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Abstract

Periodontal disease is one the most common afflictions of human populations and is
a major challenge in both the developed and developing world. Cadaverine is a
biomolecule which has implications in a myriad of human diseases, in particular
periodontal disease. Porphyromonas gingivalis has been suggested as one of the key
microorganisms in periodontal disease, and its pathogenesis has been extensively
researched. It has a number of metabolites which contribute towards its pathogenicity,
and among them, cadaverine has seen particularly detrimental effects in both oral and
systemic health. Traditional testing methods for periodontal disease do not provide
clinicians with active disease state measurements, but instead provide information on
the history of the disease. Thus, the development of a real-time biosensor, providing
point-of-care information regarding the metabolite status of the oral cavity would be of

significant impact for oral disease diagnostics.

This thesis reports the development and testing of a newly designed working electrode
fitted to a flexible screen-printed sensor platform for the detection of the biogenic
amine, cadaverine. The results in chapter 3 showed that DAO enhanced MWCNT
dispersion and increased overall electrode surface topographies, resulting in a more
wettable electrode for faster, more efficient electron transfer kinetics. Scanning
electron microscopy, UV-Vis, Fourier transform intra-red spectroscopy, raman
spectroscopy, and energy diffraction x-ray spectroscopy confirmed the functional
group c hang e ss undeventiwid@dnodification. Investigations into the
modified biosensors heterogenous electron transfer rates were carried out and
determined an increase to the peak to peak separation, possible due to the additional

modification layers on the electrode surface, and the presence of a binder.
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Chapter 4 investigated electrochemical efficacy of the MWCNT-DAO biosensor
against cadaverine in stock solutions, and artificially simulated saliva. The biosensor
demonstrated positive concentration dependant correlations towards cadaverine from
a range of 3 pg/ml to 150 pg/ml. Similarly in artificial saliva, the biosensors efficacy
remained consistent, and presented a potential for the biosensor to function outside

of stock sample solutions.

The cytotoxic effects of P. gingivalis and cadaverine were investigated in Chapter 5.
Initial monocyte differentiation into macrophages was confirmed using flow cytometry.
Scanning electron microscopy was used to demonstrate the phagocytic effects of
macrophages towards P. gingivalis and resulted in phagocytosis being visualised by
the pseudopodia-like appendages engulfing the bacterium. Cell viability, and cell
migration assays, and showed significant reductions in the viability and migratory
effects of human epithelial keratinocyte and MO macrophage cells in response to a P.
gingivalis infection, and as a response to increasing cadaverine levels, above the

physiological normal thresholds.

The findings from this study present a MWCNT-DAO biosensor which was able to
detect cadaverine at concentrations which are respective to those in periodontal
disease, in stock solutions and in simulated human saliva. Furthermore, the cytotoxic
effects of cadaverine and its precursor bacteria, P. gingivalis were elucidated, and
showed significant detrimental effects towards human macrophage and human
epithelial keratinocyte cells. thus, the biosensor developed in this study may be used
as a tool for determining the extent of a

cost effective and point-of-care biosensor.
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CHAPTER 1

Literature Review



1.1 Introduction

The importance of oral health and its influence on systemic disease has been
emphasised throughout history. Periodontal disease, one of the major diseases in
human adult populations, has affliction rates per capita of up to 50% (Nazir et al.,
2017). It has been suggested that this prevalent disease may be associated with other
systemic illnesses (Holmstrup et al., 2017). Itis thought that if such a major disease in
humans is a key factor in the onset of systemic disease, then understanding this
relationship is of paramount importance to reduce human disease morbidity. However,
there has been a severe lack of understanding in the relationship between periodontal
disease and other systemic ailments. Some of the major challenges with reducing the
rates of periodontal disease is its early asymptomatic presentation and its inability to
be monitored or quantified in real time. Current techniques of periodontal disease
assessment involve measurement of patient disease history and probing of the gum
line without gaining insight into the active state of the disease or any qualitative
measurements. With this in mind, the aim of this PhD thesis was the development of
a biosensing device which utilised electrochemical assessment to identify bacterial
metabolites within human saliva and use these to quantify the current state of
periodontal disease. The metabolites selected for detection the are polyamines, in
particular cadaverine. This metabolite has been implicated in a number of previous
diseases (Kovacs et al., 2019; del Rio et al., 2019); however, this study focuses on
their involvement in the active state periodontal disease. Such compounds are able to
be detected electrochemically with the addition of enzymatic conjugation reactions, of
which cadaverine and similar polyamines demonstrate redox properties. Thus, it was
hypothesised that the development of a medical device which enabled the production

of quantifiable real time data could enhance the monitoring of active periodontal
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disease, resulting in earlier treatment options and more effective patient care and

outcomes.

1.1.2 Aim and Objectives

1.1.2.1 Academic aim

Contribute to the fundamental understanding of periodontal disease diagnostics
through the detection of cadaverine via the development of a novel sensitive and

selective electrochemical biosensing platform, utilising enzyme technology.

1.1.2.2 Objectives

1 Development of screen-printed multi-walled carbon nanotube based biosensing
device for the detection of the polyamine cadaverine.

1 Characterisation of functionalised working electrodes through topographical,
physicochemical and wettability measurements.

1 Electrochemical assessment of the biosensing device.

1 Optimisation of biosensor sensitivity and selectivity through surface specific
modifications.

1 Determination of cadaverine and P. gingivalis cell cytotoxicity towards

immortalised human cell lines.



1.1.3 Statement of Novelty

This thesis describes the development and modification of a screen-printed
electrochemical biosensor with a carboxylated multi-walled carbon nanotube and
diamine oxidase functionalised working electrode for the real time measurement of
cadaverine. The work in this thesis demonstrates a novel functionalisation for the
detection of cadaverine, using diamine oxidase in conjunction with MWCNTSs.
Furthermore, the work elucidates the potential applicability of this device for use in the
dental industry as an early real-time monitoring device for periodontal disease. At the
point of writing this thesis, and to the authors knowledge, no such device exists in the
dental profession which provides real-time data into the active metabolic activity of an
i ndi vidual 6s active di sease st at @.gindivalis
and cadaverine against HK-2 and MO monocyte cells presents a novelty in this work,
in particular the concentrations used, which are indicative of the concentrations found

in periodontal disease.
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1.1.4 Thesis Overview

In order to achieve the aim and meet the objectives of this research, the thesis is

structured into chapters.

Chapter 1 discusses the aetiology of periodontal diseases and their significance in
human populations. Further, the identified polyamine toxins which are responsible for
periodontal disease progression are also identified and discussed, along with

biosensor design to detect these molecules.

Chapter 2 provides a detailed overview of the research methods, including the
functionalisation of the MWCNTG6s and devel o
electrochemistry to analyse the electroactive properties of the electrode and
cadaverine. Furthermore, the experimental protocols for the cytotoxicity and migration

studies were elucidated in this chapter.

Chapter 3 focuses on the production of the enzymatic biosensor platforms modelled
using screen-printing technologies due to the discussed advantages over conventional
methods and includes the sensor design, printing process, validation, characterisation,
and initial experimental approaches. This characterisation of the electrodes with both
the, physical surface characterisation and electrochemical characterisation of the

electrodes is demonstrated.

Chapter 4 investigates the electrochemical properties of the DAO/MWCNT biosensor
and establishes its effective towards the target analyte, cadaverine. The current state

of electrochemical biosensing towards polyamines is discussed and evaluated. The



electroactive performance of the biosensor was tested in both stock solutions and
artificial saliva, to increase the devices technological readiness level. Comparative
analysis between the unmodified and modified biosensors was carried out and

standard curves for the detection of cadaverine were established.

In Chapter 5, the cytotoxic effects of P. gingivalis and cadaverine were investigated.
The biological analysis of the periodontal disease precursor bacterium was initially
disseminated and the implications the bacterial lysates on the phagocytic abilities of
macrophages are investigated. Cell viability and migration assessments were carried
out in response to incubation with P. gingivalis and cadaverine to determine the
cytotoxic, and anti-migratory effects which they would elicit during a periodontal

infection.

Chapter 6 provides an overall summary and conclusion to the findings in this thesis,

and further explains the limitations and future work considerations.



1.2 Literature Review

1.2.1 The Oral Cavity

The oral cavity is of unique design, whereby hard and soft tissues are located next to
each other, and these are continually exposed and challenged by numerous external
material pressures (Taylor and Preshaw, 2016). Being one of the most complex
regions of the human body, the oral cavity plays a vital role for providing entry, transit
and exit for the digestive and respiratory systems, and contributes towards mastication
and chemical pre-processing of foods (Yven et al., 2006). The primary structures of
the oral cavity are the teeth, which enable the grinding and chewing of food to allow
for ingestion, the tongue which compresses food against the palate to form bolus, and
the palate, which forms a mechanical barrier to separate the oral cavity and nasal
respiratory tract and allows for simultaneous respiration and food intake. The oral
cavity contains hard tissues which include the dentine and enamel, components which
make up the teeth. These are juxtaposed against the soft tissues of the buccal
mucosa, soft and hard palate, the tongue, and the periodontium. The periodontium is
a collective term which describes the tooth supporting and investing tissues such as
the gingiva, root cementum, periodontal ligament, and alveolar bone (Cho and Garant,

2000).

1.3 Oral Biofluids

1.3.1 Saliva

In the oral cavity, there are two key biofluids present, these being saliva and gingival

crevicular fluid (GCF). Saliva is a complex fluid which is secreted from three major
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glands in the mouth (90% total saliva production), along with a large quantity of minor
glands (10% of total saliva production) (deAlmeida et al., 2008). Secretion of the saliva
from the salivary glands is a response mediated by the autonomic nervous system
and its role comprises of, protecting the teeth, oral and peri-oral tissues, and to
facilitate eating and speech (Dodds et al., 2015). The production of saliva is increased
significantly upon the acknowledgment of food in the mouth through both mechanical
and chemical stimuli (Neyraud et al., 2003). Both visual and olfactory stimuli have also
been shown to increase saliva production (Keesman et al., 2016). The continual
bathing of saliva in the mouth, this has shown to have a profound influence on the oral

ecology and resulting microenvironment (Dodds et al., 2015).

1.3.2 Gingival Crevicular Fluid

The GCF is an oral inflammatory exudate of the oral cavity, and is derived from the
periodontal tissues, which is located in the sulcus between the tooth and the gingiva
(Lamster, 1997; Subbarao et al., 2019). Its role is to facilitate the antimicrobial defence
of the periodontium and to maintain the structure of the junctional epithelium in
response to a microbially mediated inflammatory event (Subbarao et al., 2019). Under
normal conditions, GCF is sourced in small volumes of 0.43 1 1.56 pL/h (Khurshid et
al., 2017). However, the amount of GCF produced significantly increases, up to 44
uL/h in response to stimuli from the immune system and during periodontal disease.
The constituents of GCF originate from the blood, surrounding cells and the various
tissues of the periodontium (Lamster and Ahlo, 2007). Although the role of GCF is to
prevent microbial mediated damage to the oral cavity, an increase in GCF has been

shown to increase localised nutrients and provide a suitable physical environment for



periodontal microorganisms, thus developing a positive feedback loop (Hickey et al.,

2020).

1.4 Oral Microbhiome

Comprised of over 700 diverse species of microorganisms, the oral cavity is a host for
bacteria, fungi, mycoplasma and protozoa (Kuramitsu et al., 2007). This oral
microbiome is defined as the entire genome of microorganisms that reside within the
oral cavity and it provides host to the second largest microbial community in humans
(Deo and Deshmukh, 2019; Gao et al., 2018). It consists of a core microbiome and a
variable microbiome. The core microbiome is common amongst all individuals,
whereas the variable microbiome changes are dependent on the lifestyle of the
individual and physiological pressures (Kilian et al., 2016). The oral microbiota is
imperative in the normal development of the host, effectively contributing to host
defences, and it is involved in the synthesis of important vitamins such as vitamin B
and K which aids in digestion. The oral microbiota is also involved in the prevention of
exogenous pathogenic microorganisms, thus the relationship between host and oral
microbiota is not one which is singularly passive (Patil et al., 2013; Marsh, 2009). In
terms of mutual and functional integration, the relationship and multifaceted balance
between host and oral microenvironment determines the health status of the oral
cavity (Cornejo-Ulloa et al., 2019). There are two types of surfaces which bacteria in
the mouth are able to effectively colonise, the hard tissues such as the teeth, and soft

tissues of the oral mucosa (Deo and Deshmukh, 2019).



1.5 Diseases of the Oral Cavity
1.5.1 Gingivitis

There are two diseases which have been frequently associated with the infection of
the periodontium, gingivitis, and periodontitis. Gingivitis and periodontitis are a form of
gingival inflammation. Gingivitis represents reversible inflammation of only the gingiva,
with rates as high as 90% amongst children aged 7-14 years. The initial inflammation
of the gingiva can be considered a physiological defence against the onset of a
microbial attack (Rathee and Jain 2022). In gingivitis, the clinical findings at the early
stage of the disease are primarily the development of supra- and sub- gingival plaque,
which is consequentially accompanied by the formation of calculus and significant

gingival inflammation (Fons-Badal et al., 2020).

1.5.2 Periodontal Disease/ Periodontitis

Periodontitis is the most common microbially derived chronic inflammatory disease of
the periodontium and is incurable, resulting in eventual mandibular bone destruction
and tooth loss (Hajishengallis, 2015). Periodontitis manifests as reoccurring
inflammation of the gingiva, gingiva bleeding and the formation of the hallmarked
periodontal pockets and It is estimated that between 20% i 50% of the global adult
population are afflicted with periodontitis, making it the sixth most prevalent disease
worldwide (Nazir, 2017; Shatzle et al., 2004). The categorisation of periodontal
disease can be broken down into four stages, gingivitis, mild periodontal disease,
moderate periodontal disease, and advanced periodontal disease. Periodontitis
results in eventual loss of the periodontal ligament and subsequent destruction of

alveolar bone by compromising the integrity of supporting tooth structures (Fig. 1.1)
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(de Pablo et al., 2009; Al Moharib et al., 2014). From initiation, the disease progresses
with the detachment of collagen fibres from the root cementum, apical migration of the
junctional epithelium, deepened pocket formation and finally, resorption of the alveolar
bone (Tsuchida et al., 2017). Periodontitis will ultimately progress to bone destruction

if untreated, leading to increased tooth mobility with subsequent tooth loss (Hienz et

al., 2015).
Healthy tooth Periodontitis
\ b — Plaque and calculus
Healthy gums ————F®) ' /
/ Y Deepening pocket
Healthy bone level] ——— ' “‘v\‘ Rediced
[/ \ bone level
\

Healthy Gingivitis Periodontitis

Figure 1. 1. The decline of the healthy tooth and periodontium with the onset of

gingivitis, leading to periodontitis.

1.5.2.1 Periodontal Disease Grading and
Assessment

The American Academy of Periodontology categorised, and classified periodontitis

based on a grading system with respect to the severity of the disease. This grading
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was utilised for the purpose of identifying the extent of a patients disease based on a
measurable amount of destroyed tissue as a result of periodontitis. Clinical attachment
Loss (CAL) should be used as the initial stage of grading and is determined at stage
1 of periodontitis as having 1-2 mm of loss confirmed. This is continued to stage 2 with
2-3 mm of attachment loss, and st agemB8flossi Stdge 40% simitarly
represented wdisgdhuti @85 sthmwmf to be accompani ed
teeth (Tonetti et al., 2018). Further analysis include bleeding on probing (BOP) and
analysis of radiographs of current alveolar bone levels which should be considered
should previous assessment s with CAL provide insufficient evidence of disease (Fig.

1.2) (Preshaw, 2015).

Probing Depths

Bleeding on
Probing

Levels

7 Attachment

Figure 1. 2. Clinical means of periodontal disease assessment utilising traditional
methods of bleeding on probing, probing depths and clinical attachment levels. Figure

adapted from (Taba et al., 2005).

1.6 Microbial Attachment Mechanisms

Fimbria, long protein filament structures present on the surface of cells, enable

bacteria to adhere to surfaces in the initial attachment and are found on bacteria such
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as Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis. Proteins
such as lipopolysaccharides, M proteins, capsules, glycocalyx and lipoteichoic acids
are all examples of direct and indirect adhesins (Amano, 2007; How et al., 2016).
Previous studies have shown that the membrane of host cells and bacteria are both
negatively charged, resulting in them to repel each other. Through the use of adhesins,
however, bacteria are able to modify their hydrophobicity, enabling them to adhere to
cells more readily. After attachment, bacteria release a range of biomolecules, such
as endotoxins and enzymes, which are able to cause host cell and tissue damage.
Endotoxins in particular are produced by Gram-negative bacteria including, P.
gingivalis are normally expressed on their cell wall and are released en masse as a
response to bacterial lysis (Marcano et al., 2021). The over reactive response to these
endotoxins such as LPS can cause serve inflammatory disease as seen in

periodontitis.

1.6.1 Oral Dental Biofilm

The significant number and variety of structures within the oral cavity allow for the
potential colonisation of a substantial number of microorganisms on the oral surfaces.
Oral microbial biofilms are able to develop on dental tooth surfaces due to the
adherence of Gram-posi t i ve 0 e abacteya. The biddilm iiss mmpdised
primarily of microorganisms but also has varying types of organic and inorganic
components, which exist within an extracellular matrix, derived from the constituents
of saliva, gingival crevicular fluid and bacterial products, such as proteins and
polysaccharides (Saini et al., 2011). The bacterial constituents are present in saliva
and are able to adhere to dental surfaces through initial nonspecific physicochemical

means, and then via specific interactions with surface adsorbed salivary proteins
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(Lassere et al., 2018). Once initial bacterial colonisation of a dental surface occurs,
bacterial proliferation develops into a bacterial biofiim. The key characteristic of a
dental biofilm is that the micro-colonies which exist in the film are able to attach to a
solid surface and biofilm attachment is the initial stage in the development of the dental
biofilm. Dental biofilm formation occurs in multiple stages, initialising with the formation
of an acquired film through the adsorption of host and bacterial molecules onto the
surface of the teeth. The development of this film allows for the microorganisms which
arrive at this site through active transport to interact with the film via Van der Waals
and electrostatic forces, creating a weak bond. Later in the biofilms development the
weak bonds formed are reinforced through bacterial adhesins with the complementary
receptors in the dental biofilm itself. Over time, this process of aggregation will allow
for the recruitment of new colonisers and cement the formation of a biofilm (Martinez

and Figuero, 2006).

1.6.2 Periodontal Lesion Formation and Progression

Upon removal of the dental biofilm through cleaning the normal homeostasis of the
oral environment resumes. However, if allowed to progress unhindered, the
development of the initial lesion is able to manifest and progress. The initial lesion
occurs in response to the activation of resident leukocytes and endothelial cells in
response to the bacterial biofilm (Cekici et al., 2013). At this clinical stage,
inflammation is still non apparent, but histological changes to the gingival tissues can
be observed through microscopy, which include epithelium changes like the
acanthosis type, the presence of polymorphonuclear leukocytes in the stratified
squamous epithelium, and epitheliocyte keratinisation (Popescu et al., 2013). Through
a bacterial trigger, the gingival junctional epithelium stimulates the production of
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cytokines and encourages the production of neuropeptides to induce vasodilation of

local vessels (Cekici et al., 2013).

In the early lesions, the increased number of neutrophils enable the activation of
various complement pathways. The epithelium eventually proliferates and extends
and forms rete pegs, a clinical histological observation of gingival inflammation,
alongside gingival bleeding and increased GCF flow (Kayal, 2013). The established
lesion subsequently develops within a period of 2-3 weeks after early lesion
development. Through the activation of B cells, the established lesion contributes to
the loss of the marginal gingival connective tissue matrix, but the alveolar bone
remains unaffected (Figueredo et al., 2019). The endpoint of the established lesion
progressing towards the advanced lesion is the formation of the gingival pocket, due
to the migration of polymorphonuclear leukocytes through the junctional epithelium.
The advanced lesion, also known as the destructive phase, is the stage at which the
transition from gingivitis to periodontitis occurs and destruction to the periodontium

beings to show irreversible damage.

1.7 Microorganisms of Periodontal Disease

Dental bacterial biofilms (also known as plagues) are the main aetiological agents
which causes gingival inflammation to progress to periodontitis (Hajishengallis, 2015).
These dental plagques, associated with changes in the bacterial species, dysregulate
the normal oral microbiota and as a result cause the inflammatory response of which

periodontitis is indicative (Wahid et al., 2013). The increase in microbial colonisation
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causes a resultant increase in GCF flow, which has been shown to favour more

anaerobic bacteria (Kilian et al., 2016).

Anaerobic microorganisms, which include P. gingivalis, Tanneralla forsythia and
Treponema denticola have been shown to be the most prevalent anaerobic bacteria
associated with human periodontitis and they are frequently isolated in the majority of
cases (Mohanty et al., 2019). These periodontopathogens a
accessoryo microorganisms have been categor
chronological colonisation of the gingival crevice and virulence in the subgingival

plaques (Table 1.1).
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Table 1. 1. Subgingival bacterial classification in Socransky complexes (Socransky et

al., 1998).

Bacterial Species Complex

Streptococcus gordonii
Streptococcus intermedius
Yellow
Streptococcus mitis

Streptococcus sanguinis

Campylobacter rectus
Fusobacterium nucleatum
Orange
Peptostreptococcus micros

Prevotella intermedia

Actinobacillus actinomycetemcomitans
Tannerella forsythia
Red
Porphyromonas gingivalis

Treponema denticola

The red complex bacteria encompass what is known to be the most pathogenic
bacteria in human periodontal disease (Suzuki et al., 2013). These Gram-negative
bacteria become more prevalent during the later stages of dental biofilm development
(Kesavalu et al., 2007). Studies have shown that there is an upwards of 96% infection
rates of P. gingivalis, of which, 75% are in active periodontal sites, and 59.7% of P.
gingivalis colonisation is found in inactive regions (Hernandez et al., 2011; Lopez,
2000). The colonisation of these areas by such microorganisms enables the initiation

of inflammation to develop in the surrounding tissues, which can result in the loss of
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connective tissues and alveolar bone. This facilitates the conversion of the junctional

epithelium to pocket epithelium (Bosshardt, 2018).

1.8 Dysbiosis in Periodontitis

Historically, it has been thought that the red complex microorganisms were entirely
responsible for the dysbiosis observed in the normal oral microflora through
dysregulation of cell signalling pathways (Darveau et al., 2002). However, this
understanding has since evolved, and it has now been suggested that periodontitis is
a much more complex disease and is not solely regulated by one group of
microorganisms. As a result, the descriptor of periodontitis infection is now based on
the polymicrobial synergy and dysbiosis model (PSD) (Wang, 2015; Hajishengallis and
Lamont, 2012). This model specifically refers to the communication between
metabolically compatible microorganisms within an environment, which acquire
functional specialisation through synergistic activities (Shaikh et al., 2018). The
gingival crevice is colonised by an assembly of compatible microorganisms, grouped
into heterotypic communities, to which the red complex bacteria and key accessory
microorganisms interact. Such interactions increase community virulence and result
in dysbiosis and tissue homeostasis disruption, causing the destruction of periodontal
tissues (Hajishengallis and Lamont, 2012). However, the bacteria at a specific region
of the oral cavity change in relation to the tissues and structures to which they are
bound and also to local differences in environmental pressures. An example of this
occurs in fissures, on proximal tooth surfaces and in the gingival crevice, where two
distinct variations of bacterial accumulations can be observed (Lamont and

Hajishengallis, 2015).
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Table 1. 2. Changes in the microbiota of the oral cavity at different anatomical sites,

the proximal tooth surface, and the gingival crevice (Asikainen et al., 2010).

Proximal tooth
Isolated microorganisms Gingival crevice
surface
mutans, cricetus,
oralis,
parasanguinis,
sanguinis, gordonii,
Streptococcus spp. salivarius, Not detected

vestibularis,

constellatus,

intermedius,
anginosus
Enterococcus spp. faecalis Not detected
prevotii,
Peptostreptococcus spp. anaerobius, Not detected

magnus, micros
Candidia spp. albicans Not detected

epidermidis,
Staphylococcus spp. Not detected
haemolyticus

intermedia, oralis,

Prevotella denticola, oris, pallens
melaninogenica

Leptotrichia spp. buccalis Not detected
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Campylobacter spp. Not detected gracilis, rectus

Aggregatibacter spp. Not detected actinomycetemcomitans
Capnocytophaga spp. Not detected ochracer, sputigena
Porhyromonas spp. Not detected gingivalis, endodontalis
Tannerella spp. Not detected forsythia
Neisseria spp. flavens Not detected
denticola
Treponema spp. Not detected

The infection of the periodontal tissues presents a potential portal to enable
periodontal microorganisms, bacterial metabolites and further biomarkers such as
antigens into the body. Such bacteria and molecules may promote disease elsewhere
in the body via dissemination of the circulatory system (Hickey et al., 2020). Such is
evident in cases of Al zhei mer 6s (daugsehats e, an

al., 2018; Wahid et al., 2013).

1.9 Porphyromonas gingivalis

Of the oral microorganisms suggested to be responsible for the pathogenesis of
periodontal disease, the red complex microorganism, P. gingivalis, has been
considered as the most influential due to its innate ability to avoid the host immune

response. P. gingivalisisa 11 2 uM in size, Gram-negative, black pigmented non i
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motile asacchrolytic, obligatory anaerobic coccobacilli with a myriad of virulence
factors which have shown to contribute to the destruction of host periodontal tissues.
P. gingivalis rapidly adheres to the host cell surfaces followed by the internalisation
through lipid rafts and incorporation of the bacterium into early phagosomes. P.
gingivalis is able to activate cellular autophagy in order to developed and replicative
niche while maintains suppression of apoptosis. The vacuole component of the P.
gingivalis cell contains host proteins which have been delivered via autophagy and are

utilised by the bacterium to replicate within the host cell.

1.10 The Host Immune Response in Periodontitis

Upon invasion of host cells, namely epithelial and fibroblast cells, bacteria initiate
colonization almost immediately (Tribble and Lamont, 2000). There are complex
bacterial strategies in place to aid in the successful colonization of bacteria in the host
(Bartold and Dyke, 2000). The key mechanisms in which microorganisms invade
include host cell adhesion, release of toxins causing host cell damage, and
development of resistance profiles towards anti-microbial defences of the host, to
ensure survival of the invading species (Hajishengallis, 2015). Such mechanisms are
of particular importance in establishing persistent, chronic infections as seen during

periodontitis.

1.10.1 Macrophages

Macrophages are myeloid cells of the innate immune system and reside on the surface
of the highly permeable epithelium to rapidly respond to an infection. They play a role

in host defence against bacterial infections by acting as antigen presenting cells,
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functioning as phagocytosis cells, and secreting cytokines to further progress the
immune response and stimulate an inflammatory status. Macrophages are able to
recognise PAMPs and generate chemotactic molecules for the recruitment of non
localised leukocytes such as neutrophils. Neutrophils are the most abundant
leukocytes within the gingival crevice and migrate to the site of infection to clear
invading microorganisms. They realise pro-inflammatory cytokines to aid in the
phagocytosis of bacterial pathogens and are responsible for the maintenance of

periodontal tissue homeostasis.

The recruitment of phagocytes to the site of cell death is a normal process of the
immune response and aims to promote the end of inflammation at the site (Rock and
Kono, 2008). Previous works have shown that macrophages which have been treated
with P. gingivalis proteases have significantly reduced migratory effects towards
apoptotic cells (Castro et al.,, 2017). These effects result in the ability of oral
microorganisms such as P. gingivalis to promote and prolong chronic inflammatory

states within hosts.

1.10.2 P. gingivalis in Periodontal Inflammation

P. gingivalis has been shown to manipulate immune system signalling pathways
leading up to polymorphonuclear leukocyte migration (Sochalska and Potempa,
2017). During the inflammatory processes of periodontal disease, the numbers of
polymorphonuclear leukocytes are vastly increased beyond the physiological levels
(50% - 70%) of circulating leukocytes, in the peripheral blood (Miller et al., 1984). This

increase in concentration is exacerbated due to chemokines and adhesion molecules
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from the innate immune response, and as a result, the site of infection is flooded with
an influx of leukocytes.

P. gingivalis is able to produce proteases that interfere with the immune regulatory
mechanisms. In a typical instance, the C5a anaphylatoxin receptor (C5aR) is activated
as part of the complement cascade, activating the regulatory, inflammatory and
antimicrobial functions for bacterial elimination in oral tissues. However, the
introduction of proteases into this system results in crosstalk interference between the
Cb5a receptor and toll-like receptor signalling, effectively preventing the intracellular
killing mechanisms towards P. gingivalis (Shaikh et al., 2018; Cortés-Vieyra et al.,
2016). Such work has demonstrated the ability of bacteria which are indicative of
periodontitis to effectively contribute to their own survival and the exacerbation of the
disease. Through the regulation of the hosts inflammatory mediatory processes, the

oral microorganisms are able to exacerbate or prolong inflammation.

1.11 The Importance of Biomarkers in Human

Disease

A biomarker is defined as a biochemical, cellular, or molecular alteration which is
measurable in any biological media such as the human tissues, cells or fluids (Mayeux,
2004). Biomarkers are able to represent an objective indication of the medical state
on an individual, and can be observed outside of the body, and measured with
precision whilst maintaining a high degree of replicability (Strimbu and Tavel, 2010;
Choong and Tsafnat, 2012). Il n the | ate 199006s, t he Nat.I
Definitions working group described a biomar

measured and evaluated as an indicator of normal biological processes, pathogenic
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processes or pharmacol ogi cal restmmbsands t o a
Tavel, 2010). These biomarkers were divided into two distinct categories: exposure
biomarkers, which enable the assessment of potential health risks, and disease
biomarkers, which are currently in use for screening, diagnostics and monitoring
existing diseases (Hwang et al., 2018; Strimbu and Tavel, 2010; Lowry, 1995). In order
for a biomarker to demonstrate a clear predictive value in which a disease or
biochemical process can be effectively measured, definitive values for the biomarker

need to be established.

1.11.1 Existing uses of Clinical Biomarkers

In modern medicine, biomarkers are frequently utilised for screening of diseases such
as Al zhei merbés disease, cancerl3) (Goossensete r i odo
al., 2015; Sharma and Singh, 2016). Within such diseases, the uses of biomarkers
may allow for confirmation of a diagnosis, initial detection of the suspected disease,
or for monitoring the outcomes of theraputic interventions (Selleck et al., 2017).
Biomarker research is now at the point where there is significant research input in the
field of new biomarker discovery, and susequently, biomarkers are being constantly
developed and refined. This has resulted in significant breakthroughs in the fields of
drug discovery, clincal trials, epidemiology and personlised medicine (Collinson, 2013;

White and Xie, 2013).
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Table 1. 3. Exisiting biomarkers used for the detection of current human diseases (Stathopoulou et al., 2015; Lopez-Giacoman and

Madero, 2015; Sauter, 2017; Sharma and Singh, 2016).

Alzhiemers disease Cancer

Kidney disease

Periodntal disease

Tau protein ctDNA (oral cancer)

Cytokeratin (in 90% of breast
Phosporylated tau protein
cancers)

Amyloid B plaques Ki-67 (cellular proliferation)

Serum creatinine

Urinary albumin

Cystatin C

Lypopolysaccarides

Matrix metalloproteases

Serum IgG
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For biomarkers in human disease to be effectively measured, they must be detected
within their respective biofluids. Current biofluids such as blood plasma, serum, urine
and cerebrospinal fluid are routinely used as a source of detecting biomarkers
indicative of disease (Xu and Veenstra, 2008; Kulic and Unschuld, 2016). The ability
to effectively replicate measurements of biomarkers to a high degree of accuracy and
sensitivity has been at the forefront of medical and epidemiological research
(Thyagarajan et al., 2016; Tarnanas et al., 2015). Within humans, the degree of
bi omarker wvariability between people r
In such fluids, biomarkers are used as indicators of a clinical manifiestation, disease
stage, or to determine an alternate manifestation of the disease in question (Mayeux,
2004). It is extremely important that the surrounding biofluid does not interfere with the
signal produced by the selected biomarker. Previous studies have shown that although
biomarkers may potentially have the capability to demonstrate levels which may be
indicative of disease assocation, they may demonstrate low levels of repeatability
(Thyagarajan et al., 2016). Thus, the reproducibility of biomarker measurements when
used for for disease detection is still of concern (Yeh et al., 2017). However, it is
evident that biomarkers potentially have signficant advantages to be used in disease
detection over traditional diagnostic methods, although consideration needs to be

given to the natural variability between human participants.

1.11.2 Infection Biomarkers of Bacterial Driven

Disease

The use of biomarkers where typical diagnosis methods are insufficant, expensive

and/or time consuming, may result in the most successful application for the use of
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biomarkers (Lubell and Althaus, 2017). Since biomarkers are able to provide a clinican
with valuable diagnositc and prognostic information regarding the current health staus
of an individual, their applicability in various bacterially driven diseases is of major
importance (Tang et al., 2017; Gomez et al., 2019). For example, tuberculosis (TB), is
a communicable infectious disease that is known for having a long incubation time (2-
8 weeks), resulting in severely delayed confirmation diagnosis. This is due to the
detection methods relying on the bacteria being cultured to provide a positive
confirmation. However, new biomarkers in the form of lipoarabinomannan, a virulence
factor and glycolipid of the cell wall of the causative agent of TB (Mycobacterium
tuberculosis) has shown good specificity to determine the presence of TB in the blood
and urine, without the use of bacterial cultures (Goletti et al., 2016; Correia-Neves et
al., 2019; Wallis et al., 2010). This example demonstrates the effectiveness of the
potential of new biomarkers as rapid detection alternatives. The use of such systems
have the possiblity to reduce diagnosis times whilst maintaining comparable levels of

diagnostic accuracy to that of traditional techniques.

1.11.3 Periodontal Disease and its Associated

Biomarkers

Traditional techniques for the assessment of periodontal disease involve a routine visit
to the dental clinic. In the periodontium of healthy individuals there should be no
distinguishable loss of epithelial attachment or the formation of the hallmarked
pockets, which must be less than 2 mm deep. Whilst such measures are useful in the
assessment of patient disease history, these traditional methods provide little to no

i nformation about the patientds current
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potential future periodontal breakdown (Srivastava et al., 2017). CAL readings for
example, which are measured using periodontal probes for pocket depth and loss of
gingival attachment or radiographic evaluations of the alveolar bone loss measure
damage which has incurred from past episodes of destruction and require 2 mm to 3
mm threshold changes before an active disease site can be identified as having
experienced major anatomic event (Taba et al., 2008). Furthermore, as periodontitis
presents with minimal bleeding and attachment loss in its early stages, many
individuals neglect to treat the disease, and if left untreated, it can rapidly progress to
periodontitis. As mentioned previously, there is no cure for periodontal disease,
however, once most periodontal disease has been successfully diagnosed, treatment
options exist to reduce the burden it has on the afflicted individual. Therapeutic
interventions for periodontal disease aim to initially change or eliminate the origin of
the microorganisms and potential contributing risk factors. In doing so, these
interventions may halt the progression of the disease and aim to re-establish the
healthy state of the periodontium (Kim and Amar, 2006).

The current aim for biomarkers in the field of periodontal research is to develop rapid,
high impact diagnostics, which enhance clinical decision making. This should result in
affordable, economically viable healthcare and an increase in favourable patient
outcomes (Urdea et al., 2011). For such biomarker-based tests/measurements to
become widely utilised, they must be at least of equal calibre to existing clinical
diagnostics but show improvements in saving time, cost and also be easy to use for

both the user and recipient.
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1.11.4 Salivary Biomarkers in Periodontal Disease

It has been suggested that the saliva and GCF can be used to determine the
periodontal health status of an individual since the oral fluids contain specific disease
biomarkers indicative of periodontitis (Patil and Patil, 2011). Saliva, which is readily
available and collected without invasive interventions provides an ideal source of
periodontal biomarkers. A significant proportion of compounds which are located in
the body are also isolated from whole saliva. Molecules are able to be transported
either into or out of the saliva through cells via passive diffusion, active transport, or
by extracellular ultra-filtration (Srivastava et al., 2017). When individuals present with
chronic inflammation, which accompanies periodontitis, the saliva becomes host to a

myriad of biomarkers (Table 1.4).
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Table 1. 4. Periodontal disease associated biomarkers which are currently measurable in whole saliva. Each biomarker is indicative

of a respective hallmark of periodontal disease.

Alveolar Bone Loss Collagen Breakdown Soft Tissue Inflammation
Alkaline phosphatase Aspartate aminotransferase Prostaglandin E2
Osteocalcinin Alanine aminotransferase b-glucuronidase

Tissue inhibitors of metalloproteinases
Collagen telopeptides Interleukin-1 b
(TIMPS)

Pyidinoline cross links of type 1 collagen Matrix metalloproteinases Interleukin-6

Receptor activator of nuclear factor i 3 3
Macroglobulin T U Tumour necrosis factor i U
kappa b (RANKL

Osteoclastin Collagenase Matrix metalloproteinase (MMP 8, 9, 13)
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1.11.5 Gingival Crevicular Fluid Biomarkers

In recent years, the use of GCF has gained wide interest as a source of biomarkers
for periodontal disease since it shows clear changes during different stages of
periodontal disease progression (Majeed et al., 2016; Ghallab, 2018; Barros et al.,
2016) (Table 1.5). Collection of GCF is a non-invasive procedure and it is simple to
collect from people with underlying comorbidities, since it is an inflammatory exudate
which increases in volume in response to a periodontal infection. Thus, GCF appears

to be an attractive option for use as a diagnostic fluid.
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Table 1. 5. Cellular and molecular biomarkers which present in the GCF during

periodontal disease.

Gingival crevicular . .
Region of origin

fluid biomarker

Function

Cat hepsin Macrophages

Basophils, T-cells,
Interleukin- 4, 6, 8 macrophages,

osteoblasts

Immunoglobulin A, G, M Plasma cells
Neutrophils,
TNF-U macrophages,
lymphocytes
Gingival blood
Erythrocytes
vessels
Gingival blood
Leukocytes
vessels

Enzyme active during proteolysis

Regulator of T and B cell growth,
Recruitment and activation of

macrophages

Antigen neutralisation

Delays neutrophil apoptosis

Small blood vessel damage

Polymorphonuclear leukocytes
are utilised in the innate immune

response to periodontitis
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1.11.6 Biomolecules for Periodontal Disease
Detection

Periodontal disease can be attributed to the presence of certain bacterial species and
as such, there has been numerous studies suggesting that the presence of antibodies
directed towards the detection of these bacteria may implement new strategies for
targeted biomarkers. In both the GCF and saliva of periodontitis patients, the presence
of IgA and IgG antibodies have been sourced towards four periodontal disease specific
bacteria, P. gingivalis, A. actinomycetemcomitans, P. intermedia and F. neucleatum.
In periodontal disease patients, similar results between each bacterium were found,
whereby significantly elevated levels of bacteria specific IgG and IgA antibodies have
been detected when compared to healthy controls (Plombas et al., 2002). Moreover,
studies comparing 50 healthy individuals and 50 periodontitis afflicted patients have
been carried out, with significantly elevated levels of IgA and IgG antibodies respective
to four keystone periodontal pathogens (P. gingivalis, T. denticola, T. forsythia and A.
actinomycetemcomitans) being identified and demonstrating a periodontitis stage
dependant increase in antibody concentration (Gadekar et al., 2018; Dye et al., 2009).
Thus, IgA and IgG antibodies specific to keystone periodontitis pathogens in the GCF
and to a lesser extent the saliva, are potentially abletoindi cat e the potent.
sites for periodontitis due to their increased concentration (Takahashi et al., 1997).
The majority of damaging interactions which occur in periodontal disease take place
at the crevicular and junctional epithelium (Fujita et al., 2018). Biomolecules, such as
enzymes, endotoxins, nucleic acids, proteins, carbohydrates, degradation products
and immunoglobulins, which result from periodontal bacteria residing in the GCF, have

been shown to induce significant host tissue damage (Cekici et al., 2014; Barnes et

33



al., 2014). Recent evidence would suggest that the host inflammatory response to
periodontal bacteria may also aggravate periodontal disease and demonstrate
commonly identified disease specific pathologies ( N n €Gara etal., 2017). It has been
demonstrated that under activation due to numerous chemical signalling molecules,
polymorphonuclear leukocytes produce increasing levels of reactive oxygen species
and proteolytic enzymes (Mariggio et al., 2004). The hyperactivity of this response
significantly contributes to the host tissue destruction during periods of active
periodontal disease (Nair et al., 2014). During this host pathogen interaction, many
free amino acids and metabolites are significantly elevated (Barnes et al., 2009). Such
elevation of potential biomarkers due to the mechanisms of infection can result in
whole saliva and GCF providing a large, easily accessible pool of biomolecules for
which periodontal disease detection and staging can potentially be evaluated. Further
study is warranted, to optimise the repeatability of measurements taken using such
biomarkers and to determine how such markers are directly correlated with disease

extent and progression.

1.12 Polyamines and Periodontal Disease

The colonisation of bacteria into gingival tissues is limited through salivary flow and
muscular movements (Pedersen and Belstrgam, 2019). TheGram-ne gat i v e

red complex bacteria are able to exacerbate the inflammatory events occurring in the
periodontium though the release of specific biomolecules. One potential class of
molecules, the polyamines, may be utilised as potential biomarkers to determine the

incidence and severity of a periodontal infection.
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1.12.1 Polyamine Biosynthesis

The polyamines, cadaverine, putrescine, spermine and spermidine, are a group of
organic polycationic molecules which are required for growth and differentiation of
almost every eukaryotic and prokaryotic cell (Fig. 1.3) (Shah and Swiatlo, 2008;

Takahashi and Kakehi, 2010).
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These aliphatic polycationic molecules are ubiquitous in all tissues and cells in both
plants and animals. Their roles within humans, span a broad range of functions, and
this includes the influencing of cell apoptosis, cellular division, differentiation,
proliferation, DNA and protein synthesis, gene expression signal transduction and
homeostasis (Fig. 1.4) (Kusano et al., 2008; Pegg, 2016; Handa et al., 2018). Based
on cellular distribution alone, putrescine and spermine are the most prominent within
human biosystems, aiding in cellular growth and division in both eukaryotic and

prokaryotic cells (Handa et al., 2018).
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Figure 1. 4. Polyamines express various functions upon entering the cell. The nucleus,
mitochondria and cytoplasm are influenced differently, although, polyamines are a
necessity for each cell component. Polyamines are involved in the regulation cell
proliferation and termination, and also gene expression and translation. There is now
increasing evidence to suggest that polyamines play a role in cellular reprogramming

and autophagy (Amin et al., 2021).

1.12.2 Polyamines in Bacteria

Putrescine, cadaverine, spermidine and spermine are the predominant polyamines

which reside in bacteria and show some availability in cellular tissue (Guerra et al.,
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2018). The role of bacterially derived polyamines has been shown to be associated
with cell metabolism, cell-to-cell communication and bacterial cell differentiation, and
also it contributes significantly towards bacterial signalling, motility, and cell division
(Igarashi and Kashiwagi, 2000; Kurihara et al., 2005; Miller-Fleming et al., 2015).
Individually these polyamines provide different mechanisms for enhancing bacterial
cells for example, putrescine has been determined to constitute to the outer membrane
walls of some Gram-negative bacteria such as Salmonella enterica and Proteus
mirabilis, and cadaverine has been associated with the peptidoglycan of Villonella spp.
suggesting the importance of polyamines of maintaining the outer surface structures
of bacteria (Kamio, 1987; Vinogradov and Perry, 2000; Shah and Swiatlo, 2008;).
Their synthesis relies on the presence of functional precursor molecules, similar to
humans and these are detected at millimolar concentrations in bacteria (Tofalo et al.,
2019). The intracellular concentrations of spermidine are determined to be the highest
in bacteria at 1 7 3 mM/mL, whilst putrescine demonstrate the lowest levels at 0.01 i

0.02 mM/mL (Shah and Swiatlo, 2008).

Recent studies have investigated the impact of polyamines in bacteria (Goforth et al.,
2013; Nakamya et al., 2018). Polyamines are suggested to play a vital role in aiding
the pathogenesis of bacterial species. There have been several studies in which
distinct pathways for specific virulence mechanisms of bacterial species, (Francisella,
Legionella, Salmonella spp. and Shigella spp.), have shown that polyamines were an
essential requirement to establish an infection (Jelsbak et al., 2012; Nasrallah et al.,
2011). Jelsbak et al (2012), demonstrated that by inhibiting polyamine synthesis

pathways in Shigella spp, the virulence was severely limited by reducing bacterial
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ability to invade cells. This suggests that polyamines play a vital role in the modulation

of the virulence of bacterial pathogens.

1.12.3 Polyamine in Periodontal Disease

Two polyamines, cadaverine and putrescine have been previously identified as up-
regulated biomolecules in periodontal disease and their role in the pathogenesis of
periodontal disease has been suggested in a number of previous studies (Lamster et
al., 1987; Mariggio et al., 2004; Lohinai et al., 2012). Despite their abundance in cells,
polyamine levels are tightly regulated, and it has been shown that the over production
of polyamines such as putrescine and cadaverine (39.76 mM and 40.72 mM
respectively) can result in significant cell cytotoxicity (Del Rio et al., 2019). Further
work by Lamster et al (1987), determined polyamine analysis of the GCF conducted
before and after two weeks of mucoperiosteal flap surgery on patients who exhibited
periodontitis (Lamster et al.,, 1987). These areas demonstrated high values of
putrescine pre-operatively (1020 pmol/mL). Similarly, putrescine values were
measured at one week and two weeks post operatively (124 pmol/mL and 880
pmol/mL respectively). The polyamine content in the supragingival plaque of
periodontitis afflicted individuals presented with putrescine (1.49 nmol/mg) in the
highest abundance, followed by spermine (0.03 nmol/mg) and finally spermidine (0.90
nmol/mg). The reduction in the concentration of spermine and spermidine was to be
expected, this being due to the direct degradation of putrescine, resulting in the
formation of spermidine and spermine respectively (Pegg, 2016). The measure of
putrescine in GCF provided better differentiation between relative periodontal health

and staging criteria since it was observed to be present at significantly higher levels in
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deep periodontal pocket sites in comparison to milder presentations of the disease
and in healthy controls (Ozeki et al., 2016; Lamster et al., 1987). Overall, it was
suggested that the ability to quantify putrescine, spermine and spermidine within active
periodontal sites was possible and such concentrations were potentially correlated

with the severity of an individual s p

1.12.3.1 Polyamine Upregulation in Periodontal
disease

The use of polyamines as potential biomarkers has been suggested in a number of
previous studies, in particular putrescine and cadaverine isolated in the GCF of
periodontitis afflicted individuals have been shown to be increased over normal
physiological levels in patients with periodontitis (Nakajima et al., 2018; Park and
Igarashi, 2013; Sakanaka et al., 2017). Since they are resident in bacterial cells, and
show significant increases upon measures of the GCF, one may speculate that their
release from the internal bacterial environment may occur as a result of bacterial
breakdown, as is evident during periodontal disease. As the severity of peritonitis
progresses, the immune host mechanisms which are attempting to combat the site of
infection would also increase, thus enabling the killing of more bacteria in order to
clear the infection. The release of these polyamines into surrounding host biofluids
and tissues due to the actions of the host immune system may suggest a new method

of assessment for periodontitis.
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1.12.4 Cadaverine as a Periodontitis Biomarker

The use of cadaverine specifically as a salivary biomarker for periodontal inflammatory
status may be a possibility, since results have been shown to coincide with findings
from previous metabolomics analyses of saliva from patients with predetermined
periodontal disease (Barnes et al., 2014). The presence of cadaverine in human
biofluid at greater than physiological concentrations is something typically introduced
via an external source. Sakanaka et al (2017), postulated that cadaverine was actively
metabolised by periodontal microorganisms due to significantly increased
concentrations during periodontitis, thus its presence in saliva can be correlated to the
number of bacteria colonising a specific region of the oral cavity (Sakanaka et al.,
2017). Moreover, cadaverine, has been specifically identified to positivity correlate with
periodontal inflamed surface area (PISA) levels and these levels have been used to
investigate disease associated metabolic signatures of periopathogens through a
salivary metabolomics based approach (Kuboniwa et al., 2016).

Work by others has demonstrated the efficacy of cadaverine at reducing the secretion
of bactericidal superoxide enzymes, resulting in the disruption of host immune
response signalling pathways which in turn reduces leukocyte migration to the site of
inflammation (Kohler et al., 2002; Kang et al., 2007; Lohinai et al., 2012). Cadaverine
has been shown to modulate bacterial viability, through the inhibition of phagocytic
leukocytes (McCormick et al., 1999; Walters et al., 1995). Cadaverine has also been
implicated in enhancing oral bacterial proliferation through the inhibition of leukocytes

thus, decreasing the likelihood of bacterial phagocytosis (Lohinai et al., 2012).
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1.12.4.1 Systemic Influences of Periodontal Disease
Infection

A growing body of evidence has shown the possible connection between periodontal
disease and disease at distal organs. Periodontitis is an immune mediated
inflammatory disease that is prevalent as a result of a microbial infection. The innate
and adaptive immune responses are both stimulated by periodontal pathogens and
the releaseates of bacterial products and the additional release of inflammatory
mediators from periodontal pockets has shown to result in low grade systemic
inflammatory events (Delbove et al., 2021). Moreover, the relationship between
periodontitis and systemic diseases such as cardiovascular disease and diabetes is
relatively well documented. Recently there has been increasing amounts of evidence
to suggest a strong supporting argument for the association of periodontitis and
chronic kidney disease (CKD), owing to the theory of more severe periodontal

breakdown coinciding with the progression of kidney disease.

1.13 Biosensors and Biosensing

The monitoring and quantification of biochemical or biological processes are of the
utmost importance for biological, biotechnological, and medicinal applications.
However, it is difficult to convey a biological event into an electronic signal due to the
complexity of relaying an electrical device into a biological environment.
Electrochemical biosensors provide a promising means of analysing biological events

due to direct biological signal conversion into an electrical readout.
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1.13.1 Biosensors

A biosensor is a device which measures electrochemical reactions via the generation
of electrical signals which are proportionate to the concentration of the analyte being
determined (Bhalla et al., 2016). Biosensors are employed in a number of applications
including disease detection, drug discovery, pollutant detection, microorganisms, and
bodily markers in bio-fluids (Bhalla et al., 2016; Singh et al., 2020). The development
of the first biosensor dates back to the early 1900s whereby the concentration of an
acid in a solution was proportional to the electrical potential which arose between the

glass membrane used in the study.

1.14 Biosensor Advancements

The most significant advancement of biosensors was by Clark and Lyons (1962) which
was the development of the glucose biosensor for the measurements of glucose in
biological samples (Yoo and Lee, 2010). This sensor utilised the electrochemical
detection of oxygen or hydrogen peroxide species though the enzyme, glucose
oxidase. The processed converted the simple platinum electrode into a powerful
analytical device for the monitoring of glucose. Since this time, innovative approaches
made by researchers have progressed the field of biosensing significantly, with the
development of optical transducers utilising antibodies in the development of point of
care bio-affinity sensors. Such sensors paved the way for a second generation of
biosensors to be developed. The enzyme electrode and the affinity electrode initially
found utility in the laboratory setting, however, due to the advances in manufacturing
coupled with the transduction techniques of electrochemistry, the enzyme based

biosensors found major clinical use in both clinics and at home over optical devices
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(Wang et al., 2008). Since this time, the use of electrochemistry has become a
pioneering technique in diagnostic biosensing, whilst optical biosensing has found its

niche within the laboratory setting (Turner, 2013).

1.15 Biosensor Characteristics

There are specific attributes which every biosensor possesses, and the optimisation
of these properties is what enables the various performance changes of the individual
biosensor. Selectivity is perhaps the most influential feature of the biosensor, and this
refers to the ability of the bioreceptor to detect a specific analyte in a sample which
may contain contaminants and other admixtures (Bhalla et al., 2016; Naresh and Lee,
2021). This is demonstrated by the antibody i antigen interaction whereby a selected
antigen is exposed to an antibody conjugated transducer in which the antibody
selectively reacts with the antigen (Lim and Ahmed, 2019). The reproducibility of a
biosensor refers to the ability of the device to generate identical signals in response to
duplicate experimental setups. It is measured by the precision and accuracy of the
transducer and the electronics used in the device itself. Precision is the ability of the
device to provide replicate results continually over a number of repeat sample
measurements, and the accuracy indicates the sensors capacity to provide a mean
value close to the true value when a sample is measured more than once. The
reproducibility signals provide high reliability and robustness, so the interference made
in the response to the biosensor in minimised. The degree of susceptibility to
disturbances in and around the bio-sensing system is referred to as stability. The drift
caused by the disturbances in the output of the signals of the biosensor under

measurement can cause an error in the measured concentration and can affect the
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accuracy and precision of the biosensor. The
of the most important aspects of sensor design especially in the application of long
term monitoring and is particularly important in areas where long incubation times will

test the sensors stability over the long term such as the medical and food industries.

1.16 Nanomaterials

Nanomaterials for biosensing applications gained significant attraction over recent
years as the necessity to develop new sensors with more specific characteristics has
been increased. With the ever-increasing requirement for more accurate and sensitive

bio devices, carbon nanomaterials provide a potential alternate to current strategies.

1.16.1 Carbon Nanotubes

Carbon nanotubes (CNTs) have emerged as one of the most extensively studied
nanomaterials. CNTs are hollow cylindrical carbon nanostructures with one or more
walls, existing in the nanoscale diameter. They are oriented and linked by Sp2 bonds
making them the most ridged carbon material to date. They offer unique magnetic,
electromagnetic, mechanical and chemical applications of which lend themselves to
be particularly effective in the field of sensor development and biomolecule
immobilisation. Furthermore, the hollow structure of the nanotube enables effective
enzyme loading via one of the methods of immobilisation. Depending on the
arrangement of the graphene cylinders, three individual types of nanotubes can be
obtained. The orientation of these nanotubes can affect the geometrical structures
which are specified dependent on their chirality and directly influence their electronic

properties. The dependency on this orientation of the graphene lattice with respect to
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the tube axis, three types can be obtained, including, Armchair (n,n), zigzag (n,0), and

chiral (n,m).

There are currently many methods of biosensor development which enable the
utilisation of nanotube biosensors for medical detection applications. Screen-printing
has been one the most effective methods utilised to date, enabling cost efficiency,

customisability, and the use of a larger array of substrates to be printed upon.

1.16.1.1 Single-Walled Carbon Nanotubes

Depending on the number of walls of the CNTs, they can be designed as either single
or multi walled. The sidewalls of the CNTs are made up of a hexagonal lattice of carbon
atoms, similar to those of the other carbon nanomaterial, graphene, and are capped
off at both ends by one half of a fullerene like molecule. Single-walled carbon
nanotubes possess the simplest morphology and can be identified as a single
graphene cylinder, and usually form as close packed hexagonal bundles. Upon further
investigation of the tube axis, the structure of the nanotube can be defined through its

chiral vector.

1.16.1.2 Multi-Walled Carbon Nanotubes

Multi-walled carbon nanotubes (MWCNTSs) are composed of two to several coaxial
cylinders, each made of a single graphene sheet which surrounds a hollow core of up
to 100 nM in length and the distance between sheets can be as close as 3.5 A. Since
CNTs have such a high surface area to volume ratio, they act as ideal platforms for

the immobilisation of biomolecules, such as acting as receptor moieties for
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applications in biosensing. Although CNTs in their various forms present very
attractive properties and advantages for biosensing applications, their dispersion
remains one of their major limiting factors and hinders further progress. CNTs possess
high surface energy thus are intrinsically hydrophobic making them non-suspensible
in water and numerous common solvents. Therefore, the application specific process
for CNTs need further functionalisation to increase their suspensibility and functional

properties.

1.17 Screen-Printed Biosensors

Screen-printing is a technology which has been previously well established in the field
of electro-analytical devices and has been made evident through the
commercialisation of glucose screen printed biosensors (Garcia-Miranda Ferrari et al.,
2021; Hayat and Marty, 2014; Ridhuan et al., 2018). These inexpensive, disposable,
rapid and accurate sensors are significantly researched (Costa-Rama et la., 2021;
Whittingham et al., 2021). Furthermore, the portability of such biodevices is of major
fundamental importance in terms of applicability and commercialisation.

Screen-printed electrodes address the issues of cost effectiveness, but they also
satisfy the need of highly reproducible and sensitive methods of detection towards
biological analytes. The adaptability of screen printed electrodes is of major benefit in
areas of research, due to their ease of modification towards the printed electrodes in
the system, and ease of alteration of the ink in the formulations for the working
electrode. Using these methods, the counter, reference and working electrodes can
be adapted and produced for specific target analytes within the medical field (Hayat

and Marty, 2014).
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The process of screen-printing involves the printing of thixotropic fluids through a
screen mesh used to determine the size and shape of the electrode. The thixotropic
fluid contains substances such as graphite, carbon black, various solvents, and
binders. The inks utilised in this work have a high viscosity, however, when forced
through the mesh screen the fluid undergoes sheer thinning which allows for
penetration through the screen and deposition of the final sensor shape and size.
Upon contact with the substrate, the ink returns to its previous viscous state and forms
the intended printed design. If the final sensor designs have a thickness in the range
of 20 mm to 100 mm they are thicker than other printing technology and are thus

termed Athick film technologyo.

The screen printing of electrochemical biosensors provides an ideal platform for the
functionalisation of a number of different nanoparticles and require no prior electrode
treatment such as electro-deposition, or electrode polishing which are common

practices with other electrode materials.

1.18 Electrode Material Selection

1.18.1 Working Electrode

When considering electrodes for electrochemical assessment, attention needs to be
given not only to the electrode material, but also to the nature of the experiment. The
working electrode is the key region of interaction for the bio-device, thus selecting the
optimum electrode material is of utmost importance. Carbon and various metals have
been commonly used to prepare electrode systems. Metals such as platinum, silver,

gold and steel have been long utilised for electrode surface materials due to their
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excellent chemical, electrical, and mechanical properties. Carbon-based materials
such as carbon black, graphite and carbon fibre have been frequently used for the
construction of working electrodes. These carbon based materials have a high
chemical inertness and are able to provide a stable baseline for electrochemical

detection (Zhao et al., 2018).

1.18.2 Reference Electrode

The reference electrode is a major component in electrochemical systems and is a
specific type of electrode which has a known stable potential to which all other
electrode potentials in the system are referenced to. The Ag/AgCl reference electrode
is the most common used in electrochemical analysis. The structure of Ag/AgCI
reference electrode consists of a silver wire, immersed in an Ag/AgClI coating which is
submerged in a salt electrolyte of potassium chloride (KCI). The Ag/AgCI reference
electrode operates due to a slight leakage of the internal electrode solution, which
comes into contact with the sample and provides an electrical contact point with a
stable unchanging potential. The leak path contact point via the electrode junction, can
be made through a range of materials according to the requirements of the experiment.
This reaction is demonstrated in the following equation:
0RO P 0QOa [1]

Other types of more frequently utilised reference electrode materials are listed (Table
1.6). The decision when determining which reference electrode is optimum for the

experiment is dependent on the experimental parameters itself.
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Table 1. 6. Currently utilised reference electrodes and their usage (Nickell et al., 2006; Szabo and Bakos, 2010; Dawkins et al., 2021).

Reference electrode Usage

Hg/HgCI (Saturated Calomel) pH measurements, general aqueous chemistry. Very stable however

contains mercury so unsuitable for food applications or environment studies

Ag/AgCI (wire or paste) Printed sensors, ion-selective electrodes

Cu/CuSOs Corrosion control systems

Mercury sulphate is used as a substitute for chloride ions when they cannot
Hg/HgSO4
be tolerated in the electrolyte

Hg/HgO Alkaline solutions

51



1.18.3 Counter Electrode

Counter electrodes are the final electrode used in the typical 3-electrode setup. This
type of setup is most common when aiming to study the reactions which occur at the
working electrode site when a known potential is applied between the working and
reference electrodes; to protect the reference electrode from potential shifts, the

current flows between the counter and working electrodes.

1.19 Enzymatic Biosensors

Enzymes are of major interest as biosensor transducer molecules due to their high
catalytic activity, specificity, ease of production and the ability to function under mild
conditions. Thus, enzymes are of significant benefit for a range of applications,
however, despite the number of advantages of enzymes, their industrial applications
are limited by a number of factors including short shelf life, instability and low
reusability which may result in increased costs associated with large scale
commercialisation. Even with these shortcomings. They are the most common
bioreceptor in current electrochemical devices, since their configuration results in
minimal flat positive responses, which has shown to achieve efficient electron transfer

between the enzyme active site and the electrodes.

One of the key c ha lehzgmagcelsctradedediga ahd developmient o

is the complexity of the organic component of the electrode, which can result in issues
such as enzyme leakage (Kudo et al., 2008). To prevent enzyme leakage, itis required
to form chemical bonds between the enzyme and amino groups on to the surface of
the nanotubes. Amide bond formation is a slow and nonspontaneous processes at

room temperature and direct condensation can only be achieved at temperatures of
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over 200 °C. However, this destroys the enzyme structures resulting in denatured and
ineffective biomolecules. Therefore, conjugating compounds can be used as coupling
reagents to instigate a reaction. Amongst these reagents, carbodiimides are the most
frequently considered for this mode of work (Han et al., 2013; Cammarata et al., 2015).
One consideration which must be noted is that carbon nanotubes possess a high level
of reactivity towards proteins, and it has been suggested that some protein is adsorbed
onto carbon nanotubes even after their initial oxidation and carboxylic acid group
additions. These electrode modifications have led to the enhanced performance of
surfaces due to the enabling of increased bio-molecule loading, enhanced sensitivity
and this has resulted in reductions of several orders of magnitude in the detection
limits of molecules.

However, there are challenges which affect enzyme based electrochemical devices
and these include overcoming the inefficient electron transfer between enzyme and
the electrode surface. One of the main reasons for this is that the enzyme active site
is located deep within the enzyme and for the enzyme to work efficiently, the enzymes
have to orientate favourably in accordance with the electrode surface. Also, there
remains other challenges which are associated with electrochemical biosensors which
include, nonspecific binding and limited functional adequacy with real world samples

due to issues such as poor sensitivity or electrode fouling.

1.19.1 Immobilisation of Biological Elements

Traditional materials which are used as cross linking reagents such as glutaraldehyde
(GA) and hexamethyl diisocyanato are able to form cross reactions between the bio-
catalytic species on the electrode surface. This process, which is referred to as

coarticulation, creates complex matrices between enzymes and substrates. The most
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common method of chemical enzyme immobilisation is using GA crosslinking. GA has
been a key component in the design of biosensors since its first use in enzymatic
devices, due to its ability to maintain enzyme conformation after immobilisation (House

et al., 2007).

1.19.2 Enzyme Electron Transport

Enzymes exhibit high specificity and sensitivity towards target substrates due to their
tri-dimensional structure (Rago et al., 2015). The active site of an enzyme can limit the
rate of electron transfer between the enzyme and the electrode, and the electron
transfer process can dramatically decrease as the distance between the active site
and the electrode increases. To better facilitate electron transport, the electron transfer
pathway should be situated as close to the electrode surface as possible, with two
current methods used in practice: direct electron transfer (DT), and mediator electron

transfer (MT).

1.19.2.1 Direct Electron Transport

During the process of DT, electrons from the active redox site of the enzyme are
shuttled to the electrode surface without the aid of further mediators. In this instance,
the enzyme is fixated to the electrode surface directly and functions as a molecular
transducer. To further enhance the DT process, it is essential that the orientation of
the enzyme be carefully considered as to shorten electron tunnelling distances. To
overcome this issue, redox mediators may be utilised to aid in long distance electron
tunnel ling. Redox mediators directly
enzyme to the electrode surface.
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Enzymes are able to be directly adsorbed onto the electrode surface, which
conveniently situate their active redox site close to the electrode surface which
increases the efficiently of DT. In situations whereby the distance between the redox
site and the electrode surface are too distant, fast and efficient electron transfer
becomes unlikely. The possibility to add readily diffusing redox mediators to
electrolytic solutions after an enzyme has already been immobilised for DT has
previously been elucidated (Bollella and Katz, 2020). This approach while seemingly
effective in some applications, is not practical in some instances due to the

contamination the electrolyte solution incurs via the mediator.

1.19.2.2 Mediator Electron Transport

MET sensors use redox active mediators known as, relays, which are electroactive
molecules that aid in the shuttling of electrons between the enzyme active site and the
electrode surface (Bollella and Katz, 2020; Scheller et al., 1991). Such mediators can
be freely diffusing in the surrounding solution or be tethered to side chains of redox
polymers on the electrode. One of the major advantages of MET is the utilisation of
the entire surface of the enzyme for active transport, and not relying on a singular DT
pathway, which only covers a small proportion of the electron pathways and resulting

in unsatisfactory efficiency (Gemunde et al., 2022).

1.20 Enzyme Immobilisation

The immobilisation of enzymes refers to the confining or localisation of enzyme within

a matrix in the insoluble phase, whil st

activity. (Pinyou et al., 2019). In order to overcome these drawbacks, enzyme
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immobilisation demonstrates an advantageous method with promising results. A
suitable support for enzyme immobilisation is required to possess attributes such as
inertness, high stability, and the ability to reduce product inhibition. Several methods

have been proposed for enzyme immobilisation which are highlighted in (Table 1.7).
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Table 1. 7. Different methods of enzyme immobilisation onto a solid carrier.

Immobilisation

Method Advantage Disadvantage Application Reference
. Chem_l ey e . Scaffold for carbon (Jaros and Rohm,
Adsorption mechanically stable Enzyme denaturation .
materials 2011)
support
. . Antibody, protease and
Covalent Stable to hydrolysis at Esters unstable in oxidase enzyme (Bai et al., 2012)

Physical entrapment

Encapsulation (lipid
vesicles)

Biodegradable
polymers

neutral pH

Reduces negative
interference on enzyme
surface. Is thermally
and mechanically stable

Strong reproducibility

Longer circulation
lifetime in biofluids

agueous conditions

Enzyme-substrate
complex formation is
limited

Sheer force enzyme
inactivation

Entrapment efficacy is
low with low enzyme
stability

immobilisation

Biosensor development
using antibodies or
enzymes

Enzyme replacement
therapy

Control enzyme release
in enzyme replacement
therapy

(Hakala et al., 2013)

(Soldatkin et al., 2012)

(Apetrei et al., 2013)
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1.20.1 Enzyme Immobilisation on CNTs

Recently, the uses of nanomaterials have become an increasing viable option for
enzyme immobilisation, in particular in the field of biosensing. Nanomaterials such as
nanotubes, nanoparticles, nanofibers and nanopores have all shown to be effective
materials as enzyme immobilisation supports. Amongst these nanomaterials, carbon
nanotubes have gained significant attention due to their biocompatibility along with
exceptional mechanical, electrical, and thermal properties (Naghshbandi et al., 2018).
Biomolecule immobilisation is a critical step in ensuring efficient electron transfer
between the enzyme active site and electrode. Enzyme loading and entrapment onto
electrode surfaces has been extensively studied (Nguyen et al., 2019; Putzbach and
Ronkainen, 2013). Physical adsorption is the simplest and most cost effective method
of manufacturing enzymatic biosensors. Positively charged amino acid residues of
enzymes are able to be electrostatically adsorbed onto negatively charged colloidal
surfaces on electrodes, through simple incubation steps (Zhu, 2017). Although this
method is fast and simple, it results in unfavoured enzyme orientation thus, negatively

impacting heterogenous electron transfer rates (Fig. 1.5).
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Figure 1. 5. Positively charged amide groups on enzymes (A), electrostatically binding

to the negatively charged functionalised working electrode surface (B).

In order to effectively facilitate enzyme immobilisation onto an electrode surface a
number of pre-functionalisation steps can be implemented onto electrodes to aid in
increased enzyme loading. Covalent attachment of proteins onto an carbon structures
such as CNTs, is one such method that demonstrates highly favourable sensitivity and
selectivity increases as a pre-functionalisation in the development of biological sensing
platforms (Yates et al., 2018). 1-ethyl-3(3-Dimethylaminopropyl)Carbodiimide (EDC)
iIs a water soluble zero length crosslinker which is utilised in the development of
sensing platforms (Vashist, 2012). It is utilised in the coupling of carboxyl groups,
etched onto the CNT surface (Fig. 1.6), by binding them to primary amines. EDC
undergoes nucleophilic substitution in the presence of strong nucleotides, such as
primary amine molecules, and forms an unstable O-acylisourea intermediate

(Wickramathilaka and Tao, 2019). This intermediate is readily hydrolysable, thus able
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to rapidly revert back to its original carboxylate molecule. To overcome this, N-

Hydroxysuccinimide (NHS) has been frequently utilised to develop a more stable

intermediate prior to amine introduction (Fig. 1.6) (Staros et al., 1986; Fischer, 2010).

Unmodified Carbon
Nanotube

H»S0, : HNOs

Functionalised Carbon
Nanotube

Figure 1. 6. Acidic carboxylation of carbon nanotubes utilising 98% sulfuric and 70%

nitric acid at a ratio of 3:1, resulting in carboxylic acid functionalised carbon nanotubes.
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O-acylisourea
intermediate

N-Hydroxysuccinimide

Figure 1. 7. Carboxylic acid functionalised carbon nanotube coupling demonstrated
utilising 1-ethyl-3(3-Dimethylaminopropyl)Carbodiimide (EDC) and N-
Hydroxysuccinimide for the formation of an initial O-acylisourea intermediate, followed

by protein (A) conjugation via amide groups. Figure adapted from Amin et al., (2022)
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1.21 Surface Topography of Carbon Screen-Printed
Electrodes

Screen-printed electrode surfaces are topographically variable with peaks and valleys
at the micrometre and nanometre scales. The roughness profiles of surfaces are
frequently characterised by the arithmetical average roughness (Sa), maximum peak
height (Sp) and root mean square height (Spv). These values are determined via spatial
parameters in order to calculate the two dimensional roughness as opposed to the
traditional line method (R values). The S values are parameters which enable a robust
characterisation of the topography of the surface in contrast to one dimensional line
methods. Capacitance dispersion has been shown to decrease as a direct result of
decreasing electrode roughness, due to the dispersion of capacitance being a result
of electrode geometrical origin (Champigneux et al., 2018). Furthermore, electrical
conductance has been shown to be reduced by the addition of films to electrode
surfaces, since this decreases the surface nano-roughness (Song et al., 2022). In
addition, the nano-roughness of electrodes has been shown to influence molecular
adsorption on electrode surfaces and the concentration of the adsorbed species has
demonstrated reduced quantities of enzyme being immobilised on a rougher surface

than that of a smoother one (Champigneux et al., 2018).

1.22 Fundamentals of Electrochemistry and
Electrochemical Analysis

The discipline of electrochemistry encompasses a plethora of device related fields

such as electroanalytical sensors, batteries, fuel cells and electrochromic displays. In
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typical instances, the majority of chemical assessments involve the interaction of bulk
solutions, however, electrochemical interactions take places on the electrode surface.
The differentiation of electrochemical techniques can be divided broadly into
potentiometry and voltammetric, owing to the electrical signal utilised for quantification.
These electrochemical techniques rely on the presence of an electrochemical cell,
which consists of at least two electrodes (working and reference), the conductors, and
a contacting electrolytic solution. The two electrodes for the cell allow for a surface
junction between the ionic and electronic conductors. The study of charge transfer
processes at the electrode-solution interface which is based on non-zero currents refer
to potentiostatic techniques. In potentiostatic conditions, the electrode potential is used
to facilitate the electron transfer reaction whereby, a resulting current is determined as
a reflection of the rate at which electrons are transferred across the electrode -

electrolyte interface.

1.22.1 Electroanalysis

Techniques which involve electroanalytical analysis occur due to their electrical and
chemical interactions, in particular the measurements of electrical quantities, such as
current, potential or charge. Many chemical analysis techniques involve bulk solutions;
however, electrochemical processes take place at the electrode solution interface,
lowering the quantity of analyte required for a reaction to take place. Such techniques
can be characterised into two principal types; potentiostatic and potentiometric, which
are distinguished via the electrical signal used in their quantification (Colburn et al.,
2021). Similarly, both methods require at least a two electrode setup, and a

corresponding electrolyte solution to fulfil the requirements for an electrochemical cell.
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The electrode surfaces in this cell represent the intersection between the ionic and
electronic conductor. The working electrode is the electrode which responds to the
target substrate, the reference electrode is of a constant potential which is

independent of the interactions in the working solution.

1.22.2 Potentiometry

Potential sweep based experimentation takes into consideration the effects of the
measured current arising from the potential of the WE which is swept from potential
value V1 to V». The rate at which this potential sweep occurs is referred to as the scan
rate (V s1). In cyclic voltametric analysis, the original potential sweep can be extended
so that when the value of V2 is reached, the direction of the sweep is reversed, and
the electrode potential is scanned in reverse to the original value of V1. The current
to time relationship of such measurements can be determined through the resulting
concentration to time profiles. The region within the electrode which becomes depleted

to reactants is known as the diffusion layer.

1.22.3 Cyclic Voltammetry

Cyclic voltammetry is the most common technique used for formulating qualitative data
to elucidate electrochemical interactions. It involves the identification of the redox
potential of a target electro-active species and provides information about the
thermodynamics of a redox process, heterogeneous electron transfers kinetic
reactions, coupled electrochemical reactions and adsorption processes. In cyclic

voltametric analysis the potential is linearly scanned of the working electrode through
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a triangular potential waveform and depending on the measurements sought, the use
of single or multiple cycles can be performed.

During a potential sweep, the potentiostat measured the current that resulted due to
applied voltage and the plot of current (ampere) vs potential (voltage) is dependent on
time alongside myriad of other chemical and physical properties. A typical redox
couple (reversible) for Hexaammine ruthenium(lll) chloride vs a glassy carbon
electrode is demonstrated showing the oxidation (Blue) and reduction (red) peaks in

a reversable system (Fig. 1.8).

Current (A)

Potential (V)

Figure 1. 8. A typical cyclic voltammogram for a reversable redox processes using 1
mM Hexaammine ruthenium(lll) chloride in 0.1 M KCI using a standard glassy carbon

electrode. Figure adapted from (Garcia-Miranda Ferrari et al., 2018).

There is a significant amount of information can be acquired from a cyclic
voltammogram such as the electrochemical working area of the working electrodes

and the overall heterogenous electron transfer rate kinetics. For this work, particular
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interest was given to the onset potential, and the magnitude of the Faradaic redox

peaks.

The current magnitude (i) which is produced in response to an electroactive species

being oxidised, or reduced can be determined by the flux value given: (Fisher, 1996;

Compton and Banks, 2011)

Q €000 [2]

Where, n is the number of electrons involved in the reaction, Fi s t he Far ada
constant, and A is the working electrode area. In this equation, J is the only value with

variability, and co-dependant with current. J can thus be described as the number of

molecules which are penetrating past the imaginary line to arrive at the surface of the

working electrode as is denote with the units: mol s* cm2.

In cyclic voltammetry, there are three scenarios which determine the movement of
molecules via mass transport within an electrolytic solution; 1) Convection which
involves the force movement of the electrolyte through instances such as stirring,
electrolyte temperature variations, and induced electrolyte flow. 2) Diffusion, which is
the concentration gradient based movement of charged and uncharged ions through
the electrolyte and 3) Migration, the induction of an electric field, which is generated
by two electrodes at different potentials, attracting or repelling the charged ions.
Electrochemical systems which are controlled by diffusional electron transport J can
be el uci dat e dlawofimags transpartk de@rmonstrated by the following

equation: (Bard and Faulkner, 2001; Compton and Banks, 2011)

h

0 oo 0 [3]
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Where, — is the concentration gradient at distance x, tis time, and D is the diffusional

coefficient.
Ti me and distance to the concentr atdlawn
— O0— [4]
In the instance where convection, diffusion and migration are all occurring
simultaneously within a system, different models of mass transport must be utilised.
The relationship between the three transport mechanisms can be described using a
one dimensional process using the Nernst-Planck equation: (Compton and Banks,
2011)

Wwg OF Bagh @ a "0QuHY/YY <ol @ +06 dng [5]

Whereby, T ¢n0/f «demonstrates the potential gradient, z is the charge of the
electroactive species and V(x,t) is the hydrodynamic velocity in agueous media.
Finally, taking flux into consideration, it is possible to construct a general expression
for the current response through the combination of the previous equations:
Q¢ 0o 6]

Cyclic voltammetry offers an indispensable tool for the determination of the
experimental electrochemical rate constants. Initial calculations devised by Nicholson
provided a basis for the calculation of kO, the electrochemical rate constant from the
peak potential separation measured during a cyclic voltametric scan. This method is
routinely utilised to determine the standard heterogenous electron transfer rates of

guasi-reversable systems (Nicholson, 1965).
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The distinguished peaks in a cyclic voltammogram are attributed to the diffusion layers
which occur near the electrode surfaces. These resultant current peaks are a direct
reflection of the continual change in the analyte concentration gradient over time.
Thus, increasing and decreasing peak current can be attributed to the establishment

of diffusion control.

A cyclic voltammogram characterises the voltametric response of two observed peak
currents (lp) and peak potentials (Ep) for the basis of this analysis. The resulting peak
current for a reversible redox couple is determined by the Randles-Sevcik equation:
(Brownson and Banks, 2014)

®©= 2.65 105¢ 320 12) 128 & 00 [7]
Where, | is the experimentally determined peak current, n, is the number of electrons
per molecule involved in the electrochemical process, D is the diffusion coefficient of
the target analyte (in cm? s1), u is the applied voltametric scan rate (V s), C is the
concentration of the electroactive analyte (mol cm3) and 0q-ais the electrochemical
effective area. In this formula, the current is proportional directly to the analyte
concentration, and is shown to increase, linearly with the scan rate. In simple redox
reversable systems, the forward i reverse peak currents should be equivalent;
however, these peak ratios can be rapidly influenced by chemical reactions which are

in tune with the redox system (Brownson and Banks, 2014).
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1.22.4 Determination of the Heterogeneous Electron
Transfer Rate kinetics (K°)

The heterogeneous electron transfer kinetics rate constant values can be calculated
using the Nicholson equation, should the reaction demonstrate an electrochemically
guasi-reversible process (Nicholson, 1965).

- 0O “oturory 7 [8]
Where, ¢« is the kinetic parameter which is represented as a function of peak to peak

s epar aEp) apantemperature of 298 K for a one step, one electron process.

1.23 Redox Probes

Outer sphere redox probes such as hexaamineruthenium(lll) chloride are often
described as surface insensitive thus, surface oxygen: carbon ratios alongside any
other surface specific characteristics in relation to surface oxygen-carbon ratio, current
surface state/ or cleanliness with respect to a monolayer film surface coating of
uncharged absorbates, or any additional specific adsorption to surface groups, should
not have a profound influence on the k°values determined. In these instances, the
measured electrochemical response should only be dependent on the electrode
material 6s electronic structure with the sur
electrons. As such, outer sphere systems are sensitive primarily to the electronic
structure due to the density of electronic states near the Fermi level.

Inner sphere redox probes on the other hand, such as potassium ferrocyanide(ll), are
suggested as being more surface sensitive thus, result in k° values being more
strongly influenced by the electrode if it is obscured by adsorbates or impurities.

Moreover, such interactions may also depend heavily on the presence or absence of
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specific oxygenated species which give rise to either beneficial or negative
electrochemical effects (Elgrishi et al., 2017). In this instance, electrochemical systems
are more strongly influenced by the surface state and possibly require specific surface
functional groups rather than DOS as these systems have high reorganisation

energies (Eckermann et al., 2010).

1.24 Instrumentation

Electrochemical amperometric sensors are operated in electrochemical non-
equilibrium, and the simplest case is the polarisation of the working and a combined
counter/reference electrode system. This is true for a significant majority of
electrochemical devices whereby the potential difference is determined between the
anode and cathode. As suchitisdenotedasa @At wo el ectrode system
systems where a consistent applied potential is required, a three electrode system
consisting of a working, reference and counter electrode is preferential. A three
electrode system involves the use of a working, reference and counter electrode and
is used and connected to a high input potentiostatic device. In this work, a 3-electrode
system was opted for use, as the study aimed to use specific potential measurements
at the surface of the electrode, which would enable the isolation of the oxidation and

reduction peaks of the target biomolecule, cadaverine.

1.25 Limits of Detection

Limit of the blank (LOB), limit of detection (LOD) and limits of quantification (LOQ) are
terms which describe the minimal concertation of a measured molecule, which can be

effectively measured using an analytical technique (Armbruster et al., 1994). The
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current guidelines of clinical laboratory measurement procedures EP17 demonstrate
the standard methods for deducing the necessary values for what constitutes as the
LOD (Armbruster and Pry, 2008). The limit of the blank is the maximum apparent
concentration of the analyte determined when samples which contain no analyte are
measured. Samples with no analyte are tested during LOB measurements, however,
blank samples are able to produce analytical signals which many be demonstrative of
low concentration analytes. The LOB demonstrates 95% of the measured values
under the pretext of Gaussian distribution thus, the remaining 5% of the blank values
demonstrate a potential response which may be replicable of a low concentration of
analyte. The limit of detection is the minimum concentration of analyte which is to be
distinguished from the LOB whereby detection is possible. The LOD is therefore

always greater than the LOB.

In summary, periodontal disease is a major disease, with many systemic effects, and
afflicts a major proportion of the global population. Current methods of assessment
are insufficient thus, biosensing may be a solution to providing real-time, non-invasive

measurements into the active disease status of periodontal disease.
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CHAPTER 2

Materials and Methods
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2.1 Materials

2.1.1 Biosensor Formulation and Testing

1-ethyl-3(3-Dimethylaminopropyl)Carbodiimide (Sigma-Aldrich, UK)
2-(N-morpholino)ethanesulfonic acid (Sigma-Aldrich, UK)

Ag/AgCI paste (product code C2040308D2; Gwent Electronic Materials Ltd., UK)
Carbon graphitic ink (Gwent Electronic Materials Ltd, UK)

Dielectric paste (Gwent Electronic Materials, UK)

Dimethylsulphoxide (Sigma-Aldrich, UK)

EmStat3 computer controlled potentiostat (Palmsens, Netherlands)

Ethanol (Sigma-Aldrich, UK)
Flexible polyester film (Autostat, Italy)

Glutaraldehyde (Sigma-Aldrich, UK)

H2S04 (98%) (Sigma-Aldrich, UK)

HNOs (70%) (Sigma-Aldrich, UK)

HPLC grade water (BDH, UK)

Hydrogen chloride (Thermo Fisher Scientific, UK)
MWCNTSs (Sigma-Aldrich, UK)
N-Hydroxysuccinimide (Sigma-Aldrich, UK)

pH meter (Hanna Instruments, UK)

Phosphate buffer (Sigma-Aldrich, UK)
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Quartz glass high precision cuvette (Hellma Analyticis, UK)

Silicon wafer squares (Montco Silicon Technologies inc, USA)

2.1.2 Cell Biology

0.45 ym PTFE membrane filter (Thermo Fisher Scientific, UK)

Aluminium SEM mounts (Agar, Scientific, UK)

Bovine serum albumin (Fisher Scientific, UK)

Brain Heart infusion agar (Sigma-Aldrich, UK)

Brain heart infusion broth (Sigma-Aldrich, UK)

Cell counting kit-8 (Tebu-bio, UK)

Dul beccobds phospheéeigmea-Aldich, U r ed sal i ne
Fluorescein isothiocyanate (FITC)-conjugated anti-human CD11c antibody (Clone
Bul5; BioLegend, UK)

Foetal bovine serum (Lonza, UK)

Haemin (Sigma-Aldrich, UK)

Horse Blood (TCS Biosciences, UK)

Immortalized Human Kidney proximal Tubule cells (ATCC, UK)
Interferon gamma (Sigma-Aldrich, UK)

Light microscope (Gtvision, UK)

Menadione (Sigma-Aldrich, UK)

Methanol (Thermo Fisher Scientific, UK)

Microplate reader (Thermo-Scientific Multiskan 60, UK)
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Nutrient agar (Oxoid, UK)

Nutrient broth (Oxoid, UK)

Orbital shaker (New Brunswick Scientific, USA).

Paraformaldehyde (Sigma-Aldrich, UK)

Penicillin i streptomycin (Lonza, UK)

Phalloidini tetramethylrhodamine B isothiocyanate conjugate from Amanita phalloides

(Fluka, Germany)

Phorbol 12-myristate 13-acetate (Applichem, Germany)

Saline tablets (Sigma-Aldrich, UK)

TC10 automated cell counter (Bio-Rad, USA)

Trypan blue (Lonza, UK)

Trypsin EDTA (Lonza, Belgium)

Tris base (Fisher Scientific, UK)

Tris hydrochloride (Fisher Scientific, UK)

Tris (hydroxymethyl) aminomethane (THAM) hydrochloride (Fisher Scientific, UK)

Triton X-100 (Lonza, Belgium)

Tween-20 (Fisher Scientific, UK)

U937 Human monocytic cell line (Health Protection Agency Culture Collections, UK)

Ultrasonic bath (Ultrawave, UK)
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2.2 Methods

All chemicals used in this study were of analytical grade or higher unless stated
otherwise. All solutions were prepared with Type 1 Milli-Q water with resistivity no less
than 18.2 MY c¢cm. This solution was Vigorous
measurements with oxygen free nitrogen. This was carried out to ensure the removal
of any trace levels of oxygen from the test solutions, which if present would convolute

the electrochemical results.

2. XZalbricatio#romtedr &eedmctrode:

The screen-printed electrodes (SPEs) were fabricated in-house with stencil designs.
A carbon graphitic ink formulation was screen-printed using a microDEK 1760RS
screen printing machine (DEK, UK) onto a flexible polyester film (denoted throughout
as SPE). The parameters used for the printing device were, print speed i 100 mm/s,
flood speed 1 100 mm/s, print gap i 0.05 mm. The layer of carbon graphitic ink was
cured in a fan oven at 60 °C for 30 min. A silver/silver chloride reference electrode was
incorporated onto the SPE by screen-printing Ag/AgCl paste onto the polyester
substrate. A dielectric paste was printed onto the polyester flexible film substrate to
cover the connections. The SPE was put through a second curing processes at 60 °C
for 30 min. The SPEs were stored at 4 °C until ready for use. For the purpose of this
work, electrochemical experiments were performed using the entire SPE with built in
reference and counter electrodes, or only the working electrode with external
reference and counter electrodes, which allowed for direct comparisons between all

the electrodes used.
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2.2.2 Multi-Walled Carbon Nanotube (MWCNT)
Suspensions

Individual carbon nanotube suspensions were prepared in 1 mL aliquots for
comparison purposes. MWCNTSs were placed in a low retention Eppendorf tubes to
minimise carbon complex formations. Two milligrams of MWCNT were added to each
of 10 mL deionised H20 (dH20), 100% ethanol, 2-(N-morpholino)ethanesulfonic acid
(MES), and diamine oxidase solution in phosphate buffer (enzymatic solution) and

ultra-sonicated at 42 KHz for 20 min to evenly disperse the MWCNTSs.

2.2.3 Carboxylation of MWCNTSs

An acidic solution containing 7.5 mL H2S04 (98%) and 2.5 mL HNOs (70%) was used
to incorporate carboxyl groups onto the MWCNTs outer surfaces. For complete
carboxylation, 2 mg of MWCNTSs were sonicated in acidic solution for 6h at 80 °C. After
completion of the acid etching, the carboxylated MWCNTs (C-MWCNTSs) were washed
with dH20, and vacuum filtered until a pH of 7.2 was achieved to ensure removal of

any residual acids and were dried in an oven at 90 °C overnight.

2.2.4 EDC-NHS Coupling of C-MWCNTSs

To effectively couple the diamine oxidase enzyme to the C-MWCNTSs, a two-step
procedure was undertaken. Two milligrams of C-MWCNTSs were suspended in 5 mL
of water and sonicated for 10 min, followed by elution in 1 mL of MES buffer solution

(pH 6.5) and a 2.2 mL of a 50 mg/ mL-* NHS solution which was vortexed for 2 s. With
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continual stirring at room temperature for 30 min, 1.2 mL of a 10mg/ mL"* EDC solution
was added to the C-MWCNT to complete the EDC-NHS coupling reaction. The C-
MWCNT/EDC-NHS solution was filtered through a 0.45 uym PTFE membrane filter and
rinsed using 5 mL of 50 mM MES buffer solution (pH 6.5) to remove any unconjugated
EDC, NHS or cross linked urea. The C-MWCNTSs were dried in a class Il cabinet for

one hour before being stored at 4 °C until required.

2.2.5 Preparation of DAO conjugated MWCNT/EDC-

NHS

Two milligrams of MWCNTS/EDC-NHS in 2 mL of MES (50 mM at pH 6.5) were added
into 1 mL of DAO solution (10 mg/ mL DAO in 0.1 M phosphate buffer) and the mixture
was incubated at 37 °C for 1h under constant shaking (200 rpm) to allow for
conjugation of the enzyme to preformed amine group complexes. Crosslinking was
performed via the addition of 1 mL of a 0.2% glutaraldehyde solution to the C-
MWCNT/EDC-NHS/DAO solution, and the suspension was incubated at room
temperature under constant shaking for 30 min, followed by an overnight incubation
at4 °C. After the overnight incubation, the C-MWCNT/EDC-NHS/DAO/GA suspension
was treated with Tris buffer (100 mM at pH 7.2) for 30 min and washed to remove
unconjugated enzyme and glutaraldehyde. The crosslinked C-MWCNT/EDC-
NHS/DAO/GA were suspended in 0.1 M MES buffer and stored at 4 °C until ready to

use.
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2.3 Surface Roughness Measurements

Optical Profilometry was used to obtain the surface topography (roughness
parameters) of the carbon electrode surfaces pre- and post MWCNT conjugation.
Analysis of the surface roughness was carried out qualitatively via images and
guantitatively by using S values: Sa, Sq and Spy (arithmetical mean height, mean
square roughness and mean maximum height respectively) (Zemaps software
[version 1.14.38]) (n = 6). The average peak and valley height and widths were also

determined (n = 10).

2.4 Water contact angle measurements

Contact angle measurements of the carbon electrode surfaces pre- and post C-
MWCNT/EDC-NHS/DAO/GA modification were determined at room temperate using
the sessile drop technique (Amin et al., 2020). HPLC grade water at a droplet size of
5 pyL was deposited onto the horizontally laid working electrode, and measurements
were recorded using a goniometer with surface contact angle images being analysed

using Kruss SW23 (DSA2) (Kruss, Germany) software (n = 3).

2.5 Fourier Transform Infra-Red Spectroscopy (FTIR)

MWCNTs which were unmodified and modified were analysed using FTIR to
determine new bond formation. MWCNTSs at a volume of 15 pL were deposed onto 10
mm x 10 mm silicon wafers and dried in a class Il cabinet for 1 h. Samples were stored
in a desiccator until ready for use. A Thermo-Winslet Continuum FTIR-ATR
microscope was used for the analysis of the MWCNTSs. The attachment used was a
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type A MCT detector. The aperture was used at 200 mm x 200 mm, and the spectra

of the unmodified and modified electrodes was acquired using Omnic 5.2 software.

2.6 Scanning Electron Microscopy (SEM) and
Energy Dispersive X-Ray Spectroscopy (EDX)

MWCNT suspensions (unmodified MWCNT and C-MWCNT/EDC-NHS/DAO/GA)
were prepared by pipetting 10 uL of the sample solution onto 10 mm x 10 mm silicon
wafer squares (Montco Silicon Technologies inc, USA) and dried in a class Il cabinet
for 1 h. The dried samples were submerged in 4% v/v glutaraldehyde overnight,
followed by dehydration of the MWCNT via an ethanol series of 30%, 50%, 70%, 90%
and 100% v/v, respectively for 10 min. The electrodes were mounted on aluminium
SEM mounts with double sided conducting carbon tabs (Agar Scientific, UK). Prior to
imaging the electrode surfaces were sputter coated with gold-palladium and imaged
using a Zeiss Supra 40VP field emission gun scanning electron microscope (Zeiss,
UK) using the following parameters: acceleration voltage, 2.00 kV; working distance,
4. 1174.5 mm,; SE2 detector, magni fication at
out alongside the SEM and was utilised to determine the chemical compositions of the
carbon nanotube modifications. Measurements were made using an EDX Sapphire Si
(Li) detector and quantified using a standardless ZAF algorithm. The chemical
composition was calculated as an atomic percentage, giving the percentage of the

atom relative to the total number of atoms per scan (n = 3).
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2.7 Enzyme-Substrate Uptake

Increasing concentrations (0.25 U, 0.5 U, 1.0 U, 1.5 U, and 2 U) of diamine oxidase
was added to a 96-well plate at a volume of 10 pL. To each well which contained
enzyme, 10 pL of O-dianisidine dihydrochloride was added and mixed to allow for
homogenisation into the wells. A microplate reader (Thermo-Scientific Multiskan 60,
UK) was set up at an absorbance of 450 nm and was programmed to read each well
in 4 sintervals over a 10 min duration. The 96-well plate was loaded into the microplate
reader and 10 pL of a 30 pug/mL cadaverine suspension was added to each well, mixed
ensuring no bubbles were introduced to the wells and the absorbance measured (n =

3).

2.8 UV-Vis Spectroscopy

Bulk MWCNTs and C-MWCNTSs were prepared in 2 mg aliquots and suspended in 2
mL of 100% ethanol prior to UV-Vis analysis. A quartz glass high precision cuvette
(Hellma Analyticis, UK) was used for all absorbance readings and 2 mL of 100%
ethanol was used for calibrations. For the UV-Vis analysis of the MWCNT a Thermo
scientific Evolution™ 201 UV-Visible spectrophotometer was used, and spectra were

recorded using the INSIGHT™ software at the 1000 to 200 nm range (n = 3).

2.9 Raman Spectroscopy

Raman spectroscopy was performed on the MWCNT modifications using a DXR
Raman microscope (Thermo scientific, UK) fitted with a 532 nm excitation laser at a
low power of 3 mW to avoid heating effects. Spectra were recorded using a three
second exposure time for three accumulations at each point (n = 6).
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2.10 Electrochemical measurements

Electrochemical measurements of the modified carbon electrodes were carried out
using an EmStat3 (Palmsens, Netherlands) computer controlled potentiostat, utilising
the PStrace software. Measurements were taken using a three electrode system, with
a nickel wire counter electrode, an Ag/AgCl reference electrode with the screen-
printed modified carbon working electrode, completing the circuit. All measurements
were made at room temperature in a cell consisting of a supporting electrolyte solution
of 0.1 M KCI at pH 7.0 under continual stirring. In each instance of testing, 10 repeat

SPEs were used per concentration of analyte, in each variable condition (n = 10).

2.10.1 Electrochemical Characterisation of the

Modified SPEs

The redox probes used in this study were hexaamineruthenium(lll) chloride and
potassium ferrocyanide(ll) which were prepared individually in solution at a
concentration of 1 mM with 0.1 M KCI acting as a supporting electrolyte. The
electrodes were initially characterised using cyclic voltammetry with the outer redox
probe, [Ru(NHs)s]3*2* at a concentration of 1 mM in 0.1 M KCI The following scan rates
wereused:5mVs,10mV s, 15mVs, 25 mVs, 50 mVs, 75 mVs, 100 mV s, 150 mV
s, 250 mV s and 500 mV s. The electrochemically effective area (Aetf) of the modified
electrode was determined usingthe Randles-Gev| 2 k equati on for an e

guasi-reversible process (Garcia-Miranda Ferrari et al., 2018) :

Q, wop® 6 — [9]
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Where, Ip¢ is the voltammetric peak current (analytical signal) determined using the
forward peak for a quasi-reversable process, F is the Faraday constant in C mol-, n
is the number of electrons per molecule involved, D is the diffusion coefficient in cm?
s'1, v is the voltammetric scan rate in V s, R is the universal gas constant, T is the
temperature in K, Areal is the electroactive area of the electrode in cm?, and C is the

concentration of the analyte.

The Heterogenous Electron transfer (HET) rate constant (k%) was calculated using the
Nicholson equation for an electrochemically quasi-reversable process, as described
in the following equation:

« Q *oOturoy “* [10]
Where, ¢« is the kinetic parameter which is represented as a function of peak to peak

s epar aEp) apantempearature of 298 K for a one step, one electron process.

The f un cHpwhich fitsalfe equation for practical by making the evaluation of
the rate constant simpler and extends the Nicholson parameter towards significantly
higher/lower peak potentials, as demonstrated by Metters et al., (2013) and Randviir
(2018).
. T ¢ Y Yit T p T8 PGX [11]

Where, X is equal to qpk and is used to determine ¢ as a function of k from the
experimentally measured voltammogram. As a result, G against[ ( ~ D n v F)2¢ag
be plotted, enabling the determination of k® from the gradient. The k°® values were
calculated assuming the diffusion coefficient for hexaammineruthenium(lll) chloride

was 9.10x10% cm? s1.
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2.11 Human Kidney Proximal Tubule (HK-2) Cell
Culture

Immortalized human kidney proximal tubule cells (HK-2) (ATCC, UK) were cultured in
50: 50 glucose free DMEM ( |I-Rvwnedumdleea UK)UK) ar
supplemented with 10% fetal bovine calf serum (Lonza, UK), 50 pg/mL streptomycin

(lonza, UK), 50 pg/mL penicillin (Lonza, UK) and 2.5 mMol glutamine (Lonza, UK).

2.11.1 Maintenance of HK-2 Cells

HK-2 cells were maintained at 37 °C in a 5% COz2 incubator. The cell culture media
was changed every other day to produce cell confluency. When the required cell
confluence was attained, trypsin-EDTA (Lonza, UK) was used to dislodge adherent
cells from the cell culture flasks to allow for reseeding and continuation of culturing.
To seed the cells, 0.4% trypan blue solution was used to determine cell viability at a
1:1 (v/v) ratio with the cell suspension. Cellular viability was measured using a TC10
automated cell counter, and the number of viable cells was used to calculate the

number of seeded cells per well.

2.11.2 Preparation of RPMI 1640 Complete Medium

Foetal bovine serum was heat inactivated in a water bath maintained at 57 °C for 30
min. RPMI 1640 media (L-Glutamine and 25 mM HEPES) was supplemented with
10% FBS and 100 LU/mL penicillin-streptomycin was prepared under aseptic

conditions.

84



2.11.3 U937 Monocyte Cell Culture

U937 monocyte were cultured using RPMI-1640 complete medium at 37 °C and 5%
COz2. The U937 monocyte cell suspensions were centrifuged at 500 g for 7 min before
media aspiration. The cells were maintained at 0.5 x 10° cells/mL by the resuspension
in fresh RPMI-1640 media every second day. Cell viability was confirmed using sterile
filtered trypan blue 0.4% using a 1:1 ratio of trypan blue to cell suspension, with non-
viable cells absorbing the dye and being recoded using a TC10 automated cell counter

(Bio-rad, USA). The required viability was above 80% for each experiment.

2.11.4 Monocyte Differentiation to MO Macrophages

U937 monocytes were differentiated into macrophage-like cells by first incubating 1
x10° cells/mL with 50 ng/mL phorbol 12-myristate 13-acetate (PMA) in RPMI complete
medium for 24 h at 37 °C in 5% COa2. The cells were washed twice with RPMI complete
medium and re-incubated for 48 h in PMA free RPMI complete media to fully

differentiate the monocytes into inactivated MO macrophages.

2.11.5 Flow Cytometry for Confirmation of Monocyte
to MO Macrophage Differentiation

Differentiation of U937 monocytes into MO macrophages was confirmed by flow
cytometry via analysis of CD11c+ surface marker expression. Monocytes and MO
macrophages were seeded in to 1 mL of RPMI 1640 complete medium at a density of

1 x 10° cells/mL in 12-well plates according to methods described in Monocyte
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differentiation to MO Macrophages. Adherent macrophages were detached from six
replicate wells by removing the supernatant and adding 250 uL trypsin EDTA for 3
minutes at 37 °C and 5% COz2. The trypsin EDTA was neutralized via addition 250 pL
RPMI 1640 complete cell culture medium before being washed (centrifugation of well
constituents at 500 g for 7 minutes and resuspension of the cell pellet) in 1 mL
complete medium. Cells were washed twice in 200 yL DPBS. Half the fixed
macrophage samples (n = 3) and half the fixed monocyte samples (n = 3) were stained
for 30 minutes at RT with FITC-conjugated anti-human CD11c antibody diluted 1:40
with 10% FBS in DPBS. The remaining fixed monocyte (n = 3) and fixed macrophage
(n = 3) samples were prepared as unstained negative controls by incubating at RT for
30 min with 10% FBS in DPBS lacking antibody. Unbound antibody was removed from
samples by two sequential wash steps in DPBS, before resuspension in 500 uL DPBS.
CD11c surface marker expression was assessed on 10,000 events (live, individual
cells) using a BD Accuri C6F1 cytometer (BD Biosciences, USA). Data was analysed
with BD Accuri C6 Software after gating events in the forward scattered channel
(FSC)/side scattered channel (SSC) and fluorescence parameter 1 (FL1-A) windows.
The average percentage CD11c+ cells (%) and median fluorescence intensity (MFI)

were determined relative to unstained negative control U937 monocytes.

2.12 Bacterial Culture Media Preparation

Brain heart infusion agar (BHI) was used as a base for culturing bacteria for this work.
To a 500 mL Duran of molten sterile BHI agar which had been cooled to under 50 °C,
10% (v/v) horse blood, 7.67 uM haemin, and 2.91 uM menadione was added to make

the periodontal microorganism growth media. Similarly, BHI broth supplemented with
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10% (v/v) horse blood, 7.67 uM haemin, and 2.91 uM menadione was used for

inoculation of bacterial cultures prior to use for experimentation.

2.12.1 Preparation of Bacterial Cultures

Porphyromonas gingivalis (NCTC 11834) was cultured on BHI agar supplemented
with 10% (v/v) horse blood, 7.67 uM haemin, and 2.91 uM menadione and incubated
in an anaerobic cabinetat 37 °C in 5% COz2 for 72 h or until colonies became apparent.
The colony forming units (CFU) for P. gingivalis were counted on periodontal blood
plates and used to calculate the density of bacteria (CFU/mL), taking into
consideration the dilution factor.

When required for experimental procedures, P. gingivalis was cultured in periodontal
blood broth for 48 h at 37 °C in an orbital shaker. The P. gingivalis broths were
centrifuged at 3000 g for 10 min and, the supernatant discarded. The pelleted bacteria
were washed twice with sterile water before re-suspending in 10 mL of sterile water.
The bacteria were measured to an optical density of 1.0 =+ 0.1 using a

spectrophotometer, which was calibrated using water.

2.12.2 Colony Forming Units (CFU)

The CFU/mL of P. gingivalis was determined using the Miles-Misra droplet method
(Miles et al., 1938). Serial dilutions were carried out up to 108 in triplicate with three
replicate 20 uL droplets of each serial dilution was plated onto periodontal blood agar
plates, which were divided into eight segments. The agar platea were incubated under
anaerobic conditions at 37 °C in 5% COz2 for up to 72 h, or until growth was apparent.

The segment which the lowest dilution factor and countable colonies between 3 and
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30 were chosen. The average number of colonies from replicate plates were recorded
and used to calculate the CFU/mL [12] and standard error of the replicates using the

following formulae [13]:

6¢aé€Gb a e QApRd O [12]

YO (& CObiiG i [13]

2.13 MO Macrophage Interaction with P. gingivalis

MO macrophages, generated from U937 monocytes were prepared in 24-well plates
as described in Monocyte differentiation to MO Macrophages. Replicate control wells
consisting of antibiotic-free RPMI-1640 medium but absent of macrophages was
prepared and incubated for 24 h at 37 °C and 5% CO:2. Replicate negative control
wells were prepared by treating macrophage-containing wells with 1 x 10- M bovine
serum albumin in antibiotic-free RPMI-1640 medium and incubating for 24 h at 37 °C
and 5% COz2. The supernatant was removed from each well prior to inoculating the
macrophages with 1 x 104 CFU of P. gingivalis in a total of 100 pL of antibiotic free
RPMI-1640 containing 1 pg/mL LPS and 100 ng/mL IFN-y (1:1). The bacterially
inoculated plates were incubated for 3 h at 37 °C and 5% CO: to allow for phagocytosis
of the host-pathogen interaction to occur. After the incubation period, the supernatant

from each well was collected.

2.13.1 Cell Viability Testing

To determine the effects of cadaverine on mammalian cell viability, concentrations of

3 ng/mL, 15 pg/mL and 40 pg/mL of cadaverine were tested. The cell viability of HK -
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2 and U937 monocytes were tested using the cell counting kit-8 (Tebu-bio, UK). Cells
were seeded into a 96-well plate at a density of 5 x103 cells per well and incubated for
24 h and 48 h at 37 °C in 5% COg, to allow for double dosing of the 48 h experiment.
The cells were washed after incubation with phosphate buffered saline (PBS) (Lonza,
UK) once 80% confluency of the cells had been attained. The cell media was replaced
with serum free media for 24 h. After 24 h the serum free media was refreshed and
cadaverine was added leaving the cells to incubate for a further 24 h. Controls for each
timepoint were used and consisted of HK-2 and U937 monocyte cells exposed to
serum free cell culture media, in the absence of cadaverine. The CCK-8 reagent was
added to each well at a volume of 10 pL and left to incubate at 37 °C in 5% CO2 for 1
h, 2 h and 3 h respectively. The absorbance of each well was measured at 450nm and
600nm using a microplate reader (Thermo-Scientific Multiskan 60, UK). For the 48 h
incubations, the serum free media and cadaverine containing wells were refreshed
after 24 h and re-incubated at 37 °C in 5% COz. After 48 h the CCK-8 dye was added

and absorbance readings taken as mentioned previously.

2.13.2 Cell Viability Data Analysis

Cell absorbance data was exported to Microsoft excel and the absorbance values at
600nm were deducted from the 450nm absorbance values, and the control wells (CCK-

8 reagent without cells) was standardised [14].

6 QWD 0 Q-6 op T [14]

The individual standard error percentages were calculated, and graphs plotted using

Prism GraphPad 9.1.1 [15]

P Yo ¢ bR i Wp T TT [15]
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2.14 Cell Migration Assay

The in vitro cell migration/scratch assay was adapted (Liang et al., 2007) and was
used to investigate the effects of cadaverine on the migration of MO macrophages and
HK-2 cells. MO macrophages and HK-2 cells were seeded in separate 24-well plates
and cultured in their respective growth media until 80% confluent. The growth media
was removed from each well from each respective plate, and the cells were washed
twice with PBS, after which 1 mL of serum free was media added. After 24 h incubation
at37 °Cin 5% COz2, a scratch was made using a sterile p200 pipette tip, directly across
the centre of each well. Any detached cells were removed via sequential washing
using serum free media. Cadaverine was prepared in concentrations of 3 pg/mL, 15
pug/mL, and 40 pg/mL using serum free media and 100 pL of each suspension was
added to the cells. The cells were incubated at 0 h, 3 h, 6 h, 24 h, 48 h, and 72 h
before being imaged using a GXCapture-T camera attached to a light microscope, to
calculate the migration of cells over time. The images were analysed using Image J
(Schneider et al., 2012), and the macro, MRI Wound Healing Tool (ImageJ) was used
to estimate the area of each image, and the value was exported into Microsoft Excel.
The percentage wound closure over time was calculated and corresponding graphs

were plot.

2.15 Statistical Analysis

Statistical analysis of the results was carried out using Microsoft Excel and export into
GraphPad Prism 9, and the unpaired t-tests and one way/two way ANOVA comparison
tests were opted for use. In each instance a p<0.05 was deemed statistically
significant.
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CHAPTER 3

Biosensor Development and Characterisation

91



3.1 Introduction

Disposable screen-printed electrodes are widely utilised in many research fields due
to their low costing and ability to be manipulated with ease (Garcia-Miranda Ferrari et
al., 2018). Many research methods investigate varying the shape, size and
modification of the electrode to achieve a desired effect, such as increased specificity,
sensitivity or to eliminate a potential contaminant in the detection media. The use of
disposable devices is gaining more traction due to their easy and rapid implication into
daily life and has the potential to be implicated into the food and healthcare industries
due to ease of use, low cost, and real-time readouts. This chapter elucidates the
development of a screen-printed biosensor with a modified working electrode, which
consists of MWCNTs which have been functionalised with the enzyme, diamine
oxidase. Diamine oxidase was used not only for its selectivity towards cadaverine, but
because of its amphiphilic nature, which was hypothesised to aid in the dispersion of
MWCNTSs in solution. Further work in this chapter determined the surface composition
of the electrode and its topography, as these have been previously shown to affect the
rate of electron transfer. The rate of electron transfer for the developed biosensor was

measured using the known redox couple, ferrocene.
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3.2 Results

3.2.1 Screen-Printing Process

The approach of developing biosensors using screen-printed technologies permits the
mass production of highly reproducible configurations of electrodes which enable
excellent scales of economy. The stencil designs used in the initial printing of the
SPEs, consisted of the carbon channels (Fig. 3.1a), the Ag/AgCl reference electrodes

(Fig. 3.1b), and the dielectric connection seal layer (Fig. 3.1c).

Figure 3. 1. Stencil designs which were used in the fabrication of the screen-printed

electrodes a) carbon channels, b) Ag/AgCl reference electrode, and c) dielectric

connection seal.

The process of screen-printing the SPEs starting from the initial carbon ink formulation
being printed on the polyester flexible film substrate, was carried out using a microDEK
1760RS screen printing machine (Fig. 3.2). Using this process, a SPE with a working

electrode diameter of 3 mm and a working area of 0.0707 cm? was produced.
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Figure 3. 2. A microDEK 1760RS screen printing machine used for the fabrication of

the screen-printed electrodes.

The print stencils were placed into the machine and loaded with the desired carbon
paste formulation (Fig. 3.3). The squeegee passed the paste over the mesh,
depositing the carbon paste onto the underlaying substrate. The squeegee pressure
and speed parameters were consistent to maintain the replicability of the printed

electrodes.
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