presented here is a noteworthy initial step in designing a test that can
distinguish between bacterial infections and finally understanding the

complexities of ROS and the innate immune system.

5.6 CONCLUSION

From these results it can be seen that a hydrogen peroxide sensor has
successfully been developed with an extremely low limit of detection. This
sensor has been used in the detection of LPS and bacteria through its
interaction with the TLR4 receptor and the subsequent production of hydrogen
peroxide. Not only was hydrogen peroxide detected within seconds of cell
stimulation, but the diffusion of hydrogen peroxide to the sensor was detected
and measured. The differences observed in the hydrogen peroxide response
produced with smooth and rough LPS and between bacterial strains gives
insight into previously unseen variations between how smooth and rough LPS

interact with the host immune system.
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6 CONCLUSIONS AND FUTURE WORK

6.1 CONCLUSION

The aim of this work was to develop a sensor capable of sensing the dynamic
intracellular concentration of hydrogen peroxide. This sensor was then to be
used to investigate bacterial infection and the immediate ROS response. This

was achieved through the manipulation of a CNT based biosensor.

The CNT biosensor was based on the tethering of CNTs to an ITO coated glass
surface, through a poly-arylamine tether. Through the manipulation of this
tether the kinetics of the electrode surface was improved by up to a factor of
10. This was successfully accomplished by controlling the length of time a
potential was applied to an in situ generated diazonium compound. Hereby,
limiting the formation of the radical species that binds to the ITO surface and
creating poly-arylamine layers of various thicknesses. The effect of the
thickness of the poly-arylamine layer was thoroughly investigated both on its
effect of the electrode kinetics and how it affected the random arrangement of
the CNTs on the surface. From this it was found that a layer approximately 4 —
5 nm in depth was optimal for improved kinetics and supported the vertical

alignment of CNTs on the surface.

The CNTs successfully penetrate the plasma membrane without compromising
membrane integrity. This was proven both by TEM and through the use of the
redox probe methylene blue. Further intracellular sensing was achieved

through the modification of the CNTs with an osmium compound which
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allowed the sensor sensitivity to hydrogen peroxide. This was confirmed
through the use of various controls. NAC, an antioxidant, proved that ROS were
being detected and sodium pyruvate proved that the signal was from

intracellular hydrogen peroxide specifically.

The use of this sensor when investigating the ROS response to bacteria proved
inciteful. The initial testing with the LPS extracts showed that rough LPS gave a
smaller response than WT smooth LPS which was unexpected. This was further
shown when whole bacteria culture was used. A burst of hydrogen peroxide
was seen within 3 seconds of exposure of the RAW 264.7 cells to bacteria. Of
the three serotypes tested, they each gave a distinct hydrogen peroxide

response.

From these results it is evident that the ITO-CNT-Osby sensor was successful in
detecting intracellular hydrogen peroxide, with a LoD of 368 nm, and in
detecting the burst produced when bacteria interact with TLR4. This is a major

step towards the creation of a diagnostic device for bacterial detection.

6.2 FUTURE WORK

There are numerous avenues this work can take in the future. The two primary
areas to focus work on would be the further testing with a comprehensive
library of bacterial serotypes and developing an alternative mechanism to allow

the CNTs to traverse the plasma membrane.

The first goal of expanding the bacterial library is merely a matter of time.

Though additional testing, determining the LoD of the different bacterial
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serotypes would also be of interest. The second goal of an alternative delivery
mechanism is already in progress. This is currently being investigated through
the use of a peptide delivery molecule known as p21-8R that has been
developed by the Dixon group?®’. By modifying the CNTs with the p21-8R
molecule the CNTs will be able to cross the plasma membrane without the use
of a centrifuge. However, work is still needed to optimise the binding to the
CNTs and the conditions required for optimal cellular penetration. As the p21-
8R molecule needs to be covalently bound directly to the CNTs in order to be
of use as a delivery molecule, a lot of work is needed to optimise the co-binding
of p21-8R and the recognition element (for hydrogen peroxide detection- the

osmium complex).

For a more comprehensive ROS sensor it would be ideal to be able to detect
superoxide as well as hydrogen peroxide. This would likely give a more defined
‘ROS fingerprint’ for the various bacterial serotypes. There are various
recognition elements that can be used for the specific detection of superoxide.
Initial testing was conducted using the enzyme SOD, as a recognition element
which has had some success in the literature??8-3%°, However, while SOD can be
bound to the CNTs, the activity of SOD after binding was highly variable and
rapidly declined with time. For this reason, testing with SOD as a recognition
element was ceased. An alternative to SOD is the SOD mimetic MnTBAP301-303,
MnTBAP is a manganese porphyrin structure that is easily tethered to the CNTs
through the carboxylic groups present. Despite this, there has been some
difficulty binding the MnTBAP with only 1:3 of samples bound, displaying the

ability to be reduced and oxidised (total 6 samples tested). This is likely due to
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the nature of the compound which can only be solubilised in pH 14 sodium
hydroxide, with the optimal pH for reaction being between 6 and 7. With
further optimisation there is great hope for the use of MNnTBAP as a recognition

element for superoxide.

Once fully developed it will be possible to co-sense both the production of
hydrogen peroxide and superoxide when bacteria interact with the host
immune system. Providing a more detailed insight into what happens in

bacterial infection.
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