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Abstract

Oesophageal adenocarcinoma (OAC) is a highly aggressive cancer, often arising from
Barrett's oesophagus (BO), a condition where the normal squamous epithelium is replaced
by intestinallike columnar epithelium due to chronic acid and b@#ux. Disease progression
typically follows a continuum from nedysplastic BO to dysplasia, eventually leading to OAC.
Identifying the biochemical and mechanical changes at each stage is crucial for early
diagnosis and intervention. This study utilisadvanced singleell techniques, including
Raman spectroscopy and deformation cytometry, to characterise these changes and develop

novel diagnostic tools.

Singlecell Raman spectroscopy, a nimvasive biophysical technique, was applied to detect
biochemtal signatures in healthy oesophageal tissue,-dgsplastic and dysplastic BO, and
OAC. This revealed distinct spectral features linked to lipid, protein, and nucleic acid content,
reflecting cellular changes during disease progression. For instancercascells exhibited
increased nucleic acid content, indicating higher metabolic activity, while dysplastic cells
displayed early alterations in lipid profiles. These biochemical variations highlight potential

biomarkers for early detection of oesophagealignancies.

To complement the biochemical profiling, deformation cytometry was used to measure the
mechanical properties of individual cells with microfluidic desicThis revealed significant
decreases in cell stiffness in dysplastic and cancerous cempared to healthy and nen
dysplastic BO cells, likely due to cytoskeletal remodelling, a hallmark of tumour progression
and metastasis. By integrating Raman spectral data with mechanical measurements, this

study created a mukimodal framework capablef accurately distinguishing disease stages.

The microfluidic platforms facilitated highroughput singlecell analysis, enabling rapid,
automated measurement of biochemical and mechanical properties while improving
reproducibility. This system also alled realtime monitoring of cellular changes,
demonstrating potential applications for tirensitive studies like drug response
evaluations. Together, these findings highlight the promise of combining Raman
spectroscopy and deformation cytometry as diagtotools for early cancer detection and

clinical applications.
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Figure 2.9 Examples of raw-8Ringle cell spectra (blue), EM&rected CA single cell
spectra (green), background PDMS spectra (black) and raw biological reference spectra
(red). All spectra have been interpolated, averaged, and smoothed usingzkga@wolay

filter (sgolayfilt function) with a polynomial order Of.2............ccceveiiiiiiiiiiiiieend 65
Figure 2. 10: A (a) raw and (b) analysed Raman spectrum of a singlegllPpost EMSC
background removal and baseline COrmeCtioN.............oocvuiiiiieee i 66

Figure 2.11: Raman spectrum goecessing steps for 10 @Fsingle cell spectra. (a) Post
EMSC correction; (b) Truncated between &8200 cmt; (c) Baseline corrected; (d)
Smoothed [2, 17]; (e) Averaged, with the standard deviation cadallat...................... 66
Figure 2.12: (a) Schematic of the microfluidic setup for defoomatytometry. (b) PDMS
device mounted in a holder with inlet and outlet tubing for ksgleed microscopy of cell
deformation. (c) The device positioned between a standard inverted Higdghimicroscope
and an additional light source to enhance imagemsity. (6).........ccccccvvvvvvviiiiiiiinenneenll 68
Figure 2.13: Flowchart illustrating the cell tracking algorithm logic for obtaining cell
parameters. Green arrows indicate True statements, red arrows indicate False. The
parameters help identify frames where sadre at maximum or no deformation, providing
images for CNN training and data for LDA..(5)........cccuuriiiieiiiiiiiieee e 71

Figure 3.1: Representative brightfield images and quantitatiadyses of singteell

trapping efficiency under varying cell concentrations (0.5, 1, 2, and 3 million cells/mL).
Brightfield images were captured using a 10x objective lens, highlighting cell distribution
within microfluidic traps. Quantitative data (idom graphs) show the percentage of traps
occupied by single cells (left) and multiple cells (right) over time. Optimal trapping
conditions were achieved at a concentration of 2 million cells/mL, maximising-satigle
trapping (74% * 6%) and minimising tekll occupancy, while higher concentrations (3
million cells/mL) resulted in clumping and reduced trapping efficiency. Error bars represent
standard deviations across three experimental repliCates........ccccccvvvvveiieeiieeeeeeennnn. 75
Figure 3.2: viability fosingle cells trapped echip over 5 hours for different oesophageal cell
lines, including HETA (healthy epithelial cells, red),-BRnonrdysplastic Barrett's

oesophagus, cyan), €°(lowgrade dysplasia, pink), €P(highgrade dysplasia, yellow),

CRD (highgrade dysplasia, purple), and OE19 (oesophageal adenocarcinoma, green). Cell
viability was monitored hourly using Calcein AM and Sytox Red fluorescence staining, with
data averaged across 100 single cells per cell.line.............ccccooeiiiiiiiiiiiiiieeee 76
Figure 3.3: Singleell Raman spectra representing the progression from healthy squamous
oesophageal epithelia (HAR: red) throughnoiR @ & LI I & G A QA:cyan\iNBB G G Qa o/ t
REALI FadAQ Y NSO &Y 2R SNI (0 &£: yllawhand sevaréd A O . | NNJ
R& &LJ I aidA CD: putpl)N&Gaesohagead adenocarcinoma (OE19: green) cells. All
spectra were normalised to the Amide | band at 165€lcifihe shaded area around each

cell line is representative of the standard deviation. Tleg ghading across all cell lines
highlights bands of interest (labelled). n = number of single cell Raman spectra. The high
wavenumber region (CH2CH3) has been multiplied by a factor of 0.25 to fit on the same

Figue 3.4: PCADA of HETA (red) and OE19 (green) EM®@ected spectral data. (a)

¢ NHdzy OF GSR wlkYly RFEGFaSGa 06SG6SSYy ynn FyR wmyn
component loadings taken from PCA. Scogs 1 NB aK2 gy > | O02dzyiAy3 ¥
variability. Bands of interest are highlighted in blue. (c) Cumulative variance and variance

explained for the first 15 PCs. (d) LDA histogram displaying the spread of the scores for each
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dataset. (e) Confusion matrix for statistical analysis of the-[HA The outgted values

are representative of the False Positive (0.058), True Positive (1), False Negative (0.942) and
TrUE NEGALIVE (D)eeeeeeeiieiiiiiiiii et e e e e e e e e e e eeaeaaaaaaaeead 80
Figure 3.5: (a) Truncated Raman spectra (B@D0 cml) for eachstage of cancer

development. The healthy (HEAR), nondysplastic (CR), severely dysplastic (O and
cancerous (OE19) cell lines are represented by red, cyan, purple and green spectra,
respectively. (b) The PC loadings from the data shown in FigareBaiids of interest have

been highlighted in blue. (c) 2D plot representing the variance explained and the cumulative
variance for HETA (healthy), GRA (nondysplastic), GP (severely dysplastic) and OE19
(cancerous) SINGIE CEUIS......uuuuiiiiiee e 81

Figure 3.6: (a) 2D plotted PCA LDAL vs PCA LDA2 scoresXér (rel), CRA (cyan), CB

(purple) and OE19 (green) and their relative LDA histograms. (b) Confusion matrix for
statistical analysis of the PAMA..........ovreiiiiiieee 82

Figure 3.7: (a) 2D plotted PCA LDAL vs PCA LDA2 scoreB fqirkp, CI (orange) and

CRD (purple). (b) Principal component loadings taken from PCA. Sebi@® Shown,
accounting for > 80 % variability. Bands of interest are highlighted in b)ju€ufnulative
variance and variance explained for the first 15 PCs. (d) Confusion matrix for statistical
analysis of the PCIADA...........ooo e e e e e e e e e 84

Figure 4.1: Line graph displaying the average viability ofrigflescells exposed to a Raman
laser (2.4.1) every 30 minutes, to a total of 10 Raman laser exposures. Values were
normalised against the average viability of trapped single celshimwhich were not
exXposed t0 the RAMEAN [ASE..........couiiiiiiee e 89
Figure 4.2: Offset Raman spectra of aACéell are shown at four time points: immediately
before laser exposure (black), p@shours (red), post hours (blue), and po$t hours

(green). The study aimed to assess whether a single Raman lasaurexp@sd induce
delayed apoptosis by monitoring untreated cells over time. Each spectrum represents the
average of 100 individual spectra, all of which were baselareected and smoothed using
the SavitzkyGolay method for Noise redUCtion............ccccvvviviiiiiiiiieiieireeceeeeeeee e, 89
Figure 4.3: Brightield images of a trapped &®cell orchip, illustrating morphological
changes at various time points: (A) immediately before exposure, (B) 0.5 hours post
exposure, (C) 1 hour pestposure, (D) 1.5 hours peastposue, and (E) 2 hours pest
(010111 | (TP 90
Figure 4.40verlapped bright field and fluorescence images ajflsinells trapped ouhip.

All images were taken on a 10x dry lens. Each column (left to right) is representative of the
average viability of cell lines @ CFB, CFC and Ci®. The top row displays results from
cells that are untreated, with the remaingj rows (top to bottom) displaying cells that have
been treated with 2, 4, 6, 8, and 10 acilite salt solution exposures. Viability was
determined via Sytox Red dead stain fluorescence imaging. Thdaigtipanel displays

the percentage viability fagach cell line, calculated over 10+ independent experiments, for
>100 single cells. The red bars are indicative of increasing cellular death, whilst the blue bars

are indicative of respective cell viability. %o...........cccuuviiiiiiiii 92
Figure 4.5: Omhip viability data for GR (cyan), CB (pink), CIZ (mustard) and GP
6 LIdzNLI S0 . F NNBGdiQa airy3atsS OStf adedirdidndoi ¢ SNB & dzo e

pH 4.0 acidibile salt solution exposure, to give an overall exposure time of 10 minutes.
Untreated cells were monitored arhip for a total duration of 5 hours (a). The pH was
raised to 7.0 poséxposure with the addition of serufree mealia. The duration between
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each exposure was 30 minutes. Viability was determined.via........ Sytox Red dead stain
fluorescence imaging. Each value is the average of >100 single cells, taken over 10+
INAEPENAENT EXPEIIMENTS ... ..ttt e e e e e e e e e e eae e e e e e e s s e s e s s e e s s aeaansnnnes 93
Figure4.6: CPA (cyan), CB (pink), CR (mustard) and G® 0 LJdzZN1J S0 . I NNB G G Qa
were subject to 10 x-fninute exposures of pH 4.0 acibite salt solution, giving a total

exposure duration of 10 minutes. The pH was raised to 7.Geppsisure wittthe addition

of serumfree media. The time between each exposure was 30 minutes. Viability was
determined via Sytox Red dead stain fluorescence imaging. Each value shown is the average
of >100 single cells, taken over 10+ independent experiments............cccccvvveeeeeennn 94
CAIdzNBE noetY wlkYlry &LISOGNI RIANCBIBNEEEC)) Qa 2542
and CPFD (D). Single cells were subjected to 10 indivichminlite exposures to acidigle

salt solution at pH 4.0, resulting in a totadp®sure duration of 10 minutes. Following each
exposure, the pH was neutralised to 7.0 with seftae media, with a 3@ninute recovery

period between exposures. Spectra were collected during the neutral pH recovery phase.
The average of 50 spectra per dition is displayed, offset by 0.1 units for clarity, with

colours representing ascending exposures: exposure 1 (black), exposure 2 (red), exposure 3
(blue), exposure 4 (green), exposure 5 (purple), exposure 6 (mustard), exposure 7 (cyan),
exposure 8 (brom), exposure 9 (olive), and exposure 10 (Orange).........ccvvveveeeeeeeeen. 95

Figure 4.8: Heatmaps showing changes in spectral intensity fér(@p row), CB (second

row), CRC (third row), and GB (bottom row) cell lines. Spectral regions aspldiyed as

follows: 100gmn nn OYeéuy of &ifyln nO 20 Yoy 00XY AMRIREBB000 2 £ dzY Yy U 3
OYeu ONRIAKG O2fdzyyo® 91 OK AyidSyairie @It dzS NB
cell line under each condition. Cells were exposed-ge60nd teatments with pH 4.0

acidicbile salt solution, with the total number of exposures indicated on the left side of each
heatmap. Data was collected during a-B8nute recovery period, following neutralisation

to pH 7.0 with SEruAftee Media.........ccoovviviiiiiiiii e 97

Figure 4.9: Raman spectra for-8RFa), CHB (b), CKEZ (c) and GP, (d). The upper trace

(black) displays the average spectrum for untreated single cells. The lower trace displays the
average spectra for single cells after 2 (blue), 4digye6 (light purple), 8 (teal) and 10 (dark
purple) exposures of ABSS, plotted as a function of peak differences against the untreated
spectra. Each spectrum shown is the average of 50 measurements taken at pH 7.0. All
spectra were normalised to the Amitlband (1656 cr) prior to subtraction from

untreated singlecell data to show the peak difference over multiple exposures. A dotted line
on the upper trace marks Y(0). The high wavenumber regia€t)kvas multiplied by a

factor of 0.25 to fit on th@ame SCale..........ccccceiiiiiiiii e 98

Figure 4.10: Brighfield images illustrating the morphological changes irAG#ells

subjected to pH 4 acidlile salt solution. Cells were exposed for 60 seconds to low pH
conditions, followed by restoratido pH 7.0 for 3ninute recovery intervals. Images were
captured after O, 2, 4, 6, 8, and 10 exposures. The outlines of cell membranes are

highlighted to emphasise changes in shape, size, and integrity. Significant structural
degradation is observed withdreasing exposures, correlating with reduced viability as
determined by Sytox Red dead stain fluorescence imaging-..............ccoeeveeeiieicnnnee 100

Figure 4.11: Brighfield images illustrating the morphological changes irB3fells

subjected to pH 4 adic-bile salt solution. Cells were exposed for 60 seconds to low pH
conditions, followed by restoration to pH 7.0 for@thute recovery intervals. Images were
captured after 0, 2, 4, 6, 8, and 10 exposures. The outlines of cell membranes are

highlighted b emphasise changes in shape, size, and integrity. Significant structural
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degradation is observed with increasing exposures, correlating with reduced viability as
determined by Sytox Red dead stain fluorescence imaging................ccoeeeeecinnnnnnns 101
Figure 4.12: Brightield images illustrating the morphological changes irCC¢ells
subjected to pH 4 acidlile salt solution. Cells were exposed for 60 seconds to low pH
conditions, followed by restoration to pH 7.0 forBhute recovery intervalsmlages were
captured after 0, 2, 4, 6, 8, and 10 exposures. The outlines of cell membranes are
highlighted to emphasise changes in shape, size, and integrity. Significant structural
degradation is observed with increasing exposures, correlating with rediadatity as
determined by Sytox Red dead stain fluorescence imaging............ccccvvveeeenriinnnnnn. 102
Figure 4. 13: BrigHield images illustrating the morphological changes iF0CEells
subjected to pH 4 acidhile salt solution. Cells were expo$ed60 seconds to low pH
conditions, followed by restoration to pH 7.0 foriBihute recovery intervals. Images were
captured after 0, 2, 4, 6, 8, and 10 exposures. The outlines of cell membranes are
highlighted to emphasise changes in shape, size, ardrity. Significant structural
degradation is observed with increasing exposures, correlating with reduced viability as
determined by Sytox Red dead stain fluorescence imaging...............ccceeeeeccnnnnnnns 103

Figure 5.1: (a) Diagram illustrating the crdksv region of the microfluidic device with

shear (Fs) and inertial (Fc) forces. Changes in cell shape are labelled as 1 (undeformed), 2
(stagnation point max deformation) and 3 (undeformed) (b) Diagram eflastiowing the
nucleus and key cytoskeletal filaments (actin, microtubules, and intermediate filaments)
that primarily contribute to cell stiffness. Additionally, parameters such as cell area (A),
height (H), and width (W) are extracted from higjeed ideos capturing cell deformation.
Reprinted and amended with permission frB)..................cco e, 109
Figure 5.2: Comparison of the trajectory of a polystyrene bead in asicdssicrofluidic

device compared to a &@cell. Fluid flow is artked with blue arrows. (a) Bright field
superimposed image of a 7 um diameter bead passing through the extensional flow
junction. The flow rate was 20 pl/min and the beads were suspended in PBS with 0.5% (w/v)
YSikKet OSft t dzf 2 a Sfield imBge of a OR daelbdpassidg dhroligh & deédica K (i
with identical geometry and flow CONAItIONS..........ccooiiiiiiiiiiiein e 110
Figure 5.3: Scatter plots and corresponding mean deformation indices (D.l.}bArBd

OE19 cell lines across varying flonegtThe scatter plots (top panel) show the relationship
between cell size (um) and DI for each flow rate: yellow (5 pL/min), orange (10 pL/min), pink
(20 pL/min), purple (40 yL/min), and navy (60 pL/min). The lower panel depicts the mean DI
values and theistandard deviations for HEIIA and OE19, plotted against cell size..112
Figure 5.4images of single cell deformation aftBmin for (a) HEILA and (b) OE19,

compared to single cell deformation at 60 pl/min for (c) HETard (d) OE19. Images were
taken during the analysis process. A purple outline defines the parameters of the cell, whilst
the green box outlines the overall size of the cell during deformation at the stagnation point.

CA3dzNB popY aSty RSTF2NNIGAZ2Y AYRSE 650L®0
single cells across flow ratesq®0 L/ min). : Scatter plots and corresponding mean
deformation indices (D.l.) of Ggell lines across varying flow rateseTaft-hand panel

depicts the mean D.I. values and their standard deviations f& @, CHB (c), CE (e)

and CFD (g), plotted against cell size. The scatter plots (itgimd panel) show the

relationship between cell size (um) and DI for each flée: Egach chart is colour coded to
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1 Introduction

1.1 Overview

Oesophageal cancer is the seventh leading cause of cdeatit worldwide, accounting for

just under half a million deaths annually. The most recent GLOBOCAN statistics estimate
around 511,000 new cases every year, with 2040 estimations predicting an increase in both
incidence cases to (957,000), and patient nabty (880,000)X14). Countries with a lower
human development index (HDI) are bundel with 80 % of cases, whilst 70 % of diagnosis
develop in men; a-20-3 fold difference in both mortality anah¢idence rate between the
sexeq(15). This cancer burdeis increasing rapidly on a global scale, with two predominant
histological subtypes: oesophageal squamous caiticoma (OSCQGnd oesophageal

adenocarcinoma (OAC).

OSCC accounts for 85 % of global cases, developing through the malignant transforfation o
the oesophageal squamous epithelium, with 79.7 % of new cases detected in Asia in 2020.
China, Japan, Pakistan, India and Bangladesh were amongst the most affected, with the
incidence in China almost five times higher than in Améfiéa Despite this, the incidence

for OAC has now gpiassed that of OSCC in higher HDI countries following increases in age
standardised incidencg17)z NBLINBaSyidAy3a G¢2 OGKANRa 27
incidence rates rising, key contributors for cancer development are gastroesophageal reflux
RAASIFAS 6Dhw503 . I NNBGOGQA 2 SE7218)Uhfatdeatel . h 0
the five-year survival rate for both subtypes remains discouraging, at less than 20 % for
patients at advanced stagék9). Accompanied by global aging and population growth, GORD
affects 1030 % of the adult populain in HDI countries, with higher prevalence with
Northern Europe and 5 in 1000 people affected in the(0K 21) Precancerous condition

BO currently affects less than 1 % of the UK population, witB 3o of thes patients going

on to develop oesophageal adenocarcinoma. Whilst incidence figures appear low, mortality

rates are steadilyncreasing22, 23)

Advanced endoscopic techniques have the potentiald&gect the progressin of pre
malignant lesions to cancer ansglastly enhance patient outcomesdowever, this

effectiveness is hindered by low endoscopy rates due to its invasive nature. Despite extensive



research on cancer risk predictors, a large number of cases remairgaodizd, highlighting

the requirement for improved screening techniques at earlier stages of disease progression.
Costeffective, minimally invasive, and wdllerated nonendoscopic technologies are
crucial. Implementing such devices in primary care wg#tiwithin higkrisk populations
should aid detecting in early disease progression and highlighting patients at risk for cancer
development. The use of modernised minimally invasive techniques and faster detection will
in turn provide a substantial improwgent in both morbidity and mortality rates. A
comprehensive understanding of each stage of disease progression is important for
delivering these improvements in prevention, with an emphasis on minimal costs and

intrusion, to give maximum throughput and acacy.

1.1.2 Prevalence and Risk Factors

TheWh ! / S L@ BdeDMaring incidence rates since the 1950s, with the highest
incidence rates seen in Northern Europe, particularly the UK and the Nethelanda5s)
Accompanied by global aging and popidatgrowth, incidence rates for oesophageal cancer
have risen by 38,000 since 205). The primary risk factors for OAC are closely linked to
the disease progressiondim BO. GORD is currently the most significant risk factor for OAC,
with rising cancer incidence reflective of increasing GORD praelas shown iRigure 11.

A systematic reiew and metaanalysis of five populatichased studies demonstrated that
experiencing GORD symptoms at least weekly elevates the risk of OAC neddidf(@R
4.92, 95% Cl 3.€6.22), and daily symptoms increase the risk appmnately severold (OR
7.40, 95% CIl 4.941.1) (26). Nonetheless, 40 % of OAC patients do not report GORD
symptoms(27).

Obesity is another significant risk factor for both GORD and BO, contributing to the rising
incidence of OAC, which parallels the growing prevalence of obesity. A systematic review and
meta-analysis of six studies conducted through March 2013 found thatraleobesity is
associated with an increased risk of OAC (OR 2.51, 95% €4.06)428). Tobacco smoking

also correlates with a higher risk of OAC. A pooled analysis of ten poptiatsenl case
control studies andwo cohort studies, comprising990 OAC cases and 9453 controls,
indicated that smoking doubles the risk of OAC (OR 2.08, 939%8%2.37) with a strong

doseresponse relationship linked to the number of pgaars of smoking29).
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Figure 11: Worldwide oesophageal adenocarcinoma rates {adgisted according 1
the world standard population, per 100,000) in 2020. Reprinted with permigdn

Dissimilar to GORD, OAC exhibits a notable male predominance, with a globtd +ieaiale

ratio of 4.4, ranging from 1.7 to 8(80). This disparity cannot be fully attributed to higher

BO rates in men, as suggested by a reetalysis of the sex ratio for B@1) Possible
explanations include greater severity of GORD due to increased abdominal obesity and
higher smoking ra&s among men, as well as potential contributions from sex hormone

factors(32).

Contrasting to its roleni OSCCalcohol consumption is not a significant risk factor in the
progression from GORD to BO to OAC, although some studies indicate a weak association. A
meta-analysis of 24 studies, including 5500 OAC cases, found no substantial link between
alcohol comsumption and OAC risk, even at higher consumption lef@3¥ Additionally,
infection with Helicobacter pylori appears to reduce the risk of OAC. A systematic review and
meta-analysis ofstudies up to February 2007 found an inverse relationship between
Helicobacter pylori prevalence and OAC risk (pooled OR 0.52, 95%OITB3}B4).

In 2021, >/800 people in England were diagnosed with oesophageal cancer, predominantly
affecting those aged 70 to 74, with 1,054 diagnoses in men and 371 in wohnén
distribution s illustrated below irFigure 12. 13 % of men and 10 % of women in England

were regularsmokers, and many men exceeded the recommended weekly alcohol intake of



14 units. In 2018/19, 30 % of women and 25 % afiineEngland reported eating at least five
portions of fruit and vegetables per day, whil&é®of men and % of women consumed none
(35).
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90 + D
0 500 1000 1500

Number of New Registrations

Figure 12: Registrations of newlgiagnosed cases of oesophageal cancer in Engla
2021, by age group and gender. Reproduced with permission from the fOffidationa
Statistics (UKJ® Stastica 2024

Assessing the exact prevalence of BO in different populations is challenging due to the
asymptomatic nature of the condition, which often remains undiagnosed until an endoscopy
is performed. Consequently, the actual prevalence may be significantly higdrecurrently
predicted In European studies, BO is found in approximately 1 % to 2 % of thiectese
general population, whilsh the USA, the prevalenégaround 5 % to 6 %. Howevamongst
individuals with GORD, the prevalence can rise to as lsigh &{36). A Swedish popation-

based study from the early 2000s found BO with intestinal apketsia in 1.6% of 3,000
randomly selected individuals (95% Clc2.8) (37) An ltalian study from 2000 to 2004
reported a prevalence of 1.3% in 1,033 individu@8). A systematic review and meta
analysis of 51 studies from Asian countries up to September 2014 fopmoled prevalence

of 1.3% (95% CI @Z.2) and noted an increasing trend over time from 1991 to 23D}

BO is more common in men and is notably more prevalent in Caucasians cortptrese

of African ancestry40) The condition also becomes more frequent with age and is more



likely to affect individuals with a family history of the condition. UK studies indicate that the
prevalence increases by 7.4 % for each additionat géage between 20 and 59 years in
males, with a similar pattern observed in females, though with-gexr delay. It is important

to note that the development of metaplasia to columnar epithelium does not directly
correlate with the degree of oesophageatid reflux, suggesting that other genetic and

environmental factors play a significant rqz6).

Risk factors associated with progression to adenocarcinoma include male gender, advanced
age, extensive segment involvement (greater than 8 cm), presence of intestinal metaplasia,
prolonged historyand/or early onsebf GORDduodenogastrcoesophageal reflux, mucosal
damage (such as ulceration and stricture), and a family history of the con@itiod?2) Sex
specific differences in the progression of BO may be influenced by hormonal factors.
Evidence suggestlat males develop BO earlier than females, resulting in a longer duration
of risk for progressiofd3). Familial clustering of both BO and oesophageal adenocarcinoma
(OAC) has been observed, with linkage and genaide associatin studies indicating a
complex genetic traif44, 45) While no monogenic mutationsakie been identified for BO or
OAC, the heritable components are estimated at 35 % and 25 %, respe@giyhe
characteristics of the BO lesion, such as longer lesion length and the progressiondit

dysplastic BO to lowgrade dysplasia, also influence the likelihood of developing @AC

Characterised by the reflux of acidic and bile-salitaining duodenal and gastric conten
GORD is a primary factor in the development of the initial metaplastic BO lesion and is among
the strongest risk factors for OAZ7, 48, 49)10¢ 15% of patients suffering from GORD will
develop BO, with X 10 % of those BO patients developing OAC over a period qf2D0
years. The vast majority of BO patients die of natural cafs@s51) A 2021 systematic
review and metaanalysis of 44 crossectional studies revealed that2% (95% CI, 5.4%
9.3%) of 26,521 individuals with GORD had histologically confirm¢€B2ZpQhere is greater
progression towards OAC with losggmen BO (> 3cm) than shegegment BO (< 3cm). A
metal yIf@8aAa 2F nndpt . h LIGASYyGas K2 gSNByQi
OAC progression rates@06% (95% CI, 0.0184.0%¥or shortsegment B@nd 0.31% (95%

Cl, 0.21%).40%)for longsegment BO (53). GORD evaluation via upper endoscopy was
analysed for 378 patients as part of a cohort study, with skegment BO having a higher
prevalence (8.5 %) than lorsggment BO (4.8 %$4). This outcome has also been reported

in other studieg53, 55)



Evidence suggests that GORD significantly promotes dysplastic progression, especially in BO
lesions located in the right oesophageal hemisphere, which is most commonly exposed to
gastric reflxate (56, 57) Additionally, medications that relax the lower oesophageal
sphincter, increasing the frequency and severity of gastric refltx,associated with the
development of OAC47, 5863). These medications include awtiolinergic drugs, calcium
channel blockers, and theophylline. Proton pump inhibit@P®Is) have shown a dese
response relationship in preventing dysplastic BO progreg&dh with high doses being
more protective when combined with aspirin. Patients with BO often exhibit elevated basal
acid production, while Helicobacter pylori infection may reduce the risk of OAC by decreasing
gasftic acid secretiorf65-67). Studes indicate that 36 % of OAC cases are directly linked to
frequent symptomatic acid reflux, with daily GORD symptoms increasing the risk of OAC
sevenfold compared to less frequent symptorf@8, 69) with a significant proportion of OAC

cases likely arise in individuals with silent reflux dis€#8

1.1.3 Clinical Characteristics

The majority of patients with BO hageknown history of GORD, with symptoms such as
heartburn after eating and acid regurgitation. Less common symptoms include dysphagia and
the sensation of obstruction within the throat when there is none. Rarely, patients may
present as asymptomatic howevarost patients will have GORD symptoms with no other

specific physical examination findingl).

Unselected population screening for BO is not recommended due to tatvedy bw risk (1

¢ 2 %) (52,54, 72Zr5)with an annual risk of progression to OAC at@®8 %(76-78). The
costeffectiveness of BO screening programmes has therefore been dispr@egll), with
suggestions that it only be offered to higisk populations. A recent systematic review and
analysig82)assessed the prevalence of BO in individuals with known risk factors. Prevalence
was low(0.8 %) for patients not exhibiting GORD symptoms. Higher prevalence was detected
in patients presenting known risk factors for BO such as a family history of BO/OAC (23 %),
male sex (6.8 %), age > 50 years (6.1 %), GORD (2.3 %), and obesity ( 1\9d4aldwdih

GORD and one other risk factor had an overall increased risk of 14.5 %, with each additional

risk factor increasing BO prevalence by 1.2 %, shown as a positive linear relationship. The

YAY2NRGE 2F LI GASy(a oge@% BR8AMaUId BedrsFeSWierif NBY Dhwb



adhering to current suggested screening strategies, all which require GORD symptoms as an

pre-requisite as illustrated irFigure 13.

Patient
presenting with
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1.1.4 Diagnostic Challenges

Despite modest improvements over recent decades, survival rates for OAC remain poor.
Overall, less than 20 % of patients survive for five years, and approximately half succumb to
their cancer within a year of diagno$&8, 85) A recent analysis using USA SEER data showed

that 73 % of patients with stage 0 and 37 % with stage 1 disease were alive at fivébggars

Strategies promoting the prevention and early diagis of OAC are essential for improving
overall outcomes. These include screening to detect patients witls@@eillance to identify
those at risk of or demonstrating progression, effective chemoprevention to limit dysplastic
progression, and effectivereatments for cases where dysplasia or invasive disease has
occurred. It currently remains unclear whether community surveillance programs translate
to improved surviva83, 8688). This uncertainty may be partly due to a lack of sensitive and
specific biomarkers, which hampers current screening and surveillance approaches from
identifying patients most at risk of neoplastic progresgié4). Intensive and often invasive
follow-up regimes are required, placing pressure on healthcare resources and exposing
patients to potential harm. Chempreventive options for BO are limited beyond ainéflux
treatments, with no definitive chemotherapeutic option for patients who progress to
dysplasia. In such cases, invasive treatments such as ablative therapy or endoscopic or

surgical resection are generatigquired(84).

The costeffectiveness of screening programmes may be improved by using prediction tools

which incorporate multiple risk factors to select patients for screening. This strategy would

still require patients to undergo timeonsuming invasive endoscopies for the collection of

Ydzt GALX S . FNNBGGQAa tSarazya F2N Fylfearaod bSs
surgery time and required sample volume would be more -effsctive than standard

patient sedated endoscopy. With the implementation of such modalities, the prospects of

BO / OAC screening may be expanded in the near future.

Q)¢
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1.2.1 The Oesophageal Barrier

The formation of the initiaBO lesion results directly from chronic exposure of the lower
oesophagus to gastric refluxate (9,22,115), comprising of hydrochlorigiehidastric acid,

bile salts, ingested foods, bacteria, proteolytic pancreatic enzymes, and pepsin (116). The
lower oesophageal sphincter, along with the diaphragmatic sphincter and the
phrenoesophageal ligament, create a higiessure zone in the lower oesophageal region. In
conjunction with gastric emptying and oesophageal peristaltic movement, this increased
pressureminimises the frequency and duration of refluxate exposure to the oesophageal
mucosa(117,118). Despite this, reflux episodes are typically common in healthy populations,
with a recent ambulatory impedanegeH study reporting a median of 44 episodes per 24

hours (119).

To minimise contact with harmful gastric stimuli, the oesophageal epithelium must maintain
a protective barrieras illustrated irfFigure 14. This barrier is created through the combined
actions of multiple layers: a pwepithelial (luminal), an intrinsic epithelial, and a post
epithelial (stromal) compartment (120). A mucous buffer layer originates from within the
lumen, formed using barbonate, water and mucous from swallowed saliva, produced by
the submucosal glands (118, 121). This mechanism neutrdigg®gen ) ions and
prevents diffusion of harmful stimuli to the apical cellular membrane, with additional
protection via a layeof unstirred water flowing laminar along the apical epithelial surface
(120,122).

The swallowed saliva also contains various tissue repair mediators, including transforming
growth factorh (TGF), prostaglandin HPGE), and epidermal growth factqieGF) (123).
These defences are less effective than their gastric counterparts, leaving the oesophageal
mucosa more vulnerable to damage (120). The intrinsic-sguamous epithelial barrier
plays a crucial role in preventing harmful molecules from pengtgadeeper mucosal layers.

Key to this function are the intracellular glycocalyx and the apical junction complex, which
includes tight junctions, adherens junctions and desmosomes (120). The transmembrane
proteins claudin and occludin are essential for maning the integrity of the epithelial

barrier (124,125). Junctional adhesion molecules, which support occludin assembly, and the



late epidermal differentiation protein filaggrin, which helps maintain the intercellular
glycoprotein matrix, are also imp@nt (126,127). Hions that bypass these defences are
neutralised by a neutral intercellular glycoconjugate or removed through diffusion into the
bloodstream, which increases in response to mucosal acid exposure. This hyperaemia also
facilitates the remoal of lactic acid and carbon dioxide, and delivers bicarbonate ions to

neutralise acid (128,129).

Pre-epithelial defense | mucus
saliva epidermal growth factor

Figure 14: lllustration detailing the protective mechanism of the oesophagus a(
Y2 EA2dzA Ndd BeprinédSvith permissio,)

Despite these protective mechanisms, prolonged exposure to harmful stimuli results in
damage to tissues and cdkath. Previous research has determined that the resulting cellular
injury and necrosis is a result of cytokimediated inflammatory processes (130). Initiated
during damage to the apical junction complex, this results in increased-geditdar
permeabiity, shown morphologically via the presence of dilated intercellular spaces.
Consequently, this leads to a greatet ¢bncentration along basolateral epithelial cell
membranes, affecting their sodiuindependent chloride/bicarbonate exchange (133).
Acute and chronic inflammation arises due to the builg of intercellular acidification,

concluding with DNA damage and oxidative stress (120,132). Whilst regeneration of

10



damaged cells is possible (135), the epithelium is able to repair itself through the iorngrat
of healthy adjacent cells to the damaged area withir6BOminutes of initial injury (134), as

detailed inFigure 15.

Increasedntragastric pressure is a feature of obese GORD patients, resulting in an increased
gastrooesophageal pressure gradient and transient relaxation of the lower oesophageal
sphinger, thereby leading the gastric contents to flood the lower oesophagus. This also
occurs when intreabdominal pressure is increased. Additionally, obesity enhances the
spatial separation of the lower oesbpgeal sphincter and the cruradiaphragm,
predismpsing individuals to a hiatal hernia, resulting in increased exposure of the oesophagus

to acid(7).

A Columnar > Columnar
A %
epithelium R—— — Squamous || - Crihataladsd Squamous
) junction epithelium -
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alh *
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Submucosal
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Figure 15: Models of woundingiR O2 YLISGAGA GBS NBLX | OS
development. (A) The squarsolumnar junctionina I NNXB { { Q & segnerit shad
granulation indicative of recent epithelial denudation. (B) This junction aligistiag
stomachoesophagus boundary. (C) Chronic dudlidry reflux erodes squamous epithelil
forming an ulcerative defect. (D) The defect is covered by undifferentiated epitheli
Progenitor cells mature into mucous glands, which (F) differentidentestinal or gastri
types based on the microenvironment. Recurrent reflux and ulceration lead to prog
replacement of squamous epithelium by columnar epithellReproduced with permissi
13)
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The development of oesophageal cancer has a large number of mutations akin to cancers
such as melanoma and lung cancer. MNiysplastic BO hasramarkablylower number of
mutations in contrast to oesophageal cancer; whilst having a larger number of mutations
than other malignancies such as breast cancer and multiple mye(88)aThe mutation,
inactivation, or los of regulatory genes are responsible for controlling the cell cycle, which
leads to changes in the oesophageal lining, into (BM. The nost important tumour
suppressor gene in BO is p16, also known as CDKN2A, with 80 % of BO associated with p16
anomalies (91). Inactivation of this gene results in genomic instability and resultant
uncontrolled cell multiplication. The alteration of p53 can be found in both-giglde BO

and OAC, however it is not a feature in igvade BO. Both pl16 and pa¥ectthe G1to S
phase of the cell cyclethrough eitherinduction of apoptosis or blocking cell division
processeshouldDNA repairs fail. Faults in both genes lead tack of cell death, excess cell

division and progression to malignancy.

Epigenetic governors such as Homeobox [Hox] genes code feafbdtAed proteins which
determine the fate of various cell types. Cautlgde Hox [Chx}1 and-2 have been linked
with to the transformation of cell architecture from sgquamous to columnarsc@R),
heralding the development of metaplasia in the oesopha(@8) via hypermethylation of
promoter sequences on tumour suppressor genes, leading to the inactivation of the latter.
Other cell cycle regulators include tumour suppressor genes such asrad@yus polyposis

coli gene involved in cell cycle control, and proticogenes such as Myc genes.

Significant alterations occur in gene regulation and protein expression during the metaplastic

process. This involves the loss, diminished function, or degulation of transcription

factors critical for the normal development of oesophageal squamous epithelium, such as

tumour protein 63 [p63], transcription factor SOX2, and paired box proteir9H&AX9].

Concurrently, there is an upregulation of transtiop factors linked to intestinal

development, including SOX9, nuclear factor kalglat-chainenhancer of activated B cells

INFT. 8 D! ¢! O6AYRAY3I LINRPGSAY ¢ wD! ¢! cB8X K2YS202E |
homolog 1 [ATOH1], hypoxiaducible facbrs [HIFs],mini-chromosome maintenance

protein (MCM2) Figure 16), YR KSLJ 4208 0GS ydzO0f SINJ FIF Oi2NA ol bC
(70, 9497).
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Upstream of these factors, the combination of prdlammatory cytokines produced from
the lower oesophageal stroma and the GGR@uced inflammatory environment leado
activation in numerous different pathway88, 99) These include signalling cascades such as
the Hedgehog signalling pathway, the higbtynserved Wnt signalling pathway, and the
TGF superfamily member bone morphogenetic protein BNI0-106). Downregulated
pathways associated with both transdifferentiation and transcommitment include the Notch

signalling cascad@d 07-109)

Oesophagus Gastric Duodenum

A B C

) % v"’o?)

("" 908

Rl N
“l

Barrett's LGD HGD Adenocarcinoma
D ¢ : '

Figure 16: Abnormal proliferation compaments of Barrett's oesophagus and associ
dysplasia. Expression of a proliferation marker foimbmosome maintenance prot
(Mcm2) is shown by immunohistochemistry. Whereas the proliferative compartn
confined to the basal layers (normal squamoesophagus, (A)) and in the crypts and
glands (normal stomach and duodenum, (B) and (C)), in Barrett's metaplasia prolif
extends towards the surface (D). With increasing dysplasia the number of proliferati
increases with expansion of ghproliferative compartment (6). Reproduced wi
permission from BMJ Publishing Group (©id
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1.2.3 Transdifferentiation, Translocation &

Transcommitment

The cellular origin of BO is debated with controversial and confljcpinions, partly due to

the inability to observe the metaplastic procdasvivoand the lack of reliable physiological
animal models. The initial hypothesis was that BO arose as a consequence of migrating
transitional zone cells from the gastoesophaeal junction to the distal oesophagus and
gastric cardia as a response to acid refluxatiuced tissue damag@ 10) However, even if

this were to be the case, the differing epithelial celediges present in BO still need to be

accounted for.

When studying the oesophageal and gastric cardiac mucosae distribution across
oesophagectomy specimens, it was inferred that exposure of the cardiac glands to the
luminal surface could result in their transition to columnar epithelial islands vduall gve

rise to BO throughlonal expansiorfl11) The theory of upward migration from the gastro
oesophageal junction was discarded after animal studies revealed the cell of origin was

intrinsic to the oesophagud 12)

The prelominant theories of the last few decades suggest that the metaplastic epithelium
arises from transdifferentiation; a direct conversion of squamous cells to columnar cells.
Transdifferentiation is defined in this context as the irreversibigaplastic conversion from

one fully differentiated state into another. This is supported by previous research detailing
the conversion of murine epithelium from columnar to stratified squamous, during
embryonic oesophagus development. This correlated whth coexpression of squamous
(cytokeratin 14) and columnar (cytokeratin 8) differentiation markers during the conversion,

suggesting that these changes can occur independent of cell division or apgpi)is

In theory, the reversdransformation could explain the phenotypic change seen in BO,

although this switch is yet to be determined in adulthood. Additionally, evidence of newly

developed squamous epithelium paBO endoscopic removal (provided all differentiated

epithelium was emoved) would further weaken this hypothegi$14) Anoter related
KeLRGKSaAa adaA3Sada GKId GKENRSNER 6B GKSEAWYiYS
composed of multiple cellular layers, appearing squamous in their basal portion and

columnar more superficially, with both layers expressing cytoker&tihS)
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Despite this, recent data has strengthened the argument that the upward migration of
columnar cells from the gastroesophageal junction leads to BO developmegitl6)
Examination of early oesophageal development in ajlte mouse embryos led to
suggestion that the columnar cells lining of the emhvigooesophagus, composed of
columnar cells, was slougtl off as squamous epithelial cells migrate through the
oesophagus, undermining and replacing the columnar ¢ElI8) They hypothesised that the
squamacolumnar junction in adult mice, and the gasttesophageal junction in human
adults, contain a residual population of embryonic columnar cells. These cells later give rise
to BO va migration after refluxate damage to the proximal squamous epithe(ilr) The
concept of a oesophagtgastric junction cell of dagin may also explain the origin of gastric
type columnar metaplasia in the distal oesophagus, however the debate as to whether these
are linked or separate entities is ongoifid.8) This indicates that there are multiple cells of
origin for BO, and that the progression frdd® to OAC is linked to the particular cell type
that BO developed from

Figure 7Y 9y R2 &3 02LIA O I LIISE NF yOS 27F - appehkib
normal squamous mucosa displaced above the true end add¢isephagus. The interven
mucosa appears salmeguink. Reposted with permissi¢n)

Alternate theories include changes in the commitrhémanscommitment) of pluripotent
stems cells responsible for refreshing of the oesophageal epithelium, leading to metaplastic

development(119) The oesophagus has multiple sites from which these cells can arise,
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including the submucosal glands and the lining of their ducts, and the stratified squamous
basal layer epithelium. Toihypothesis suggests an induced change in the commitment of
multipotent stem cells due to environmental stressors such as acidic refluxate. Whilst
correlating with the evidence that the BO cell(s) of origin are intrinsic to the oesophagus, it
would also &plain the various cell phenotypes present in BO, as well as the regeneration of

squamous epithelium po$BO lesion removdlL14)

The first stem cell population to be involved in this theory are the squamous epithelial cells
in the basal layer. Observation of highly characterised squamous epithelium in the
interfollicular epidermis, which contains features similar to the oesophagus, saw the
presence of multiple different cell linages within adult tissue, from a multipotent stem cell
population(120) The glandular neck region of the oesophageal submucosal gland ducts has
been suggestetb contain a second stem cell population, possibly responsible for the origin
of the columnar epithelium(121) This prefigures a migration of surface glandular cells,
derived from new ducts and glands via stem cells in the lamina propia, similar to ulceration

observedn the gastrointestinal tract due to the neagsiding ulcefassociated cellEl22)

Retinoic &id has previously been adapted as a stimulant for squamous cell differentiati
with the resultssuggestinghat the submucosal gland ducts within the stromal department
provide the columnar cell sourgd23) Bone marrowderived progenitor cells have also
been hypothesised gsossiblycontributing to BO developmer({tl24) There may be more
than one route to BO developmelif0, 125) however giventhe presence of multiple cell

linages, transcomitment can be corigeredthe most likely.

1.2.4 Adenocarcinoma Progression

The genomic progression of BO to OAC has a baseline association of increased clonal diversity
reflective of high levels of mulgenerational chromosomal instabili{§26, 127) Associated

with mitotic slippage, this is characterised by tetraploidy, aneuploidy, and early copy number
changes, possibly allowing for pmgalignancy detection of OAQ26, 128130) Malignancy
transformation can be detected at high levels eénsitivity and specificity using
measurements of genomic instability such as flow cytometric DNA analysis, single nucleotide
polymorphism arrays, and shallow whole genome ari@a®, 131) The main complication

when evaluating clonal diversity is the requirement of a wide sampling field, which, given the
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high risk of complications during traditional endoscopic procedures, may favour the use of
non-endoscofc panoesophagus sampling modalities such as capsule delivered sponges
(129)

Contrastingly, high levels dfeterogeneity result in no effective biomarkers from gene
mutation panels(132) The burden of mutations in BO is reported at §.6.8 SNVs/MDb,
however differences between nedysplastic and dysplastic cases is uncer{azo, 133)
Immunc-histological confirmation of p53 aberrance correlates with kiggade dysplasia and
OAC development, with its use recommended as part of UK guidance for histopathiologica
assessment(41l, 132) with emerging evidence for the ssciation between the rapid
accumulation of copy number heterogeneity and p53 Id€¥) Recent data is suggestive of

the theory that extrachromosomal DNA almost exclusively arises due to TP53 alterations in
high-grade dysplasieamplifying a variety of oncogenes and immunomodulatory géh@4)
Additional metaanalysis revealed a higher genetic correlation between GORD and BO, than
GORD and OA@35)(136)

Once developed, OAC can be considered a structurally unstable, heterogenegpsg, C
malignancy, characterised by intensive large scale structural rearrangements and frequent
copy number changed 29, 137, 138)These structural rearrangements are also present in
high-grade dysplasia, including fragile site deletions, chromothripsis, bredisager+
breakage cycles and somatic mobile element itises (137) The mutational burden of OAC

is much higher than that of BO, at 125.2 SNVs/Mb, averaging 9.9 SNVs/{IB9). In a
reflection of BO colonal diversity, little overlap is seen between the mutational patterns of
OAC and BO. Over 60 mutational driver genes can be recognised in OAC development, with
a median of 5 driver gene events per tumo{@40) with these genes exherbated and
promoted by assisting patiertipecific helper gengd41) A commonly known driver, SMAD4
mutation or deletion, is common in one third of OAC cases, and is associated with
significantly higher mortality and poorer prognosis (hazard ration 0.6, 95 % eonéd
interval 0.42 to 0.84; p = 0.008)40) This trend is reflected iGATAZamplification (0.64,
0.38¢ 0.78; p <0.001) and activation of the Wnt pathway, which has previous association
with well-differentiated tumourg140) Later stages contain an increased number of APOBEC

signatures indicative of worsened outcom@s2)

Three relevant treatment groups can be categorised from mutational OAC signét3&s

Onefifth of patients display a DNA damage repair impairment signature, which could
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improve susceptibility to irradiation treatment or a combination of other DNA damaging
agents with poly ADRbose polymerase (PARP) inhibition. The second group enriches for a
mutational pattern associated with amg, C>A/T dominant, whilst the final group,
comprisinghalf of all patients, haa T>G dominant mutational pattern, associated with a high
mutational load (138) This hypemutation is indicatre of the loss of immune signalling
genes and Wnt dysregulation. An example gene wouldDenicroglobulin, explaining the
poor sensitivity of OAC to checkpoint inhibiti¢h40) The immune landscape is further
influenced through the consistent amplification of targetable receptor kinases, also present

during dysplastic progression of BCB8, 143)

1.3 A Model System

1.3.1 Available Models folResearch

In order to determine the most effective experimental models for studying OAC progression
from BO, it is imperative to assess the advantages and limitations of current models. Murine
models enable transgenic studies, allowing for lineage tracing aelective gene
manipulation. These models help researchers explore the interaction between genetic
factors and environmental stressors, such as diet or acid exposure, in cellular dysregulation.
However, differences between mouse and human anatomythi€eabsence of oesophageal
submucosal glands in mice, must be considered. A review of mouse models for BO and OAC
highlighted the Itm i Y 2184% Wwhich induces inflammation, abnormal KB signalling,

and progression from metaplasia to dysplasia and neoplddi&, 145) The model showed

that highfat diets (145, 146)and bile salt§147)exacerbate dysplasia, whilst manipulating
genes like CDX2148) telomerase RNA componer{it49) and Notch2(150) further
influences disease progression. Additionally, combining theilL Y2 RSt %A (K
gastrinemic mice revealed that increased gastrin legkl, 152) potentially linked to

proton pump inhibitor us€153) promote dysplasia and cancer stem @{pansion(151)

The development of squamous dysplasia and oesophageal squamous cell carcinoma was

seen in older micé154)
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Murine xenograft models allow the study of tumour formation and metastasis via

implantation of genetically engineered human oesophageal cell lines into
immunocompromised micfl55) These models can be used for assessing the effects of drug
targeting pathways such as TGFJINK and MEK signalligg56, 157) however a key
limitation would be thattumour development is anatomically distinct from the oesophagus
(158, 159) Further Iimitations of animal models are detailsTablel. The rat surgical model

was developed in the 1960s, consisting of a connection between the oesophadube

small intestine, resulting in the development of a columnar epithelium and adenocarcinoma
via acid exposurél60, 161) Recent refinements have improved operative mortaitg2)
however key issues such as reduced acid exposure and concerns regarding the origin of the

columnar epithelium limit the use of such models for physiological ana(@%¥, 163)

ANIMAL
MODEL STRENGTHS / WEAKNESSES RESULT
Many resources and murine-appropriate reagents available for analysis (3
Li tracing i ibl
Established research approach 3 \nesge tracing is possivle .
" Targeted gene silencing / overexpression
Transgenic technology () Integration of contrelled exposures
Anatomic differences from humans e Heratinization, lack of ce.sophag.aal submucosal .glsn_d cultures, and forestomach
Mouse lined with squamous epithelium Q
Technically difficult surge
v gery 8 Small areasz of metaplasia in the IL-18 mouse limited to the sguamocolumnar
juncti
Oesophegeal tumeurs may not mimic OAC 9 Junetien
High mortality 6
Both ESCCs and EACs form in the IL-1B £3
Relatively affordable surgical model which can be combined with -
by g . Micreenvironment and effects of exposures can be determined
controlled exposures (%
Anatomic differences from humans g Heratinization and lack of oesq_:uhagesl submucosal gland cultures and markers
differ from humans 8
Technically challenging surgery w';h high mortality and variable Technical skills important and acidification of refluxate varies with surgical
Rat approaches (f) technique a
Limited endoscopic assessment Q Difficult to obtain biopsiss Q
Direct anastomosis of smallintestine with cesophagus 0 Post_surgery metaplasia may not be cesophageal in origin 0
Housing, diet and other fact: ffact microbiota leading t
ousing, dist and other ractors Gan aTect m grabiota lesding to Role of some factors in variable rates of neoplasia is not well understood 3
subsequence effects
Surgical model with intact area of squamous mucosa 7 _ _ .
Results in columnar mucosa in the cesophagus |
Anatomic similarity to h h. ith th f )
Dog atomis similarity £o uman oesopiiagus wi = pres‘ence @ Cesophageal submucosal gland culture-derived wound healing '
oesophageal submucesal gland cultures 4
Canine research focused onnatural history not feasible for OAC
Spontaneous cesophageal tumours are rare g oY 6
Anatomic similarity to human cescphagus with presence of Oesophageal submucosal gland culture-derived wound healing
oesophageal submucesal gland cultures 75
B Long-term housing & partnership with a veterinary collage may be needed €3
9 Animals reach a large size with rapid growth 0
Porcine reagents, genomic characterization, and tranzsgenic technology may be
Atypical animal model 8 limited

Tablely 'y 2@SNWASSH
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Developed in the 1980s, the canine model induced oesophageal metaplasia via acidic reflux
through a hiatal hernia anchyotomy, forming oesophageal columnar muc¢$é4, 165)

The latest modesupports squamous healing and reverses metaplasia using a proton pump
inhibitor and porcinederived hydrogel applied via endoscopic mucosal resection (159).

While useful for comparative oncolo¥66) oesophageal tumours in dogs are rare and

typically nonadenocarcinomagl67)

Similarly, the porcine model, with its oesophagsabmucosal glands, mirrors human OAC
development(168, 169) The CAV3 protein, linked to familial BO a3Dsuggests a role in
wound healing(170) Limitations of this model include their large size and appropriate

housing.

Human oesophageal biopsies can be cultured stesrn, but immortalised cell lines offer a

practical, consistent, and modifiable alternative. Risks such as phenotypic drift,

contamination, and misidentification necessitate careful verificafibfil) Although rare in

preclinical researchin vivo studies provide critical insights into humaglevant disease

processes, identifying labettaining cells in basal squamous epitheli and BO, unlike

mouse modelsOrganotypic culture modelsiimic epithelial structure and barrier function

by incorporating immune cells and fibroblasts. These models, built using oesophageal

fibroblasts, collagen type |, and Matrigel, support epithelial cell layers for studies of

morphology, differentiation, andcolumnar marker induction(107, 172174) Organai

cultures, developed in 201(175) are valuable for analysing BO and OAC heterogeneity,

genomic changes, and personalised treatmefig6179x ! R@I yO0Sa -ardgOK a a2 NHI
OKALXE G(GSOKyz2t23AS5a ¥dNTaKkKsfitdurésyahdonfeaniCefotee SE Y dzt G A
(180, 181)

Most BO and OAC research relies on cell lines to study metaplasia, inflammation, genomic
instability, and mutations like TP%35, 132, 155, 18290). Singlecell analysis is increasingly
used to study gene expression and clonal mutations via mitochondrial cDNA amplification
(191, 192) Multi-omics singlecell studies reveal cancer cell evolution and diversityface
challenges like limited nepolyadenylated transcript analysis and data sparsity due to small

sample sizes in DNA proteomics, proteomics, and epigenomics.
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1.3.2 Single Cell O«&€hip

Singlecell analysis offers significant potential for uncovering cellular diversity and identifying
abnormal cells that may emerge during cancer and disease development. Cell phenotype and
genotype comparisons typically rely on averaged measurements from a pioputd cells.

Whilst these results provide valuable insights, theyttadapturethe responses of individual

cells due to the inherent heterogeneity within cell populations. This arises from the dynamic
nature of cellular processes, including cell siyng, differentiation, motility and the cell

OO0t Sz Itf RNARGSY o0& 0A20KSYAO!I tstoNtBchaStic A 2 y &4 ®
gene expression, even amongst genetically identical cells in identical environments, resulting

in variations in penotype(12). Therefore, whilst the average study may reveal significant
differences betwen multiple populations, singleell analysis can provide further insights

into the heterogeneity and presence of spbpulations within mixed samples.

Singlecell technologies have already been applied across varied biomedical fields such as
early disease diagnos{d93, 194) stem cell biology195) neurosciencg196) and drug
screening197, 198) Highthroughput screening is required for precise determination of any
underlying causes of heterogeneity, with classic methods including optl®8l) and
magnetic(200)tweezing, flow cytometrf201) atomic force microscop202) and single
molecule fluorescece spectroscopy203) Each of these methods has its limitations; with
flow cytometry requiring the use of expensive instruments and complex cell surface markers,
long pretreatment times,sample contaminatiorisksand a reduction in cellufaviability

(204) The other methods listed suffer from complex operation, high cost, and low detection

flux problems.

Microfluidics provides a higthroughput option for biophysical characterisation. By
confining fluid flow to the micron sé& microfluidic systems guide fluids through channels
measuring tens of microns, allowing precise fluid manipulation via devices that require low
sample volumes. Due to the advantages of high detection sensitivity, low cost and reagent
consumption, and lae-scale suksystem integration, the use of microfluidics in the life
sciences is advancing rapidly. An efficient tool for skogle analysis, the ability to
manipulate single cells for capture has led to a wide range of strategies such agraysro
(205) microdroplets (206) micropatterns (207) and micrewells (208) Onchip

measurements keep cells viable, enabling subsequence destructive genetic sequencing.
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Recent research on oesophageal adenocarcinoma development ligseditchipbased
models, albeit not at the single cell level. The development of the EndoScreen Chip by
Websteret al.(209) led to detection of specific serum biomarkers via the use of a lectin
immunoassay, in particular Jacaléctin binding complement C9 (JA). Inceased levels

of JABC9 were shown to correlate with patients with oesophageal adenocarcinoma,

underscoring the potential of microfluidic chips in enhancing diagnostic endoscopy.

Shimshonet al.(210)created BO organoid cultures for modelling the tissue repair processes
postgastric refluxate exposure, aviintegration of patientderived epithelial cells and
fibroblasts with BO cells echip. This replicated the epitheliatromal interactions
characterised with BO, with the model demonstrating how interactions between BO
epithelial cells and fibroblasts dm cancerous regions led to increased epithelial cell

proliferation and precancerous changes.

Ohnageet al., (211)developed a pgimetric microfluidic device for the isolation of circulating
tumour cells(CTCsfrom blood samples to determine progression and prognosis of different
cancers, including oesophageal. The study concluded that the microfluidic device was able to
effectivelycapture CTCs from oesophageal cancer cell lines, with performance influenced by

anti-epithelial cell adhesion molecule antibodies (EpCAM) expression levels.

1.4 Raman Spectroscopy

Mapping tumours from sugellular to wholeorgan scales is a significant challenge in cancer
research, especially for linking biological changes to pathology. Much of our understanding
of how genotype refers to phenotype comes from populatigidle cell meaurementg212)

Whilst useful, these average measuremenisttacapture the unique behaviour of individual
cells in heterogeneous populations. For instance, population data shay a gradual
concentration gradient, but singleell analysis could reveal a shalpor-nothingswitch. To

fully understand a systenits individual components must be studied, though sircgé
techniques are timeonsuming and require analysing large numbers of cells for statistical

significance.
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High-content screening has become critical in applications such as drug delivemgretyi
fluorescencebased method$213, 214)Also known as highontent analysis, this technique
combines higkthroughput screeningwith automated microscopy and image analysis to
study cells in a higthroughput manner.This has its limitationg cytotoxicity, prone to
photobleaching and limited stains due to spectral overlap, making it costly and complex
(215) Other singlecell techniques, such as chemical cytometry, are-lesgughput and
destructive. There is currently limited reliable hitfitoughput, highcontent, ron-

destructive, labefree technique to analyse cell chemical composi{(iph6)

Raman spectroscopy (RS), based on inelastic light scattering, was first predicted by Smekal in
1923(217) and experimentally confirmed by C.V. Raman in 1(228) RS is a vibrational
spectroscopy method where laser light interacts with a sample to produce a spectrum. When
photons from the laser encounter a vibrating molecule, masitter elastically (Rayleigh
scattering) without changing energy. However, about one in a million photons undergo a shift

in frequency, known as a Raman scatterigfy9-222) This shift can either result in energy

loss (Stokes shift) or gain (afitiil 21 Sa aKAFG0I NBFE SOGAyYy3a OKIy3
state. The technique employed here is Stokes Raman confocal-sgestroscopy, which

reduced outof-focus contributons to the spectrum.

Though inherently weak, RS became more feasible with the advent opbigér lasers in

the 1960s(223) RS has since been applied to biological research as affedehethod
offering highcontent information from a single measurement. It can be used on living cells,
providing biochemical data at stdellular resolution and differentiating between cell types
(213, 224227) This makes RS patrticularly valuable for studying cell heterogeneity, drug
response, tissue npping and cancer detection in microfluidic syste(888) To conduct
high-throughput singlecell analysis, precise manipulation of small fluid volumes and
immobilisation of cells are necessary duringasurement(229) Microfluidic devices, with
their microscale channels and low reagent consumption, provide an ideal platform for
enhancing the throughput of R816) By integrating RS with microfluidics, techniques like
Ramanactivated cell sortig (RACS) could offer labete, highthroughput insights into cell

composition, holding promise for advanced biological and cancer res€z36h231)
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1.4.1 Raman Spectroscopy of Biological Systems

Cells consist of thousands of different molecules at varyingceatrations, all of which
contribute to their Raman spectrurt232) For a molecule with N atoms, the number of
possible vibrational bands equals 88 (for nonlinear molecules), though not all are Raman
active(233) CH as a nodinear molecule, exhibits three fundamental vibrational modes due
to its atomic configuration and degrees of freeddror CH with three atoms, this results in
three vibrational modes: symmetric stretching)( bending £2), and asymmetric stretching
(%), as illustrated irFigure 18. Each of tese modes influences the polatslity of the

molecule in unique ways, determining their activity in Raman spectrog@32y)

" i®/°\® iiK®9‘(D’ iii&)

¢ i®’°\® iiﬂéﬁ(@“ iii®/°@

Figure 18: lllustration of the three fundamental vibrational modes of @id molecule: (&
symmetric mode, (b) bending mode, and (c) asymmetric mode; with their ass:
polarisability ellipsoid during vibration in their: €guilibrium state, (ii) stretched state, €
(iif) compressed state.
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In the symmetric stretching modé&igure 18, both GH bonds in the moleculexpand and
contract simultaneously, resulting in significant changes to molecular polarisability. When
the bonds are stretchedhe electrons are lesfirmly attached to the nucleus andcreasing

the polarisabiliy, whilst during compression, the electrome more tightly bound leading to

a decrease in polarisability and a larger ellipsoid size. The magnitude and direction of
polarisability change in this mode make it strongly Raman active, producing distinct and

measureable spectral lines.

The bending mde involves changein the angle between the twold bonds of the molecule.

This mode causes the molecule to adopt a bent shape, altering the polarisability ellipsoid,
which becomes smaller and thicker, and the molecule behaves as though it were diatomic.
Although it is Raman active, the intensity of this mode is significantly lower compared to

symmetric stretching due to the relatively minor changes in polarisability.

In the asymmetric stretching mode, one-& bond lengthens whilst the other shortens,
leading to complex changes in the direction of the major axis of the polarisability ellipsoid.
Unlike the symmetric stretching mode, this vibration maintains the overall size and shape of
the ellipsoid but results in a significant directional shift. The peddnility changes in this
mode are less pronounced, making this vibration challenging to observe in Raman spectra
(234)

WhileQ i A &lindar moleciles A G K G KNBES @GAONI A2yl f Y2RSa&axz
with a centre of symmetry, resulting in unique Raman and infrared activity patterns governed

by the rule of mutual exclusiofFigure 19)® ¢ KS @A 6 NI ( A 2 sgirhetricy2 RS &
stretching, bending, and asymmetric stretchingan be tNE O f @ O2 Y LI NBR (2 0
to highlight how molecular geometry and symmetry influence the polarisability chahges

determine Raman activityn symmetric stretching, both C=0 bonds expand and contract
simultaneously, causing significant changes in polarisability, making this mode Raman active

but infrared inactive. The bending mode involves changes in the borid,degding to shifts

in the dipole moment but minimal polarisability changes, rendering it infrared active and

Raman inactive. In asymmetric stretching, one C=0 bond elongates while the other
compresses, resulting in notable dipole moment shifts but amilyor polarisability changes,

making it infrared active but Raman inactive. These behaviours highlight the rule of mutual

exclusion, which dictates that vibrational modes in molecules with a centre of symmetry are

typically either Raman active or infraradtive, but not both(234)
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Figure 19: lllustration of the three fundamental vibrational modes of, Q@) symmetri
mode, (b) kending mode, and (c) asymmetric mode; with their associated polaris
ellipsoid during vibration in their: (i) equilibrium state, (ii) stretched state, an
compressed state.

Despite the vast diversity of molecules in a cell, their abundance may be limited, with

I LILINREAYFGSEe tn 22 2F F O0StftQa Ylaa O2YLINRaAy3
macromolecules such as proteins, nucleic acids, and polysaccharides. Ri®ulstrtsitivity

RSLISYRa 2y total afen (253D with §¥RS able to detect proteins dwer

concentrationssuchas ing/mL(235> ¢ KA & OF LI 0Af AGe KAIKEAIKGEA w{ Q:
tool, given the rich spectral content of cells. Whilst many of the main spectral features

observed in cells have been report&®5, 236238), interpreting these spectra is challging

because different molecular vibratiortn contribute to the same spectral regions. Peak

identification aids in understanding cellular biochemistry but is less useful forglistinng
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between cell populations. Differences between cell types are often subtle, necessitating
multivariate analysis to classify them accurat@d9) Chemometric techniques have been
widely used for this purpos@39, 240)

A typical cell spectrum features two key regions for cellal@alysis: the fingerprint region
(below 1800 crm) with many smaller peaks and the high wavenumber region above 2800
cm?, marked by a strong broad bandsillustrated in Figure 1.1q11). Lipds contribute
significantly to the @ H stretching region around 3000 émwhilst proteins contribute
through the Amide I, II, and 1l bands, located around 1650, 1550 and 139@aspectively.

The shape and intensity of these amide bands provideglits into protein structure.
Additionally, nucleic acids (e.g. thymine, cytosine, uracil, and adenine), and disulphide bonds

adds important features to the Raman spectra

A typical Raman spectrum of a cell is characterised by two key regions that antiader

cellular analysis: the fingerprint region and the high wavenumber region. The fingerprint
NBIA2YyZT oKAOK fASa 0St2¢ mynn Ovyeus O2y il Aya
the vibrational signatures of various molecular componentshinithe cell. This region is

highly specific, making it invaluable for identifying and distinguishing different biomolecules.

Ly O2ydiNradz (KS KAIK g @SydzyoSNI NBIA2YyS 20
broad band associated with-l€ stretching vibrations, which provide important information

about the lipid and protein content in the c€#41) This is illustrated ifrigure 110.

Lipids contribute to the € &0 NBGOKAY3I NBIA2Y | NRPdzyR onnn
A28 YYSGNRO AGNBGIOKAY I GAONI (A2 yhisregionPayared | i |y
proteins.Protein GH stretching vibrations originate from side chains of amino acids, such as
aliphatic groups, and from the peptide backbone, which overlap with lipid signals. These
overlapping contributions provide insights into thedative proportions of lipids and proteins

and their structural organisation, such as in cellular membranes or pripthcomplexes

(233, 242)

Proteins ado play a prominent role in the fingerprint region, where their characteristic
vibrational modes provide detailed structural and functional insights. The Amide | band,
tf20F0SR FNRdzyR mcpn OYeéuX A& LINRKYI NRighyy RdzS
aSYyaruA@sS G2 GKS aS02yRNPE &G bz fRI&SNide F  LINE
0l YRZ I NRdzy R wmp p AH béndirgLeaupldd Mith &NSstetcin, Bvivile the

' YARS LLL o6FYyRZXZ I NP daNRtreteling and Bibeéndiry vibi&icnslzt (& F1
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The shape, position, and intensity of these amide bands offer valuable information on protein

conformation and interactions, making them critical markers in cellular sty@#3 244)
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Figure 110: The Raman spectrunfi a single cell of human primary glioblastoma
u87 cell line, demonstrating various bands representative of cellular constitue
Reprinted with permissiofil).

In addition to proteins and pids, nucleic acids also contribute distinct features to the

fingerprint region. Their vibrational modes, includingNGtretching, NH bending, and ring

breathing motions, are essential for identifying and analysing DNA and RNA in cells.

Furthermore, dislphide bonds, characterised by{S & i NB G OKAy 3 @AONI A2y & I NP
add specific signals to the Raman spectrum, reflecting the presence of stabilising structures

within proteins.(245, 246) Further details on commmobiological Raman bands are detailed

in Table2 (223, 238)
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Raman Shift (cm™) | Biological Component Molecular Vibration / Assighment
400-500 PProteins S-S stretching (disulphide bonds)
620-650 [Proteins (tyrosine) Ring breathing modes of tyrosine
720-730 Lipids (choline) C-N stretching in phospholipids
800-850 |Nucleic acids 0-P-0 stretching (phosphate backbone)
850-880 [Proteins (tyrosine) C-H bending or ring modes
1000-1030 |Proteins (phenylalanine) Ring breathing modes of phenylalanine
1080-1100 LLipids/DNA Symmetric PO;™ stretching in DNA or phospholipids
1240-1260 [Proteins (amide I1) C-N stretching and N-H bending (a-helix)
1300-1350 Lipids CH, twisting and wagging
1440-1450 Lipids/Proteins CH5 and CH3 deformation
1550-1580 PProteins (amide I1) N-H bending and C-N stretching
1600-1650 [Proteins (amide I) C=0 stretching (secondary structures)
1650-1700 Unsaturated lipids C=C stretching
2850-2880 _Lipl’ds/Prote\'ns CHz symmetric stretching
2880-2940 LLipids/Proteins CH; asymmetric stretching
3000-3050 Aromatic amino acids C-H stretching in phenylalanine, tyrosine, tryptophan

Table2Y ¢ 6fS 2F O02YY2y wlYly aKAFGE OA
detailing their corresponding molecular components and vibrational modes, suctt
stretching in proteins, ® stretchid Ay f ALARazZ FyR /1i
specificity of Raman spectroscopy in identifying biomolecular structures

When performing RS on single cells, long acquisition times are required to obtaiquaitity
spectra, often raging frortens to hundreds of seconds per cell. This can limit the number of
cells analysed in each experiment. For instance, Setadh, (247)required 40 seconds per
spectrum over four different spots on the cells, restricting the sample Sirglarly, Krishna

et al.,(236)used 90second acquisition times with spectra averaged three times. In live cell
applications, RS has been demonstrateith various cancer cell line&ala de Pablet al.

(248) conducted a study using labkke live singlecell Raman spectroscopy to obtain
chemical fingerprints of colorectalancer cells, specifically focusing on the SW480 and
SW620 cell lines. Principal component analysis combined with linear discriminant analysis
achieved an accuracy of 98.7% in cell classification. The study found that SW480 cells
exhibited higher content oflisordered secondary protein structures in the amide Ill band,
GKAES {2cnun OSKISE AZEshdestiRitl cdnteril Adsitichally, SW620 cells
RAaAL @SR KAIKSNI £ S@Sta 2F ydzOf SA @sHinGet R4~ LK
al., (249)conducted an RS study using a 532 nm laser on one healthy and four lung cancer
cell lines, revealing that cytochrome(Bands747, 1127, and583cn%) was the primary
source of variability. However, they only perform@gefmeasurements per culture dish with

a 1pm laser spot, yielding highly specific signals rather than an averagehe whole cell

Pullyet al.,(250)used RS for tindapse imaging of human lymphocytes from healthy donors

with a 647.1 nm laser. After acquiring 10 images, each wiménute acquisition time, the
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cells showed signs of phottamage, including blebbing and loss of cytoplasmic and nuclear

material, due to the imaging conditions in buffer and at room temperature. They observed a

decline in the 1524 and 1154 crbands, asociated with carotenoids, but saw no significant

changes in protein or nucleic acid bands. Laser trapping RS (LTRS), which involves optical

trapping and Raman acquisition in live cells, was used by Hatval, (251)to classify

bladder and prostate cancer cell lines, analysing spectra #6130 cells per lineProtein-

related changes SNBE 20 AaSNIISR Ay GKS ' YM&RSN LOYamgp nNBEOYR2AYAE
reflecting variations in protein content and structure. Nucleic acid differences were evident

I NPdzyR Typ OYeéuyusI laddicantpankenisSLipicciatadiviriatigndz@dreS A O
notedintheCi FyR /1 i &A{@2Bd @EKAYODYBRAX2¥ RAOIGAY3I RAFT

content.

Similarly, Casabelkt al.,(252)employed IRS in a Poly (methyl methacrylate) microfluidic

device to study live prostate cancer cells and lymphocytes, enabling the analysis of hundreds

of cells.Significant variations were observed in the amide | and amide Ill bands, indicative of

differences in potein content and secondary structure between the two cell types. Nucleic

acitk a3 20AF 0SSR o0l yRazX LI NLAOdzZ NI & |NRdzyR Typ O
highlighting variations in DNA and RNA content. Lipid composition contributed to the spectral

~ A 4 oA X 4 oA x

vah  0Af A& gA0GK OKIFIy3aSa RSGSOGSR Ay GKS /1i FyR

1.4.2 Raman for Medical Diagnosis

RS is a sensitive némvasive method suitable for analysing living cells. However, its
diagnostic application presents several challenges. Firstly, cells are heterogeneous, so an
average spectrum must be captured from the entire ¢2H0) Secondly, RS often requires

long acquisition times, as the signal is weak, and lagbrlpowers can damage the sample
(253, 254) Thirdly, the Raman signal can be easily obscured by other signelfisas aute
fluorescence or background substrai®20) To reduce background noise, substrate

materials like quartz or magnesium fluoridee recommended254, 255)

Alternate Raman techniques such as ResonaReenan and StaceEnhanced Raman
Scatteringcan increase signal intensifgesonance Ramarses a light source that matches

the absorbanceband of the target molecul¢220, 256) whilst SurfaceEnhancedRaman
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Scatteringamplifies the signal with the help of nanoparticlesstructuredmetal surfaces
(231, 257, 258)

RS has potential biomedical applications, from monitoring cell composition to classifying cell
types(220, 224)It has been used for imaging organel(259) studying cell cyclg247) and

even identifying exosomef60) Its diagnostic use, particularly in cancer research, has

shown promise, with studies focusing on cervi@as) lung(249) breast cance(237, 253,

261, 262) amongst others(263265) most notably for biomarker detection across
oesophageal tissuedMaitra et al. analysed human serum samples, revealing significant
OKIFy3aSa Ay fALAR FyR LINRUGSAY UINERT &tESEHE oA 0K
vibrations 2850cH dhp 1 OY e u v Ay RA Qibnj dan@ASmid2 FvibfatbnsIgi® 02 Y L2
OYeéeuo NBTFESOUGAY3T LINRGHSA tifeir tshieORayhdh lmidbingastidydzO (i dzNJ
Maitra et al. identified nucleic acid content as a critical biomarker, with peaks around 785

OvYyeuy Faa20AFGSR 6A0GK ydzOft S206 &S 0 NBsHGRAY 3 Y2
OYeuovs |f2y3 ¢AlGK LINRdbewvedine Aficem@p iA@Y e v OKY
Amide lllgpo nn  OY &@2pv) HaoktyalRcarroborated these findings in a systematic
reviewandmetd yI f @3A 4> KAIKEAIKGAYyI O2yaraidsSyia AycC
and proteinrelated bands (Amide | and Il regions) in oesophageal cancer tissues compared

to healthy sanples(268) Various reviews and studies provide insights into the biological and
diagnostic applications of RS, including its integration with other imaging icpods(220,

224, 269)

1.4.3 On-Chp Raman Spectroscopy

Qurrent Rama-activated cell sortingystems often suffer from low throughput because of
the intrinsically weak Raman signal. These systems frequently require manual operation,
which adds inefficiency. Given the extended acquisition times in RSgdinsrationsorting
systemscommonly relyon laser trapping, such as laser tweees Raman spectroscopyp,
confirm cells for analysis. Alternatively, laseduced forwards transfes sometimes used to
eject cells from a substrate for further investigation, however this method presents
challengesin maintaining higkguality acquisition, achieving precise cell isolation, and

aligning cells accurately with the laser spot for anal{&34)

31



Microfluidic platforms allow for prase control of minute fluid volumes, making them highly
advantageous for singleell analysisin terms of microfluidic device fabrication, durable
materials like silicon and glass are commonly used when chemical resistance and longevity
are priorities. Thse materials offer excellent performance but require the use of hazardous
chemicals during fabrication. u@rtz is an excellent material for minimising background
interference in RS but is costly. Cheaper alternatives like polydimethylsiloxane (PDMS) and
Perspexcan beused due to their ease of fabrication, though they produce significant
background signals that complicate analysis. While polymased devices are cosffective,

their strong outof-focus Raman signals, particularly in shallow PDMS chaplbeitstheir
compatibility with RS. Consequently, glass or quartz microfluidic chips are preferred in

Ramanbased systems despite their higher c(228)

The field has seen several advancements tiegirmating RS with microfluidics. Early work by
Huanget al.(270)and Lacet al.(271)demonstrated the potential dbser trapping R glass

and PDMS devices, successfully classifying leukaemia cells with moderate throughput
(dozens to hundreds of cells per sessiofhother significant milestone came from the
integration of microfluidic devices with optical fibredinginating the need for microscopes

in some setups and allowing for improved Raman signal collect®#?) Studies have since
advanced to the use of silicon nitride midnole arrays, which provide a low Raman
background signgR73) This technology was tested on system contaitéukocytes, breast
cancer cells, and leukaemia cells, achieving high classification accuracy. Additionally,
advancements in the use of nonlinear Raman techniques such as Raman scattering and
coherent antiStokes Raman scating (CARS), have addressediieed for enhanced signal
intensity and higher throughput. SRS has been used to image lipid droplets in single cells
within PDMS microfluidic chips, probing specific molecular vibrations with background
removal techniqueq274) The development of dualomb CARS systen{275) further
pushed the boundaries of throughput, reaching speeds of up to 2000 events per second in
Ramanbased cell cytometry. This marked the fastest Raibased cell analysig/stem to

date, offering unprecedented capabilities for remhe cell sorting and biochemical analysis.

Whilst the integration of RS with microfluidics has advanced considerably, significant
challenges remain. These include reducing background interferemgtimising material

choices and enhancing signal intensity to increase throughput and precision-timreaind

32



singlecell analysis. Further innovations, particularly in material engineering and signal

processing, will be crucial for the future ofgltfield.

1.4.4 Raman Theory
¢KS awlYly 9FFSOGé¢ 61 a8 FTANRG GKS2NBGAOKf & L
mechanical formulations from Kramers and Heisenberg in 1925, and Dirac in 1927. The effect
was experimentally observed by Raman &htlA a Ky 'y Ay wmMopHy X £ S RAy3
experimental setup was relatively simple: he used sunlight as the light source, with a violet
filter to isolate violet light, and a green filter to detect scattered green light. When violet light
scattered through different liquids, Raman noticed the appearance of a green component,
marking the first observation of what is now known as Raman scattering. The Raman Effect
can be understood through two theoretical frameworks: classical electrodynamics and

guantummechanics, each offering different insights.

1.4.4.1 Classic Theory

In the classical description, molecules are modelled as collections of bonded atoms that
vibrate at characteristic frequencies. These vibrational motions, which are often
approximatedas perfectly harmonic for simplicity, are intrinsic to the molecular structure.
For small symmetric molecules likeh and/ / ,syb-modes such as stretching and bending
can be clearly identified and analys@23) When light interacts with a molecule, the electric
field component of the incident electromagnetic wave distorts the electron cloud, inducing
a dipole moment¥). This induced dipole moment is pragional to the electric field§), as

expressed in the relationship:

p=oak 1.4.4.1

whereh represents the polarisability of the molecule. The polarisability, a measure of how
easily the electron cloud can be distorted, is a tensor described by comporghsich

depend on the molecule's orientation relative to the electric field. For sinplionany
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models neglect geometric factors such as orientation and spatial arrangement, focusing

instead on the bulk behaviour of the polarisability ten§222)

Light, as an electromagnetic wave, primarily interacts with matter through its electric field
componentE which oscillates with time. The ter& is the amplitude of the wave, indicating

the maximum strength of the electric field, with larger values corresponding to more intense
light. The cosine functigrtos(Z #), defines the oscillatory nature of the field. Within this
term, /v is the frequency of the wave, measured in hertz (Hz), determining how many cycles
the wave completes per second, anapresents ime. The facto2™ converts the frequency

into angular unts (radians per second), aligning with the periodic nature of the cosine

function. This field can be described mathematically at a phase of zero and a frequgncy

E = Ej cos(2myt) 1.4.4.2

When a molecule vibrates, any change in the polarisabifity lsond or group of atoms can
be expressed as a Taylor series around the equilibrium position. For small vibrations, this is
simplified by considering only the firstder change in polarisability with respect to the

vibrational displacementy) alongthe vibration axis:

0
o =ap+ ( O‘) - 1.4.4.3
'/ 0

Here,ho represents theequilibrium polarisabilitywhich is the intrinsic polarisability of the
molecule when it is at rest and not vibrating. The teonK " W Krdpresents therate of
change of polarebhility with respect to the vibrational displacemerq,), evaluated at the
equilibrium position. This indicates how sensitive the polarisability is to changes in the
molecular structure as it vibrates. The vibrational displacemgytdescribes how fathe
molecule's atoms move from their equilibrium positions due to vibrational mot@m small
vibrations, this displacement can be approximated as a harmoniiomanathematically

expressed whergpis theamplitude of vibratiorn is the vibrationalfequency, and is time.
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@ = qo cos(2mv,t) 1.4.4.4

Substituting these equations into the expression for the dipole momerit, h r@sults in a

time-dependent dipole moment:

Ja

wu(t) = apEy cos(2mipt) + (aqv

) - Epqo cos(2mt) cos(2mu,t)
0

1445

The first term homcos(Z &) represents RayleighGsl G G SNAY IS HKSNB (GKS
equilibrium polarisability o) interacts with the electric field) of the incident light,

oscillating at its original frequencyg). This corresponds to elastic scattering, with no energy
exchanged between the light and the molecule. The second term accounts for the
contribution of molecular vibrations to the dipole moment, leading to Raman scattering.

Here, 6 K h o Ksljthe rate of bange of polarisability with respect to the vibrational
displacementd,), and the amplitude of vibratiorgg). The molecular vibration, oscillating at
frequency A, modulates the induced dipole moment, resulting in frequency shifts in the
scattered light These shifts include the Stokesh(A) and AntiStokes 4ob ¢} components,
corresponding to energy being transferred to or absorbed from the vibration, respectively.
CKAA Sldzr iA2y KAIKEAIKGE GKS O02yySHii3@de S o
vibrational motion, forming the basis of Raman scattering and its application in identifying

molecular vibrational modef23)

Using the trigonometric identit2cos(A)cos(B) = cos(A+B) + c&)Ahe dipole moment can

be defined. This is used to break down the product of two oscillating cosine terms into a sum
of two newcosine terms with frequencies corresponding to the sumB and difference

(! b).of the original frequencies. The two oscillating cosine terms in this equation are
cog2” &), representng the light's electric fieldandcos(Z ), representing the moleular

vibration(222) The dipole moment can be expressed as:
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1
u(t) = agEy cos(2mint) + 2 ( ) qoEy [cos(2m(vy — 1y)t) + cos(27(vg + )t
0

1446

This equation reveals three components of the dipole moment:
1. Rayleigh scatteringy): Elastic scattering at the same frequency as the incident light.

2. Stokesscattering {obA): Inelastic scattering at a lower frequency, where energy is

transferred to the molecular vibration.

3. Anti-Stokes scatteringA{+A): Inelastic scattering at a higher frequency, where

energy is absorbed from the vibration.

For Raman sctring to occur, the polarisability must vary during molecular vibrations. Only
vibrational modes for whictdo K h o K § are considered Raman active, with examples

previously discussed Figure 18 and Figure 19.

The vibrational frequency\y) of a molecule can be approximated using baland-spring
model, where atoms are connected by "springs" representing chemical b@2@s 233) The
frequency of harmonic vibrations depends on the bond strength (spring con&leamd the

reduced nass $m) of the bonded atoms:

1 |k CUCE 1.4.4.7

Stronger bonds (e.g., double or triple bonds) have higher spring constants, leading to higher
vibrational frequencies. Conversely, heavier atoms increase the reduced mass, resulting in
lower frequencies.Raman spectroscopy is particularly effective in gsiag organic

compounds rich in carbon and hydrogen, such as those found in biological systems. Bonds

with large polarisability changes, including C=C, C=S, S=S, and aromatic structures, produce
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strong Raman signals, whereas highly polarised bonds likeoNS¢H have a weaker scatter
(256)

However, classical Raman theory involves approximations. Molecular vibrations are
anharmonic, meaning overtones and comdition bands appear but are weaker than
fundamental vibrations. Highesrder effects, ignored in this theory, can lead to Horear
phenomena such as Stimulated Raman Scattering, Hyper Raman Scattering, and Coherent
anti-Stokes Raman Scattering (CAR®)ichvextend the utility of Raman spectroscopy in
advanced analytical applicatiof&76)

1.4.4.2 Quantum Theory

Quantum theory works on the assumption that a molecules energy is quantised, meaning it
can only occupy specific energy levels. These energy levels consist of electronic, vibrational
and raational components, represented &= E+E, + E. Here, electronic energy levels are

the most widely spaced, followed by vibrational levels, while rotational energy levels are the
most closely spaced. This hierarchy of energy spacings underpins tmetdisansitions

observed in molecular spectroscopy.

Vibrational energy levels can lapproximatedusing a harmonic oscillator model, which

describes the vibrational energy as:

1
E, = hy, (”0 + 2) 1.4.4.9

wherehA & t f I y O AQsihe Giraficnal freguérty, ands the vibrational quantum
number ¢I'  n X mThis &quaXah shows that vibrational energy levels are evenly spaced
in the harmonic approximation, with the lowest energy state ) representing theground
vibrational state The quantised nature of these levels explains why molecules exhibit

discrete spectral features in vibrational spectroscopy.

In Raman scattering, when an incident photon interacts with a molecule, the molecule

temporarily enters a virtual statet KA & adG+F 4SS A& y20 2yS 2F GKS
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energy levels and exists only fleetingly. The transition to this virtual state is classically
FT2NDARRSY o0dzi Aa fft26SR Ay |ljdzt yidzy YSOKIyAOa R
which permits suchransitions within extremely short timeframes (typically less than one

picosecond). The virtual state allows the molecule to scatter the incident photon either by

losing energy (Stokes scattering) or gaining energy-&toties scattering221)

Unlike processes such as fluorescence, where a molecule absorbs light and transitions to a

real excited state, Raman scatterimyolves the molecule remaining in the virtual state only

ONASTFtfe 06SF2NB NBOGdNYyAy3a (2 | RAFFSNBYG ljdzZ yiAasSs
reflects the difference between the initial and final molecular energy states, which

corresponds to a brational mode.
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Figure 111: A Jablonski Energy Diagram illustrates the distinctions between (1) IR
absorption, (2) Rayleigh scattering, (3) Stokes Raman scattering, (Btakéis Ramar
scattering and (5)luorescence. The energy levejaiid & represent different

vibrational states at varying frequencies. A dashed line indicates a virtual state. C
highlight the light shifts, either red or blue, with green representing the incident lig
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At room temperature, most molecules occupy their ground vibrational state@, with the

population of higher energy levels followindgaltzmann distribution

n; o—hvi/kT

N - ) hy; /KT
i€ 1.4.4.10

Wheren; is the population of a specific vibrational/éd, N is the total number of molecules,

hv, is the energy of theth vibrational levelkA & . 2t G 1 Y I y y Dsithe@ligseluied | y i =
temperature.This distribution explains whytokes transitionswhere molecules start in the

ground state and scatter to a higher vibrational state, are more common AriRStokes

transitions which require the molecule to already be in an excited vibrational state.

1.5 Deformation Cytometry in Cancer Research

Singlecell techniques are often slow and require large sample sizes for statistieaanele.

Flow cytometry offers an alternative approadmalysing thousands of cells per second to
measure physical and chemical trailbeit requiring sample labally (277). Cells pass
through a laser beam in single file, with scattered light providing data on properties like size
and shapeThe addition of labelling witfluorescent labelsprovides furtherchemicaland
molecular information Deformation cytometry is relatively new form of cytometry that
measures the mechanical properties and is thus complimentary to conventional cytometry

modalities

Biological materials exhibit mechanical properties across different scales, from protein
filaments to whole organdn cancer research, one challenge is linking biological changes to
pathology whilst finding suitable methods to map tumours across various length scales. Cell
deformability arises from a complex interaction of its subcellular components. Disease can
alter these components, including the cytoskeleton, nucleus, and cytoplasm, making
deformability a useful marker for identifying diseased c€lg8, 279) When applied to

I NNB G (i Q& de¥efopnent]Kitlcahd®e used to mechanically profile cells to identify
diseased populations whilst tracking changes in their mechanical properties throughout

disease progression to cancer.
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1.5.1 Structure- and Fluidinduced Deformation

Cell deformation via microfluidic techniques can be classified into two categories: structure
induced and fluidnduced deformatior(280) Structureinduced deformation occurs when a

cel is passed through a constriction channel narrower than the cell diam@tex Q. This
method measures parameters such as cell elongation, transit time, and recovery to
determine cell stiffness. It is particularly useful for studying red blood cellheasarrow
channels mimidn vivocapillaries. Shelbgt al., first used this technique to deform malaria
infected red blood cell$281) and Zhenget al., paired it with impedance measurements,
eliminating the need for image analy$32) This enabled higher throughput (~ 100 cells /

s) whilst analysing parameters like transit time and impedance ratios. However, cell volume

and adhesion to th channel walls can affect results, and the smaller channels are prone to

clogging, which limits throughput.
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Figure 112: The principles of deformation cytometry are illustrated as follows: (a) «
setup; (b) aschematic of the crossot device featuring inertial focusers provided
deformation at the stagnation point; (d) a higipeed image captures a deformation ev
(e) shape parameters used to quantify deformability are defined; (f) a density scat
presents drmability measurements. Repréa with permissiorg8).
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Fluidinduced deformation, on the other hand, deforms cells through shear or extensional
hydrodynamic forces rather than structural confineméa83, 284) This approachvoids the
friction and adhesion issues present in structimduced deformation. Constriction channels
with widths slightly larger than the celM > D can apply shear fluid stress, as demonstrated
by Zhanget al.,who showed that red blood cells undergtretching, tumbling and recoiling
(285)¢ with these cells naturally deformable, this method is less effective for other cell types.
Extensional flow, where a velocity gradient is created between a larger chamber and a
contraction area, has been shown to induce more significaeforination. Leeet al.,

demonstrated that extensional flow deforms cells more efficiently than shear(286)

1.5.2 Microfluidic Geometry

A crossslot geometry can be used to generate extensional flow, using two opposing inlets
and outlets to deform cells at the stagnation point (SP) in the centre of the junction. This
method can achieve high strains (> 50(8)but requires cells to be focused along a central
streamline, which can be achiedeusing inertial(287) or viscoelastic(288) focusing.
Deformability cytomety (DC), introduced by the Di Carlo Grd8putilises inertial focusing

and a crosslot geometry to mechanically phenotype cells. This method significantly
increased throughput, reaching up to 20,000 cell4289, 290) The applied stress field
depends on the cells initial size and shape, so these properties are measured independently
for classificatior{291) Deformability is defined as the ratio of the cells major and minor axes,

with density scatteplots used to visu#se the data.

Microfluidic techniques such as DC utilise kégleed imagig to capture thousands of cell
deformation events, generating extensive datasets that require significant computational
time for analysig often resulting in a delay of around hinutes before results are available.
To overcome this limitation, the Guck group developed Héake Deformation Cytometry
(RTFDC), which allows for continuous acquisition of deformation data withtieed analysis
(292)

RTDC employs constriction deformations where the channels width exceed the cell diameter
(W > D and suspends cells in higiscosity buffers to enhance shear forces induced by
proximity to the channel walls. This s@tcauses cells to deform into a bulléée shape due

to the strong velocity gradients within the channel. WhilstIRT operates at a throughput
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of 100 cells / s, lower than DC, it has analysed total cell populations exceeding 100,000,
O2 YLJ NBR dcessing of @aly alfdMd thousand despite its faster rg280) The
deformations in R-DC are relatively small and astmmetric, making them more

challenging to characterise than thogeDC.

Mietke et al.,developed an analytical model for OIC that relates elastic parameters to cell
deformation by combining theory with simulations and experime(&93) By assuming
steadystate deformations, they calculated surface stresses on an isotropianjpressible
sphere within a cylindrical channel and used these as boundary conditions to solve linear
elasticity equations. The model, valid for small deformations, allowed them to calculate the
elastic moduluskE of cells, effectively decoupling size fronefdrmation. Although their
results agreed well with experiments using rectangular channels and agar beads of known
stiffness, the elastic modulus measured for HL60 cElsX.48 + 0.51 kPa) was around nine
times higher than values obtained using atomdocE microscopy. They suggested that the
shorted timescale of RDC (~1 ms) or the dominant influence of the cell membrane and

cytoskeletal cortex might explain this discrepancy.

Guillou et al., used a crosslot microfluidic device to deform cells at lostrain (0.01

3K XK 1 dm RenuntbefsR< (22 alowing them to apply an analytical model to extract
mechanical propertie€94) They employed a viscoelastic typgarameter powedaw model
to predict the shear modulus of cells, validating their results with micropipette aspiration and
comparisons to dextran particles. Due to the requirement that cells pass through the
stagnationpoint of the device, the number of cells recorded for each flow condition was
NBfIFGAGSEe t26 omn X YV X onv YR GKS Y2RSt 41 a

Integrating traditional precise techniques with microfluidics has the potential to ereijh
throughput systems capable of outputting mechanical properties. For instance,ébatk
combined continuous cell flow through a microchannel with optical stretching
measurement$295) This method requires precise alignment of laser fibres on editer of

the microchannel, adding complexity. Micropipette aspiration can also be integrated with
microfluidics to increase throughput and extract properties like elastic mod@es) but

the rectangular shape of microchannels may reduce the applicability of traditional
micropipette aspiration moels. The elastic modulus measured using different techniques
can vary due to several factors. Firstly, materials often exhibit viscoelastic behaviour,

meaning they possess both elastic (G') and viscous (G") characteristics. As a result, the
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measured moduls can be ratelependent, varying with the speed or frequency of the
applied force. Secondly, variations can arise due to the depth of indentation or the extent of
deformation. At shallow indentations, the mechanical response may primarily reflect the
properties of the cell membrane, whereas deeper indentations engage underlying structures
such as the actin cytoskeleton, resulting in different modulus values. Similar considerations
apply to wholecell deformation. These factors may contribute to the disarmges reported

in the literature (290).Additionally, throughput remains limited compared to other
microfluidic techniques like DC and-BT. Further detailed discussions on the advantages
and disadvantages of various biomechanical assays can be found in litd280r&90, 297,

298)
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153 Shear and Inertial Forces

Hydrodynamic cell stretching results from a combination of shear and inertial forces, with
the Renumber indicating whether shear or inertia dominates. The flow regime is influenced
by device geometry, cell suspension viscosity and flow rate, with this configuration allowing

for the induction of both low and high strains across various flow conditions

The shear force acting on a spherical particle is derived from the viscous stresses exerted by
the surrounding fluid. This force is proportional to the shear raf@(nd the fluid's dynamic

viscosity ¥). For a spherical particle with radiughe shear forcéF) is given by:

. 2y
F, ~ yp(4nr") = 2xUpr 1511

The shear rate! ()¢ quantifies the rate of deformation of the fluid layers, whilst the fluids
resistance to deformation is quantified as (Udepresents the relative viscosity between the
fluid and the particleShear forces dominate in low Reynolds nhumb®e fegimes, where

viscous effects are significant, such as in microfluidic devices or Stokes flow.

LYSNIAFE F2NOSa FNARAS RdzS (2 (GKS LIMNGAOf SQa

spherical particle moving in a flow with velodidythe inertial force &) is given by:

1
Fo~ 5pU Cp Ay 15.1.2

The density of the fluid is represented using, ith G the drag coefficient, dependent on
the Re Theprojected crosssectional area of the particlé (¢ for a sphere), is denoted using
Ao. This equation shows that the inertial force scales with the square of the relative velocity

(V) and is influenced by the drag coefficie@b), which varies based ahe flow regime.

The dominance of shedl) or inertial () forces depends on the flow regime:
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1 Sheardominated flow: At lowRe viscous forces govern particle motion, wigh
proportional to the viscosity>) | YR aKSIF NJ N} S 0 ¢

1 Inertizzdominated flow: At higlRe inertial forces become significant, scaling with
the fluid density () and the square of the velociti?).

1.5.4 Microfluidic Theory

Microfluidics revolves around controlling and manipulating fluids in chanmblsh have
dimensions typically on the micrometre scale. At this scale, the behaviour of fluid flow is
dictated by the interplay between inertial and viscous forces, WithReynolds numberRe
serving as a dimensionless parameter to quantify their relative importé2@@) Recan be

expressed as:

Re — inertial forces  pvDy 154.1

viscous forces L

Where Recan be determined usinghe fluid density (), mean flow velocity), hydraulic
diameter of the channelly) and fluid dynamic viscosity)( Reprovides critical insight into
flow characteristics, distinguishing between laminBe& 2300 and turbulent Re>4000)
regimes. In microfluidics, the extremely small dimensions of channels ensufRdterhains
low, often < 1, resulting inlaminar flow, where fluid moves in smooth, predictable

streamlines with negligible turbulen¢@00)

The hydraulic diameterD¥y) quantifies the effective diameter of necircular channels,
accounting for the geometry of the cresection. For rectangular micichannels, itis

calculated as:

1.54.2
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The crosssectional area of the channel is defined k), the perimeter of the channel by
(2w +2h), along with the widthw) and heightlf) of the rectangular channéerhis parameter
ensures thatquations developed for circular pipes, such as the Reynolds number, can be

applied to micrechannels with arbitrary shapes.

At low Re viscous forces dominate, leading to laminar flow, where particle velocities are
stable and predictable. This contrastgtwturbulent flow, seen at higliRe characterised by
chaotic, unpredictable particle paths due to inertial instabilities like vortices and eddies. The
transition between these regimes occurs at a critical Reynolds number, typically dresnd
2300 for circular pipes. However, this value varies with channel geometry and surface
properties. In microfluidic systems, laminar flow dominates because of the small channel
dimensions, and systems often operate under Stokes fRe«(1), where inertial effects are
negligible An intermediate regime, roughly<Re< 10Q allows for subtle inertial effects that

can be exploited for particle focusing and sort{891)

In microfluidic channels, flow resistance plays a significant raietermining the system's
performance. The relationship between pressure drg@)( flow rate Q), and channel
resistanceR;) can be determined via the equatigi?=QR;, with the channel resistance for

a rectangular channel given as:

f(B)u(2w +2h)*L 1.5.4.3
32(wh)?

Ry =

Wheref( ) is a dimensionless function of the channel aspect atiohl w), calculated using
a polynomial expansiom,is the channel length, and andh refer to the channel width and
height, respectively. For channels with high aspeckiataF 00> GKS Fi2g 0S02YSa

one dimensional, simplifying calculations and system dg&SiQR)

The aspect ratioi (= h / w) plays a crucial role in determining flow characteristics within
rectangular micrechannels. Functiofi(i ) accounts for these geometric effects, as shown

below.

f(B) = 96(1 — 1.355383 + 1.94675% — 1.70123° + 0.9564/3* — 0.25375°)

1544

46



The coefficientsl.3553, 1.9467, 1.7012, 0.9564, and 0.2%8€ empirically determined
through mathematical fitting to experimental data and numerical simulations. These
coefficients ensure tha i adcurately represents the relationship betweaspect ratio and

flow resistance for rectangular channefé. i modifies the general resistance equation for
rectangular channels to make it more accurate for different channel geometries, ensuring
that the flow resistance reflects the true fluid behavidar a wide range of aspect ratios,
from square channels (=1) to very flat channels (M0). Wheni ['themhannel is square,
and the function simplifies to the case of equal width and height. When 'y heichanrikl
becomes highly rectangular (flagnd the function accounts for the confinement of flow in

one dimensior(303)

1.55 Detection of Disease Progression

Mechanical phenotyping plays a key role in disease diagnostics by identifyiagediseells

based on their mechanical properties. Changes in cell deformability have been linked to
conditions like cancer, sepgi804) diabetes(305) malaria(306) and sickle cell anaemia
(307) Cancer is a frequent focus, as studies consistently show that malignant cells are less
stiff than healthy one$308) This reluced stiffness is thought to result from a disorganised
cytoskeleton, which allows cancerous cells to invade tissues more easily and metastasise. Cell
stiffness or softness is quantifiable by measuring strain from applied forces or calculating
mechanicaparameter like the elastic modulus, where a lower modulus indicates softer cells.
For instance, Crogd al.,used atomic force microscopy to show that malignant cells are over

70 % softer than normal tissue cg]B09)

Highthroughput screening is often necessary in mechanical phenotyping, as diseased cells
may make up only a small fraction of a sample. Microfluidic techniques have been successful
in distinguishing cells with various diseasks.one study, Tset al., used DC to identify
tumour cells in pleural effusion samples. Scatter plots of cell diameter and deformability
created distinct regions for healthy leukocytes and malignant pleural cells. A scoring system
(1 ¢ 10) was developeddtassess the likelihood of malignancy, achieving 100 % accuracy for
most of the cell population, with cells in certain regions requiring additional techniques for
precise diagnosig291) Armistead et al. used a microfluidic device to measure the

deformability and relaxation afolorectal cell linesSW480, HT29, and SW620, representing
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primary, advanced, and metastatic stages, respectively. The results showed that metastatic
SW620 cells exhibited the highest deformability and lowest elastic modulus, indicating
increased softness, wiki SW480 cells, from a primary tumour, were the least deformable.
Relaxation analysis revealed that metastatic cells underwent plastic deformation, whereas
primary tumour cells recovered their original shape, highlighting structural cytoskeletal
differences. Linear discriminant analysis achieved 69% classification accuracy, distinguishing
cell lines based on deformation parameters, though complete separation required- multi

parametric analysié310)

Similarly, Cheet al., combined microfluidic vortex trapping and DC to isolate circulating

tumour cells from blood samples. Cancerous samples showed a population of taager,

deformable cells, confirmed as tumour cells through immunofluoresc€tE) Microfluidic

techniques have also been used to study deformability across different cancer types and

stages, including breag®95) pancreatiq312) brain(313) prostate(314) and boneg(315)

OFyOSNER® 2KAfald GKS YSOKFIYyAOFIt atadA¥TFySaa 2F azy
previousy investigated using atomic force microscqf¥6) there is yet to be any published

DC results regarding the drAaNBaaAz2y FNBY . FNNBGGQa 2Saz2LKI13

adenocarcinoma.
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1.56 Cellular Biomechanics

1.56.1 The Membrane

Cell membranes are primarily composed of a phospholipid/éilaapproximately % nm

thick, held together by nowovalent interactions. These membranes are fluid and dynamic,
allowing lipids to move freely within the membranes plane. In addition to phospholipids,
membranes contain cholesterol and various proteins. The three key typesembrane
proteins are integral, peripheral, and lipahchored proteins, each playing crucial roles in
biological functiong317) Integral proteins span the membrane, with functions such as
forming ion channels that regular ion flow via chemical or mechanical triggers- Lipid
anchored proteins are covalently attached to lipid molecules, securing them to either side of
the membrane. Peripheral proteins are temporarily associated with integral proteins or the

membrane surface.

Membrane proteins also link the membrane to theasjiteleton, maintaining cell shape and
integrity. Additionally, these proteins facilitate cell attachment to the extracellular matrix
(ECM) and neighbouring cells, forming tissues. Whilst the membrane #ikkiidontributing

to the cells viscosity andsistance to bending, the cytoskeleton is considered the primary
factor in determining cell mechanics. The cytoskeleton is responsible for maintaining cell
shape, organising organelles, enabling cell division and facilitating movement. Being highly
adaptalle, the cytoskeleton constantly reorganises itself in response to environmental cues
and signalling pathways, such as those active during the cell cycle when DNA replication and
division occur. It also plays a crucial role in processes such as tissugpdeset and would
healing. Composed of three filament typeketailed inFigure 13microtubules, intermediate
filaments and actin filamentg&lso known as microfilameniswith eachservinga distinct

mechanical and functional ro(@18)
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Column of Tubulin Actin Fibrous subunit

tubulin dimers dimer subunit (keratins coiled together)
s@es pmoo |
) _’u -— = -~ .
(a) Microtubules (b) Microfilaments (c) Intermediate filaments

Figurel.13: (a) Microtubues: Hollow cylindrical shape composed of many small sp
Measures 25 nm tall. (b) Microfilaments: 2 strands of actin subunits, denoted b
spheres, twisted into a helix shape. Measures 7 nm tall. (c) Intermediate filaments:
subunit of keatins coiled together. Measuresl2 nm tall(2)

1.5.6.2 Microfilaments

Microfilaments, also known as actin filaments cadiin, are the thinnest of the three

cytoskeletal filaments in eukaryotic cells, with a diameter qfI0 nm. They are formed by

the polymerisation of actin monomers {&&tin, ~ 42 kDa), which sel§semlte into a double

helix structure with a pitch around ~ 72 nm. Actin filaments are polarised, with two distinct

ends: the barbed (+) end, where thea@tin is preferentially added, and the pointedl ¢nd,

where disassociation occu(819) When the rates of polymerisation and depolymerisation
attherespectiveSy Ra | NB ol f | yOSR:E (KS FAfl YSyild SEKAOAGA

forward.

The stiffness of cytoskeletal filaments is defined by their persistence lehyttWhen a
filaments length is below itl, it behaves as a flexible rod, whilst lengths ablwause the
filament to behave like a 3D random walkaé¢tin has a persistence length of¢3L7 pum,
longer than intermediate filaments (200 ngnl um) but shorter than microtubules (4 8
mm) (320) Actin filaments form bundles and networks that regulate cell shape and provide

structural support. Various actininding crosdinkers control the orientation and spacing of
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thick network called the actin / cell cort€821) This structure, consisting of actin filaments

and myosin motors anchored to the lipid membrane via the membrane protpiasjdes

mechanical rigidity and helps maintain cell shape. Myosin motor proteins, which move along

actin filaments in an AT&ependent manner, generate tension and transport intracellular

vesicles. Due to the fluidity of the membrane, the protein compdsef the cortex turn

over rapidly, giving it a dynamic plastic nature. The composition of the lipid membrane and

the actin network are closely linked and changes in one can lead to mechanical changes in

the entire cell.

1.56.3 Microtubules

Microtubules, with a diameter of 25 nm and lengths ranging fromGr2to 25um, are the
largest of the cytoskeletal filaments. These are composet afdi tubulin dimers that
polymerise in a helical structure, forming filaments with a pitch of around 13 dimdrish
selfassemble into cylindrical structur€322) They extend radibl from the nucleus, helping
maintain cell structure and enabling transport between the nucleus and other parts of the
cell. The centrosome acts as the main organising centre for microtubule formation,
promoting their characteristic radial growth. Two motgroteins, kinesin and dynein,
facilitate transport across microtubules, with each protein moving in a specific direction

determined by the filaments polarity, which is defined by theri subunits at the ends.

Microtubules are the stiffest of the cystieletal filaments, with & of 4¢ 8 mm(322) Despite
their rigidity, microtubules contribute less to overall cell mechanics compared to
microfilament, which, although individually less stiff, gain mechanical strength through

extensive cros$inking.

1.56.4 Intermediate Filaments

Intermediate filaments, with a diameter of X024 nm, are named as so because their size
falls between microfilaments and microtubules. Unlike microfilaments (madeaati@) and
microtubules (made of tubulin), intermediate filaments are composed ofginstencoded
by 70 different genes;ategorisednto six subtypes based on their amino acid sequences and

structures. Their final structure consists of eight protofilaments twisted into a -fikge
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arrangement. As they assemble into apérallel tetramersintermediate filaments lack the

polarity (distinct plus and minus ends) seen in microfilaments and microtubules.

2 A0K Y2NB aidloAaftAiide FyR fSadaa ReylrYAOS GKSNB A& y
not observed in cell motility, their assembly andisassembly is regulated via

phosphorylation. They serve various functions such as supporting the cell membrane and

anchoring organelles within the cytosol. Cytoplasmic intermediate filaments include

vimentin and keratin, whilst lamin is an example ofiglear intermediate filament, providing

structure and mechanical stability to the nucleus. These filaments undergo disassembly and

reorganisation during mitosis.

The most flexible of the cytoskeletal components, intermediate filaments hgwe 200 nm

to 1 um, withstanding strains up to 200 % without break{8@3) This resilience is due to
their hierarchical structure, allowing unfolding of subunits without rupturing. In the cell actin
filaments form a peripheral cortex responsible for resisting mechanical sthdssve a
certain strain threshold, cytoplasmic flow occurs, and intermediate filaments maintain cell
integrity by allowing flexibility without making the cytoskeleton overly rigid or prone to

excessive deformatio(824)

1.6 Thesis Aims and Outline

The aim of this PhD project was to investigate and identify biochemical changes on live single

OStfta FTNRY KSIftidKe 2Saz2LKIISHf SLIAGKSE AdzyZ (KN
oesophageal adenocarcinoma. Thesg@eriments were conducted on microfluidic devices,

and conducted using biophysical techniques such as Raman spectroscopy and deformation

cytometry. Both the current literature and theoretical background were covered in this

chapter Chapter 3. The nextchapter of this thesis Ghapter 3 constitutes the

methodologies that were optimised and utilised for this research.

Chapter 3is the first results chapter and here | introduce the first set of single cell results

obtained using Raman spectroscopy on eated single cells from cell lines: HEA, CPA,

CRB, CRC, CH, and OE19. The presented analysis details the assigned cell peaks with most

relevance for each cell line, whilst identifying differences between eachcatgdgory

through multivariate analis.Chapter 402 y 1 Ay dzS& GKA&a aid2NBX $gAGK GKS
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cell lines: CRA, CFB, CFC, and CP, exposed to fluctuating pH and the presence of acidic
bile salts in order to mimic the changing physiology seen in patients experiencing regular
gastiic reflux episodes. A combination of Raman spectroscopy and morphological analysis
determines the effect of recurring changes to the extracellular environment, made possible
through the use of microfluidics. Changes in the mechaiotogy of each stage afisease
progression are explored i€hapter 5 where deformation cytometry is performed to
determine changes within the cellular cytoskeleton under different flow regimes. Cell lines
HET1A, CRA, CPB, CRC, CHD and OE19 were tracked and analysed usiognabination of
machine learning technigues as well as convolutional neural network (CNN) analysis. This
work is summarised i€hapter 6where the conclusion for each chaptiercrossreferenced

with an overview on the next steps for the continuation aktivork. All of the data presented

in this thesis is novel in regards to single cell characterisation for all six presented cell lines

usingRaman spectroscopy and deformation cytometry, on a microfluidic device.
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2 Experimental Methods

2.1 CellCulture and Viability

Six cell lines were acquired for these experiments. Human oesophageal cell liHAHET

(ATCC®CRLc dpHun 0 ¢l a dzaSR F2NJ 0KS KSI finditkognoddl2 y i NB f & ¢ K
comprised of one nowlysplastic cell line and three tigyrade dysplastic cell lines: @KR

42421 (ATCC® GRIo H T n-B/ ERP52781 (ATCC® GRRlo H y ®-0/CP94251 (ATCC® GRL

NnnHouL -DICRES21 (ATCCRGRINo nnu 0 X NBALISOGABSted ¢KS OS¢
(ECACC 96071721) was used as a representativie$ophageal adenocarcinoma. All cell

lines were authenticated and confirmed negative for mycoplasma infection.

Healthy (HEM! 0 'y R . I NNBGGQa HSCGR IO aBdeP) Webef  f Ay Sa 6
cultured in keratinocyte serudree media (KSFM, Invitgen), and the oesophageal

adenocarcinoma cell line (OE19) was cultured in RPMI cell media containing 2 mM glutamine

(Thermo Fisher, UK). Both cell media were supplemented with 10% foetal bovine serum

(Merck Life Science Limited). Cells were washed andagadsusing Dulbecco's Phosphate

Buffered Saline (Merck Life Science Limited) and TrypLE Express Enzyme (Thermo Fisher, UK).

Culture was maintained at conditions of 37 °C and 5%t a maximum passage number

of 20. Cells were passaged immediately befexperimentation and resuspended in their

appropriate culture medium before flowing through the respective microfluidic device at a

flow rate of 3 yL/min.

Confocal microscopy was performed on samples of cells using a Leica DMi8, allowing
simultaneous captre of bright field images and fluorescent images. Cellular viabilighim

was determined by running both a live and dead stain through the device at 3 pL/min after
each experiment (Viability/Cytotoxicity Assay Kit, Calcein AM, Sytox [EB&250, Thermo
Fisher, UK). A 488 nm optically pumped semiconductor laser aided sequential excitation and
fluorescence emission was measured from 490 to 525 nm. Images were captured using a
Mn P RNE 202SO0AQ@SO
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2.2 Acidic¢ Bile Salt Solution

An acidic bilesalt solution (ABBS) was chosen to mimic gastric reflux, with the pH adidifi

to pH4 via titration of 1M hydrochloric acid immediately prior to use. The bile salt solution
comprised of taurocholic acid (TCA [T4009, Sigma]), glycochenodeoxycholic acid (GCDCA
[#50534,Sigma])), glychocolic acid (GCA [#360512]), deoxycholic acid (DCA [D2510, Sigmal),
and glycodeoxycholic acid (GDCAZ86755, Insight Biotechnology]), in a 200uM equimolar
mixture. All salts were solubilised in DMSO prior to media addition, not exceadhni%o

(v/v) final concentration. An equal volume of DMSO was added to the untreated cell group
as a control. pH test strips were used prior to, and periodically during, the experiment to

confirm that the ABBS remained at pH 4.

2.3 Microfluidics

2.3.1 Single Cell Trapping

Whilst the integration of singteell traps with microfluidics has been previously documented

(325, 326)these traps exhibit inefficiencies for Raman spectroscopy applications due to their
subgantial structure, which results in a significant contribution to the background signal from

PDMS material. The trap region comprised a single chamber featuring swaklshapiéd

designs that arranged single cells in an offset array by half a periotieAtction of the

g2 aéAyIaés | 3ILLI 2F FLWINREAYLFIGStEe p xY ¢
measuring between 1013 um. Originally designed for trapping liquid crystal dropl8gy)

the swallowtailshaped hydrodynamic trap design was adapted for this research. This design
offers several advantages over traditionaar structures. First, the configuration of the
GoAy3Iaé YAYAYAaSa GKS NBaradlryoS 2F GKS 3L
challenges associated with creating patterns with intricately small features (< 10 pum) within

a relatively thickayer of SU8 (25 um). Lastly, this trap structure is capable of capturing larger

cells when the flow direction is reversed, enabling it to function as a-whoale trapping

system.

The device structure and trap desigare further detailed in Figure 2.1. ier to
experimentation, cell clumps and debris were filtered out using a 20 um cell strainer. Single
cells were introduced to the device via the inlet port, as shown on Figure 2.1a, where they

flowed through the trapping chamber at a flow rate of 3 pL/minth excess single cells
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removed oftchip through the outlet. Single cells were trapped in the swallovetagped
PDMS traps, illustrated in Figures 2.1b and 2.1c.

(a)

b ~. 2
@ — CF
(b) :::::::: (c) gﬁgﬁg%t@%
\'\’\'\’ g @ @ €
l"‘l\'\ 1
LI IR TRl e € g % @
ot et et $0605,S
ok 4 Bt ST

Figure 21: (a) The singlehambered cell trappindevice was designed using autocad i
clewin. Both inlet and outlet have been appropriately labelled, with an arrow indicati
the flow direction. (b) Schematic of the swallowsdiaped single cell traps, with each r
positioned offset to allow for optiai cell trapping. (c) BrigiE A St R A Y| 3S
oesophagus single cells (BPtrapped orchip.

2.3.2 Deformation Cytometry

Microfluidic devices featuring a croskt configuration are widely utilised to create
extensional flow, which is integral to this thesis for the deformation of single cells under
varying flow conditions. lllustrated in Figure 2.2a is the csiesdevie, designed using

AutoCAD, as previously published by Armistegal.,(12, 310)

A suspension of single cellat a concentration of -3 million cells/mLwas introduced
through the inlet port depicted in Figure 2.2a. Prior tednp filtration (Figure 2.2ai) samples
were passed through a 20 pum cell strainer to break up any large clumps. Figure 2.2b provides
a closer look at an array of filtering pillars, spd a minimum of 50 um apart, and designed

to prevent blockages downstream caused by cell debris.
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Following filtration, the single cells were divided-cimp into two channels of equal size.
These channels then converged at a junction where two opposing inflowing channels met
two orthogonal outflowing channels (Figure 2.2aii). This junction was dekigsethe
extensionalflow junction, with further details provided in the schematic shown in Figure
2.2c. Itis at this location that the craskt configuration produces extensional flow, resulting

in cell deformation at the stagnation point located aethentre of the junction. All channels
within the extensionaflow junction measured 35 pm in width and 25 pm in height.

Subsequently, the sample exits the device via one of the outlet ports.

( a) OUTLET

OUTLET

Figure 22: (a) The crosslot device was designed using AutoCAD, featuring labelled
and outlets, with arrows indicating the flow direction. Key highlighted sections inclut
an onchip filter and (ii) the extension#éibw junction. (b) A schematic depitte onchip
filter positioned after the inlet to prevent larger particles from causing downstream
blockages. (c) The extensiofflaww junction, the critical feature of the creskot device,
where cell deformation takes plagé)

2.3.3 Master Fabrication

The fabrication of microfluidic devices typically consists of three key stages: designing the
device geometry using AutoCAD and CleWin softwares, creating a master template, and

finally, using soft lithography to produce devices from the master.

Masters br the devices were made usingirg&h silicon wafers coated with the negative

photoresist SE8 2025 (Microchem, Warwickshire, UK). The wafers were initially cleaned

AN ¥ oA A x

using a piranha wet etch f(8Q & HO0 G G SYLISNI G4 dzZNBS& SEOSSRAyY 3
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Pog-cleaning, they were rinsed and stored dieionisedwater, as shown inFigure 23a.

Beforeuse, the wafers were dried with a nitrogen gun and heatef 'y 2 @Sy G wmyn 6/
approximately 20 minutes. Once cooled to room temperature, the wafers were placed on a

spin coater EMS 6000) to apply a uniform &yof SU8. The acceleration, speed, and spin

times were adjusted to achieve the required photostghicknesgFigure 23b).

To solidify the S\8 layer, a soft bake was performed, evaporating the solvent from the SU

8. The wafers were placed onraom-temperature hot plate (EMS 10eQ} Salisbury, UK),

GKAOK ¢l a GKSy aSi G2 pp e/ FYR Fft28SR (2 KSI
6/ F2NJ on YAydziSad o0SF2NB (GdNYyAy3a 2FF GKS K204 LI
temperature, which to& approximately 1 hour and@3minutes Figure 23c). Directwrite

laser lithography was then used to etch the microdevice patterns into th8 Bler with a

2 um laserspot sizeo 6+ St SYyIGdKY oTtp yYUO dzaAy3d G4KS aAONR2N
Magneto Optics)Higure 23d). As a negative photoresist, the areas of&&kposed to the

UV laser became crodisked, whilst the unexposed lasers remained soluble. The optimal

exposure dose for the designs preseah in this thesis was 400 mJ/énwhich provided fine

detail for small channels (approximately 35 um in width). Lower doses could improve

resolution but led to adhesion problems between the-&ldnd the wafer, whereas higher

doses risked overexposure, RazOA YA Kf & ISRE OKlFyy St a gARSNI GKIy Ay

A postexposure bake was carried out, following the same temperature ramping procedure
as the soft bakeRigure 23e). The wafers were developed in ethyl lactateH@Os) for
approximately 2 minutes to dissolve the uncrdissked SB, followed by a quick rinse in
isopropanol (CECHOHCH) for 1 minute Figure 23f). The earlier baking steps sometimes
cause stress in the SJlayer, resulting in cracks. A hard bake at 180 C for 15 minutes, just
below the glass transition temperature of 8210 C)geffectively removed any cracks
(Figure 23g). The resulting master could then be used for PDMS microdevice fabrication

(Figure 23h).

The height of the S8 channels was determined using a Stylus Profiler (Bruker Dektak). This
instrument employs a mechanical probe to scan the surface topography, and as the probe
moves &ross the surface, a feedback lomaintains a constarfbrce applied ly the sample.

The probe performeda line scan over an SJchannel, generating a height profile and

determining the step height of the channel.
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Silicon substrate T SU-8 2025
I f Hot Plate

(a) Clean Silicon Wafer (b) Spin Coat photoresist (c) Soft Bake (d) Expose
(e) Post-exposure bake (f) Develop Photoresist (g) Hard Bake (h) Completed Master

Figure 23: This schematic provides an overview of the production process for fabrica

SU8-silicon master, with the key steps of the protocol displayed sequentially from (a

(6)

2.3.4 Soft Lithography

The channels of thenicrofluidic device were fabricated in PDMS (polydimethylsiloxane) by

using the master as a mould to cast a negative replica of the Stiictures into the PDMS.

A liquid mixture of the PDMS and the crdisking agent SYLGARD 184, in a 1:10 ratio, was
prepared and centrifuged at 40,000 rpm for 1 minute to eliminate air bubbles. This mixture

was poured over the master in a petri digfiqure 24a) and sibjected to a soft vaccum for

about an hour to remove any residual dissolved gas in the PDMS. Following this, the PDMS

gl & OdzNBR Ay Lty 2SSy 4 tp 6/ F2N I LIWINREAY!
elastomer. Once solidified, the PDMS was calgpéeled from the masteiHgure 24b), and

inlet and outlet holes for fluid access were punched using a 1 mm diameter biopsy puncher

(Figure 24c).

To complete the device, the PDMS was oxygen plasma bonded to either a glass slide
(deformation cytometry) or a glass cover slip (Ransaectroscopy), dependent on the
experiment. Both the PDMS and the glass were placed in a plelsaaing chamber (Zepto,
Diener Electronics, Germany) and treated with plasma for 30 seconds at 0.4 mbar of O
(Figure 24d). Plasma treatment oxidises both the PDMS and the glass surfaces, replacing
hydrocarbon groups with hydroxyl groupsSi¢ O ¢ OH), increasing surface activity. The

PDMS and glass wetben firmly pressed together to ensure bonding, forming strong
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covalent bonds-GBic O¢ Si-). Finallyi KS 62y RSR YAONRTfdZARAO R

for 30 minutes Figure 2e).

PDMS

e ——

(a) Pour PDMS (b) Peel away cured PDMS  (c) Punch inlet/outlets

I

(d) Oxygen Plasma Treatment

(e) Completed Device

Figure 24: This schematic outlines the production process for fabricating microfluidic
devices using PDMS, with the key steps of the protocol displayed sequentga)y(gn

2.4 Raman Spectroscopy Protocol

2.4.1 Spectroscopy Facilities

The thesis utilised Renishaw inVia Spectrometer System integrated with a Leica DMi8/SP8
laser scanning confocal microscope. Figure 2.5 illustrates the Raman spectromitsr o
The system hdtwo excitation lasersa 532 nm DPSS diode laser (50 mW, 22 mW at the
sample) ad a 785 nm neatR diode laser (100 mW, 45 mW at the sample), both mounted
with kinematt baseplates. The 532 nm laser fzaplasma filterwith a pinhok to adjust the

laser width Motorised ND2 filters offexd 16 power levels ranging from@O005 to 100%A

beam expander was used to adjlaserspotsize (0100% expansigr{Figure 26).

The light passethrough a motorised shutter, mirrors, and a cf®m objective to reach the
sample in an inwged configuration. Biological samples were slotted iimtouse 3Bprinted
holders which containedthagnets to minimise movemermturing acquisition. These holders

were then positioned on an automated XYZ stagamiovement is handled viabjective

adjustment). The higspeed encoded stage, hdd a G SLJ a Al Sy R&FK lnégbmd >2YANBw
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software controlledacquisition settings, except for detector aaptical path changes, which

were handled manually or via Leica fluorescence confocal software.

EMCCD/
Andor
Oculars I
E N
i Entrance : : ccbp/
= M H 2
s Mirror  slit Jamor : Renishaw
r S A .
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S Rayleigh Beam ND
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Figure 25: Key features of the optical configuration of the Renishaw inVia R
microscope, simplified for claritiReprinted with permissiqi3)

Scattered light wa partially reflected to a camera for laser spot observation and calibration,
gAGK Y2ad 27F Ad G2 wléftSA3IK NBTE SO
The entrance slit sipes the laser beam for grating, with standard and high confocality modes
2F cp >Y YR >YI NBaALISOlAGgSted ¢g2

wavelengths, spread across a CCD detector. Grating movement options include continuous

A > 4 A x

H N NI G
(synchrescan)for highresolution spectra or step motion for spectral range selecliom

detectors wae available: a Renishaw CCD array detector (infrardthnced, deep

depletion, 1024 x 256 px, Peltieooled to-70°C) and an Andor EMCCD3 kighsitivity
backilluminated detector (UV/VIS measurements, 1600 x 200 px;coBked to-100°C).

These will be referred to as the Renishaw and Andor detectors.

The microscope waequipped with an EL6000 fluorescence light sourceHK® 120 LEJ), a
120 W mercury shorarcreflector lamp with a wavelength range of 3880 nm. Filter cubes
with BP5 or LP6 filters allow standard fluorescence settings. BP filters tréringht

around a specific wavelength, indicated as center/bandwidth, while LP filters traadralt
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light above a certain wavelength. Available filter cubes inatLB&PI (exc. BP 360/40 nm,
em. LP 425), FITC (exc. BP 470/40, em. LP 515), RHOD (exc. BP 540/45, em. LP 590), and TXR
(BP 560/40, em. BP 630/75). An LED1 bifighd light source with a TTL shattwas also

available for transmitted light.

Figure 26: Images of the 532 nm Raman laser through the beam expander at defocl
rates of (a) 0 %, (b) 20 %, and (c) 100 %. (d) Bigttimage of the single &®cell used
for refraction of the Raman laser.

All Raman data presented in this thesis was collected via the 532 nm DPSS diode laser,

supplying a laser power of 22 mW, at the sampldaxe, used with a grating of 1800 lines

mmb. A neasinfrared enhanced CCD arrRyS i SO 2NJ 6 MmnHn P Hpc LAESt&aZ w
G2 O02ttSO0 tAIKID ¢KS whkYly &adaedadasSy gl a OFfA0NIG
to each experiment. All sing®@St t &ALISOGNIt RFEGF 6SNB 2060FAYSR 47
objective (HC PL APO2OSND 0.13 mm NA 1.4A beam expander was positioned in the

N>

optical path between the excitation laser and the objective lens used to focus on the sample.

A29:2 RST20dzaxs 6KSYy dzaSR gAUGK || wmnn P 2062S0G4A0BSs L
>Y | &BITYKB S® ¢KS SYydNlIyOS atad ¢la asSad G2 wn >YO
across all six cell lines, utilising a step configuration with a 5 s exposure time and 6

accumulations in two different windows (3@D800 cni* and 180@3200 cntt), giving a todl

exposure time of 60 s per cell. To ensure reproducibility and account for mofooder

time, the Raman system waalibrated before each use with a standard sili@nge, which

produceda sharp peak at 520.5 étEach calibration vespecific tdhe experiment, utilising
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the same settings as expected for data collectiBackground removal using Extended
Multiplicative Signal Correction (EMSC) required the utilisation of both background spectra
and biological reference spectra to accurately idgnend isolate biological peaks. The
background spectra were specifically obtained from the cell traps, ensuring that there was
no contribution of anybiological material, only PDM#eanwhile, the biological reference
spectra were derived from a balanced dataset comprising various cell lines. This combination
of cell lines ensured a representative range of biological variability, enabling more robust

peak identification and reducirgjas in the spectral analysis process.

2.5 Raman Analysis

2.5.1 Data PreProcessing

A raw singlecell Raman spectrum can show variable background contributions depending on

GKS OStftQa LRaAGAZ2Y Ay GKS OKI WhddStafEering, | a St Ay
intensity changes due to the cell sizahim the acquisition volume;osmic ray interference

as well as intrinsic biological variatiomo ensure reliable analysis across multiple
experiments, consistent and robust ppeocessing of He gectra is essential. B pre

processing steps areethiled belowin a flow graph(Figure 27) using the sample spectra of

10 CPA single celldor image purposes (Figures 2-8.9), excited under the conditions

described in section 2.4.Both Matlab scripts were written by Dr Julia Gala de Pablo, and

were adapted with permission, with the Python scripts written by Professor Stephen Evans.
Exanple scripts and functions for both dataset creation and analysis are provided as

supplemeantary materials in the ¢hesis.

The initial dataset creation was performed using a single Matlab script, which saved the pre
processed data for efficient loading afutther analysis (DatasetCreationScript_1.mabte

code iteratively processes selected datasetslectedDataSets ) to extract Raman
spectral data. For each dataset, the program navigates to the corresponding directory and
loops through all available meamment repeats lodex [j] ). Within this inner loop, it
constructs the filename for each repeat based on a predefined naming convention, then
reads the associated/df file using a dataeading function. The-&Axis values (Raman shifts)
and intensity data gpectra) are extracted from the file and stored in a structured array

(RamanSpectra ). This systematic looping ensures all datasets and their repeats are
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processed efficiently, enabling organised extraction and storage of spectral data for

subsequent anasis.

Raman Spectra Processing

Workflow
EMSC background removal
" using “EMSCAnalysis_2.mat”
Dataset creation using
Raman spectra acquisition “DatasetCreationScript 1.mat" All spectra are aligned to a

532 nm DPSS diode laser, 1800
mm-1grating, 100 x oil lens, 20%
beam defocus (18 pm spot size).

5 s exposure time, &
accumulations, 2 windows ({(300-
1800 cm-1and 1800-3200 cm-1) =

total 40s exposure time.

PCA/LDA analysis using
“RamanPCA 5.py” &
(RamanLDA _&.py”

The PCA script identifies key
spectral features by reducing
dimensionality, visualising
explained variance, and
generating 2D/3D scatter plots,
while the LDA script focuses on
classifying samples, maximising
group separability, and
providing metrics like accuracy

Looping through each dataset
and corresponding measurement
repeats.

For each repeat, it constructs
the filename, reads the .wdf file,
extracts Raman shift (X-axis) and
intensity data, and stores them

for further analysis.

r D'
Spectral Pre-processing using

“RamanPreProcessing_&4.py”

Loaded datasets undergo pre-
processing steps including:
truncation (500 - 3200 cm-1),
baseline correction, Savitzky-
Golay smoothing (polynomial 2,
order 17), normalisation to the
amide | band (1656 cm-1) and
averaging, with SD calculation.

and confusion matrices.

—

calibration peak (520.5 em-') to

reduce variability. Background

and reference spectra are used
to isolate biological signals.

Baseline subtraction removes

low-frequency noise. Dataset is
organised into a matrix for

analysis containing information
regarding average spectra,

standard deviation and Raman

bands.

.mat to .csv conversion using
“CsvConversion.py”

Outputted .mat dataset from
EMSC background removal is
converted to a .csv file for
python analysis. Dataset outliers
are also removed during this
process.

Figure 27: Comprehensive Workflow for Raman Spectra AcquisitionprBoessing, ar
Analysis.

A second Matlab script was used for background removal (EMSCAnalysis_Zhaathde
performs EMSC to remove background signals, such as PDMS, from Raman spectra. It aligns
Fff ALISOGNF G2 | OFftAONIGAZ2Y LISH ]

reference spectra to isolate biological sigh@e. example of theénputted raw, biological,

OpHnod®p OYeéyo

background, and podEMSC spectra is shown in belBigure 2.8After applying EMSGhe
baseline is subtractetb remove lowfrequency noise, ensuring the spectra focus only on
meaningful peaks. The processed data are organisexla matrix for analysis, with key
features like average spectra, standard deviation, and peaks identified for further

interpretation. Examples of these steps asbown inFigure 29. And 2.10
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Figure 28: Examples of raw GR single cell spectra (blue), EM&rected CHA single ce
spectra (green), background PDMS spectra (black) and raw biological reference spec
All spectra have been interpolated, averaged, and smoothed using a SeBikky filte
(sgolayfilt function) with a polynomial order of Examples of raw GR single cell spect
(blue), EMSCorrected CHA single cell spectra (green), background PDMSrspgdack) an
raw biological reference spectra (red). All spectra have been interpolated, averag:
smoothed using a Savitzkyolay filter (sgolayfilt function) with a polynomial order offRe
spectrum of a single &R cell showing (a) posipline nterpolation; (b) EMSE€orrectec
Raman spectra compared to the raw data and the background contribution; (c) b
alterations postEMSC correction; (d) the final outputted spectrum.
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Figure 29 Examples of raw GR singlecell spectra (blue), EM&Grrected CFA single ce
spectra (green), background PDMS spectra (black) and raw biological reference
(red). All spectra have been interpolated, averaged, and smoothed using a S@atai
filter (sgolayfilt functiof with a polynomial order of.2
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Figure 210: A (a) raw and (b) analysed Raman spectrum of a sibB cell, post EM¢

background removal and baseline correction.

EMS@orrected datasets (.mat) were exported to Pythamd converted to .csv files using

the CsvConversion.py

script.

These

.CSV

files were then imported

RamanPreProcessing_4.py for the main-precessing stepsThe EMSCorrected data

(Figure 211a) was first truncated between 5Q0 H n n

OY é ullby antl Bakaid

correction was applied using the Koch et(8R8)algorithm (Figure 2.1c). Additional pre

processing included smoothing (polynomial 2, window 17) (Figurgéd}. averaging, and

standard deviation calculations (Figurd ).
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Figure 211: Ramanspectrum preprocessing steps for 10 @Fsingle cell spectréa) Post
EMSCorrectiory (b) Truncated between 5@03200 cmt; (c) Baseline corrected; (d)
Smoothed [2, 17]; (e) Averaged, with the standard deviation calculated.
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2.5.2 Multivariate Analysis

Principakcomponent analysis and linear discriminant analysis {E®) was conducted using

the EMS&orrected datasets, truncated within the fingerprint region (§0800 cn'). This

was carried out using Python scripts RamanPCA_5.py and RamanLDA_6.py, written by
Professor Stephen Evans. All confusion matrices presented from this data are normalised
using the fourfold crossalidation method. 15 principal components were chosen for the

t/! Fa GKA& 6+ & NBLINBaASY(Gl A DS 2 WheRarignoe 22 2 F
explained reaches a plateau after 15 PCs, indicating that the remaining components are
representative of little to no change. The fourfold crasdidation was conducted using a
StratifiedKFold, whereby the datasets for each set of analysis g@it into k (4) groups of
SldzZl f aAl Sy 6A0GK (GKS FANRG 3INRAzZI KSER & || @
to fit the method.

2.6 Deformation Cytometry Procedure

The deformation cytometry setup ghown inFigure 212a, utilising the microfluidic device

described in Section 2.3.2. A 1 ml glass syringe, cleaned with ethanol and deionized water,

was filled with a cell sample. Fine bore polythene iy 3 6 { YAGKa aSRAOI f ux
0.36 mm ID and 1.09 mm OD connected the syringe to the microdevice, fitting directly into 1

mm punctured PDMS inlets and outlets. The syringe was placed in a syringe driver (WPI,
Hertfordshire, UK) to control the voluetric flow rate (ul/min) through the device. Tubing

from the outlets directed the flow into a glass vial or microcentrifuge tube for sample
collection. Microdevices were positioned on an inverted Irrifield microscope (Figure

2.11b), using a 10x objectivto capture cell deformation events.
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Figure 212: (a) Schematic of the microfluidic setup for deformation cytometry. (b) |
device mounted in a holder with inlet and outlet tubing for ksgleed microscopy ckl
deformation. (c) The device positioned between a standard inverted Afigdd
microscope and an additional light source to enhance image inte(®jty

Highsspeed microscopy recorded these events, with the camera (Photron Ras$&X)
operating at frame rates of 7000 to 260,000 fps and exposure times of 0.37 to 6.67 us. An
external light source mated over the setup (Figure 2.@J enhanced image capture at
higher frame rates and reduced exposure times to minimize motion Blaw rate and
camera settings are detailed below Fable 3: frame rate, exposure time and camera

resolution for each flow rate.
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Flow rate (uL/min) Frame rate (frames/s, fps) Exposure time (shutter, nS) Resolution (size of image)

5 10,000 50,000 320x264
10 15,000 70,000 320264
20 20,000 91,000 320x264
40 42,000 150,000 320264
60 60,000 263,000 320%x192

Table3: frame rate, exposure time and camera resolution for each flow rate.

The deformation cytometry experiments utilised an inverted microscope (EcliggeNikon,
Japan) with reflection brigHield microscopy, which illuminates a sample with white light
and collects the reflected light. In this technique, contrast is generated through the sample's
absorbance of light, though biological samples, like mammalills, tend to exhibit low
contrast due to their optical transparency and lack of colour. Bifigiht images typically lack
detail unless the sample is stained, a process that often requires fixation and is not suitable

for live cell imaging in suspensi.

A highspeed camera is defined as having a frame rate exceeding 250 frames per second (fps)
and an exposure time shorter than 1 ms. In this study, cells were deformed and recovered in
less than a millisecond through microfluidics, necessitating-jgled microscopy to capture

these rapid events. Key factors in higlpeed cameras include image resolution, frame rate,
exposure time, and data rate. The resolution must be sufficient to capture the cell before,
during, and after deformation, while the frantate should be high enough to avoid missing

any critical deformation. Short exposure times are required to minimize motion blur. For this
work, the FASTCAM Scamera (Photron), featuring a CMOS (complementary aquetileg
semiconductor) sensor, was empéd. It offers a maximum resolution of 1024 x 1024 pixels

at frame rates up to 12,500 fps. Beyond this frame rate, the resolution is constrained by the
data rate, reducing the field of view as frame rate increases. The camera has an ISO value of

25,000, wich enables exposure times as low as 293 nanoseconds (ns).

2.7 Single Cell Deformation
2.7.1 Python Analysis

The analysis conducted in this section was conducted using Python scripts

CellMovieTrimmer_ and CellMovieTracker_, both written by Professor Stephen Evans.
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Videos up to 40,000 frames were uploaded into CellMovieTrimmer_, and were subsequently
trimmed down to remove empty frames and reduce file size, with the outputted file
uploaded for analysis in CellMovieTracker_. Through changing parameters such as flow rate
and frame rate, CellMovieTracker was used to determine the average number of frames,
velocity, ell size and maximum deformation for each single cell, allowing this information to

be plotted (Chapter 6).

2.7.2 CNN Analysis

The analysis detailed in this portion of the thesis was conductellBlys studentHenry
Aldridge

To prepare images forNIN training and extract parameters for LDA, cells were tracked and
analysed from greyscale AVI videos recorded at 10,000 fps. These videos captured cells
traveling through a DC device at a flow rate of 20 pl/min in a stearinant regime. Each
video was pocessed using a Python etthcking script (illustrated in Figure 2.12) which
included rotating frames to align channels horizontally, scaling to the lowest magnification,
and cropping to show a consistent area of the device. Cells were tracked usiOp&meV
module, ensuring debris and large cell clumps were excluded. Cell metrics such as area,
perimeter, circularity, D.l., and strain were recorded. Duplicates were removed based on
frame occurrences per video, and frames where cells exhibited maxinedonndation (1b
circularity) were identified Image processing steps included smoothing, background
subtraction, colour normalisation, and shifting pixel value medians to 150 for uniform
backgrounds. Additionally, corner segment datasets (~25% the smainfdataset images)

were filtered to exclude partial cell segments based on mean pixel values + 2 % of the median

Machine learning (ML) is a branch of artificial intelligence (A.l.) that uses statistical and
computational methods for recognising pattemséthin data, enabling predictions for new
unseen datg329) This is invaluable for large and complex biological datasets, which often
involve highdimensional, nodinear relationships, an example being the interactions

between genes, proteins, or metabolic pathways.

Linear Discriminant Analysis (L8 initidly used foranalysinghe deformation cytometry
data, as it can helplassify and interpret differences in cell mechanics, such as deformation,

elasticity, and stiffness, which are often linked to cell state or disease. Deformation
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cytometry generates higdimensional data, and this complexity reduced during LDBy
projecting the data into a lowedimensional space while maximising the separation between
predefined groups, such as healthy and diseased cells. This makes it easier to identify key
mechanial feaures, such as D, that are most relevant for classification. LDA is particularly
useful for distinguishing subtle mechanical differences between cell types or states, such as
normal, dysplastic, and cancerous cells, and can help identify potebitatarkers or
mechanical signatures. Additionally, it is computationally efficient, making itsuig#d for
hightthroughput applications like disease screening or hypothesis testing in clinical and

research setting4330).
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Figure 213: Flowchart llustrating the cell tracking algorithm logic for obtaining cell
parameters. Green arrows indicate True statements, red arrows indicate False. The
parameters help identify frames where cells are at maximum or no deformation, pro
images for CNN traing and data for LDADS)
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ScikitLearn, Keras, and TensorFI@81), utilizing two architectures: Google's Xcept({882)

and Microsoft's ResNet5(B33) ResNet50 was chosen due to its success in similar studies

(334, 335) TensorFlow and Keras were employed for model development. iegalivided

using an 80:10:10 stratified split into trainingalidation, and test sets. Video still images

were used as the inputsesized to 72x72 pixels and processed using the Keras preprocessing

function. Xception and ResNet50 models were initidlizdgth random weights, and their

layers remained unfrozen. Each model was completed by adding a global pooling layer
F2t{f26SR o0& TFTAQDS TFddfte O2yySOGSR fF@SNAEX Fa LISN
reduced dimensionality. Both models were trainfed 10 epochs using the Adam optimizer

with a learning rate of 0.1, chosen for its efficiency in similar stu@i&4) The models were

then evaluated on test datasets, and confusion matrices were generated. Metrics such as
accuracy2.7.2.1) recall(2.7.2.2) and precisiorf2.7.2.3were calculated from the confusion

matrices. Wherdl Pis thenumber of true positivesTNis true negativesi-Pis false positives

andFNis false negativel831). These metrics @l different model qualities to be identified,

such how many true positives it identifies or how many false positives it provides, which are

crucial in clinical settings.

TP + TN 2.7-2-1
TP +TN + FP + FN

Accuracy =

TP

Recall — TP FN 2.7.2.2
o TP
Precision = m 2.7.2.3

The training datasets were augmented using Keras to increase size and variability, aiming to
reduce overfitting and improve model generalization. Augmentations included random
vertical/horizontal flips, brightness/contrast adjustments, and small rotatierpanding the
dataset fourfold. A balanced dataset was also created by duplicating images from

undersampled cell lines before augmentation. Fdoll stratified crossvalidation, LDA was
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applied using the sciklearn module (6). Paraneters included cell area, perimeter,
circularity, DI, and strain. As with the CNN analysis, confusion matrices, accuracy, recall, and
precision were calculated. Tests were repeated with a balanced dataset, achieved by

randomly sampling from oversampled Ickies.
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3 Raman Spectroscopy for the Staging of

Oesophageal Adenocarcinoma Progression

The previous chapters of this thesis have provided an overview of the current literature in
this field, detailed the technical theory behind the experimental methods, @utlined the

aims of this project. This chapter presents the first key findings: novehimlive singleell
analysis of oesophageal adenocarcinoma development, characterised using Raman
spectroscopy. Representative cell lines were employed to mbealthy oesophageal
epithelium (HETLA), oesophageal adenocarcinoma (OE19), and the progressive stages of
. F NNBGGQa 2Sa2 LB TdandD)y. Datavad SohsblidatetofoSsamyiltiple
experiments and cell passages to minimise variabdityl ensure high reproducibility.
Principal component analysis (PCA) combined with linear discriminant analysis (LDA) enabled
accurate classification of each cell population, achieving robust differentiation both between

and within disease stages.

3.1 OnChip Optimisation
3.1.1 Trapping Efficacy

The first parameters to be defined were the conditions for single cell trapping. This involved
refining conditions such as flow rates and cell concentrations to ensure consistent and
reliable isolation of individual cells in each cell trap. Optimal tragppionditions were
necessary to prevent echip cell clumping. GR single cells were used for this optimisation,
with cells passaged, filtered through RQ cell strainers, and flown though the microfluidic
device at flow rates between5 pL/ min.Cell oncentrations for 0.5, 1, 2 and 3 million cells

/ mL were used to determine ideal conditions.

Figure 3.1 provides a visual and quantitative assessment of the efficacy of single cell trapping
under a range of conditionémaged in Figure 3.1a and Figure 3.1b, lower concentrations of
0.5 and 1 million cells / mL led to an inadequate number of trapped single cells available for
data collection, whilst using a higher concentration of 3 million cells/ mL (Figure 3.1d) led to
cell clumping between traps, reducing the available number of traps containing only single
cells. A final cell concentration of 2 million cells /(Figure 31.cjvas established to provide

the best trapping efficacy of4’: 0 p cateldabed by the peentage of traps filled with
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completely detached single cells, with results for each cell concentration plotted in Figure
3.1e. When determining optimal flow rate, it was vital that it was high enough to push cells
through the device, but low enough not force them through the traps. Detailed in Figure
3.1f, lower flowrates of 1 pLmMmin and 2 uLimin were insufficient to generate the pressure
required to propel cells through the device. In contrast, higher flow rates of #njiLand 5
puL/min resulted inexcessive pressure, causing cells to deform and pass through the 5 um
gaps between the trapsAll single cell trapping experiments were conducted using a cell

concentration of 2 million cells / mL, at a flow rate of 3 pL/ min.
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Figure 31: Representative brightfield images and quantitative analyses of sifjlerapping
efficiency under varying cell concentrations (0.5, 1, 2, and 3 million cells/mL). Bri
images were captured using a 10x objective lamghlighting cell distribution with
microfluidic traps. Quantitative data (bottom graphs) show the percentage of traps oc
by single cells (left) and multiple cells (right) over time. Optimal trapping condition:
achieved at a concentration @fmillion cells/mL, maximising singtell trapping (74% = 6'
and minimising multcell occupancy, while higher concentrations (3 million cells/mL) re
in clumping and reduced trapping efficiency. Error bars represent standard deviation:
threeexperimental replicates.
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3.1.2 Cellular Viability OrRChip

Single cells were successfully trapped within the microfluidic device at a flow rate of 3
pL/min and maintained under controlled conditions at 37.5°C. To sustain cell viability, a
constant flowof fresh culture media was supplied at 1 pL/min throughout the experiment.
Viability was assessed using Calcein AM live stain and Sytox Red dead stain, with
fluorescence images captured at hourly intervals ovet@®r period. Each experiment
was limitedto a maximum duration of 5 hours, and viability data were collected for 100

single cells per independent cell line.

To evaluate the potential impact of laser exposure on cell viability, delayed apoptosis was
assessed by monitoring viability over the sabdgour period following a single laser
exposure. Fluorescence viability images were acquired at hourly intervals to quantify the
percentage of viable cells. The average viability for each cell line overttber5

experiment is summarised in Figure 3. ese results represent the mean viability of 100

single cells per cell line across multiple experimental replicates.
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Figure 32: viability of single cells trapped @hip over 5 hours for different oesophagea
celllines, including HETA (healthy epithelial cells, red), BRnondysplastic Barrett's
oesophagus, cyan), €BP(lowgrade dysplasia, pink), €P(highgrade dysplasia, yellow),
CRD (highgrade dysplasia, purple), and OE19 (oesophageal adenocarcinoran).gtell
viability was monitored hourly using Calcein AM and Sytox Red fluorescence stainin
data averaged across 100 single cells per cell line.
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3.2 Raman Analysis of Live Cells

3.2.1 Spectral Profile Across All Cell Lines

Raman spectravere obtained from trapped live single cells across the cancerous cell line
FYR GKS AYyGSNYSRA
oenphagus (CRA to CPD), via Raman conditions detailed itme methodology 2.4

(OE19), those representing the healthy epithelium @#HET 0

Raman Spectroscopy Protogol

Figure 3.3hows the averaged spectrum and standard error for each cell line, averaging over
100 single cells per sample type. All bands wereppoeessed using EMSC and normalised

to the Amide | peak at 1656 cmEach peak is labelled corresponding to the assedia

cellular component, witfTable 4detailing further covalent bond information.

Vibrational Mode

Peak Position (cm™)

Assignment

880 Tryptophan Ring breathing

1004 Phenylalanine Symmetric ring breathing
1033 Phenylalanine C—H in-plane bending
1089 PO."in DNA Symmetric stretching
1122 Glycogen C-0 stretching

1129 Skeletal of acyl backbone C—C stretching

1171 Tyrosine in collagen C—H bending

1206 Hydroxyproline, tyrosine C—H bending

1312 CHs/CH, twisting mode of lipids CH, twisting

1336 Lipid C—H deformation CH. wagging

1416 C—C stretching in quinoid ring C=C stretching

1450 CH: bending CH; scissoring

1570 COO- stretching Asymmetric COO™ stretching
1584 C—C stretch Aromatic ring stretching
1610 Cytosine (NH2) N-H bending

1656 Amide | C=0 stretching
2850 Lipids CH, symmetric stretching
2881 Lipids and proteins CH. asymmetric stretching
2935 Chain-end CHs: symmetric band CHs symmetric stretching
2980 Asymmetric CH, stretch (protein) CH; asymmetric stretching

Table4: Key Raman spectral peaks and their corresponding molecular assignments

GAONI GAZ2YI €

Y2RSad asSokcidted ith apkaifié Royhdlecubes s

as proteins, lipids, and nucleic acids, providing insights into the biochemical compo:
and structural properties of single cells.
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——OE19 (n=118)
——CP-D (n=102)
CP-C (n = 114)
——CP-B (n = 109)
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Figure 33: Singlecell Ramarspectra representing the progressioorfr healthy
squamous oesophageapithelia (HETLA: red) through noiR & & LJt | & G A GA: .
cyan), midR@ A LJ F &G A G Y INAWSGWGX aYy 2R S NI | £:yéllanh
and severe dysplastic NN &Di prle),dd oesophageatienocarcinoma (OE19:
green)cells. All spectra were normadis to theAmide | band at 1656 cih. The shaded
area around each cell linerspresentative of the standard deviation. Tdgrey shading
across all cellnes highlights bands of interest (labelled). n = number of single cell
Raman spectra. The high wavenumber region (CH2CH3) hamhéigatied by a factor
of 0.25 to fit on the same scale

At an initial glance, all cell lines contain a prominent baodesponding to the presence of
phenylalanine at 1004 cf The spectra for the oesophageal adenocarcinoma cell line
(OE19), displays an increase in irregularity within peaks when compared against other stages
of disease progression, alongside an increas@Ematic amino acid presendgryptophan

(336, 337)tyrosine (246, 338340)and phenylalaining€246,339)). These components are
associatedvith various cancersuch as breagB41)and colorecta(342) as well as with the
acquisition ofmutated transformingfunctions in cancer developmeif843) An additional

band also related to this functionftise tryptophan shouldeshownat 1009 cmf (341, 343)
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Nucleic acid and proteirelated bands, such as Amide 11l and Anlideredisplayed across

all six cell linedDNAassociated bands, as seen at 1089'care common whtin transformed
cancerous cellg246) with an increased DNA concentration associated with disease
progression. An increase in protein signature is observed vihdlghtenedCH stretching
(2881 cm*and 2980 crm) band for the OE19 canceells. Such an énease in protein content

is consistent with previously reported daf266)(344, 345)

CHand CHtwisting modes previously attributed to collagév6)can beobserved between
1310- 1340 cm' (238, 343) Lipidassociated bands agrominent inFigure 4.5reported as
being attributed to the acyl (€C) backbone in lipid238, 347) CHrocking / @ O vibrations
(266) bending modes of €H in CHHmoieties(348, 349as well as methylene deformation
(246) These changes in cellular lipid quantity are signifidsiomarkers of abnormal

membrane composition, characteristic of neoplasttis(350)

3.2.2 Healthy vs Adenocarcinoma

Analysis was carried out to determine if the OE19 oesophageal adenocarcinoma cell line
could be distinguished from HER healthy cells. PCA wasnducted as an unsupervised
technique with the goal of maximising aimdentifying the variance of the data along the
principal components (PCs). These PCs can be visualised and plotted to igentifgs

within the spectra that help distinguish the different cell lines.

PCA was undertaken using the first 15 PCs of a truncated Raman sipégtne (3.4).
Differences across the first 5 PCs, accounting for > 80 % variance, are shogurén3.$,

with bands showing significant differences highlighted in blue. The cumulative variance and
variance explained for all 15 PCs is showFigure 3.4. Variation within the amino acid
bands (tryptophan, tyrosine and cytosine) are seen in the first 5 P&0acmt, 1171 crt

and 1610 cm respectively. Additional bands showing variation across all 5 PCs include DNA
(1089 cm'), collagen (131@ 1340 cmt), methylene deformation (1450 cth and Amide |
(1656 c).

Further analysis was undertaken using L®8upervised technique used for classification, by
maximising the separation between different classes within a dataset via their discriminant
functions. The LDA was trained on 75% of the data and tested on the remaining 25% using a

4-fold crossvalidaton approach. The combined PCBA was able to separate the datasets
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into distinct classes with high accuracy. The histogr&igufe 3.d) indicates a clear
separation of both populations. It is also evident that the representative healthy cell line

(HETLA red) provides a narrower distribution compared to the cancerous equivalent (OE19,

green).
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Figure 34: PCALDA of HETA (red) and OE19 (green) EM®@ected spectral data. (
Truncated Raman datasesS G 6SSy ynn |yR mynn OYbwm
component loadings taken from PCA. Scorgp 1 | NB aK2gy s | (
variability. Bands of interest are highlighted in blue. (c) Cumulative variance and v
explained for the first 1BCs. (d) LDA histogram displaying the spread of the scores fi
dataset. (e) Confusion matrix for statistical analysis of the-IHR The outputted valu
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True Negative (0).
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The confusion matrix obtained from this analysis is diplayétgare 3.4. Whilst all HELA

cells were correctly categorised, approximately 6 % of OE19 cells were mistaken{fbAHET
this is presumably a consequence of their hetprneity. Precision [(true positive value /
(true positive + false positive)], Recall [true positive value / (true positive + false negative)],
and F1Score [2 * ((precision * recall) / (precision + recall)), were determined to be 1, 0.972
and 0.942 respdively. The average accuracy for the classification of healthy vs. cancer single

cells was 97 %.

3.2.3 Disease Progression

Intermediate between the healthy (HER) and cancerous (OE19) stages are the progressive
adlkr3asa 2F . I NNE edefeatl in2iese 2rdsikts Bydeall>line SN AIdE
dysplastic) and CP (severedysplasiq. Shown irFigure 3.8, the spectra for each cell line

was truncated to 80@ 1800 cmt prior to PCALDA. Analysis of the first 5 PC loadirkgure

3.5b), covering 8% varianc€Figure 3.6), confirms the influence of amino acid bands, with
phenylalanine and tryptophan bands present across all 5 PCs. Other cellular components
such as Amide lll, Lipids and Amide are present in PCs 1 and 5, PCs 2, 4 and 5, and PCs 2 and
5, respectively. Additionally, between disease stages, the Cytochrome C band (1588 cm
present within PC1 and PC2. This peak can be attributed to the presence of aromatic side

chains within the Cytochrome C compoyd4, 351, 352)
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Figure 3: (a) Truncated Ramaspectra (8061800 cm1l) for each stage of cancer
development. The healthy (HEAR), nondysplastic (CRR), severely dysplastic (O and
cancerous (OE19) cell lines are represented by red, cyan, purple and green spectre
respectively. (b) The PC loadifigsn the data shown in Figure 4.7a. Bands of interest
have been highlighted in blue. (c) 2D plot representing the variance explained and t
cumulative variance for HEIA (healthy), GIA (nonrdysplastic), GP (severely dysplasti
and OE19 (cancerousigle cells.
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The 2D scatter plot for the LDA is displayeBigure 3.6, with HETLA (red), CFA (cyan), GP

D (purple), and OE19 (green), along with their respective histograms. From this scatter plot
we see that the OE19 dataset is separated from tthers and also shows greater scatter as
might expected from a cancerous dataset with uncontrolled mutation. ThelAEAppears

to be separated from CR and CHD datasets in LDA2, whilst the-BRand CHD cells appear

to exhibit strong overlap. This is ther supported by looking at the confusion matrix in
Figure3.6lbx ¢ KA OK adza3Sada GKFIG ySAGKSNA&@CRIKS
D) nor the healthy cell line (HE'R) were miscategorised as the cancer cell line (OE19). The
HET1A cells wre correctly identified with ~91 % accuracy whilst the 1ysplastic (CR)

and dysplastic (GB) cell lines were only correctly classified correctly 63 % and 64 % of the
time. The largest errors occur between-&Rnd CH cells, with ~36 % inaccuradyhe OE19
cells could be inaccurately categorised as any of the other three cell lines but with low
probability¢ HET1A (4 %), GR (6 %) and GP (2 %)The precision, recall and store for

this data is shown in Tabte

a 50 b
HET-1A  CP-A cP-D OE19

4 0.917 0.008 0.075 0.0

Number of Cells
HET-1A

20 |

l Number of Cells

1 0.067 0.625 0.309 0.0

CP-A

Actuals

0.0 0.356 0.644 0.0

PCA LDA2
CP-D

410.042 0.058 0.017 0.883

CE19

8 -6 -4 -2

PCA LDAI Predictions

Figure 36: (a) 2D plotted PCA LDAL vs PCA LDA2 scores fbAHEET), CRA (cyan), GP
D (purple) and OE19 (green) and their relative LDA histograms. (b) Confusion matr
statistical analysis of the P@ADA.
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Cellline Precision Recall F1-Score
HET-1A | 0.917 0.917 0.905
CP-A 0.624 0.624 0.61
CP-D 0.644 0.644 0.63
OE19 0.833 0.833 0.938

Table5: Precision, recall and fstores for 4old crossvalidation analysis of the LDA scc
for HETLA (healthy), GR (nondysplastic), GB (severely dysplastic), and O
(cancerous) single cells. The average model accuracy for thisianezdgs88 %.

3.2.4 Dysplastic Progression

Next, the focus was v the analysis of cell lines representing higiNJ RS . I NNB G i Qa R
Identification of measurable differences in the spectral data could provide a promising route

to the diagnosisof  NNB G i Qa hSaz2LIKI 3dza aSOSNAdGe Ay LI

The PCA.DA was carried out on the fingerprint regiof the dysplastic cell lines, withe

first 5 PC loadings iRigure 3.1 responsible for 80% of the variancgith the cumulative
variance and variance exphed detailed inFigure3.7c Negative bands in PC1 correlated
with the aromatic amino acid content and G@ghrome C. These bands become positive
between PCZ PC4. Other notable bands present in PC1 are associated with Amide |, Amide
11, lipid and collage content. The PODNAassociated band (1089 chhalso displays an

increase in PC1.

The scatterplotFigure 3.3, displays howCRB (pink), C® (orange) and GP (purple), are

well separated by LDA1 and 2. The confusion matrix for this data is sh&igune 3.d, with

precision, recall, and Fdcoresdetailed inTable6. Theaverage accuracy was calculated at

92 %, with PGRADA classification accuracy at 77 %. ThelHD®is able to correctly identify

SFOK &aidlr3as 27F . I NNEB i (etidn oRGFE dtBOIY@A GE: at 98 Aolaid | O O dzh
CRD at 91 %. With CB cells have a 13 % chance of being identified a6 C#lls.
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Figure 37: (a) 2D plotted PCA LDA1 vs PCA LDAZ2 scoresBofp@iR), CIZ (orangeanc
CRD (purple). (b) Principal component loadings taken from PCA. Sebraselshowr
accounting for > 80 % variability. Bands of interest are highlighted in blue. (c) Cun
variance and variance explained for the first 15 PCs. (d) Confusiornx fimaitstatistice
analysis of the PGIADA.

Cellline Precision Recall F1-Score
CP-B 0.799 0.799 0.8424
CP-C 0.931 0.931 0.878
CP-D 0.913 0.913 0.921

Table6: Precision, recall and Fstores for 4old crossvalidationanalysis of the LDA sco
for CRB (mild dysplasia), @2 (moderate dysplasia) a@RD (severe dysplasia) singiells
The average accuracy for this classification model was 92 %.
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3.3 Summary of Single Cell Analysis

In this chapter, it was shown that Raman spectroscopy can be utilised as a classification tool
for determining disease stages within cancer progression. Distinct spectral signatures were
exhibited as healthy cells progressed towards oesophageal adenamauajrallowing us to

observe changes within molecular components at each stage of disease development.

In the case of the OE19 cell line, peaks associated with changes in the DNA backbone
geometry (Figure3.4b) are indicative of phosphate ion interact®rfound in neoplastic
cell426, 344, 353)arising due to the erratic accumulation of DNA and RNA in the nuclei of
cancer cellg354)

The increase of the aromatic amino acids associated with advanced disease progression is of
note, with previous papers also highlighting the influence of these camg® in various
cancers and diseas€341, 355) These compounds have begimown to play a significant role

in orchestrating morphological changes within malignant tiss(8%6) Moreover, the
increase in transcription and replication of cancerous cells regquiaeconcomitantly
increased volume of proteins for sustaining the excessive RNA synthesis. This increase in
protein expression during cancer progression is expected due to an overall increase in protein
overexpression with multiple oncogenic pathway adiima and upregulation(266, 344,

345), as shown in Figur&3.

Increase in cellular lipidugntity across cell lines (Figure B&e significant biomarkers of
abnormal membrane composition, characteristic of neoplastic cells. These increases occur
due to the modulation of specific enzymes and pathways within the cells, allowing for a
higherproliferation rate, increased chemotherapy resistance and attenuation of the immune

responsg350)

This low risk of misclassification identifies a new method of detecting progression within
I NNB (0 G Qat a $nglécellieveh which could allow earlier detection of progression
towards cancer within a clinical settinddisease progression classification has been
conducted using PGBDA methodsvithin other cancer sulbypes such as oral cavity cancer
(357) using statistical image analysend breast cancer(358) through sensor response
curves, each derived from patient samples. They produced an accuracy classification of

98.2(£3.9) % and 95.4(+4.9) &md96.4% and 95.6%espectively Theexperimental results

85



of this work support the use of PAMA as an effective and reliable tool for the diagnosis of

cancer lesions.

The results fronthe work presented in this chaptemot only highlight the use of singtell
Raman spectroscopy alongsiBE€ALDAfor the identification of healty versus cancer cells
but also for distinguishing between progressive diseasa G F 3S & ¢ Adsdphagus . | NNB G G Qa

dysplasia itself.
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4  The Influence of a Low pH Bile Salt
Environnenton.  NNB G0 Qa hSaz2LKI

The previous chapter detailed the use of single cell Raman spectroscopy for characterising
novel onchip progression of oesophageal adenocarcinoma. The results showed successful
characterisation of each disease stage using principal component enagd linear
discriminant analysis, with the ability to differentiate between healthy and cancerous cells
with an accuracy of 97 %. Intcdass separation between dysplastic stages was determined

with an accuracy of 68 %.

In an effort to identify changéds disease progression with increasing agile exposure, this

OKI LIGSN) KAIKE ATKGE GKS AYLIOG 2F GKS AyONB!I &
to an acidic bile salt solution (ABSS) over a prolonged durditasis a complex digestive

fluid primarily composed of bile acids, cholesterol, phospholipids, bilirubin, and electrolytes,
synthesised in the liver and stored in the gallbladder before being secreted into the
duodenum during digestion. Its principal role in digestion is to emulsifiamielipids,
facilitating their absorption in the small intestii@59) The amphipathic nature of bile acids
allows them to interact with and disrupt lipid bilayers, which is particularly relevant in the
context of oesophageal epithelium repeatedly exposedbite during episodes of refluin

vitro and in vivo studies v& shown that bile acids can integrate into and destabilise cellular
membranes, increase epithelial permeability, and induce oxidative stress and DNA damage
(360)

Changes in cellular biochemistry were monitored-abip using Raman spectroscopy,
supplemented with morphological analysis via brifjbtd images. Liveells were trapped

on-chip before being subject to low ptbile salt conditions for a duration of 60 s. This was

repeated for 10 exposures, with a-30A y dzi S aNB O2 OSNE gAY R26¢ RdzN
raised to neutral and data was collectethis recoveryindow is a dynamic period where
pro-survival and prebncogenic signalling and repair mechanism pathways are activated,

which in turn contribute to disease progression. Previous studies have reported recovery
windows, albeit each study having a differehtration (361, 362) WS LINB &a Sy i G A @S
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cell lines CHA, CPB, CFC, and CP were utilised, with aldata averaged over 10+

experimental repeats.

4.1 SingleCell Viability: OrChip vs. Acidic Bile

Whilst there is significantotus on replicating true phenotypic conditioirs vitro, model

refluxate conditions in the literature show high variation in exposure time and conditions, a

large majority of research has been conducted on 2D and 3D cultures as well as patient

tissues usig solutions at pH 4.(B61, 363369) Ambulatory pH monitoring reports show that

pH levels can drop as low as 4.0 for approximately 20%¢ud) of the day370-372)with

most reflux episodes lasting ten minutes or 1383y C2 NJ Y2 ad . F NNBdGGQa LI A
salt concentration can vary between 0.03 and 0.82 mm(@n4376)

To ensure that any biochemical changes within the single cells was due to external stressors
(ABSS) and not continuous exposure to the 532 nm Raman lasehipwiability was
monitored for 100 single dslper cell line. Each cell underwent a 60 s exposure to the Raman
laser (2.4.1) every 30 minutes, over a total duration of 5 hours. Cell death was determined
using Sytox Red (2.1), with average viability plottdéigure 41. No significant changes were
observed in the Raman spectra, an example feAGRown irFigure 43, indicating that the

cells remained viable and healthy on the chip. This suggests that the experimental conditions
did not induce stress or excessive cell death, allowing the cells to maintain their normal

physiological state.
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Figure 42: Offset Raman spectra of a @Fcell are shown at four time points: immedia
before laser exposure (black), p@stours (red), post hours (ble), and post hour:
(green). The study aimed to assess whether a single Raman laser exposure cou
delayed apoptosis by monitoring untreated cells over time. Each spectrum represt
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In order to remain as physiologically accurate as possible, initial experiments focused on
monitoring changes over a singular 10 minute ABSS exposure. However, due to fitg fragi
of isolated single cells, the prolonged exposure to a low pH solution led to cellular damage
beyond recovery and repair. This was observed through bwrphological change§igure

4.2), where signs of damage were observed through blebbing and irregularity of the lipid
membrane, however this caused extreme disintegration of the cellular structure, notably
betweenl.5 and zhours (Figuret.3e). Immediately before exposure, the @Pcell appears
healthy and structurally intact, with a smooth and uniform morphology (Figure 4.3a). There
seem to be no visible signs of damage or stress, with this image providing a baselineceferen
point for assessing the effect of ABSS exposure. By 0.5 hourexyusture (Figure 4.3b),
there are early signs of morphological stress, with slight irregularities in the cell membrane.
Internal structures also appear darker and more pronounced, plyssibe to internal
swelling or cytoplasmic reorganisation. These changes could be indicative of the cell
attempting to repair damage caused by the ABSS exposure or adapting to the acidic stress.
Figure 4.4c presents the cell at 1 hour pegposure, wherghere are more pronounced
morphological changes such as the cell membrane becoming visibly distorted, with an
uneven surface. The internal structures, previously well defined, are now less prominent. This
could be due to ongoing damage, or the process exdratic or apoptotic cell death. The
morphology deteriorates by 1.5 hours pestposure, (Figure 4.3d) where the internal
structures appear disorganised and the membrane has fragmented and partially collapsed.

By 2 hours post exposure (Figure 4.3e), theiseeompletely disintegrated.

Figure 43: Brightfield images of a trapped & cell orchip, illustrating morphologic
changes at various time points: (A) immediately before exposure, (B) 0.5 how
exposure, (C) hour postexposure, (D) 1.5 hours pestposure, and (E) 2 hours p
exposure.
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The experiment aimed to observe biochemical changes within single cells during recovery
after recurrent acid bile exposure, necessitating that the cells remain intact fortéony
monitoring. For this reason, varying ABSS exposures were tested to identifiyi@os that
would trigger biochemical recovery changes in the cells without-cgarpromising overall
viability. To ensure an adequately sized dataset for analysis, a minimum final viability of 25

% was required.

{ Ay 3t S esbpNdylB dellstvamsulsiecedto a pH 4.0 ABSS for 1, 2, 5 and 10 minutes,

to give 10, 5, 2 and 1 exposure(s) respectively, totalling a final exposure duration of 10
minutes. Exposures were separated by endilute recovery period at pH 7.0, with cell media

ran through the deice to remove any ABSS resid8bown aross Figures 4.3, 4.4 and 4.5
increasing the duration of exposure to ABSS at pH 4.0 caused a drastic reduction in cellular

viability.

The bar graphs shown in théght-hand column ofFigure 44 provide a clearewisual
representation of differences in cellular viability across the CP cell linegS.demonstrated

the highest percentage of dead cells following each exposurtheéoABSS. This pattern
indicates that CRC cells are particularly vulnerable to environmental stressors, including
repeated exposures of a low pH solution, and their viability decreases sharply as the number

of exposures increases.

The CRA single cells »hibit a similar trend, with the secortighest mortality rate.
Interestingly, after six exposures, the viability of&£Bingle cells was comparable to that of
CRC single cells, suggesting a possible threshold beyond which these cells may lose their
ability to maintain homeostasis. The steep decline in viability feAGRIIs is indicative of a

high sensitivity to ABSS conditions, despite initially appearing to be more robust tHan CP

Contrasting this, the GP cell line displays a gradual, more lindacline in viability over each

exposure, possibly attributed to @PQa Of F AaAAFAOlI GA2Yy & || ASOSNE
which is a more transformed cell type than-BRor CRC. These cells may have altered
adaptations, metabolic or structuralyhich make them less immediately susceptible to
extracellular environmental changes.-BRells displayed the greatest viability amongst the

CR cell lines, with the lowest level of recorded cell death. By the final exposurB, c&lits

had an overall viabty of 56 %, significantly higher than the other cell lines. This could suggest

that CPB cells have intrinsic properties or mechanisms that provide them with greater

resistance to the damaging effects of ABSS exposure.

91



(o)
°
>
(o)
©
{e=]
(@)
2
(o)
o)
v
o

Average Viabili

Untreated

|
g
5

° 1

Exposures

Visbitty (%) After 2 Exposures

Vistity (%) Ater 4 Exsomires
s s & & &

Vistwity (%) Aer 6 Exposuees
g

Post-8
Exposures

Viabiity (%) Alter 8 Exposusos

o u s 8 8 8

Post-10
Exposures

o
o
s
>

Visbiity (%) Afer 10 Exposires
A S S, S S

Figure 44: Overlapped bright field and fluorescence images of single cells trappetif
All images were taken on a 10x dry lens. Each column (left to right) is representativ
average viability of cell lines @R CFB, CFC and CB®. The top rowdisplays results fro
cells that are untreated, with the remaining rows (top to bottom) displaying cells tha
been treated with 2, 4, 6, 8, and 10 acillite salt solution exposures. Viability \
determined via Sytox Red dead stain fluorescenceiigaghe righthand panel displays tl
percentageviability for each cell line, calculated over 10+ independent experiments, fc
single cells. The red bars are indicative of increasing cellular death, whilst the blue
indicative of respectiveell viability %.



Thecomparison between cell lingsveals thathe CRC celline showghe highest % of dead
cells after each exposure. @Fsingle cells had the second highest rate of mortality, with the
cellular viability equaltoGP & Ay 3t S OStf & F FGSNI SELI2 adzNB ¢ o
cell line CHD shows a linear decrease viability, possibly attributed to being the most
transformed cell type, and therefore less sensitive to exteHdular environmental changes.
CPRB single cells had the least cell death compared to all cell lines, with a final overall viability
of 56 % When comparinghe viability shown in Figure 4against the line graphs in Figur
4.4, it is immediately visible that both @Pand CP . I NNB{iGQa aiAy3atsS OS¢t
reduction in cellular viability after ABSS exposure. When compared agaiBsa@PCFD
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Figure 45: Onchip viability data for GR (cyan), GB (pink), C& (mustard) and GP

O LJzNLI Sv . FNNBiGQa aay3atsS OStftaod /Stfta 6SNB
pH 4.0 acidibile salt solution exposure, to give an overall exposure timEOahinutes.

Untreated cells were monitored arip for a total duration of 5 hours (a). The pH was raised

to 7.0 postexposure with the addition of serufree media. The duration between each
exposure was 30 minutes. Viability was determined Sigiox Ré dead stain fluorescence

imaging. Each value is the average of >100 single cells, taken over 10+ independent
experiments.
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Figure 46: CRA (cyan), GB (pink), CR (mustard) and GP 6 LJdzNLJ SO cell
were subject to 10 x-fninute exposuresf pH 4.0 acidibile salt solubn, giving a tote
exposure duration of 10 minutes. The pH was raised to 7.0eppstsure with the additic
of serumfree media. Thaime between each exposure was 30 minut®sability wa:
determined via Sytox Red dead stain fluorescence imaging. Each value shown is the
of >100 single cells, taken over 10+ independent experiments

All cell lines, GR (cyan), CB (pink), CIZ (mustard) and GP (purple), show a&teady
decrease in viability @r multiple 1 minute Figure 46) and 2 minute Figure 45) exposures
with a visible decline seen after 4 and 2 exposures, respectively. All cells expdsR8$ for

5 minutes (Figure 4.5¢) and 10 minutes (Figural¥tad < 10 % viability after angle
exposure. Final viability for all cell lines aftex 2 minute exposurewas > 25 %, with final
viability for 10 x 1 minute (Figure 4.@xposures exceeding 30 % for all cell lines. For this

reason, Iminute exposures were chosers the optimal expgmental conditions
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42 Acido Af S alfid SELRAdMZINBE 2F . I NN

Single cell Raman spectra were acquired from individual’CB,-C,and5 = . | NNB G (G Q4
which were trappedn-chip. Data was collected following arfinute ABSS exposure, during

the 30 minute recovery phase after the pH was restored back to 7. The aim of this research
gha G2 Ay@SadAaardsS oKIG 0A20KSYAOLFET OKFy3aSa
to fluctuations in pH, namely acidic pH. The average spectra for 50 single cells, per cell line,
and per exposure, is presented in Figure 4.7. All spectral data weigrpecessed as detailed

in 2.5.1, including EMSC background removal and normalisatioretéfide | peak (1656

-1
cmh).
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Figure4zY wl YIFy &ALISOGNI F2N . | NN CB @) CR(6)aaz
CRD (D). Single cells were subjected taridividual tminute exposures to acidimle sal
solution at pH 4.0, resulting in a total exposure duration of 10 minutes. Following
exposure, the pH was neutralised to 7.0 with seftee media, with a 3@ninute recover
period between exposures.&ira were collected during the neutral pH recovery phase
average of 50 spectra per condition is displayed, offset by 0.1 units for clarity, with
representing ascending exposures: exposure 1 (black), exposure 2 (red), exposure
exposue 4 (green), exposure 5 (purple), exposure 6 (mustard), exposure 7 (cyan), ex
(brown), exposure 9 (olive), and exposure 10 (orange).
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When looking at the Raman bands displayed forAC&ingle cells, there are prominent

biochemical changes occurring over recurring ABSS exposures. The band at 880 cm

assigned to tryptophan vibrations, reflects syntne stretching associated with protein

stability and cellular stress response. As the number of exposures increase, the phenylalanine

symmetric ring breathing band at 1004 €msuggests that there is retained protein

conformation, despite the environmeat stress. Lipidssociated peaks at 2850 2rff | i

symmetric stretch of lipids)and 2886 / 1 i a8 YYSGNARO AGNBIOKLI aK2g
in intensity, possibly indicative of lipid peroxidation or lipid membrédastabilisation(246,

377) This would suggest that &P cells experience membrane integrity issues over a

prolonged exposre of ABSS.

In contrast, CB single cells have fewer intensity changes thasACPhe glycogen band at

1122 cm* remains constant, similarly the 1312 @mf | 7 Kk / | i GogradAy3d Y2RS A\
demonstrates greater lipid configuration stability. The amide | band (£6%9 has minimal

variation, demonstrating protein structural integrity. The 114t tyrosine and collagen

band present in GE single cells hagated intensity, potentially reflective of stressduced

protein degradation/modifications(244, 363, 364) Lipid peaks at 1336 ch(CG;H

deformation)and 145cm™ (CH bending)have lower intensities, possibly due to lipid bilayer

disruption or loss ointegrity. The 1570 crh(COOstretch) band has a slight shift, indicating

changes in the carboxylate group environments linked to cellular metabolic stress.

The CHD single cells appear to show the most stable biochemical response out of all four
Barrei Q& OSf f f A pPNAasdocidtdd Sandi(Rilgmticdsy is largely unchanged,
which indicates good genomic stability despite ABSS exposure. Additionally, the 1206 cm
hydroxyproline and tyrosine band remains at the same intensity, suggedtipeeserved
protein and collagen structures. There are minor reductions in the-éipgbciated band at
2935 cmt (CH3 symmetric stretch) band, however the overall lipid profile febGEmains

less affected when compared against cell linesAGIhd CRC. The presence of the amide |
band (1656 cm), indicates that there is maintained protein structural integrity which could
explain the linear decrease in viability, showrFigure 46, as opposed to the sharp decline

observed in the other cell lines.

This spectral data is further detailed in a heatmap, as shown in FiguiEs8igure provides
a visual representation of trends in intensity changesr time, making it easier to observe

progressive shifts in specific spectral regions.
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Figure 48: Heatmaps showing changes in spectral intensity feAQ©Bp row), CB (secon
row), CRC (third row), and GB (bottomrow) cell lines. Spectral regions are displaye
follows: 100@Mnnn  OYeuy o6f §Fyin 0202y 0 & Y MR Rifr300C
OYeéeuy ONRIKG O2ftdzYyood 91 OK AyaSyairie ol
cell line under each cortitin. Cells were exposed to-§6cond treatments with pH 4.0 aci
bile salt solution, with the total number of exposures indicated on the left side o
heatmap. Data was collected during a-80nute recovery period, following neutralisatior
pH 7.0with serumfree media.

Whilst heatmap analysis can provide a broad overview of intensingéds across spectral
regions, the Raman spectra shown igufe 4.9 offers a more detailed explanation into
biochemical alterations occurring in thimgle cells after repeated ABSS exposure, compared

to their untreated counterpart.
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Figure 49: Raman spectra for @®(a), CHB (b), CR (c) and CGPx (d). The upper trace (bla
displays the average spectrum famtreated single cells. The lower trace displays the awv
spectra for single cells after 2 (blue), 4 (green), 6 (light purple), 8 (teal) and 10 (dark
exposures of ABSS, plotted as a function of peak differences against the untreated
Ead spectrum shown is the average of 50 measurements taken at pH 7.0. All spect
normalised to the Amide | band (1656 Ynprior to subtraction from untreated singte|
data to show the peak difference over multiple exposures. A dotted line orppiee trace
marks Y(0). The high wavenumber region,(C2¥) was multiplied by a factor of 0.25 to fit
the same scale.

Theupper black trace in each panel is representative of the average spectrum of untreated
cells for respective cell line, serving as a baseline for comparison against the treated spectra
after 2 (blue), 4 (green), 6 (light purple), 8 (teal) and 10 (darklpygxposures of ABSBach
spectrum shown is the average of 50 spectra, per cell line, per condition. All bands were pre
processed using EMSC and normalised to the Amide | peak at 1656Tbm lower trace
(untreated cell spectra) has been offset, wéldotted line plotted across Y - to visualise

negative and positive peaks in the upper traces.

98





























































































