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ABSTRACT

Inflammatory bowel disease (IBD) and cardiovascular disease (CVD) represent two
distinct yet urgent healthcare concerns. IBD, characterised by chronic inflammation of
the gastrointestinal tract, poses a significant burden on the affected individuals. Both
conditions require early and accurate diagnostic methods to optimise patient care and
treatment outcomes. Conversely, CVD continues to be a leading global cause of
morbidity and mortality, necessitating innovative approaches to diagnosis and
monitoring. Here, we explore the transformative potential of Raman spectroscopy (RS)
as a rapid and non-invasive diagnostic tool in the assessment of saliva and blood
plasma. The multidimensional approach combining RS with multivariate analysis
unveils distinct molecular profiles thus enabling early and accurate disease diagnosis.
Classification accuracies of >88 % are demonstrated between three sample types
applied to healthy, CVD and follow-up blood plasma. Similarly, in IBD, classification
yields accuracies >90 % over four sample types applied to saliva and tissue. This
further extends into biomarker discovery, unveiling novel CVD- and IBD-indicative
molecular signatures. Feature extraction, inherently connected to classification results,
indicates an increase in circulating cytokines, a hallmark of inflammation in both CVD
and IBD. Extracellular vesicles (EVs), as biomarkers serve as key carriers of disease-
specific biomolecules, therefore, rendering them invaluable in diagnostics and
personalised treatment. Conventional EV isolation methods suffer from several
limitations such as, low throughput, sample loss, limited scalability and EV damage
thus this has led to the exploration of alternative EV isolation techniques. The
developed methodologies harness the power of RS to redefine the paradigm of
disease diagnosis and risk stratification and as a means of increasing diagnostic
accuracy, bridging the translational gap, and facilitating the clinical integration of RS-
based diagnostics via a novel lab-on-a-chip (LoC) platform for the isolation and
separation of disease-indicative EVs from biofluids. The developed platform marks a
significant advance in utilising the diagnostic potential of EVs, offering a streamlined
and efficient approach to their isolation and analysis.
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INTRODUCTION



Chapter 1

One of the biggest public health challenges faced worldwide is the growth of the global
ageing population. This is in part due to advances in medical care and a decline in birth
rates. Associated with this particular healthcare challenge is the increase in incidence
of chronic health conditions: such as cardiovascular disease (CVD) and inflammatory
bowel disease (IBD) [1], [2]. The period of life spent in good health is not keeping pace
with the increase in life expectancy and on average an adult will spend ten years of
their life unwell. This in turn is contributing to a higher demand on the health care
system. The steadily rising elderly population will require more from the health and
social services, for a longer period of time as patients with multiple physiological age-
related diseases require long term management with repeated visits from health care
professionals. To date, coupled with an inadequate funding, this pressure on the

healthcare system has been negatively impacting the quality of care given to patients.

Clearly there is an unmet need for interventions which can increase the period of time
individuals spend in good health and also ensure that they reach an old age in good
biological health. At present, there is no easy way of determining the biological age of
individuals or assessing if someone is ageing well in the community without the
application of a costly and time-consuming assay that involves epigenetic assessment.
Therefore, the development of a quick, disposable, simple and low-cost bedside device
to measure potential biomarkers of ageing and associated disease, from readily
available biofluids, such as blood-plasma or saliva would be of a vital importance and
a major step towards the determination of individual’s ageing and diseased state [3],
[4]. It would also allow for the accurate measurement of the efficacy of specific clinical

therapies and interventions in diseases, indicating how an individual is clinically



Chapter 1
progressing. Current diagnostic methods for diagnosis of inflammatory bowel disease

(IBD) face several challenges in terms of invasiveness, cost and accessibility, delays
to diagnosis, limitations with biomarkers, and risk of complications. The aim of this
work is to therefore develop a hybrid methodology for real-time, quantitative diagnosis

of IBD and CVD from easily accessible biofluids, including saliva.

One of the more patient oriented methods aimed at overcoming some of these
challenges is the point of care diagnostics (PoCT). The development of a PoCT would
reduce the number of costly and often frequent hospital visits required for diagnosis
and monitoring of disease, through the introduction of analytical testing in primary care
settings and indeed, at the home environment. PoCT devices would be convenient and
efficient for patients and reduce the time spent waiting for a definitive diagnosis thus,

not only improve diagnosis but also save many lives.



Chapter 1

1.1 Thesis Overview

This thesis presents a comprehensive investigation into the development of a lab-on-
a-chip platform for the detection of extracellular vesicles as key targets of ageing and
the associated diseases of IBD and CVD. To achieve this, the study is divided into

eight main chapters, each focussing on a specific aspect of the research.

Following Chapter 1 as a general introduction to the thesis, Chapter 2 serves as an
introduction to inflammatory bowel disease pathophysiology and diagnostics, exploring
clinically adopted methodologies. Further to this, the application of saliva in healthcare
diagnostics is investigated, with the healthcare advantages associated with saliva
highlighted. This is followed by an introduction to Raman spectroscopy, which provides
the fundamental framework for our experimental study. Additional applications of
Raman spectroscopy in saliva and IBD diagnostics are demonstrated, highlighting
recent progress, current challenges and limitations. The primary results are described
in Chapters 3-7, with 3-5 comprising self-contained articles published during the
respective studies. Collectively, these chapters address the following key aims:

e Chapter 3: Develop proof-of-concept Raman spectroscopy profiling and
classification methodology, towards establishing a baseline of healthy saliva
for ongoing and future spectroscopic studies, to include diagnostic and
forensic applications.

e Chapter 4: Demonstrate the potential of Raman spectroscopy to detect
salivary changes consistent with IBD and compare those with spectra
obtained from endoscopic tissue biopsy to establish a useful non-invasive

diagnostic adjunct.
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e Chapter 5: Evaluate the potential of Raman spectroscopy in the identification

of IBD biomarkers via the characteristic barcoding of biochemical
fingerprinting for current emerging diagnostic and prognostic studies.

e Chapter 6: Develop proof-of-concept hybrid Raman-Al tool to detect
biochemical changes indicative of cardiovascular disease from blood plasma
and to further classify a panel of potential biomarkers of disease for early
disease diagnosis.

e Chapter 7: Design and develop a unique optofluidic lab-on-a-chip via novel
nanophotonic-sensing platforms for detection and analysis of extracellular

vesicles, indicative of ageing and the associated diseases.

Although the structure includes some areas of overlap, each chapter explores differing
disease avenues to build a highly informative Raman spectral library of disease, central
to the presented healthcare challenge. The developed tools and methodologies are
combined and expanded in Chapter 7 in an attempt to bridge the gap between
benchtop laboratory research and point of care assessment, in the form of a lab-on-a-
chip system for the rapid diagnosis of CVD and IBD, with the platform resulting in two
patent applications. As healthcare processes tend to be ‘re-active’ as opposed to pro-
active’ in their approach to diagnosis, this leads to a delay in diagnosis, treatment and
poor prognosis. Addressing these challenges and ensuring the timely intervention and
diagnosis of ageing associated disease requires, just the revolution in approach that

this work embodied combining an inherently interdisciplinary methodology.
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This introductory thesis chapter is predominantly based on two previously published

works.

1. Buchan E., Hardy M., Carvalho Gomes P., Kelleher L., Chu H.O.M., Goldberg
Oppenheimer P. [2022], ‘Emerging Raman spectroscopy and saliva-based
diagnostics: from challenges to applications.” Applied Spectroscopy Reviews,

130351
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Goldberg Oppenheimer. E Buchan performed meta-analysis with M. Hardy. E
Buchan wrote the manuscript with contributions to illicit drugs section from M. Hardy,
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forensics from L. Kelleher. E Buchan revised and edited the manuscript with P.

Goldberg Oppenheimer and M.Hardy.

2. Buchan E. and Goldberg Oppenheimer P. [2023], ‘Review — Vibrational
spectroscopy aided diagnosis, prognosis and treatment of inflammatory bowel

disease.’ Clinical and Translational Discovery, DOI: 10.1002/ctd2.249

Author contributions — E Buchan conceptualised the review with P Goldberg
Oppenheimer. E Buchan performed the literature review and wrote the manuscript.

E Buchan with P Goldberg Oppenheimer edited and reviewed the manuscript.



Chapter 2
Inflammatory bowel disease (IBD) is a group of chronic inflammatory intestinal

conditions which affects an estimated 10 million people worldwide [1], [2]. The
incidence and prevalence of IBD varies considerably both between and within
geographic regions with North America and Northern Europe accounting for the
highest incidence at 15.4 people per 100,000 and 23.1 per 100,000 [3]. Over time, the
prevalence of IBD is increasing primarily due to the chronic condition, lacking a
definitive cure. Further factors contributing to this trend include young age of onset,
relatively low mortality rates and the potential for exponential growth due to increasing
incidence rates as well as an aging population [4]. Despite extensive research, the
precise aetiology of IBD remains unclear, with factors such as variations in the immune
system response, genetic factors, and environmental influences implicated in its
development [5], [6], [7], [8]. Clinically, IBD is categorised into two major types,
ulcerative colitis (UC) and Crohn’s disease (CD), distinguished by their symptomatic
presentations, location of inflammation, and histopathological characteristics. UC
typically causes persistent inflammation and superficial ulceration limited to the colon,
whereas CD manifests as a transmural disease with a tendency for granuloma
formation and can arise in any part of the Gl tract [9], [10]. Currently, there is no known
cure for the disease. Initial signs of IBD often appear upon exposure to medications or
an infection, which irritates the intestines with common symptoms including abdominal
pain, diarrhoea (oftentimes with blood), faecal incontinence, rectal bleeding, weight
loss and malnutrition [11], [12], [13], [14]. Complications associated with IBD can lead
to life-threatening conditions such as, the development of colon cancer, primary

sclerosing cholangitis, coronary artery disease, and endothelial dysfunction.
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2.1 Pathophysiology and Pathobiology of IBD

The intestinal mucosa consists of several key components; epithelial cells which form
a monolayer closely connected by tight junctions thus preventing bacteria or antigen
entry into the circulation, goblet and Paneth cells which limit the spread of luminal
microorganisms via the production of mucus and secretion of a-defensins with intrinsic
antimicrobial activity, respectively, as well as stroma and immune cells [1], [2]. The
intestine is a highly dynamic tissue organised as a series of protrusions and
invaginations, known as villi and crypts of Lieberkuhn respectively. This epithelial layer
serves a dual purpose of facilitating nutrient absorption whilst also acting as a physical
barrier against luminal contents. It also interacts with both the gut microbiota and the
immune system, transmitting and receiving signals from both [3]. Beneath the
epithelium lies the lamina propria which contains stromal cells including fibroblasts,
myofibroblasts, and perivascular pericytes, which contribute to fibrosis and wound
healing. Plasma cells, also found in the lamina propria, release immunoglobulin A
(IgA), which inhibits the infiltration of pathogenic microorganisms, thus maintaining a
balance between the host and commensal microbiota [4], [5] (Figure 2.1). Both the
epithelium and non-immune intestinal components play crucial roles in intestinal
homeostasis and IBD pathophysiology, often through interactions with components of

the immune system [6], [7].
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Figure 2.1. Schematic illustrating the mechanism of inflammation in IBD and the

intestinal structure in both healthy and IBD patients. The immune system triggers an

abnormal response which results in tissue damage in the Gl tract (Figure created in

Biorendor.com, adapted from IBD inflammation template).

The immune system plays a central role in host defence against pathogens and

consists of innate and adaptive immunity. Innate immunity, comprising myeloid cells

amongst others, elicits a rapid and non-specific response to microbial products through
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pattern recognition receptors (PRRs) like toll-like receptors (TLRs) and Nod-like

receptors (NLRs) [8], [9]. Innate immune cells also generate cytokines and
chemokines, thus triggering the complement cascade and phagocytosis, as well as
stimulating adaptive immunity via antigen presentation. Key innate immune cells

include neutrophils, monocytes, macrophages, and dendritic cells [10], [11].

Although the exact aetiology of IBD remains elusive, it appears to present in individuals
with genetic predispositions due to an aberrant immune response to the intestinal flora.
Dysregulation in both innate and adaptive immune responses have been linked to such
an abnormal immune response in IBD patients [12], [13]. Characteristic to IBD are
breaches in the epithelial barrier and increased intestinal permeability at various areas
within the intestine, along with persistent mucosal damage. While the precise cause of
this damage is often unidentified, potential triggers could include infectious agents,
chemical compounds, or metabolic changes potentially linked to dietary-induced
dysbiosis [14], [15], [16]. Subsequently, the disease is believed to be perpetuated by
an inadequate resolution of the initial inflammatory response as a result of intestinal
injury. There also remains a degree of uncertainty regarding whether alterations in the
epithelial barrier occur before or after the onset of inflammation within the lamina

propria.

2.1.1 Crohn’s Disease

CD may present at any age; however, it typically begins between 15 and 30 years of
age. There is a familial predisposition to CD, with first-degree relatives seeing a 13-

18% increase in incidence, suggesting a genetic component. A key pathological
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feature of CD is its ability to extend through all layers of the bowel wall. Examination

of tissue samples from individuals with CD reveals several microscopic abnormalities,
including lymphoid hyperplasia, widespread infiltration of granulomas, and discrete
noncaseating granulomas in the submucosa and lamina propria [17], [18]. Early
mucosal lesions in CD often manifest as aphthous ulcers, small superficial ulcerations.
Over time, these lesions can enlarge and merge, forming longitudinal and transverse
ulcers with a distinctive cobblestone appearance due to deep mucosal ulceration and
submucosal thickening. Another characteristic feature of CD is the presence of patchy
lesion distribution with sharply delineated areas of disease surrounded by normal

mucosa [19], [20].

In CD, immune cells such as CD4, CD8, B-cells, CD14 monocytes and natural killer
cells infiltrate the gut of CD patients, with the T-cell response dominated by T-helper 1
(Th1) cells [21], [22], [23], [24]. Activation of immune cells leads to the production of
various inflammatory mediators such as cytokines, chemokines, and growth factors.
These mediators contribute to the inflammation and tissue damage, ultimately resulting

in the clinical symptoms of disease [22], [23], [24], [25].

2.1.2 Ulcerative Colitis

UC typically presents in individuals aged between 20 and 50 years of age as either
acute attacks or as a chronic condition with minimal pain. While approximately 70% of
patients experience complete symptom remission between intermittent episodes,
around 15% endure continuous symptoms without. Symptoms typical of UC

presentation include rectal bleeding with diarrhoea, with periods of remission and
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episodes of relapse [26]. UC primarily affects the mucosa lining the colon, extending

from the rectum to the cecum. Unlike CD, UC is confined to inflammation of the
mucosal layer and does not extend through the entire thickness of the intestinal wall.
Sharp localised abdominal pain and fistula formation are, however, rare in UC. Instead,
extensive superficial mucosal ulceration develops alongside chronic inflammation and

the concurrent release of a diverse array of inflammatory mediators [27], [28], [29].

Histopathological examination of UC typically reveals neutrophil-mediated epithelial
injury, which may present as neutrophils infiltrating crypt epithelium (cryptitis),
infiltration of surface epithelium with or without mucosal ulceration or as a collection of
neutrophils within crypt lumens (crypt abscesses) [30]. These crypt abscesses can
spread laterally, compromising mucosal integrity, and leading to the formation of
pseudo polyps observed during endoscopy and radiography. Following mucosal
damage, the healing process involves the formation of highly vascular granulation
tissue [13]. Given that UC shares many histological features with various other
inflammatory disorders of the colon, including infections, diagnosis relies on the
identification of specific clinical and pathological criteria and the exclusion of alternative
causes. In terms of the immune response, UC may be driven by a Th2 response
involving interleukin-4 (IL-4) and IL-13 or mediated by specialised cells such as natural

killer T cells (NKT) [31], [32], [33].

2.2 Diagnostic Methodologies

IBD typically presents as a sudden flare-up symptom with the majority of individuals

diagnosed under the age of 35. At present there is no single test to diagnose IBD as

14



Chapter 2
the symptoms of the disease significantly overlap with other conditions, including

infections and other digestive system disorders [31]. Thus, a typical IBD diagnosis
comprises a combination of a physical exam, colonoscopy, upper endoscopy with
biopsies, stool sample analysis, imaging (computerised tomography (CT), magnetic
resonance imaging (MRI) or X-rays) and blood work such as ASCA and ANCA
antibodies [34], [35]. Current diagnostics of IBD are associated with certain challenges
such as, the ‘gold standard’ colonoscopy and endoscopy being invasive, time-
consuming, not timely enough and may risk infection in patients. Moreover, distinct
morphological or structural abnormalities may not be apparent in early pathologies
[36]. Blood and stool tests often lack sensitivity and specificity and may fail to detect
mild or early-stage disease [34], [37], [38]. Furthermore, imaging such as MRl and CT
entail high costs, placing a burden on healthcare systems with access to such
specialised tools and the required expertise often limited, particularly in remote

geographical locations, causing delays in diagnosis and treatment.

Early and accurate detection of IBD is crucial in providing appropriate interventions. It
can further facilitate monitoring the progression of disease as well as the therapeutic
responses. However, timely diagnosis of IBD still remains an unmet need. With an
overlap in presentation, symptoms and disease progression, discrimination of UC from
CD is essential when selecting the most appropriate therapeutic or surgical regimen to
improve patient prognosis. The determination of the correct therapeutic regime is often
evaluated based on the severity of active inflammation which is often further
complicated by the lack of recognised gold standards for accurate diagnosis [39].

Clinically, IBD diagnosis is based on a combination of symptom presentation,
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histological and endoscopic evaluation of the mucosa [40]. This diagnostic process is

both time consuming and highly invasive. Moreover, endoscopic evaluation of chronic
colitis varies between CD and UC with 89% of patients with endoscopists often facing
a disease with a non-differentiating appearance and histopathologists one of
inflammation consistent with both forms of the disease [40], [41]. This further highlights
the need for non-invasive, rapid, and accurate tools to reduce the burden of disease
diagnosis as well as successfully differentiate UC from CD. The use of salivary
biomarkers is currently being investigated for the diagnosis and monitoring of various
diseases including IBDs and cancers due to its non-invasive collection and its
constituents containing a diverse array of biomolecules reflective of systemic health

and diseased states.

2.4 Saliva

In recent years, biofluid analysis has become a significant area of research, driven by
the recognition that many biomarkers can be identified and thus serve as valuable
indicators of disease [42], [43], [44], [45]. Saliva is central to the preservation and
maintenance of oral health; however, it often receives little attention until the overall
quality or quantity has declined. Beyond its oral functions, saliva contains a diverse
array of molecules, including proteins, enzymes, hormones, and genetic material,
making it a rich source of biological information [46], [47]. Recent advancements in
analytical techniques have unlocked the potential of saliva as a non-invasive tool for
disease diagnosis and monitoring of health status. Pfaffe et al. acknowledged the
potential of saliva early on, noting that while technologies with sufficient analytical

sensitivity exist to utilise saliva for diagnosis, they have yet to be widely integrated into
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clinical practice beyond simple home-testing kits [48]. More comprehensive research

into identifying, validating, and establishing associations between biomarkers and

disease is required to progress this field of study.

2.4.1 Saliva Function

Saliva plays a fundamental role in maintaining oral health and supporting various
physiological functions throughout the body. One of its primary functions is lubricating
the oral cavity, which is necessary for speech, mastication, and swallowing, facilitating
the passage of food through the digestive tract without inflicting damage to the mucosa
[49], [50]. Saliva also acts as a natural cleanser, with the oral cavity almost constantly
flushed with saliva, thus, washing away food particles, debris, and bacteria from the
teeth and gums, thereby aiding in the prevention of dental decay and gum disease
[51], [52], [53]. Furthermore, enzymes such as amylase found in saliva initiate the
digestion of dietary starches, and lipase, which begins the breakdown of fats,
contributing to the digestive process. Additionally, saliva contains three buffer systems
(bicarbonate, phosphate, and protein) helps to maintain the pH balance (6.0-7.5) within
the mouth [46], [49], [54], [55], [56]. Depending upon the taste, consistency, and
concentration of a substance placed in the oral cavity, the flow of saliva will increase
accordingly. When the volume of saliva is approximately 1.1 mL the swallowing reflex
is triggered. This process of salivary stimulation, along with the dilution of tastes and
subsequent act of swallowing, continues until the flavour concentration reaches a

threshold where it no longer stimulates salivary flow [55], [56].
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Beyond its oral functions, saliva contains antimicrobial compounds, such as lysozyme

and lactoferrin, and antibodies that play a crucial role in protecting against oral
infections and promoting wound healing [46], [54]. Saliva also serves as a reservoir for
various substances, including hormones, electrolytes, and antibodies, which can be
sampled and analysed for diagnostic purposes, offering insights into systemic health
conditions [57], [58]. The overall multifaceted functions of saliva highlight its

importance in oral health, digestion, immunity, and diagnostic medicine.

2.4.2 Saliva Composition

Saliva, primarily composed of water (~99%) and typically exhibiting a frothy texture, is
primarily produced by three pairs of major salivary glands: the parotid, submandibular
and sublingual glands, along with numerous minor salivary glands scattered
throughout the oral cavity [47], [59] (Figure 2.2). The parotid glands, located near the
ears, produce a watery type of saliva rich in enzymes, such as amylase, whereas the
submandibular glands situated beneath the lower jaw, which accounts for up to 70%
of salivary flow, produces a mixture of serous and mucous saliva containing both
enzymes and mucins [50], [60]. The sublingual glands, found beneath the tongue
primarily secrete mucous saliva which aids in lubrication and protection of the oral

tissues [54].
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Figure 2.2. Schematic indicating the location of the primary salivary glands; parotid,
submandibular and sublingual and the composition of saliva. (Figure made in

Biorendor.com)

Clusters of cells called acini are the basic secretory units of salivary glands. These
cells secrete a fluid consisting of water, electrolytes, mucus and enzymes with which
flows out of the acinus and enters collecting ducts [55], [56], [61]. The composition of
such secretions is altered within the ducts with the sodium predominantly reabsorbed,
potassium secreted, and significant quantities of the bicarbonate ions also secreted.
The smaller collecting ducts within the salivary glands converge into larger ducts,

ultimately forming a single larger duct that empties into the oral cavity [56].
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Collectively, proline-rich peptides (PRPs), the glycoprotein a-amylase, and mucins

constitute nearly 80% of salivary proteins. Mucins, another crucial component,
contribute to saliva’s viscosity, facilitating lubrication of intraoral structures, aiding
swallowing, and forming a barrier against microbial invasion [47], [49], [50]. Saliva also
contains extracellular vesicles (EVs), lipids, and various non-salivary constituents such
as epithelial cells, microorganisms, and food debris [51], [62], [63]. Alongside lysozyme
and lactoferrin, salivary peroxidase and histatins are also known to have antimicrobial
properties. Other organic components such as, glucose, urea, cortisol, sex hormones
and blood group substances are contained in saliva and have been used as

screening/diagnostic tools [64], [65].

It is important to note salivary composition can be influenced by factors such as
hormonal fluctuations, psychological states, level of physical activity, oral hygiene, and
whether saliva production is stimulated or unstimulated [54], [63], [65], [66]. Stimulated
and unstimulated saliva, for example, differ in composition due to the differing gland
contributions. The submandibular glands contribute 60% of the saliva with the parotid
accounting for a further 20% in unstimulated saliva production [67]. However, the
parotid gland typically becomes the dominant contributor to saliva production via
stimulation of saliva through chewing. Aside from salivary collection method, saliva
composition naturally varies throughout the day as a result of circadian rhythm and
yearly seasons [68]. Typically, in healthy individuals salivary flow rate peaks in the late

afternoon, however sodium and chloride levels peak in the morning.
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2.4.3 Saliva versus Blood

The recognition of saliva’s utility as a diagnostic biofluid has created significant interest
in leveraging it for disease diagnosis and monitoring in healthcare [69], [70], [71]. Only
recently has the full potential of saliva in medical applications been recognised,
particularly in its ability to reflect a broad spectrum of health and disease states and
thus offering unique advantages over blood. Blood, a fluid connective tissue is
composed of 55% plasma and 45% formed elements that include white blood cells
(lymphocytes, monocytes, neutrophils, eosinophils, and basophils), red blood cells,
and platelets [84]. The plasma component of blood is primarily composed of water, but
also contains proteins such as, albumin, clotting factors, antibodies, enzymes, and
hormones, as well as, sugars (glucose), and fat particles [86]. Analogous to blood,
saliva contains a diverse array of constituents as previously outlined, with many of
these components entering saliva from the bloodstream via transcellular (passive
intracellular diffusion and active transport) or paracellular routes (extracellular
ultrafiltration) [72], [73], [74]. Consequently, most compounds found in the blood are
also present in saliva, thus making saliva functionally equivalent to serum in reflecting
the body’s physiological state, including emotional, hormonal, nutritional, and
metabolic variants [72], [73], [75]. Paffe et al. for example, have assembled an
extensive list of biomolecules typically detected in both blood and saliva, along with
their clinically significant ranges [76]. Such a compilation underscores markers for
various conditions such as cardiovascular diseases and breast cancers, among others
[73], [74], [77], [78], [79], [80], [81]. While concerns have arisen regarding relatively
lower concentrations of diagnostic components in saliva compared to blood, advances

in sensitive techniques, such as nanotechnology and molecular diagnostics have
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mitigated this constraint. As a result, an increasing number of proof-of-concept

diagnostic assays have been developed using saliva to monitor various diseases,
including immune responses to viral infections such as hepatitis A, B and C [82], [83],

[84], [85].

Furthermore, the use of saliva as a diagnostic biofluid offers numerous advantages.
Saliva collection is non-invasive and painless compared to the invasive procedures
required for blood collection, thus it is more acceptable and feasible, especially in
populations where blood draws may be challenging or undesirable [43], [74], [86], [87].
It also diminishes privacy issues associated with collection of urine. In addition, saliva
can be easily collected in various settings without the need for specialised equipment
or trained personnel, allowing for convenient sampling in field or community-based
studies. Its non-invasiveness and ease of collection also facilitate repeated sampling
over time, enabling longitudinal studies and monitoring of disease progression or
treatment response without undue burden or participants [88], [89]. Moreover, saliva
is generally more stable than blood, particularly in terms of protein and nucleic acid
stability, and can be stored at room temperature for short periods, reducing the need

for stringent storage conditions.

Investigating saliva as a diagnostic tool effectively meets the demands for a cost-
effective, non-invasive, and user-friendly screening approach. In the clinical setting,
saliva offers numerous benefits concerning its collection, storage, transportation, and
capacity for large-scale sampling with each of these processes conducted more

economically then for example, serum or urine.
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2.5 Current Analysis Methods

In many instances of disease, tissue biopsies are obtained for histopathological
analysis, however the procedure is inherently invasive, uncomfortable for the patient
and carries risks of complications. Moreover, the process of obtaining biopsies requires
skilled personnel and specialised equipment, making it impractical for routine
screening and monitoring of conditions. Histopathological analysis of tissue samples
obtained from biopsies is time-consuming and reliant on expert pathologists for
interpretation, limiting its scalability and accessibility, especially in resource-limited
settings [31]. Other traditional approaches such as enzyme linked immunosorbent
assay (ELISA) and polymerase chain reaction (PCR) which are commonly applied in
biofluid analysis have several limitations [90], [91]. ELISA, while sensitive and widely
used, demands laborious sample preparation, and relies on specific antibodies for
detection, limiting its applicability to known biomarkers and increasing the risk of false
positives or negatives [92]. Similarly, PCR, although highly sensitive and specific,
necessitates skilled personnel, costly instrumentation, and time-consuming
procedures for amplification and analysis, impeding its suitability for point-of-care
diagnostics [93]. Moreover, mass spectrometry, while also offering high sensitivity and
the ability to analyse complex mixtures, requires extensive sample preparation [94],
[95]. Its application to saliva analysis often involves challenges such as sample
variability and matrix effects which can affect the reliability and reproducibility of

results.
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2.6 Proposed Methods of Analysis with Extracellular

Vesicles

Biomarkers obtained via liquid biopsies are generating considerable attention within
the research and medical communities. This interest stems from their minimally
invasive acquisition and their potential to facilitate precision medicine, which seeks to
manage a variety of diseases based upon their distinct molecular signatures unique to
each patient. Extracellular vesicles (EVs) represent a subset of liquid biopsy markers
that can be secured from clinical samples, including saliva, urine, whole blood, and

cerebrospinal fluid [96], [97], [98], [99].

EVs are a heterogeneous group of membrane-bound vesicles which vary in submicron
size. They represent a potential source for biomarker discovery and have been
increasingly recognised as strong vehicles of long-range intercellular communication
in the body [100]. They can transfer proteins, nucleic acids, and lipids to other cells,
thereby influencing the recipient cell function [101]. Initially underappreciated and
thought to act as a mechanism of cell disposal, EVs are now considered abundant and
stable sources of circulatory biomarkers [98], [102], [103]. They provide a snapshot of
the cells from which they originate and as such, are depositaries of significant
information. Recent research has looked at the use of EVs (in specific, exosomes) as
therapeutic vectors functionalised to trigger an immune response in a host, and

application to COVID-19 has been identified [104].

Typically, EV subpopulations are broadly divided into three main groups based on their

biogenesis: a) exosomes, which constitute a homogenous population of spherical
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vesicles of approximately 40-100 nm; b) microvesicles, which are large bilayered

vesicles 100-1000 nm in diameter; and c) apoptotic bodies that comprise a highly
heterogeneous group of bilayered vesicles 800-5000 nm in diameter [105], [106]. Due
to the overlap in EV subtypes and difficulty in separating them, MISEV 2018 guidelines
state that EVs can be divided into medium/large EVs (>200 nm) and small EVs (<200
nm) based on their physical properties. They have been found in the extracellular
space as well as circulating through many different body fluids including saliva and
blood [107], [108]. These biofluids contain non-vesicular macromolecular structures
which could interfere with analytical results and thus, EVs isolation and enrichment is
a required pre-analytical step for biomedical research [109]. In general, there are three
main methodologies used for the isolation and purification of EVs including,
ultracentrifugation/differential centrifugation, adsorption to microbeads

(immunoaffinity) and size exclusion chromatography [110], [111], [112].

The study of EVs has gathered significant attention in recent years most notably due
to their potential application as clinical biomarkers in the diagnosis and monitoring of
disease [113]. The valuable cargo EVs can carry have made them potential biomarkers
for diseases such as, liver hepatitis, hepatocyte injury in alcoholic and inflammatory
liver disease, intrinsic kidney disease, atherosclerosis, stroke, asthma, Alzheimer’s
disease and diabetes [114], [115], [116], [117], [118], [119], [120], [121]. One notable
advantage of EVs as biomarkers of interest, over the presence of soluble molecules
including hormones and cytokines in the blood, is their inherent ability to protect the
cargo from degradation thereby, maintaining its functionality and integrity [113].

Consequently, the release of EVs from any location and subsequent movement into
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the bloodstream thus renders them easily accessible as liquid biopsies. Moreover,

current literature has indicated that the characteristics, quantity or content of EVs can
undergo alterations during disease progression [122], [123], [124]. Tumour cells for
example, continuously release EVs and as such, tumour derived EVs are observed at
significantly higher concentrations in plasma compared to those healthy individuals
[122], [124]. This underlines the ability of EV molecular profiles to offer invaluable

insights in the advancement of precision medicine.

Traditionally, microscopic methods such as atomic force microscopy (AFM), dynamic
light scattering (DLS), flow cyto(fluoro)metry, and nanoparticle tracking analysis (NTA)
have been used to characterise EVs and measure physical features such as vesicle
morphology and size. ELISA may be used for the purpose of specificity, where only
antibodies for external epitopes lead to a signal and surface plasmon resonance (SPR)
is an easy way to obtain interaction parameters. However, given the importance of EVs
in liquid biopsies better quantification of EVs is required. New sensing strategies
relying on detection principles including fluorescence, colourimetry and
electrochemistry-based technologies, allow for the detection of EVs either with the
naked eye or without the requirement of purification steps, promising for the
development of future point-of-care testing (PoCT) devices [125]. Due to its simplicity,
fluorescence is the most popular approach for the detection of EVs. Fluorescent
molecules are used as tags to label DNA probes and antibodies thus, enabling the
detection of EVs via nucleic acid hybridisation and antibody/antigen interactions [126].
Moreover, colorimetric detection allows for direct visual observation of EVs. This

simplifies the detection process and reduces the need for bulky instrumentation, fitting
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for PoC testing [127]. However, there can be significant differences between output

data between the different EV characterisation techniques, and arguably, there is no

gold standard for routine benchtop EV analysis [112].

One of the main factors impacting the design and implementation of diagnostic EV
methodologies is due to the inherent sample complexity and co-isolation of non-EVs.
This complexity arises from several factors, including their diverse origin and
composition. EVs carry a wide range of biomolecules, including proteins, nucleic acids,
lipids, and metabolites, reflecting their cell of origin and physiological state [128], [129].
Consequently, EV samples are inherently complex, containing a mixture of vesicles
with different cargo and functional properties [130], [131]. Furthermore, traditional
isolation techniques for EVs, such as ultracentrifugation and size exclusion
chromatography (Table 2.1), often co-isolate non-EV components from biological
fluids. These contaminants include lipoproteins, such as high-density lipoproteins and
low density lipoproteins, protein aggregates, ribonucleoprotein complexes, and other
membrane structures [132], [133], [134]. Co-isolation of non-EV components not only
complicates downstream analyses but also introduces variability and artifacts in EV
characterisation. EVs also share physical properties such as, size, density, and surface
markers, with other extracellular particles and structures. For example, small EVs
(exosomes) may overlap in size with lipoproteins, protein aggregates, and cellular
debris thus making it challenging to selectively isolate pure populations of EVs [131],

[134].
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Table 2.1. Principle EV isolation methods applied in biomedical research.

Methods Approximate Advantages Disadvantages Refs
Time (min)
Ultracentrifugation 140 - Isolation of all - Time-consuming [135],
vesicular particles - Expensive [136],
- Maintaining EVs  equipment [137],
structure - Labour intensive [138]
- Absence of
additional
chemicals
Sucrose density 250 - Divide EVs into - Not preferable for [139],
gradient different samples with [140],
populations diverse EV [141]
- Pure populations
preparations - Complexity
- Loss of sample
Ultrafiltration 130 - Easier to handle - Retain [142],
compared to contaminating [143],
ultracentrifugation  proteins [144]
- Simple - Filter plugging
procedure - Small quantity of
- Concurrent exosomal proteins
processing of
many samples
Exoquick-TC™ 45 (overnight Simple, fast, Low yield of EVs [140],
incubation) highly scalable [145],
[146],
[147]
Immunoaffinity 240 (plus Isolation of certain - Nonspecific [141],
additional 2-8 subpopulation of binding [148],
hours for rinsing EVs - Recovery [149],
time) efficiency is less [150]
than 100%
Size exclusion 1 mL/min (+ - Purity - Limited sample [151],
chromatography column wash) - Enhances volume and number  [152]
elimination of of separated peaks
nonspecific - Highly specialised
impurities equipment
- Prevents
Aggregation
Precipitation 65 - Simplicity - Contamination [147]
- Preserves EV - Polymer retention
integrity

At present the majority of salivary EV applications in healthcare are focussed on oral
or dental disease such as oral squamous cell carcinoma, periodontitis and Sjogren’s

syndrome [153], [154], [155], [156]. Further applications include detection of

28



Chapter 2
biomarkers of traumatic brain injury and Parkinson’s disease and childhood asthma

[157], [158], [159]. To date very few studies have investigated salivary EVs in IBD, with
only Park et al. identifying changes in salivary microbial EVs before and after anti-TNF-
a therapy in individuals with IBD [160]. A further study by Zhao et al. did, however, use
blood plasma derived EVs to determine the levels of double stranded DNA (dsDNA) in
CD patients and to determine to what extent the dsDNA may promote intestinal
inflammation [161]. Moreover, blood plasma has found many differing applications in
EV research from determination of clinical significance in glioblastoma patients, cancer
screening, diabetic wound healing and infertility [162], [163], [164], [165], [166]. The
diagnostic and prognostic potential of EVs in CVD has gained much interest in recent
years with both EV- counts and EV- content associated with CVD. Cheow et al.
determined that plasma EVs contain a novel diagnostic biomarker of EV-derived
fibrinogen components that may potentially be further developed for clinical use [167].
A study by Oggero et al. used vein derived endothelial EVs to determine a mechanistic
role for EVs in the development of EVs with significant and differential changes
observed in their cargoes amongst patients post major cardiac event. The authors
observed significantly higher levels of CD14+ and CD14+/CD41+ in EVs [168]. Gidlof
et al. determined that EVs isolated from plasma provided additional diagnostic value
compared to just plasma alone. They identified proto-oncogene tyrosine-protein kinase
SRC as a significant indicator of CVD in EVs. Further studies include determination of
EV markers in relation to obesity and metabolic complications and how they lead to
CVD manifestations and the identification of circulating EVs and their association with

CVD risk markers [169], [170].
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Raman spectroscopy offers an alternative method in the analytical study and detection

of EVs. Recently, Gualerzi et al. described Raman spectroscopy as a tool to assess
the purity of EV stem cell preparations. The authors indicate the ability of Raman to
rapidly assess the composition and purity of EVs. The Raman spectral fingerprints
obtained from the different sample preparations can discern both the cell source of the
EV and which isolation procedure (ultracentrifugation, size exclusion) was applied
[171]. Afurther study by Kwizera et al. describes the use of gold nanorods as a surface
enhanced Raman scattering (SERS)-active platform in the detection of breast cancer
cells [172]. Here, exosomes were captured on a miniaturised affinity-based device
and target proteins on the EVs were detected using gold nanorods coated with QSY21
Raman reporters. The authors indicated that by using this technique, differences can
be observed in the protein profiles of breast cancer cells compared to those normal
breast cells. These studies analyse blood samples, but Raman spectroscopy also has

the potential for similar EV analysis in saliva.

Notably, tip-enhanced Raman spectroscopy (TERS) might prove a useful technique
for EV analysis, having so far been seemingly unexploited in the literature, whether for
EVs specifically, or other salivary constituents [173]. TERS opens the possibility of
characterising individual EVs by combining the chemical information provided by
Raman scattering, the sensitivity of SERS and the spatial resolution of scanning probe
microscopy. This technique uses a scanning tunnelling microscope (STM), or AFM set-
up, with a plasmonically active tip, which when proximal to analyte molecules and
illuminated with light of appropriate wavelength, can produce a SERS effect [174],

[175]. EV damage however, caused by tip collision or plasmonic heating could be
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problematic, as could inhomogeneity, should too few measurements be taken [176]. It

is worth mentioning, that TERS has a long-standing and well-known problem of

reproducible tip manufacture (and thus signal uniformity).

2.7 Raman Spectroscopy Principles and Instrumentation

The identification of quick, easy, and label-free methods to detect and evaluate the
composition of EVs is vital to the development of new clinical tools to improve
prognosis and reduce mortality. Simple measurements on particle counts and protein
concentration provide brief overviews but fail to provide detailed information as to
particle biochemical composition and cargos. A step towards early and non-invasive
disease diagnosis is through the utilisation of EVs as biomarkers of disease. One such

method useful in the detection and analysis of EVs is Raman spectroscopy (RS).

The first observation of Raman scattering was published in 1928 by C.V. Raman and
K.S. Krishnan [177], [178]. Although industrial laboratories have used Raman
spectroscopy for many years, since the early 1980s interest has grown. It is a versatile
method suitable for the analysis of a wide range of samples across various fields,
including physics, chemistry, materials science, biology and medicine [42], [179], [180],
[181]. RS resolves many of the limitations associated with other spectroscopic
techniques and is both a qualitative as well as quantitative technique. By measuring
the frequency of scattered radiations, the technique can be described as qualitative
while measuring the intensity of scattered radiations indicates quantitative analysis

[182], [183].
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RS is described as a scattering technique, based on the Raman effect where the

frequency of a small portion of the scattered light is at a different frequency from the
monochromatic incident light (Fig.2.3). This scattered light is used to measure the
vibrational modes of the sample and can provide both chemical and structural
information, as well as the identification of substances through the characteristic

“fingerprint.”

In RS, the sample is illuminated with a monochromatic laser beam where it interacts
with the molecules within the sample and thus scatters the incident light [184]. In the
majority of scattering events, upon its interaction with the photon, the energy of the
molecule remains unchanged, therefore the energy (or wavelength) of the scattered

photon is equal to that of the incident photon. This is called elastic or Rayleigh
scattering. In a much rarer event (approximately 1 in 10 million photons) Raman
scattering occurs. This involves a transfer of energy between the scattered photon and
the molecule and is termed inelastic scattering. If during the scattering event the
molecule gains energy from the photon, i.e. it is excited to a higher vibrational energy
level and the resulting scattered photon will lose energy and increase in wavelength
then Stokes lines appear in the Raman spectrum [182], [185]. However, if the molecule
relaxes to a lower energy level due to a loss in energy, then the photon will gain the
equivalent energy with a decrease in wavelength and thus gives rise to anti-Stokes
lines in the Raman spectrum as observed in Fig 2.3. When light is scattered by a
molecule, the molecule is left in a higher energy state with the energy of the resulting
photon transferred to the molecule when the oscillating electromagnetic field of a

photon induces a polarisation of the molecular electron cloud. A complex called the
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virtual state of the molecule forms between the molecule and the photon. The virtual

state is unstable; therefore, this complex is short-lived with the resulting photo re-

emitted as scattered light almost immediately [186], [187].
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Figure 2.3. (a) Basic principle of Raman spectroscopy and (b) Jablonski diagram illustrating energy
transitions for Rayleigh and Raman scattering. Rayleigh scattering is elastic with the incident photon
having the same energy as the scattered photon. Raman is inelastic and in Stokes scattering the incident
photon has a greater energy than the scattered photon while in anti-Stokes scattering, the incident

photon has a lower energy than the scattered photon.

Stokes bands are more intense than anti-Stokes bands since Stokes shifted Raman
bands involve transitions from lower to higher vibrational levels, thus they are
measured in conventional Raman spectroscopy. In contrast, anti-Stokes bands are
measured with fluorescing samples as fluorescence causes interference with Stokes
bands [185]. The overall magnitude of Raman shift is not dependent on the wavelength
of incident radiation, it is rather Raman scattering that is dependent on the wavelength

of incident radiation. Essential to obtaining a Raman spectrum is a change in
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polarizability. Here, water is an ideal solvent for sample preparation as Raman

scattering due to the presence of water is low [182], [183].
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Figure 2.4. (a) Schematic representation of a Raman spectrometer with excitation light indicated by the
blue line and scattered light shown in green. Excitation light travels from the laser, through the band

pass filters, beam expander and dichroic mirror where it is then reflected off a mirror into the optical
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system and directed onto the sample of interest. Light scattered by the sample is collected by the optics
and directed onto a grating where it is dispersed via a focussing mirror and long pass filter. Finally, the
dispersed light is focused onto the detector. (b) Example Raman spectra obtained from human biofluid

indicating the intensity and Raman shifts of the scattered Raman light.

A Raman spectrum comprises a series of peaks, showing the intensity and wavelength
position of the scattered Raman light (Fig 2.4). Each peak on a Raman spectrum
corresponds to a specific molecular bond vibration. Examples include individual bonds
for example, C=C, N-O, C-H and C-C as well as groups of bonds such as lattice modes,
benzene and tryptophan ring breathing modes etc. Raman spectra can be recorded
over a spectral range from 10-4,000 cm™', Raman active normal modes of vibration of
organic molecules occur in the range of 400-3,800 cm™' [184], [187]. Typically, a
Raman spectrum is a distinct chemical fingerprint for a particular molecule or material
and can be used to quickly distinguish one molecule from another and identify the
materials within the molecule. Based on the Raman spectrum, Raman spectral
libraries are often used for identification of an unknown material — libraries containing
thousands of spectra are rapidly searched to find a match with the spectrum of the

analyte.

Raman spectrophotometers can be described as either dispersive or non-dispersive.
Dispersive Raman spectrophotometers use a prism or grating, whereas non-dispersive
Raman spectrophotometers use interferometers, for example the Michelson
interferometer used in Fourier Transform Raman spectrophotometers. Until the 1960s,
a 435.8 nm line of coiled low-pressure mercury lamp was used as the light source with

traditional lasers later replacing the lamp (Fig 2.4a) [184]. At present there are a wide
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range of available lasers that provide a more stable and intense beam of light. These

include 488 and 514.5 nm Argon ion lasers, 530.9 and 647.1 Krypton ion laser, 632.8
nm Helium-Neon (He-Ne) and 785 and 830 nm Near Infrared (IR) diode lasers. Argon
ion and Krypton, short wavelength sources, can produce significant fluorescence and
photochemical decomposition leading to molecular breakdown. Diode lasers on the
other hand, can be used at much higher power without causing any sample breakdown

and they also reduce the levels of fluorescence in most cases [183].

Previously, thermoelectrically cooled photomultiplier tubes and photodiode array
detectors were used in Raman instrumentation. Owing to advantages in technology,
CCDs and charge-injection devices (CIDs) that have greater sensitivities have
replaced these detectors. The scattered light, containing valuable spectral information
is typically passed through a series of optical components including band pass filters
or more frequently in dispersive instruments combined notch filters and high-quality
grating monochromators are used. Such components ensure the light is directed
towards the detector [182], [187]. The CCD detector for example, consists of an array
of pixels organized in rows and columns. Each pixel can hold a specific amount of
charge.

As the scattered light strikes the pixels, charges accumulate in each pixel based on
the intensity of the incoming light. The position of the pixel corresponds to the spatial
location of the incoming light on the detector. After the exposure time is complete, the
accumulated charges in each pixel are read out sequentially. This process involves
shifting the charges from pixel to pixel within each row and then transferring them row

by row to an output register. The charges are then converted into electrical signals and
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digitized. The digitized signals from each pixel correspond to the intensities of different

Raman-shifted wavelengths. By analysing these intensities, a Raman spectrum is
generated. Each pixel contributes to a specific Raman shift, and the overall spectrum
provides information about the molecular vibrations and composition of the sample

[185], [186], [187].

Nowadays, Raman spectrophotometers can broadly be classified into two classes:
those that are lab based and in-situ spectrophotometers which include hand-held,
portable devices. Both rely on the same basic principles and are differentiated only by

their size, relative cost, and versatility.

2.7.1 Raman Spectroscopic Methodologies

Raman spectroscopic methodologies currently applied in literature range from used
custom built Raman set-ups to lab-based commercial systems as outlined in Table
2.2. Most of the Raman set-ups identified in Raman-IBD studies, for example, exploited
an excitation laser wavelength of 785 nm, except Addis et al., who used 514 nm and
Chemavaiska et al., a 532 nm laser [188], [189]. Due to the efficiency of Raman
scattering, scaling inversely with excitation wavelength to the fourth power, there has
been a movement towards shorter excitation wavelengths, which typically result in

stronger signal, enhancing sensitivity and enabling detection of trace analytes.
However, shorter wavelengths are more likely to result in sample fluorescence,

complicating sufficient Raman signal, detection, and analysis. Hence, the 785 nm

excitation is the most frequently used in Raman-IBD studies since it reduces the
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fluorescence. Furthermore, at this longer wavelength, the light is capable to penetrate

deeper into thick or turbid samples thus, making it suitable for in-vivo or non-destructive
analysis of biological tissue with the lower energy photons at near-infrared excitation

less likely to cause photodamage to sensitive biological samples [190].

Across the Raman studies, a range of different laser powers and optics are employed,
ranging from 10 mW by Smith et al. up to 90 mW by Morasso et al. [41], [191], [192].
The choice of laser power in RS requires establishing a balance between maximising
the signal intensity and minimising the potential sample damage or interference. It
depends upon the nature of the sample, the desired signal strength, and the potential
for fluorescence. In the selected studies, typically those involving tissue samples, RS
was employed using the lower powers and shorter exposure times than those involving

plasma, urine, or faeces.

Table 2.2. Overview of publications applying Raman spectroscopy in diagnosis,

treatment, or biomarker discovery of IBD.

Publication Application Sampl Patient Cohorts Raman Al Performance
e Type Laser Classificati
on
U C H Sensitivity Specificit Accuracy
c b ¢ (%) y (%) (%)

Pence et al., Diagnosis of IBD Tissue 8 15 8 785 SMLR 62-86.2 22.9-74.5
2017 [193] nm
Smith et al., Mucosal healing and Tissue 42 32 - 785 SKINET 96.3 95 95.6
2021 [191] patient response to 6 8 9 nm

biologics

Tissue 6 8 9 96.2 88 91.6

Acri et al., Diagnosis of IBD in Faecal 9 15 19 785 ROC, Youden Index
2020 [194] paediatric patients nm
Bielecki et al., Discrimination of IBD Tissue 13 14 - 785 PCA, K-means 93.84 90.3 88.26
2012 [40] nm clustering
Kirchberger- Assessment of Tissue 14 - - 785 1D-CNN 78 93
Tolstik et al., disease severity 0 nm
2020 [195]
Ding et al., Determination of Tissue 18 - 31 785 Statistical analysis - 83.5 97.1
2017 [196] histological nm Tukey honest

inflammatory status in significant difference

vivo
Addis et al., Assessment of Tissue 60 - - 514 Linear regression
2016 [188] mucosal healing nm analysis
Tefas et al,, Diagnosis of UC Plasm 28 - 35 785 PCA-LDA 86 92 89
2020 [197] a nm

PLS-DA 89 94 92
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Morasso et Diagnosis of CD Plasm - 77 45 785 PCA-LDA 80 85.7 83.6
al., 2020 [41] a nm
Li et al., 2021 Diagnosis of CD Urine - 98 45 785 PCA-LDA - - 69.9
[198] nm
Zhu et al., Perianal fistula in CD Urine - 11 - 785 PCA-SVM 71.43 80 75.71
2023 [199] patients’ identification 0 nm

for treatment

strategies
Bietal. 2011 Discrimination of IBD Tissue 12 9 - 785
[200] nm
Veenstra et Diagnosis of UC Tissue 4 - - 785 PCA 82 89
al., 2014 nm
[201]

87 93

Wu et al., Discriminating active Urine - 10 88 785 PCA-SVM - - 63.6
2022 [202] CD from inactive CD 0 nm
Chernavaiska Identification of Tissue 6 7 7 532 Multimodal Imaging
etal., 2016 disease severity nm
[189]
Buchan et al., Identification of Saliva 26 25 50 785 SKINET - - 98.2
2023 potential biomarkers of nm

IBD

For instance, Pence et al. set an exposure time of 250 ms whilst Addis et al. applied a
60 s exposure to faecal samples, with the former stating they were unable to increase
integration times due to a substantial background noise and autofluorescence [188],
[193]. Choosing an adequate laser power is known to improve the signal-to-noise
(SNR), which is in turn, central to obtaining high-quality spectra. The higher the SNR,
the greater the overall accuracy and precision of spectral measurements and data
analysis. Laser power also influences the depth from which Raman signals can be
obtained [192]. Higher power generally penetrates deeper into the samples, allowing
for the analysis of subsurface layers of thicker samples, particularly important for
applications with in-vivo tissue analysis, as observed by both Pence et al. and Ding et
al., who examined colon tissue in-vivo using portable, custom designed Raman
systems [193], [196]. Higher laser power can, however, lead to sample damage
particularly for sensitive, biological samples. This photodamage or degradation can
occur, leading to sample alteration and the introduction of artificial carbon D and G
spectral bands. Optimisation of Raman-setup, therefore, requires careful empirical

testing and adjustments for each unique experimental setup and sample type.
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2.7.2 Raman Spectral Pre-Processing

Generally, in Raman-IBD studies, a form of spectral pre-processing is applied including
for instance, baseline subtraction, normalisation, or cosmic ray removal. Firstly, in
many Raman spectrometers baseline shifts exist whereby the generated spectra
contain both the desired signals as well as the more undesirable elements including
background noise. Many methods of baseline subtraction can be applied such as,
asymmetric least squares (AsLS), polynomial fitting, differencing, and filtering with the
chosen method highly dependent upon the level of precision required, patterns and
obtained computational times [203], [204]. Polynomial fitting methods for example, are
a simple and effective way to remove baseline artefacts caused by factors such as
instrumental drift, scattering, sample thickness or sample inhomogeneity. The method
involves manually identifying the areas in the spectrum that contain undesirable or
non-Raman like locations and estimating this background by way of a polynomial
function. The degree of polynomial is dependent on the overall complexity of the
baseline with the most commonly applied fits being linear (1%t degree), quadratic (2"
degree) or cubic (3™ degree) polynomials. The selected fit is then applied to spectral
areas with no features of interest and subsequently subtracted from the raw spectrum
point-by-point leaving behind a baseline-corrected spectrum [204], [205]. Polynomial
baseline subtraction enhances the clarity of spectral features and aids in the
interpretation and analysis of spectral data. AsLS on the other hand, combines a
smoothing filter with the asymmetric weighting deviations from the determined smooth
trend in order to develop an effective baseline subtraction method [203], [206]. This
method has the drawback associated with the smoothness constraint in that it only

considers the second derivative. In most studies, baseline subtraction is performed

40



Chapter 2
using a high order polynomial fit (4™ or 51) whilst, Kirchberger-Tolstik et al. employed

an AsLS method and Ding et al. used a cubic spline interpolation [195], [196].

Subsequently, normalisation is routinely performed to account for intensity variabilities
due to factors such as sample concentration variability, laser power fluctuations and
differences between sample set-ups [207], [208]. Commonly employed normalisation
methods in RS include, scaling - where the minimum intensity is set as 0 and the
maximum as 1 and all values scaled proportionally, Z-score normalisation - where the
data has a mean of 0 and a standard deviation of 1 in order to centre the data and
vector normalisation with the spectrum being scaled by dividing it by its own vector
length, ensuring that the normalised spectra have a final magnitude of 1 [207].
Normalisation using area under the curve has been used by Addis et al., with five

studies using vector normalisation [36], [40], [195], [198].

In addition to baseline subtraction and normalisation, smoothing is often used to
overcome the inherent issue of noise in Raman spectra. Smoothing is used to remove
high frequency components from the spectra to reduce noise and simplify identification
of important spectral features [209]. The most used smoothing filter is the Savitsky-
Golay filter, where a polynomial regression is applied to the data, i.e., a polynomial
curve is fitted to small segments or peaks within the Raman spectrum with the
smoothed curve providing an estimate as to the underlying Raman signal [209], [210].
The use of a Savitsky-Golay filter for spectral smoothing was employed by three of the
studies [188], [193], [196] with only Addis et al. indicating the filter smoothing width of

9 and polynomial order of 3 [188]. Due to the differences in spectral acquisition and
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Raman setup, each study required the pre-processing techniques used to be applied

in a specific order. The most applied procedure included baseline subtraction, followed

by normalisation leading to data classification (Fig. 2.3).

Energy diagrams
CARS SHG TPEF e

C  Worklow —_—

“\‘Q‘t o Q““‘Y‘M
cn ensommen

Data
Collection

g cotagen

K-Means Cluster-
Analysis of scan

Multimodal images.

CARS @ 2930 cm”
TPEF @ 426 - 490 nm
SHG @ 415m

- Q& % 3 histological indices:
d L
Features 1
1. geometrical properties
of crypts ]
2. texture and contrast of
CARS, TPEF and S! indices

Colonoscopy Raman spectra Classification model

Baseline
Subtraction

Normalisation

_ 1D-CWN
Classification 88 -~
i\ z_) ‘ L
q} ¢ ’O‘ f\,?
Results \/w;« = % Z 8%
Bt 00 0
Raman\_/'g fg ‘s " Regression model
spectroscopy 22 2 1D-CNN

Figure 2.5. (a) Overview of a typical procedure for Raman data analysis and
processing. (b) Workflow used in real-time endoscopic assessment of IBD disease
activity including initial multimodal imaging of CARS, TPEF, SHG and H and E staining
closely examined by pathologist and feature extraction of regions of interest to
discriminate both morphology and intensity related to diagnostic criteria [189]. (c)
Overall work path in the classification of IBD based on imaging of epithelium cells
consisting of k-means clustering of morphological features, followed by SVM learning
and subsequent prediction via a 10-fold cross validation with comparisons made to

those identified by the pathologist as well as with H and E staining [40]. (d) Schematic
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representation of the methodology used by Kirchberger-Tolstik et al. [195] comparing

Raman spectra to Mayo endoscopic scores in UC [195]. (e) lllustration of an integrated
Raman set-up and endoscope instrumentation for in-vivo analysis used by Pence et

al. [193].

2.7.3 Classification versus Molecular Characterisation

Typical Raman healthcare studies identified in the field of Raman-IBD predominantly
focus on using RS for either classification or molecular characterisation of spectral
data. Whilst both are essential for the comprehensive understanding of IBD and its
potential translation into the clinical fields, they each serve a different purpose and
apply diverse methodologies. Raman characterisation focusses on identifying and
understanding the molecular composition and the associated chemical properties of
the biofluid or tissue under investigation. This approach classically involves detecting
and quantifying specific molecules, chemical bonds, or structures within the sample.
Characterisation, aims to provide detailed information as to the sample’s biochemical
makeup, identifying biomolecules including lipids, proteins, and nucleic acids whilst
also, assessing changes to the molecular constituents such as, protein structure and
confirmation or lipid profiles in samples where disease is present. Commonly, the
methodology involves using RS to obtain spectra, which serve as chemical fingerprints
with subsequent analysis of spectral peak intensities and Raman shifts used to identify
specific molecular vibrations and chemical bonds thus, allowing for the determination
as to the composition and structural characteristics of the biofluid. This approach was
employed by Ding et al., Addis et al., Chernavaskia et al., Bi et al. and Wu et al. [188],

[189], [193], [196], [200], [202], where the authors applied statistical methods including,
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the parametric (t-test). Shapiro Wilk and Kolmogorov-Smirnov statistical analysis was

employed by Wu et al., whilst Addis et al. applied the statistical Mann-Whitney U test
and Ding et al. the ROC curves investigation. These outputs provided disease-related

biochemical changes associated with IBD.

Conversely, RS classification focusses on using the spectral information obtained from
the analysis to classify biofluid or tissue samples into different categories or states
such as healthy or diseased. Such classification usually involves the development of
models or algorithms capable of differentiating between the data classes. Machine
learning techniques are most routinely used to train the classifiers and label the data
sets accordingly. Of the studies identified, ten have [36], [191], [193], [194], [195],
[197], [198], [199], [201], [211] applied a variation of multivariate analysis / machine
learning to train their models using spectral data from a set of known biofluid samples,
including primarily healthy and diseased classes, mucosal healing and inflammation or
disease severity. Several further researchers have developed and applied further
forms of supervised machine learning approaches including, the artificial neural
networks (ANNs) by Smith et al., Buchan et al. and Kirchberger-Tolstik et al. [191],
[195]. Other studies harnessed dimensionality reduction and feature extraction
methods such as, principal component analysis-linear discriminant analysis (PCA-
LDA) [36], [197], [198], partial least squares-discriminant analysis (PLS-DA) [197] or
principal component analysis-support vector machine (PCA-SVM) [199], [202]. In each
instance, the goal was to provide a diagnostic tool which could rapidly and accurately

identify the presence or absence of IBD based on the obtained spectral signature.
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Overall, both approaches complement one another and are vital to gain a

comprehensive understanding as to the disease development and diagnosis using RS.

2.7.4 Al ] Artificial Intelligence/Artificial Neural Network

Multivariate Data Classification

The majority of Raman-IBD studies employ multivariate analysis to investigate spectral
changes across the whole spectrum. Notably, Ding et al. and Acri et al. applied
somewhat different approaches using the Tukey honest significance variance and
receiver operator curve (ROC), respectively [194], [196]. Multivariate analysis of RS
data enables powerful extraction of meaningful information from complex high-
dimensional, spectral datasets with multiple variables [212]. It also enables the
detection of subtle spectral shifts, which would be otherwise difficult to differentiate
using traditional methods such as, manual peak selecting approaches. Frequently
applied principal component analysis (PCA) can reduce the dimensionality of data
while preserving the relevant information. Techniques such as, linear discriminant
analysis or support vector machines employed by Tefas et al., Li et al. and Morasso et
al., can classify samples into predefined groups such as, IBD and healthy controls,
based on their spectral patterns, which is particularly useful in sample identification
and disease diagnosis [36], [197], [198]. Approaches such as partial least squares
(PLS) regression, used by Tefas et al., are also capable of establishing quantitative
relationships between spectral data and sample properties, valuable for the accurate
and rapid quantification of biomarkers in a dataset [197]. Machine learning, a subfield
of artificial intelligence (Al), is another approach applied in studies by Smith et al and

Buchan et al.[191]. In these studies, a novel supervised machine learning algorithm
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uses an artificial neural network inspired by the structure and functioning neural

networks (ANNS), such as the brain. They consist of interconnected nodes, termed
artificial neurons or nodes, organised into layers [213]. The power of ANNSs lies in their
ability to learn complex patterns and representations from data thus, presenting a
valuable decision support tool to aid in medical diagnosis. It is based on self-organising
maps (SOMs) with self-optimizing Kohonen index network (SKINET) as a framework
for multivariate analysis that simultaneously provides (i) dimensionality reduction, (ii)
feature extraction and (iii) multiclass classification. SKINET performs visual separation
to identify the underlying chemical differences between classes, providing accurate
classification for simultaneously rich-information and high-classification specificity
even for low laser powers and short acquisition times, representative of the real-world

point-of-care conditions.

Machine learning applied in these studies is essential for the clinical translation of RS
based disease classification, enabling accurate, automated, and scalable disease
diagnosis whilst enhancing objectivity and reproducibility. It can also be integrated into
RS systems and methodologies as well as clinical workflows thus, improving time to
results as well as patient care and long-term outcomes. It also plays a crucial role in
realising the full potential of RS in clinical applications and beyond. Although the focus
here is on IBDs, further afield similar approaches have been used in cancer diagnostics
where for instance, Hernandes-Vidales et al. used PCA-SVM to distinguish between
biomarkers of cancer with a high accuracy of 94%, highlighting its suitability for the
investigation of various forms of cancer [214]. Similarly, Mehta et al. applied PCA-LDA

to differentiate blood serum from control and meningioma patients, yielding 92%
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classification accuracy [215]. This was further expanded to cervical cancer diagnosis,

where Daniel et al. used Near-IR RS combined with ANN to determine biochemical

changes associated with cancerous cells, successfully achieving 99% accuracy [216].

2.8 Applications of Raman Spectroscopy in Diagnostics

This section reviews both ex-vivo and in-vivo applications of RS, with an emphasis on
studies analysing saliva and/or IBD. Although our interest pertains to the use of RS in
ex-vivo evaluations current trends in the field lean towards the use of surface enhanced
Raman spectroscopy (SERS) for many sensing applications. Spectroscopic
‘fingerprints’ of Raman data have been successfully shown to identify the disease
states of the subject from which the biofluid has been collected and in contrast to the
in-vitro bioassays, the availability of inexpensive, portable Raman instruments makes
this technique particularly attractive for point-of-care, rapid sampling, analysis and
screening of biofluids and tissue. It is important to note that although the ability of RS
to rapidly and accurately identify target molecules renders it a valuable technique,
analysing biological samples introduces an added layer of complexity. Since biological
systems and samples are typically composed of a broad array of biochemicals
including proteins, carbohydrates, lipids etc., spectra from biological specimens, such
as tissue and biofluids, may appear highly similar, as vibrations from each of these
molecules will be present in the Raman spectra [36], [41], [217], [218]. Analyses of
these can subsequently, not be straightforward to untrained personnel. Therefore, the
combination of Raman spectroscopy with subsequent computational algorithms

enables it to rapidly and accurately decompose the signal or separate the data
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according to statistical properties inherent in the dataset using various multivariate

techniques, discussed in more details below.

RS, although a powerful technique in analysing various biofluids, is associated with
some limitations. These include fluorescence interference, known to occasionally
overwhelm the Raman signal and obscure spectral signatures, sample complexity -
where untangling the Raman spectra of complex biological samples can be
challenging, the cost of specialised equipment, and low sensitivity due to Raman
scattering being an inherently weak process thus rendering it difficult to detect low-
concentrations of biomolecules [219]. Nevertheless, RS is continuously optimised and
remains a valuable tool for analysis of biofluids. Ongoing research aims to address
these challenges via a combination of advancements in instrumentation, data analysis
techniques and the development of enhanced Raman probes and substrates. One

such development is known as surface enhanced Raman spectroscopy (SERS).

With the advent of SERS and the subsequent enhancement of the Raman signal of up
to 10" times, single molecule detection can be achieved [220], [221]. SERS typically
uses nanoscale surfaces of gold or silver to induce a highly localised electromagnetic
field by surface-confined, laser excitations [222], [223], [224]. A substantial
enhancement in the Raman signal is observed when a molecule is absorbed or within
10nm of the surface. For instance, analysis of plasma via conventional Raman
spectroscopy reflects different proteins yet, the smaller molecules remain almost
undetectable, however, via SERS a considerably amplified signal is produced enabling

detection of minute biomolecule levels [198], [225], [226], [227], [228], [229], [230].
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SERS, therefore, exhibits several advantages including high sensitivity and selectivity

with the ability to detect analytes down to attomolar level. It further has a relatively low
sensitivity to water, rendering it suitable for in-situ and in-vitro applications of biological
samples. Overall, SERS is well-suited to an extensive scope of applications ranging
from surface chemistry, catalysis, food science and pharmaceuticals [225], [228],
[230], [231], [232], [233], [234]. However, despite these advantages SERS has often
been underutilised due to challenges in reproducibility, high costs associated with
development of suitable substrates and the need for highly specialised equipment and

expertise [222], [225].

2.8.1 Raman Spectroscopy and Saliva in Healthcare

A problem in healthcare research is the non-specificity of biomolecules, which is
debatably compounded by a base of small studies that focus on specific diseases
[235]. For instance, in the context of traumatic brain injury, certain biomarkers may
also be indicative of polytrauma or neurodegenerative disease [236], e.g., Tau,
neurofilament light chain, myelin basic protein. For this reason, the full extent of the
injury and/or co-morbidities should be noted. In general, this would appear not to be
the case within current Raman-saliva studies, many of which are preliminary in nature.
Moreover, there is the broad difficulty of patients’ data security, permissions, and ethics
[235]. Elsewhere, problems may arise in a lack of specificity to the locale of disease,
e.g., sialic acid (SA) - a cancer biomarker, is detected in many different types of
cancers. Furthermore, healthcare related studies tend to be concerned with changes
to Raman peak intensities, or more precisely, relative peak intensity ratio changes

rather than the appearance of distinct spectral features. This can make analysis
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challenging, even with supporting chemometric tools, especially if physiological

changes are subtle. In turn, medical and clinical studies can be difficult to power
correctly to reach statistical significance [235], [237], [238]. This is exacerbated by the
difficulty of obtaining large sample numbers for the various studied diseases and much

of the current biomarker research, at large, is still restricted to small cohorts [235].

With 19.3 million new cancer cases and almost 10.0 million deaths in 2020, cancer is
one of the most prevalent and fatal diseases worldwide [239]. With an estimated 2.3
million cases (11.7%), female breast cancer has surpassed lung cancer as the most
diagnosed cancer globally, followed by lung (11.4%), colorectal (10.0%), prostate
(7.3%), and stomach (5.6%) cancers [239]. By 2040, the global cancer burden is
projected to be 28.4 million cases, a rise of 47% from 2020. The diversity and
prevalence of cancer highlights the need for a global escalation in cancer diagnostics,
distribution of preventative cancer measurements as well as providing cancer care in
those transitioning countries to control the disease [239]. Raman spectroscopy is
emerging as a potentially useful clinical aide in cancer diagnostics. RS can identify and
differentiate, in a label-free and non-invasive way, the subtle changes in tissue
biochemistry associated with disease and cancer progression. The close association
of salivary composition to serum metabolites, combined with the wide spectrum of
molecules present in saliva provides valuable information for clinical diagnostic
applications, of which the main Raman peak assignments relating to cancer
diagnostics are illustrated in Fig 2.6 with further spectral assignments made in Table
SA.3. Several studies have attempted spectral analysis of biofluids using Raman

spectroscopy for disease diagnosis and screening as it may represent a prospective
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viable avenue for cancer diagnosis (Fig SA.2 and SA.3). Saliva has been investigated

as a diagnostic medium and its analytes (protein, RNA, DNA) as biomarkers in the
diagnosis of several malignancies including lung cancer, breast cancer, prostate

cancer, ovarian cancer and squamous cell carcinoma.
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Figure 2.6. Raman peak assignment on cancerous saliva samples (n = 732). An
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overview pie chart of the most prominent peaks in the literature displayed by their
biomolecular group. A subset of the Raman-saliva literature with a perceived focus on
chemometrics has been analysed. Further details are included in Supporting

Information, Figs. SA.1-SA.2 and Table SA.3.

Breast cancer is the most diagnosed cancer and the leading cause of death in women.

Routine diagnostic procedures include histopathological examination of biopsy

samples, fluorescence, optical bioluminescence, X-ray mammography, computed
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tomography, magnetic resonance imaging and ultrasound, which are often time-

consuming and costly. Issues include low sensitivity and resolution [240]. To overcome
this, Wu et al. developed a non-invasive breast tumour detection method using saliva
protein SERS combined with regularized multinomial regression (RMR). Their study
indicated diagnostic accuracies of 92.7% (85/97), 95.8% (93/97) and 88.6% (86/97)
were acquired, while successfull