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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 intestinal-like columnar epithelium due to chronic acid and bile reflux. Disease progression 

typically follows a continuum from non-dysplastic 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 utilised advanced single-cell techniques, including 

Raman spectroscopy and deformation cytometry, to characterise these changes and develop 

novel diagnostic tools. 

Single-cell Raman spectroscopy, a non-invasive biophysical technique, was applied to detect 

biochemical signatures in healthy oesophageal tissue, non-dysplastic 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 instance, cancerous cells 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 oesophageal malignancies. 

To complement the biochemical profiling, deformation cytometry was used to measure the 

mechanical properties of individual cells with microfluidic devices. This revealed significant 

decreases in cell stiffness in dysplastic and cancerous cells compared to healthy and non-

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 multi-modal framework capable of accurately distinguishing disease stages. 

The microfluidic platforms facilitated high-throughput single-cell analysis, enabling rapid, 

automated measurement of biochemical and mechanical properties while improving 

reproducibility. This system also allowed real-time monitoring of cellular changes, 

demonstrating potential applications for time-sensitive studies like drug response 

evaluations. Together, these findings highlight the promise of combining Raman 

spectroscopy and deformation cytometry as diagnostic tools for early cancer detection and 

clinical applications.  
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states at varying frequencies. A dashed line indicates a virtual state. Colours highlight the 

light shifts, either red or blue, with green representing the incident light. ............................ 38 

Figure 1.12: The principles of deformation cytometry are illustrated as follows: (a) device 

set-up; (b) a schematic of the cross-slot device featuring inertial focusers provided; (c) 

deformation at the stagnation point; (d) a high-speed image captures a deformation event; 

(e) shape parameters used to quantify deformability are defined; (f) a density scatter plot 

presents  deformability measurements.  Reprinted with permission (8). .............................. 40 

Figure 1.13: (a) Microtubules: Hollow cylindrical shape composed of many small spheres. 

Measures 25 nm tall. (b) Microfilaments: 2 strands of actin subunits, denoted by small 

spheres, twisted into a helix shape. Measures 7 nm tall. (c) Intermediate filaments: Fibrous 

subunit of keratins coiled together. Measures 8-12 nm tall (2) ............................................. 50 

 

Figure 2. 1: (a) The single-chambered cell trapping device was designed using autocad and 

clewin. Both inlet and outlet have been appropriately labelled, with an arrow indicating the 

flow direction. (b) Schematic of the swallowtail-shaped single cell traps, with each row 

positioned offset to allow for optimal cell trapping. (c) Bright-ŦƛŜƭŘ ƛƳŀƎŜ ƻŦ .ŀǊǊŜǘǘΩǎ 

oesophagus single cells (CP-A) trapped on-chip. .................................................................... 56 

Figure 2.2: (a) The cross-slot device was designed using AutoCAD, featuring labelled inlets 

and outlets, with arrows indicating the flow direction. Key highlighted sections include (i) an 

on-chip filter and (ii) the extensional-flow junction. (b) A schematic depicts the on-chip filter 

positioned after the inlet to prevent larger particles from causing downstream blockages. (c) 

The extensional-flow junction, the critical feature of the cross-slot device, where cell 

deformation takes place. (6) .................................................................................................. 57 

Figure 2.3: This schematic provides an overview of the production process for fabricating an 

SU-8-silicon master, with the key steps of the protocol displayed sequentially from (a) to (h) 

(6) ........................................................................................................................................... 59 

Figure 2.4: This schematic outlines the production process for fabricating microfluidic 

devices using PDMS, with the key steps of the protocol displayed sequentially (a ς e) (6) ... 60 

Figure 2.5: Key features of the optical configuration of the Renishaw inVia Raman 

microscope, simplified for clarity. Reprinted with permission (3) .......................................... 61 

Figure 2.6: Images of the 532 nm Raman laser through the beam expander at defocus rates 

of (a) 0 %, (b) 20 %, and (c) 100 %. (d) Bright-field image of the single CP-A cell used for 

refraction of the Raman laser................................................................................................. 62 

Figure 2.7: Comprehensive Workflow for Raman Spectra Acquisition, Pre-processing, and 

Analysis. .................................................................................................................................. 64 

Figure 2. 8: Examples of raw CP-A single cell spectra (blue), EMSC-corrected CP-A single cell 

spectra (green), background PDMS spectra (black) and raw biological reference spectra 

(red). All spectra have been interpolated, averaged, and smoothed using a Savitzky-Golay 

filter (sgolayfilt function) with a polynomial order of 2. Examples of raw CP-A single cell 

spectra (blue), EMSC-corrected CP-A single cell spectra (green), background PDMS spectra 

(black) and raw biological reference spectra (red). All spectra have been interpolated, 

averaged, and smoothed using a Savitzky-Golay filter (sgolayfilt function) with a polynomial 

order of 2. The spectrum of a single CP-A cell showing (a) post-spline interpolation; (b) 

EMSC-corrected Raman spectra compared to the raw data and the background 

contribution; (c) baseline alterations post-EMSC correction; (d) the final outputted spectrum.

 ................................................................................................................................................ 65 
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Figure 2.9 Examples of raw CP-A single cell spectra (blue), EMSC-corrected CP-A single cell 

spectra (green), background PDMS spectra (black) and raw biological reference spectra 

(red). All spectra have been interpolated, averaged, and smoothed using a Savitzky-Golay 

filter (sgolayfilt function) with a polynomial order of 2. ........................................................ 65 

Figure 2. 10: A (a) raw and (b) analysed Raman spectrum of a single CP-A cell, post EMSC 

background removal and baseline correction. ....................................................................... 66 

Figure 2.11: Raman spectrum pre-processing steps for 10 CP-A single cell spectra. (a) Post-

EMSC correction; (b) Truncated between 500 ς 3200 cm-1; (c) Baseline corrected; (d) 

Smoothed [2, 17]; (e) Averaged, with the standard deviation calculated. ............................ 66 

Figure 2.12: (a) Schematic of the microfluidic setup for deformation cytometry. (b) PDMS 

device mounted in a holder with inlet and outlet tubing for high-speed microscopy of cell 

deformation. (c) The device positioned between a standard inverted bright-field microscope 

and an additional light source to enhance image intensity. (6) ............................................ 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 cells are at maximum or no deformation, providing 

images for CNN training and data for LDA. (5) ...................................................................... 71 

 

Figure 3.1: Representative brightfield images and quantitative analyses of single-cell 

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 (bottom 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 single-cell 

trapping (74% ± 6%) and minimising multi-cell occupancy, while higher concentrations (3 

million cells/mL) resulted in clumping and reduced trapping efficiency. Error bars represent 

standard deviations across three experimental replicates. ................................................... 75 

Figure 3.2: viability of single cells trapped on-chip over 5 hours for different oesophageal cell 

lines, including HET-1A (healthy epithelial cells, red), CP-A (non-dysplastic Barrett's 

oesophagus, cyan), CP-B (low-grade dysplasia, pink), CP-C (high-grade dysplasia, yellow), 

CP-D (high-grade 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. ............................................................... 76 

Figure 3.3: Single-cell Raman spectra representing the progression from healthy squamous 

oesophageal epithelia (HET-1A: red) through non-ŘȅǎǇƭŀǎǘƛŎ .ŀǊǊŜǘǘΩǎ ό/t-A: cyan), mild 

ŘȅǎǇƭŀǎǘƛŎ .ŀǊǊŜǘǘΩǎ ό/t-.Υ ǇƛƴƪύΣ ƳƻŘŜǊŀǘŜ ŘȅǎǇƭŀǎǘƛŎ .ŀǊǊŜǘǘΩǎ ό/t-C: yellow) and severe 

ŘȅǎǇƭŀǎǘƛŎ .ŀǊǊŜǘǘΩǎ ό/t-D: purple), to oesophageal adenocarcinoma (OE19: green) cells. All 

spectra were normalised to the Amide I band at 1656 cm-1. The shaded area around each 

cell line is representative of the standard deviation. The grey shading 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 

scale. ...................................................................................................................................... 78 

Figure 3.4: PCA-LDA of HET-1A (red) and OE19 (green) EMSC-corrected spectral data. (a) 

¢ǊǳƴŎŀǘŜŘ wŀƳŀƴ ŘŀǘŀǎŜǘǎ ōŜǘǿŜŜƴ улл ŀƴŘ мулл ŎƳҍм ǳǎŜŘ ŦƻǊ ŀƴŀƭȅǎƛǎΦ όōύ tǊƛƴŎƛǇŀƭ 

component loadings taken from PCA. Scores 1ςр ŀǊŜ ǎƘƻǿƴΣ ŀŎŎƻǳƴǘƛƴƎ ŦƻǊ Ҕ ур҈ 

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 PCA-LDA. The outputted values 

are representative of the False Positive (0.058), True Positive (1), False Negative (0.942) and 

True Negative (0). ................................................................................................................... 80 

Figure 3.5: (a) Truncated Raman spectra (800 -1800 cm-1) for each stage of cancer 

development. The healthy (HET-1A), non-dysplastic (CP-A), severely dysplastic (CP-D) and 

cancerous (OE19) cell lines are represented by red, cyan, purple and green spectra, 

respectively. (b) The PC loadings from the data shown in Figure 4.7a. Bands of interest have 

been highlighted in blue. (c) 2D plot representing the variance explained and the cumulative 

variance for HET-1A (healthy), CP-A (non-dysplastic), CP-D (severely dysplastic) and OE19 

(cancerous) single cells. .......................................................................................................... 81 

Figure 3.6: (a) 2D plotted PCA LDA1 vs PCA LDA2 scores for HET-1A (red), CP-A (cyan), CP-D 

(purple) and OE19 (green) and their relative LDA histograms. (b) Confusion matrix for 

statistical analysis of the PCA-LDA. ........................................................................................ 82 

Figure 3.7: (a) 2D plotted PCA LDA1 vs PCA LDA2 scores for CP-B (pink), CP-C (orange) and 

CP-D (purple). (b) Principal component loadings taken from PCA. Scores 1-5 are shown, 

accounting for > 80 % variability. Bands of interest are highlighted in blue. (c) Cumulative 

variance and variance explained for the first 15 PCs. (d) Confusion matrix for statistical 

analysis of the PCA-LDA. ......................................................................................................... 84 

 

Figure 4.1: Line graph displaying the average viability of 50 single cells 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 cells on-chip which were not 

exposed to the Raman laser. .................................................................................................. 89 

Figure 4.2: Offset Raman spectra of a CP-A cell are shown at four time points: immediately 

before laser exposure (black), post-2 hours (red), post-4 hours (blue), and post-5 hours 

(green). The study aimed to assess whether a single Raman laser exposure could induce 

delayed apoptosis by monitoring untreated cells over time. Each spectrum represents the 

average of 100 individual spectra, all of which were baseline-corrected and smoothed using 

the Savitzky-Golay method for noise reduction. .................................................................... 89 

Figure 4.3: Bright-field images of a trapped CP-A cell on-chip, illustrating morphological 

changes at various time points: (A) immediately before exposure, (B) 0.5 hours post-

exposure, (C) 1 hour post-exposure, (D) 1.5 hours post-exposure, and (E) 2 hours post-

exposure. ................................................................................................................................ 90 

Figure 4.4: Overlapped bright field and fluorescence images of single cells trapped on-chip. 

All images were taken on a 10x dry lens. Each column (left to right) is representative of the 

average viability of cell lines CP-A, CP-B, CP-C and CP-D. The top row displays results from 

cells that are untreated, with the remaining rows (top to bottom) displaying cells that have 

been treated with 2, 4, 6, 8, and 10 acidic-bile salt solution exposures. Viability was 

determined via Sytox Red dead stain fluorescence imaging. The right-hand panel displays 

the percentage viability for each 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 %. ............................................................................ 92 

Figure 4.5: On-chip viability data for CP-A (cyan), CP-B (pink), CP-C (mustard) and CP-D 

όǇǳǊǇƭŜύ .ŀǊǊŜǘǘΩǎ ǎƛƴƎƭŜ ŎŜƭƭǎΦ /Ŝƭƭǎ ǿŜǊŜ ǎǳōƧŜŎǘ ǘƻ н όōύΣ р όŎύ ŀƴŘ мл όŘύ Ƴƛƴǳte durations of 

pH 4.0 acidic-bile salt solution exposure, to give an overall exposure time of 10 minutes. 

Untreated cells were monitored on-chip for a total duration of 5 hours (a). The pH was 

raised to 7.0 post-exposure with the addition of serum-free media. 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+ 

independent experiments. ..................................................................................................... 93 

Figure 4.6: CP-A (cyan), CP-B (pink), CP-C (mustard) and CP-5 όǇǳǊǇƭŜύ .ŀǊǊŜǘǘΩǎ ǎƛƴƎƭŜ ŎŜƭƭǎ 

were subject to 10 x 1-minute exposures of pH 4.0 acidic-bile salt solution, giving a total 

exposure duration of 10 minutes. The pH was raised to 7.0 post-exposure with the addition 

of serum-free 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 ............................................. 94 

CƛƎǳǊŜ пΦтΥ wŀƳŀƴ ǎǇŜŎǘǊŀ ŦƻǊ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎŜŀƭ ŎŜƭƭ ƭƛƴŜǎ /t-A (A), CP-B (B), CP-C (C), 

and CP-D (D). Single cells were subjected to 10 individual 1-minute exposures to acidic-bile 

salt solution at pH 4.0, resulting in a total exposure duration of 10 minutes. Following each 

exposure, the pH was neutralised to 7.0 with serum-free media, with a 30-minute recovery 

period between exposures. Spectra were collected during the neutral pH recovery phase. 

The average of 50 spectra per condition 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 (brown), exposure 9 (olive), and exposure 10 (orange). ...................................... 95 

Figure 4.8: Heatmaps showing changes in spectral intensity for CP-A (top row), CP-B (second 

row), CP-C (third row), and CP-D (bottom row) cell lines. Spectral regions are displayed as 

follows: 1000ςмплл ŎƳѐц όƭŜŦǘ ŎƻƭǳƳƴύΣ мпллςмулл ŎƳѐц όƳƛŘŘƭŜ ŎƻƭǳƳƴύΣ ŀƴŘ нуллς3000 

ŎƳѐц όǊƛƎƘǘ ŎƻƭǳƳƴύΦ 9ŀŎƘ ƛƴǘŜƴǎƛǘȅ ǾŀƭǳŜ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŀǾŜǊŀƎŜ ƻŦ рл ƛƴŘƛǾƛŘǳŀƭ ǎǇŜŎǘǊŀ ǇŜǊ 

cell line under each condition. Cells were exposed to 60-second treatments with pH 4.0 

acidic-bile salt solution, with the total number of exposures indicated on the left side of each 

heatmap. Data was collected during a 30-minute recovery period, following neutralisation 

to pH 7.0 with serum-free media. .......................................................................................... 97 

Figure 4.9: Raman spectra for CP-A (a), CP-B (b), CP-C (c) and CP-D (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), 4 (green), 6 (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 Amide I band (1656 cm-1) prior to subtraction from 

untreated single-cell data to show the peak difference over multiple exposures. A dotted line 

on the upper trace marks Y(0). The high wavenumber region (CH2CH3) was multiplied by a 

factor of 0.25 to fit on the same scale. .................................................................................. 98 

Figure 4.10: Bright-field images illustrating the morphological changes in CP-A cells 

subjected to pH 4 acidic-bile salt solution. Cells were exposed for 60 seconds to low pH 

conditions, followed by restoration to pH 7.0 for 30-minute 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, and integrity. Significant structural 

degradation is observed with increasing exposures, correlating with reduced viability as 

determined by Sytox Red dead stain fluorescence imaging. ............................................... 100 

Figure 4.11: Bright-field images illustrating the morphological changes in CP-B cells 

subjected to pH 4 acidic-bile salt solution. Cells were exposed for 60 seconds to low pH 

conditions, followed by restoration to pH 7.0 for 30-minute 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, and integrity. Significant structural 
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1 Introduction 

 

1.1   Overview 

Oesophageal cancer is the seventh leading cause of cancer death 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 mortality (880,000) (14). Countries with a lower 

human development index (HDI) are burdened with 80 % of cases, whilst 70 % of diagnosis 

develop in men; a 2-to-3 fold difference in both mortality and incidence rate between the 

sexes (15). This cancer burden is increasing rapidly on a global scale, with two predominant 

histological subtypes: oesophageal squamous cell carcinoma (OSCC) and oesophageal 

adenocarcinoma (OAC).  

OSCC accounts for 85 % of global cases, developing through the malignant transformation of 

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 America (16). Despite this, the incidence 

for OAC has now surpassed that of OSCC in higher HDI countries following increases in age-

standardised incidence (17)Σ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘǿƻ ǘƘƛǊŘǎ ƻŦ ŎŀƴŎŜǊ ŘƛŀƎƴƻǎƛǎΩΦ ²ƛǘƘ h!/ 

incidence rates rising, key contributors for cancer development are gastroesophageal reflux 

ŘƛǎŜŀǎŜ όDhw5ύΣ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎ ό.hύ ŀƴŘ ŜȄŎŜǎǎ ōƻŘȅ ǿŜƛƎƘǘ (17, 18). Unfortunately, 

the five-year survival rate for both subtypes remains discouraging, at less than 20 % for 

patients at advanced stages (19). Accompanied by global aging and population growth, GORD 

affects 10-30 % of the adult population in HDI countries, with higher prevalence with 

Northern Europe and 5 in 1000 people affected in the UK (20, 21). Pre-cancerous condition 

BO currently affects less than 1 % of the UK population, with 3-13 % of these patients going 

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

rates are steadily increasing (22, 23).  

Advanced endoscopic techniques have the potential to detect the progression of pre-

malignant lesions to cancer and vastly enhance patient outcomes. However, this 

effectiveness is hindered by low endoscopy rates due to its invasive nature. Despite extensive 
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research on cancer risk predictors, a large number of cases remain undiagnosed, highlighting 

the requirement for improved screening techniques at earlier stages of disease progression. 

Cost-effective, minimally invasive, and well-tolerated non-endoscopic technologies are 

crucial. Implementing such devices in primary care settings within high-risk 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 improvement 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 accuracy.   

 

 1.1.2   Prevalence and Risk Factors 

The Ψh!/ ŜǇƛŘŜƳƛŎΩ (24) has seen soaring incidence rates since the 1950s, with the highest 

incidence rates seen in Northern Europe, particularly the UK and the Netherlands (17, 25). 

Accompanied by global aging and population growth, incidence rates for oesophageal cancer 

have risen by 38,000 since 2017 (15). The primary risk factors for OAC are closely linked to 

the disease progression from BO. GORD is currently the most significant risk factor for OAC, 

with rising cancer incidence reflective of increasing GORD prevalence, as shown in Figure 1.1. 

A systematic review and meta-analysis of five population-based studies demonstrated that 

experiencing GORD symptoms at least weekly elevates the risk of OAC nearly five-fold (OR 

4.92, 95% CI 3.90ς6.22), and daily symptoms increase the risk approximately seven-fold (OR 

7.40, 95% CI 4.94ς11.1) (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 that central obesity is 

associated with an increased risk of OAC (OR 2.51, 95% CI 1.54ς4.06) (28). Tobacco smoking 

also correlates with a higher risk of OAC. A pooled analysis of ten population-based case-

control studies and two cohort studies, comprising 2990 OAC cases and 9453 controls, 

indicated that smoking doubles the risk of OAC (OR 2.08, 95% CI 1.83ς2.37) with a strong 

dose-response relationship linked to the number of pack-years of smoking (29). 



 
 

3 
 

 

 

Dissimilar to GORD, OAC exhibits a notable male predominance, with a global male-to-female 

ratio of 4.4, ranging from 1.7 to 8.5 (30). This disparity cannot be fully attributed to higher 

BO rates in men, as suggested by a meta-analysis of the sex ratio for BO (31). Possible 

explanations include greater severity of GORD due to increased abdominal obesity and 

higher smoking rates among men, as well as potential contributions from sex hormone 

factors (32). 

Contrasting to its role in OSCC, alcohol 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 consumption and OAC risk, even at higher consumption levels (33). Additionally, 

infection with Helicobacter pylori appears to reduce the risk of OAC. A systematic review and 

meta-analysis of studies up to February 2007 found an inverse relationship between 

Helicobacter pylori prevalence and OAC risk (pooled OR 0.52, 95% CI 0.37ς0.73) (34). 

In 2021, > 7800 people in England were diagnosed with oesophageal cancer, predominantly 

affecting those aged 70 to 74, with 1,054 diagnoses in men and 371 in women. This 

distribution is illustrated below in Figure 1.2. 13 % of men and 10 % of women in England 

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

Figure 1.1: Worldwide oesophageal adenocarcinoma rates (age-adjusted according to 

the world standard population, per 100,000) in 2020. Reprinted with permission (10) 
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14 units. In 2018/19, 30 % of women and 25 % of men in England reported eating at least five 

portions of fruit and vegetables per day, while 9 % of men and 7 % of women consumed none 

(35).  

  

 

 

  

 

 

 

 

 

 

 

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 higher than currently 

predicted. In European studies, BO is found in approximately 1 % to 2 % of the unselected 

general population, whilst in the USA, the prevalence is around 5 % to 6 %. However, amongst 

individuals with GORD, the prevalence can rise to as high as 15 % (36). A Swedish population-

based study from the early 2000s found BO with intestinal metaplasia in 1.6% of 3,000 

randomly selected individuals (95% CI 0.8ς2.4) (37). An Italian study from 2000 to 2004 

reported a prevalence of 1.3% in 1,033 individuals (38). A systematic review and meta-

analysis of 51 studies from Asian countries up to September 2014 found a pooled prevalence 

of 1.3% (95% CI 0.7ς2.2) and noted an increasing trend over time from 1991 to 2014 (39). 

BO is more common in men and is notably more prevalent in Caucasians compared to those 

of African ancestry (40). The condition also becomes more frequent with age and is more 

Figure 1.2: Registrations of newly diagnosed cases of oesophageal cancer in England by 

2021, by age group and gender. Reproduced with permission from the Office for National 

Statistics (UK). © Stastica 2024 
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likely to affect individuals with a family history of the condition. UK studies indicate that the 

prevalence increases by 7.4 % for each additional year of age between 20 and 59 years in 

males, with a similar pattern observed in females, though with a 20-year delay. It is important 

to note that the development of metaplasia to columnar epithelium does not directly 

correlate with the degree of oesophageal acid reflux, suggesting that other genetic and 

environmental factors play a significant role (36).  

Risk factors associated with progression to adenocarcinoma include male gender, advanced 

age, extensive segment involvement (greater than 8 cm), presence of intestinal metaplasia, 

prolonged history and/or early onset of GORD, duodeno-gastro-oesophageal reflux, mucosal 

damage (such as ulceration and stricture), and a family history of the condition (41, 42). Sex-

specific differences in the progression of BO may be influenced by hormonal factors. 

Evidence suggests that males develop BO earlier than females, resulting in a longer duration 

of risk for progression (43). Familial clustering of both BO and oesophageal adenocarcinoma 

(OAC) has been observed, with linkage and genome-wide association studies indicating a 

complex genetic trait (44, 45). While no monogenic mutations have been identified for BO or 

OAC, the heritable components are estimated at 35 % and 25 %, respectively (46). The 

characteristics of the BO lesion, such as longer lesion length and the progression from non-

dysplastic BO to low-grade dysplasia, also influence the likelihood of developing OAC (47). 

Characterised by the reflux of acidic and bile salt-containing duodenal and gastric contents, 

GORD is a primary factor in the development of the initial metaplastic BO lesion and is among 

the strongest risk factors for OAC (27, 48, 49). 10 ς 15 % of patients suffering from GORD will 

develop BO, with 1 ς 10 % of those BO patients developing OAC over a period of 10 ς 20 

years. The vast majority of BO patients die of natural causes (50, 51). A 2021 systematic 

review and meta-analysis of 44 cross-sectional studies revealed that 7.2% (95% CI, 5.4%-

9.3%) of 26,521 individuals with GORD had histologically confirmed BO (52). There is greater 

progression towards OAC with long-segment BO (> 3cm) than short-segment BO (< 3cm). A 

meta-ŀƴŀƭȅǎƛǎ ƻŦ плфт .h ǇŀǘƛŜƴǘǎΣ ǿƘƻ ǿŜǊŜƴΩǘ ǇǊŜǎŜƴǘƛƴƎ ǿƛǘƘ ŘȅǎǇƭŀǎƛŀΣ ǊŜǇƻǊǘŜŘ ŀƴƴǳŀƭ 

OAC progression rates of 0.06% (95% CI, 0.01%-0.10%) for short-segment BO and 0.31% (95% 

CI, 0.21%-0.40%) for long-segment BO (53). GORD evaluation via upper endoscopy was 

analysed for 378 patients as part of a cohort study, with short-segment BO having a higher 

prevalence (8.5 %) than long-segment BO (4.8 %) (54). This outcome has also been reported 

in other studies (53, 55). 
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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 refluxate (56, 57). Additionally, medications that relax the lower oesophageal 

sphincter, increasing the frequency and severity of gastric reflux, are associated with the 

development of OAC (47, 58-63). These medications include anti-cholinergic drugs, calcium 

channel blockers, and theophylline. Proton pump inhibitors (PPIs) have shown a dose-

response relationship in preventing dysplastic BO progression (64), 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 

gastric acid secretion (65-67). Studies indicate that 36 % of OAC cases are directly linked to 

frequent symptomatic acid reflux, with daily GORD symptoms increasing the risk of OAC 

seven-fold compared to less frequent symptoms (68, 69), with a significant proportion of OAC 

cases likely arise in individuals with silent reflux disease (70). 

 

 1.1.3    Clinical Characteristics 

The majority of patients with BO have a known 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 however most patients will have GORD symptoms with no other 

specific physical examination findings (71). 

Unselected population screening for BO is not recommended due to the relatively low risk (1 

ς 2 %)    (52, 54, 72-75) with an annual risk of progression to OAC at 0.3 ς 0.8 % (76-78). The 

cost-effectiveness of BO screening programmes has therefore been disputed (79-81), with 

suggestions that it only be offered to high-risk populations. A recent systematic review and 

analysis (82) 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 ( 1.9 %). Individuals with 

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 

ƳƛƴƻǊƛǘȅ ƻŦ ǇŀǘƛŜƴǘǎ ǿƘƻ ŘƻƴΩǘ ǎǳŦŦŜǊ ŦǊƻƳ Dhw5 όпл ς 50 %) (83, 84) would be missed when 
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adhering to current suggested screening strategies, all which require GORD symptoms as an 

pre-requisite, as illustrated in Figure 1.3. 

 

 

 

 

 

Figure 1.3: ¢ǊŜŀǘƳŜƴǘ ŀƭƎƻǊƛǘƘƳ ŦƻǊ ǇŀǘƛŜƴǘǎ ǿƛǘƘ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎΦ 
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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 diagnosis (58, 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 five years (58). 

Strategies promoting the prevention and early diagnosis of OAC are essential for improving 

overall outcomes. These include screening to detect patients with BO, surveillance to identify 

those at risk of or demonstrating progression, effective chemoprevention to limit dysplastic 

progression, and effective treatments for cases where dysplasia or invasive disease has 

occurred. It currently remains unclear whether community surveillance programs translate 

to improved survival (83, 86-88). 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 progression (64). Intensive and often invasive 

follow-up regimes are required, placing pressure on healthcare resources and exposing 

patients to potential harm. Chemo-preventive options for BO are limited beyond anti-reflux 

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 generally required (84). 

The cost-effectiveness 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 time-consuming invasive endoscopies for the collection of 

ƳǳƭǘƛǇƭŜ .ŀǊǊŜǘǘΩǎ ƭŜǎƛƻƴǎ ŦƻǊ ŀƴŀƭȅǎƛǎΦ bŜǿ ǎŎǊŜŜƴƛƴƎ ƳƻŘŀƭƛǘƛŜǎ ǘƘŀǘ ǿƻǳƭŘ ǊŜŘǳŎŜ ōƻǘƘ 

surgery time and required sample volume would be more cost-effective than standard 

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

BO / OAC screening may be expanded in the near future.  
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   1.2  5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ .ŀǊǊŜǘǘΩǎ [Ŝǎƛƻƴ 

 

 1.2.1    The Oesophageal Barrier 

The formation of the initial BO lesion results directly from chronic exposure of the lower 

oesophagus to gastric refluxate (9,22,115), comprising of hydrochloric acid-rich gastric 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 high-pressure zone in the lower oesophageal region. In 

conjunction with gastric emptying and oesophageal peristaltic movement, this increased 

pressure minimises 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 impedance-pH 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 barrier, as illustrated in Figure 1.4. This barrier is created through the combined 

actions of multiple layers: a pre-epithelial (luminal), an intrinsic epithelial, and a post-

epithelial (stromal) compartment (120). A mucous buffer layer originates from within the 

lumen, formed using bicarbonate, water and mucous from swallowed saliva, produced by 

the submucosal glands (118, 121). This mechanism neutralises hydrogen (H+) ions and 

prevents diffusion of harmful stimuli to the apical cellular membrane, with additional 

protection via a layer of unstirred water flowing laminar along the apical epithelial surface 

(120,122).  

The swallowed saliva also contains various tissue repair mediators, including transforming 

growth factor h  (TGF- )h, prostaglandin E2 (PGE2), and epidermal growth factor (EGF) (123). 

These defences are less effective than their gastric counterparts, leaving the oesophageal 

mucosa more vulnerable to damage (120). The intrinsic non-squamous epithelial barrier 

plays a crucial role in preventing harmful molecules from penetrating deeper 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 maintaining the integrity of the epithelial 

barrier (124,125). Junctional adhesion molecules, which support occludin assembly, and the 
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late epidermal differentiation protein filaggrin, which helps maintain the intercellular 

glycoprotein matrix, are also important (126,127). H+ ions 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 removal of lactic acid and carbon dioxide, and delivers bicarbonate ions to 

neutralise acid (128,129).  

 

 

Despite these protective mechanisms, prolonged exposure to harmful stimuli results in 

damage to tissues and cell death. Previous research has determined that the resulting cellular 

injury and necrosis is a result of cytokine-mediated inflammatory processes (130). Initiated 

during damage to the apical junction complex, this results in increased para-cellular 

permeability, shown morphologically via the presence of dilated intercellular spaces. 

Consequently, this leads to a greater H+ concentration along basolateral epithelial cell 

membranes, affecting their sodium-independent chloride/bicarbonate exchange (133). 

Acute and chronic inflammation arises due to the build-up of intercellular acidification, 

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

Figure 1.4: Illustration detailing the protective mechanism of the oesophagus against 

ƴƻȄƛƻǳǎ ǊŜƅǳȄŀǘŜ IҌ ions. Reprinted with permission. (4) 
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damaged cells is possible (135), the epithelium is able to repair itself through the migration 

of healthy adjacent cells to the damaged area within 30-60 minutes of initial injury (134), as 

detailed in Figure 1.5.   

Increased intragastric pressure is a feature of obese GORD patients, resulting in an increased 

gastro-oesophageal pressure gradient and transient relaxation of the lower oesophageal 

sphincter, thereby leading the gastric contents to flood the lower oesophagus. This also 

occurs when intra-abdominal pressure is increased. Additionally, obesity enhances the 

spatial separation of the lower oesophageal sphincter and the crural diaphragm, 

predisposing individuals to a hiatal hernia, resulting in increased exposure of the oesophagus 

to acid (7).   

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Models of wounding aƴŘ ŎƻƳǇŜǘƛǘƛǾŜ ǊŜǇƭŀŎŜƳŜƴǘ ƛƴ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎ 

development. (A) The squamo-columnar junction in a .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎ segment shows 

granulation indicative of recent epithelial denudation. (B) This junction aligns with the 

stomach-oesophagus boundary. (C) Chronic acid-biliary reflux erodes squamous epithelium, 

forming an ulcerative defect. (D) The defect is covered by undifferentiated epithelium. (E) 

Progenitor cells mature into mucous glands, which (F) differentiate into intestinal or gastric 

types based on the microenvironment. Recurrent reflux and ulceration lead to progressive 

replacement of squamous epithelium by columnar epithelium. Reproduced with permission 

(13)  
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 1.2.2  aƻƭŜŎǳƭŀǊ hǊƛƎƛƴǎ ƻŦ .ŀǊǊŜǘǘΩǎ hŜǎƻǇƘŀƎǳǎ  

The development of oesophageal cancer has a large number of mutations akin to cancers 

such as melanoma and lung cancer. Non-dysplastic BO has a remarkably lower number of 

mutations in contrast to oesophageal cancer; whilst having a larger number of mutations 

than other malignancies such as breast cancer and multiple myeloma (89). The mutation, 

inactivation, or loss of regulatory genes are responsible for controlling the cell cycle, which 

leads to changes in the oesophageal lining, into BO (90). The most 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 high-grade BO 

and OAC, however it is not a feature in low-grade BO. Both p16 and p53 affect the G1 to S-

phase of the cell cycle, through either induction of apoptosis or blocking cell division 

processes should DNA repairs fail. Faults in both genes lead to a lack of cell death, excess cell 

division and progression to malignancy.  

Epigenetic governors such as Homeobox [Hox] genes code for DNA-attached proteins which 

determine the fate of various cell types. Caudal-type Hox [Chx] -1 and -2 have been linked 

with to the transformation of cell architecture from squamous to columnar cells (92), 

heralding the development of metaplasia in the oesophagus (93) via hyper-methylation of 

promoter sequences on tumour suppressor genes, leading to the inactivation of the latter. 

Other cell cycle regulators include tumour suppressor genes such as adenomatous polyposis 

coli gene involved in cell cycle control, and proto-oncogenes such as Myc genes.  

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

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

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

tumour protein 63 [p63], transcription factor SOX2, and paired box protein Pax-9 [PAX9]. 

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

development, including SOX9, nuclear factor kappa-light-chain-enhancer of activated B cells 

[NF-Ƭ.ϐΣ D!¢! ōƛƴŘƛƴƎ ǇǊƻǘŜƛƴ с ώD!¢!сϐΣ ƘƻƳŜƻōƻȄ ǇǊƻǘŜƛƴǎ /5·м ŀƴŘ /5·нΣ ǇǊƻǘŜƛƴ ŀƴŀƭƻƎ 

homolog 1 [ATOH1], hypoxia-inducible factors [HIFs], mini-chromosome maintenance 

protein (MCM2) (Figure 1.6), ŀƴŘ ƘŜǇŀǘƻŎȅǘŜ ƴǳŎƭŜŀǊ ŦŀŎǘƻǊǎ ώIbCϐ мʰΣ оʰΣ оʲΣ оằΣ ŀƴŘ пʰ 

(70, 94-97).  
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Upstream of these factors, the combination of pro-inflammatory cytokines produced from 

the lower oesophageal stroma and the GORD-induced inflammatory environment leads to 

activation in numerous different pathways (98, 99). These include signalling cascades such as 

the Hedgehog signalling pathway, the highly-conserved Wnt signalling pathway, and the 

TGF̡ superfamily member bone morphogenetic protein BM4 (100-106). Downregulated 

pathways associated with both transdifferentiation and transcommitment include the Notch 

signalling cascade (107-109). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Abnormal proliferation compartments of Barrett's oesophagus and associated 

dysplasia. Expression of a proliferation marker mini-chromosome maintenance protein 

(Mcm2) is shown by immunohistochemistry. Whereas the proliferative compartment is 

confined to the basal layers (normal squamous oesophagus, (A)) and in the crypts and the 

glands (normal stomach and duodenum, (B) and (C)), in Barrett's metaplasia proliferation 

extends towards the surface (D). With increasing dysplasia the number of proliferating cells 

increases with expansion of the proliferative compartment (E-G). Reproduced with 

permission from BMJ Publishing Group Ltd (9). 
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 1.2.3   Transdifferentiation, Translocation &    

    Transcommitment 

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

the inability to observe the metaplastic process in vivo and the lack of reliable physiological 

animal models. The initial hypothesis was that BO arose as a consequence of migrating 

transitional zone cells from the gastro-oesophageal junction to the distal oesophagus and 

gastric cardia as a response to acid refluxate-induced tissue damage (110). However, even if 

this were to be the case, the differing epithelial cell lineages 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 which could give 

rise to BO through clonal expansion (111). The theory of upward migration from the gastro-

oesophageal junction was discarded after animal studies revealed the cell of origin was 

intrinsic to the oesophagus (112).   

The predominant 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 irreversible metaplastic 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 with the co-expression of squamous 

(cytokeratin 14) and columnar (cytokeratin 8) differentiation markers during the conversion, 

suggesting that these changes can occur independent of cell division or apoptosis (113).  

In theory, the reverse transformation 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 post-BO endoscopic removal (provided all differentiated 

epithelium was removed) would further weaken this hypothesis (114). Another related 

ƘȅǇƻǘƘŜǎƛǎ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǘƘŜǊŜ Ƴŀȅ ōŜ ŀƴ ƛƴǘŜǊƳŜŘƛŀǘŜ άƳǳƭǘƛ-ƭŀȅŜǊŜŘ ŜǇƛǘƘŜƭƛǳƳέΤ 

composed of multiple cellular layers, appearing squamous in their basal portion and 

columnar more superficially, with both layers expressing cytokeratins (115).  
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Despite this, recent data has strengthened the argument that the upward migration of 

columnar cells from the gastro-oesophageal junction leads to BO development (116). 

Examination of early oesophageal development in wild-type mouse embryos led to 

suggestion that the columnar cells lining of the embryonic oesophagus, composed of 

columnar cells, was sloughed off as squamous epithelial cells migrate through the 

oesophagus, undermining and replacing the columnar cells (117). They hypothesised that the 

squamo-columnar junction in adult mice, and the gastro-oesophageal junction in human 

adults, contain a residual population of embryonic columnar cells. These cells later give rise 

to BO via migration after refluxate damage to the proximal squamous epithelium (117). The 

concept of a oesophagus-gastric junction cell of origin 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 ongoing (118). This indicates that there are multiple cells of 

origin for BO, and that the progression from BO to OAC is linked to the particular cell type 

that BO developed from. 

 

 

 

 

 

 

 

 

 

 

 

Alternate theories include changes in the commitment (transcommitment) 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, 

Figure 1.7Υ 9ƴŘƻǎŎƻǇƛŎ ŀǇǇŜŀǊŀƴŎŜ ƻŦ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎΦ bƻǘŜ ǘƘŜ ǿƘƛǘŜ- appearing 

normal  squamous mucosa displaced above the true end of the oesophagus. The intervening 

mucosa appears salmon-pink. Reposted with permission (7) 
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including the sub-mucosal glands and the lining of their ducts, and the stratified squamous 

basal layer epithelium. This hypothesis 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 explain the various cell phenotypes present in BO, as well as the regeneration of 

squamous epithelium post-BO lesion removal (114).  

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 suggested to 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 

observed in the gastrointestinal tract due to the near-residing ulcer-associated cells (122).  

Retinoic acid has previously been adapted as a stimulant for squamous cell differentiation, 

with the results suggesting that the submucosal gland ducts within the stromal department 

provide the columnar cell source (123).  Bone marrow-derived progenitor cells have also 

been hypothesised as possibly contributing to BO development (124). There may be more 

than one route to BO development (70, 125), however, given the presence of multiple cell 

linages, transcommitment can be considered the 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 multi-generational chromosomal instability (126, 127). Associated 

with mitotic slippage, this is characterised by tetraploidy, aneuploidy, and early copy number 

changes, possibly allowing for pre-malignancy detection of OAC (126, 128-130). Malignancy 

transformation can be detected at high levels of sensitivity and specificity using 

measurements of genomic instability such as flow cytometric DNA analysis, single nucleotide 

polymorphism arrays, and shallow whole genome arrays (130, 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-endoscopic pan-oesophagus sampling modalities such as capsule delivered sponges 

(129).  

Contrastingly, high levels of heterogeneity result in no effective biomarkers from gene 

mutation panels (132). The burden of mutations in BO is reported at 5.6 ς 6.8 SNVs/Mb, 

however differences between non-dysplastic and dysplastic cases is uncertain (129, 133). 

Immuno-histological confirmation of p53 aberrance correlates with high-grade dysplasia and 

OAC development, with its use recommended as part of UK guidance for histopathological 

assessment (41, 132), with emerging evidence for the association between the rapid 

accumulation of copy number heterogeneity and p53 loss (127). Recent data is suggestive of 

the theory that extrachromosomal DNA almost exclusively arises due to TP53 alterations in 

high-grade dysplasia, amplifying a variety of oncogenes and immunomodulatory genes (134). 

Additional meta-analysis revealed a higher genetic correlation between GORD and BO, than 

GORD and OAC (135) (136).  

Once developed, OAC can be considered a structurally unstable, heterogeneous, C-type 

malignancy, characterised by intensive large scale structural rearrangements and frequent 

copy number changes (129, 137, 138). These structural rearrangements are also present in 

high-grade dysplasia, including fragile site deletions, chromothripsis, breakage-fusion-

breakage cycles and somatic mobile element insertions (137). The mutational burden of OAC 

is much higher than that of BO, at 7.1 ς 25.2 SNVs/Mb, averaging 9.9 SNVs/Mb (139). 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 tumour (140), with these genes exherbated and 

promoted by assisting patient-specific helper genes (141). 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 % confidence 

interval 0.42 to 0.84; p = 0.003) (140). This trend is reflected in GATA4 amplification (0.64, 

0.38 ς 0.78; p <0.001) and activation of the Wnt pathway, which has previous association 

with well-differentiated tumours (140). Later stages contain an increased number of APOBEC 

signatures indicative of worsened outcomes (142).  

Three relevant treatment groups can be categorised from mutational OAC signatures (138). 

One-fifth 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 ADP ribose polymerase (PARP) inhibition. The second group enriches for a 

mutational pattern associated with ageing, C>A/T dominant, whilst the final group, 

comprising half of all patients, has a T>G dominant mutational pattern, associated with a high 

mutational load (138). This hyper-mutation is indicative of the loss of immune signalling 

genes and Wnt dysregulation. An example gene would be 2̡ microglobulin, explaining the 

poor sensitivity of OAC to checkpoint inhibition (140). The immune landscape is further 

influenced through the consistent amplification of targetable receptor kinases, also present 

during dysplastic progression of BO (138, 143). 

 

    1.3 A Model System 

 

 1.3.1   Available Models for Research 

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 and selective 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 anatomy, like the absence of oesophageal 

submucosal glands in mice, must be considered. A review of mouse models for BO and OAC 

highlighted the IL-мʲ ƳƻŘŜƭ (144), which induces inflammation, abnormal NF-kB signalling, 

and progression from metaplasia to dysplasia and neoplasia (116, 145). The model showed 

that high-fat diets (145, 146) and bile salts (147) exacerbate dysplasia, whilst manipulating 

genes like CDX2 (148), telomerase RNA component (149), and Notch2 (150) further 

influences disease progression. Additionally, combining the IL-мʲ ƳƻŘŜƭ ǿƛǘƘ ƘȅǇŜǊ-

gastrinemic mice revealed that increased gastrin levels (151, 152), potentially linked to 

proton pump inhibitor use (153), promote dysplasia and cancer stem cell expansion (151). 

The development of squamous dysplasia and oesophageal squamous cell carcinoma was 

seen in older mice (154).  
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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 mice (155). These models can be used for assessing the effects of drug 

targeting pathways such as TGF- ,̡ JNK and MEK signalling (156, 157), however a key 

limitation would be that tumour development is anatomically distinct from the oesophagus 

(158, 159). Further limitations of animal models are details in Table 1. The rat surgical model 

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

small intestine, resulting in the development of a columnar epithelium and adenocarcinoma 

via acid exposure (160, 161). Recent refinements have improved operative mortality (162), 

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 anatomy (154, 163).  

 

Table 1Υ !ƴ ƻǾŜǊǾƛŜǿ ƻŦ ŀƴƛƳŀƭ ƳƻŘŜƭǎ ǳǎŜŘ ƛƴ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎ ŀƴŘ ƻŜǎƻǇƘŀƎŜŀƭ 

adenocarcinoma research. Reproduced with permission under a Creative Commons 

Attribution-NonCommercial-No Derivatives License (CC BY NC ND) (1) 
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Developed in the 1980s, the canine model induced oesophageal metaplasia via acidic reflux 

through a hiatal hernia and myotomy, forming oesophageal columnar mucosa (164, 165). 

The latest model supports squamous healing and reverses metaplasia using a proton pump 

inhibitor and porcine-derived hydrogel applied via endoscopic mucosal resection (159). 

While useful for comparative oncology (166), oesophageal tumours in dogs are rare and 

typically non-adenocarcinomas (167).  

Similarly, the porcine model, with its oesophageal submucosal glands, mirrors human OAC 

development (168, 169). The CAV3 protein, linked to familial BO and OAC, suggests a role in 

wound healing (170). Limitations of this model include their large size and appropriate 

housing. 

Human oesophageal biopsies can be cultured short-term, but immortalised cell lines offer a 

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

contamination, and misidentification necessitate careful verification (171). Although rare in 

preclinical research, in vivo studies provide critical insights into human-relevant disease 

processes, identifying label-retaining cells in basal squamous epithelium and BO, unlike 

mouse models. Organotypic culture models mimic epithelial structure and barrier function 

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

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

morphology, differentiation, and columnar marker induction (107, 172-174). Organoid 

cultures, developed in 2011 (175), are valuable for analysing BO and OAC heterogeneity, 

genomic changes, and personalised treatments (176-179)Φ !ŘǾŀƴŎŜǎ ǎǳŎƘ ŀǎ άƻǊƎŀƴ-on-a-

ŎƘƛǇέ ǘŜŎƘƴƻƭƻƎƛŜǎ ŦǳǊǘƘŜǊ ŜƴŀōƭŜ ŎƻƳǇƭŜȄ Ƴǳƭǘƛ-cellular structures and mechanical forces 

(180, 181).  

Most BO and OAC research relies on cell lines to study metaplasia, inflammation, genomic 

instability, and mutations like TP53 (95, 132, 155, 182-190). Single-cell analysis is increasingly 

used to study gene expression and clonal mutations via mitochondrial cDNA amplification 

(191, 192). Multi-omics single-cell studies reveal cancer cell evolution and diversity but face 

challenges like limited non-polyadenylated 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 On-Chip 

Single-cell 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 population of cells. 

Whilst these results provide valuable insights, they fail to capture the responses of individual 

cells due to the inherent heterogeneity within cell populations. This arises from the dynamic 

nature of cellular processes, including cell signalling, differentiation, motility and the cell 

ŎȅŎƭŜΣ ŀƭƭ ŘǊƛǾŜƴ ōȅ ōƛƻŎƘŜƳƛŎŀƭ ǊŜŀŎǘƛƻƴǎΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ άōƛƻƭƻƎƛŎŀƭ ƴƻƛǎŜέ ƭŜŀŘs to stochastic 

gene expression, even amongst genetically identical cells in identical environments, resulting 

in variations in phenotype (12). Therefore, whilst the average study may reveal significant 

differences between multiple populations, single-cell analysis can provide further insights 

into the heterogeneity and presence of sub-populations within mixed samples.  

Single-cell technologies have already been applied across varied biomedical fields such as 

early disease diagnosis (193, 194), stem cell biology (195), neuroscience (196), and drug 

screening (197, 198). High-throughput screening is required for precise determination of any 

underlying causes of heterogeneity, with classic methods including optical (199) and 

magnetic (200) tweezing, flow cytometry (201), atomic force microscopy (202), and single-

molecule fluorescence spectroscopy (203). Each of these methods has its limitations; with 

flow cytometry requiring the use of expensive instruments and complex cell surface markers, 

long pre-treatment times, sample contamination risks and a reduction in cellular viability 

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

flux problems.  

Microfluidics provides a high-throughput option for biophysical characterisation. By 

confining fluid flow to the micron scale, 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 large-scale sub-system integration, the use of microfluidics in the life 

sciences is advancing rapidly. An efficient tool for single-cell analysis, the ability to 

manipulate single cells for capture has led to a wide range of strategies such as micro-traps 

(205), micro-droplets (206), micro-patterns (207), and micro-wells (208). On-chip 

measurements keep cells viable, enabling subsequence destructive genetic sequencing.  
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Recent research on oesophageal adenocarcinoma development has utilised chip-based 

models, albeit not at the single cell level. The development of the EndoScreen Chip by 

Webster et al.,(209) led to detection of specific serum biomarkers via the use of a lectin 

immunoassay, in particular Jacalin-lectin binding complement C9 (JAC-C9). Increased levels 

of JAC-C9 were shown to correlate with patients with oesophageal adenocarcinoma, 

underscoring the potential of microfluidic chips in enhancing diagnostic endoscopy.  

Shimshoni et al.,(210) created BO organoid cultures for modelling the tissue repair processes 

post-gastric refluxate exposure, via integration of patient-derived epithelial cells and 

fibroblasts with BO cells on-chip. This replicated the epithelial-stromal interactions 

characterised with BO, with the model demonstrating how interactions between BO 

epithelial cells and fibroblasts from cancerous regions led to increased epithelial cell 

proliferation and pre-cancerous changes.  

Ohnaga et al., (211) developed a polymetric microfluidic device for the isolation of circulating 

tumour cells (CTCs) from blood samples to determine progression and prognosis of different 

cancers, including oesophageal. The study concluded that the microfluidic device was able to 

effectively capture 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 sub-cellular to whole-organ 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 population-wide cell measurements (212). 

Whilst useful, these average measurements fail to capture the unique behaviour of individual 

cells in heterogeneous populations. For instance, population data may show a gradual 

concentration gradient, but single-cell analysis could reveal a sharp all-or-nothing switch. To 

fully understand a system, its individual components must be studied, though single-cell 

techniques are time-consuming 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 delivery, relying on 

fluorescence-based methods (213, 214). Also known as high-content analysis, this technique 

combines high-throughput screening with automated microscopy and image analysis to 

study cells in a high-throughput manner. This has its limitations ς cytotoxicity, prone to 

photobleaching and limited stains due to spectral overlap, making it costly and complex 

(215). Other single-cell techniques, such as chemical cytometry, are low-throughput and 

destructive. There is currently limited reliable high-throughput, high-content, non-

destructive, label-free technique to analyse cell chemical composition (216). 

Raman spectroscopy (RS), based on inelastic light scattering, was first predicted by Smekal in 

1923 (217), and experimentally confirmed by C.V. Raman in 1928 (218). 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, most scatter elastically (Rayleigh 

scattering) without changing energy. However, about one in a million photons undergo a shift 

in frequency, known as a Raman scattering (219-222). This shift can either result in energy 

loss (Stokes shift) or gain (anti-{ǘƻƪŜǎ ǎƘƛŦǘύΣ ǊŜŦƭŜŎǘƛƴƎ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ƳƻƭŜŎǳƭŜΩǎ ǾƛōǊŀǘƛƻƴŀƭ 

state. The technique employed here is Stokes Raman confocal micro-spectroscopy, which 

reduced out-of-focus contributions to the spectrum.  

Though inherently weak, RS became more feasible with the advent of high-power lasers in 

the 1960s (223). RS has since been applied to biological research as a label-free method 

offering high-content information from a single measurement. It can be used on living cells, 

providing biochemical data at sub-cellular resolution and differentiating between cell types 

(213, 224-227). This makes RS particularly valuable for studying cell heterogeneity, drug 

response, tissue mapping and cancer detection in microfluidic systems (228). To conduct 

high-throughput single-cell analysis, precise manipulation of small fluid volumes and 

immobilisation of cells are necessary during measurement (229). Microfluidic devices, with 

their microscale channels and low reagent consumption, provide an ideal platform for 

enhancing the throughput of RS (216). By integrating RS with microfluidics, techniques like 

Raman-activated cell sorting (RACS) could offer label-free, high-throughput insights into cell 

composition, holding promise for advanced biological and cancer research (230, 231).   
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 1.4.1  Raman Spectroscopy of Biological Systems 

Cells consist of thousands of different molecules at varying concentrations, all of which 

contribute to their Raman spectrum (232). For a molecule with N atoms, the number of 

possible vibrational bands equals 3N ς 6 (for non-linear molecules), though not all are Raman 

active (233). CH2 as a non-linear molecule, exhibits three fundamental vibrational modes due 

to its atomic configuration and degrees of freedom. For CH2, with three atoms, this results in 

three vibrational modes: symmetric stretching (1˄), bending (˄2), and asymmetric stretching 

( 3˄), as illustrated in Figure 1.8.  Each of these modes influences the polarisability of the 

molecule in unique ways, determining their activity in Raman spectroscopy (234).  

 

 

 

  

Figure 1.8: Illustration of the three fundamental vibrational modes of the CH2 molecule : (a) 
symmetric mode, (b) bending mode, and (c) asymmetric mode; with their associated 
polarisability ellipsoid during vibration in their: (i) equilibrium state, (ii) stretched state, and 
(iii) compressed state.  
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In the symmetric stretching mode, Figure 1.8, both C-H bonds in the molecule expand and 

contract simultaneously, resulting in significant changes to molecular polarisability. When 

the bonds are stretched, the electrons are less firmly attached to the nucleus and increasing 

the polarisability, whilst during compression, the electrons are 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 mode involves changes in the angle between the two C-H 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 C-H 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 polarisability changes in this 

mode are less pronounced, making this vibration challenging to observe in Raman spectra 

(234).  

While CIі ƛǎ ŀ ƴƻƴ-linear molecule ǿƛǘƘ ǘƘǊŜŜ ǾƛōǊŀǘƛƻƴŀƭ ƳƻŘŜǎΣ /hі ƛǎ ŀ ƭƛƴŜŀǊ ƳƻƭŜŎǳƭŜ 

with a centre of symmetry, resulting in unique Raman and infrared activity patterns governed 

by the rule of mutual exclusion (Figure 1.9)Φ ¢ƘŜ ǾƛōǊŀǘƛƻƴŀƭ ƳƻŘŜǎ ƻŦ /hіτsymmetric 

stretching, bending, and asymmetric stretchingτcan be diǊŜŎǘƭȅ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘƻǎŜ ƻŦ /Iі 

to highlight how molecular geometry and symmetry influence the polarisability changes that 

determine Raman activity. In symmetric stretching, both C=O 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 bond angle, leading to shifts 

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

Raman inactive. In asymmetric stretching, one C=O bond elongates while the other 

compresses, resulting in notable dipole moment shifts but only minor 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 infrared active, but not both (234).  
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Despite the vast diversity of molecules in a cell, their abundance may be limited, with 

ŀǇǇǊƻȄƛƳŀǘŜƭȅ тл ҈ ƻŦ ŀ ŎŜƭƭΩǎ Ƴŀǎǎ ŎƻƳǇǊƛǎƛƴƎ ƻŦ ǿŀǘŜǊΣ ǿƛǘƘ ǘƘŜ ǊŜƳŀƛƴŘŜǊ ŎƻƴǎƛǎǘƛƴƎ ƻŦ 

macromolecules such as proteins, nucleic acids, and polysaccharides. RS detection sensitivity 

ŘŜǇŜƴŘǎ ƻƴ ŀ ƳƻƭŜŎǳƭŜΩǎ total area (223), with UV-RS able to detect proteins at lower 

concentrations such as 1 mg/ mL (235)Φ ¢Ƙƛǎ ŎŀǇŀōƛƭƛǘȅ ƘƛƎƘƭƛƎƘǘǎ w{Ωǎ ǇƻǘŜƴǘƛŀƭ ŀǎ ŀ ŘƛŀƎƴƻǎǘƛŎ 

tool, given the rich spectral content of cells. Whilst many of the main spectral features 

observed in cells have been reported (225, 236-238), interpreting these spectra is challenging 

because different molecular vibrations can contribute to the same spectral regions. Peak 

identification aids in understanding cellular biochemistry but is less useful for distinguishing 

Figure 1.9: Illustration of the three fundamental vibrational modes of CO2: (a) symmetric 

mode, (b) bending mode, and (c) asymmetric mode; with their associated polarisability 

ellipsoid during vibration in their: (i) equilibrium state, (ii) stretched state, and (iii) 

compressed state. 
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between cell populations. Differences between cell types are often subtle, necessitating 

multivariate analysis to classify them accurately (239). Chemometric techniques have been 

widely used for this purpose (239, 240).   

A typical cell spectrum features two key regions for cellular analysis: the fingerprint region 

(below 1800 cm-1) with many smaller peaks and the high wavenumber region above 2800 

cm-1, marked by a strong broad band, as illustrated in Figure 1.10 (11).  Lipids contribute 

significantly to the C ς H stretching region around 3000 cm-1, whilst proteins contribute 

through the Amide I, II, and III bands, located around 1650, 1550 and 1300 cm-1, respectively. 

The shape and intensity of these amide bands provides insights 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 are essential for 

cellular analysis: the fingerprint region and the high wavenumber region. The fingerprint 

ǊŜƎƛƻƴΣ ǿƘƛŎƘ ƭƛŜǎ ōŜƭƻǿ мулл ŎƳѐцΣ Ŏƻƴǘŀƛƴǎ ŀ ŘŜƴǎŜ ŀǊǊŀȅ ƻŦ ǎƳŀƭƭŜǊ ǇŜŀƪǎ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ 

the vibrational signatures of various molecular components within the cell. This region is 

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

Lƴ ŎƻƴǘǊŀǎǘΣ ǘƘŜ ƘƛƎƘ ǿŀǾŜƴǳƳōŜǊ ǊŜƎƛƻƴΣ ƭƻŎŀǘŜŘ ŀōƻǾŜ нулл ŎƳѐцΣ ƛǎ ŘƻƳƛƴŀǘŜŘ ōȅ ŀ ǎǘǊƻƴƎΣ 

broad band associated with C-H stretching vibrations, which provide important information 

about the lipid and protein content in the cell (241). This is illustrated in Figure 1.10.  

Lipids contribute to the C-I ǎǘǊŜǘŎƘƛƴƎ ǊŜƎƛƻƴ ŀǊƻǳƴŘ оллл ŎƳѐцΣ ŀǎ ǘƘŜƛǊ ǎȅƳƳŜǘǊƛŎ ŀƴŘ 

ŀǎȅƳƳŜǘǊƛŎ ǎǘǊŜǘŎƘƛƴƎ ǾƛōǊŀǘƛƻƴǎ ŦǊƻƳ /Iі ŀƴŘ /Iї ƎǊƻǳǇǎ ŀǊŜ ǇǊŜǾŀƭŜƴǘ ƛƴ this region, as are 

proteins. Protein C-H 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 the relative proportions of lipids and proteins 

and their structural organisation, such as in cellular membranes or protein-lipid complexes 

(233, 242). 

Proteins also play a prominent role in the fingerprint region, where their characteristic 

vibrational modes provide detailed structural and functional insights. The Amide I band, 

ƭƻŎŀǘŜŘ ŀǊƻǳƴŘ мсрл ŎƳѐцΣ ƛǎ ǇǊƛƳŀǊƛƭȅ ŘǳŜ ǘƻ /Ґh ǎǘǊŜǘŎƘƛƴƎ ƛƴ ǘƘŜ ǇŜǇǘƛŘŜ ōƻƴŘ ŀƴŘ ƛǎ highly 

ǎŜƴǎƛǘƛǾŜ ǘƻ ǘƘŜ ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜ ƻŦ ǇǊƻǘŜƛƴǎΣ ǎǳŎƘ ŀǎ ʰ-ƘŜƭƛŎŜǎ ŀƴŘ ʲ-sheets. The Amide II 

ōŀƴŘΣ ŀǊƻǳƴŘ мррл ŎƳѐцΣ ŀǊƛǎŜǎ ŦǊƻƳ b-H bending coupled with C-N stretching, while the 

!ƳƛŘŜ LLL ōŀƴŘΣ ŀǊƻǳƴŘ молл ŎƳѐцΣ ǊŜǎǳƭǘǎ ŦǊƻƳ /-N stretching and N-H bending vibrations. 
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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 studies (243, 244). 

 

 

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

fingerprint region. Their vibrational modes, including C-N stretching, N-H bending, and ring 

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

Furthermore, disulphide bonds, characterised by S-{ ǎǘǊŜǘŎƘƛƴƎ ǾƛōǊŀǘƛƻƴǎ ŀǊƻǳƴŘ рлл ŎƳѐцΣ 

add specific signals to the Raman spectrum, reflecting the presence of stabilising structures 

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

in Table 2 (223, 238).  

Figure 1.10: The Raman spectrum of a single cell of human primary glioblastoma 

U87 cell line, demonstrating various bands representative of cellular constituents. 

Reprinted with permission (11).   
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When performing RS on single cells, long acquisition times are required to obtain high-quality 

spectra, often raging from tens to hundreds of seconds per cell. This can limit the number of 

cells analysed in each experiment. For instance, Swain et al., (247) required 40 seconds per 

spectrum over four different spots on the cells, restricting the sample size. Similarly, Krishna 

et al., (236) used 90-second acquisition times with spectra averaged three times. In live cell 

applications, RS has been demonstrated with various cancer cell lines. Gala de Pablo et al. 

(248) conducted a study using label-free live single-cell Raman spectroscopy to obtain 

chemical fingerprints of colorectal cancer 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 of disordered secondary protein structures in the amide III band, 

ǿƘƛƭŜ {²снл ŎŜƭƭǎ ǎƘƻǿŜŘ ƭŀǊƎŜǊ ʰ-ƘŜƭƛȄ ŀƴŘ ʲ-sheet band content. Additionally, SW620 cells 

ŘƛǎǇƭŀȅŜŘ ƘƛƎƘŜǊ ƭŜǾŜƭǎ ƻŦ ƴǳŎƭŜƛŎ ŀŎƛŘǎΣ ǇƘƻǎǇƘŀǘŜǎΣ ǎŀŎŎƘŀǊƛŘŜǎΣ ŀƴŘ /Iі ŎƻƴǘŜƴǘΦ Oshima et 

al., (249) conducted an RS study using a 532 nm laser on one healthy and four lung cancer 

cell lines, revealing that cytochrome C (bands 747, 1127, and 1583cmҍ1) was the primary 

source of variability. However, they only performed five measurements per culture dish with 

a 1 µm laser spot, yielding highly specific signals rather than an average over the whole cell. 

Pully et al., (250) used RS for time-lapse imaging of human lymphocytes from healthy donors 

with a 647.1 nm laser. After acquiring 10 images, each with a 2-minute acquisition time, the 

Table 2Υ ¢ŀōƭŜ ƻŦ ŎƻƳƳƻƴ wŀƳŀƴ ǎƘƛŦǘǎ όƛƴ ŎƳѐцύ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ōƛƻƭƻƎƛŎŀƭ ƳƻƭŜŎǳƭŜǎΣ 

detailing their corresponding molecular components and vibrational modes, such as S-S 

stretching in proteins, C-N stretchinƎ ƛƴ ƭƛǇƛŘǎΣ ŀƴŘ /Iі ǘǿƛǎǘƛƴƎ ƛƴ ƭƛǇƛŘǎΣ ƘƛƎƘƭƛƎƘǘƛƴƎ ǘƘŜ 

specificity of Raman spectroscopy in identifying biomolecular structures.  
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cells showed signs of photo-damage, 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 cm-1 bands, associated 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 Harvey et al., (251) to classify 

bladder and prostate cancer cell lines, analysing spectra from 20-30 cells per line. Protein-

related changes ǿŜǊŜ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ŀƳƛŘŜ L όмсрл ŎƳѐцύ ŀƴŘ ŀƳƛŘŜ LLL όмолл ŎƳѐцύ ǊŜƎƛƻƴǎΣ 

reflecting variations in protein content and structure. Nucleic acid differences were evident 

ŀǊƻǳƴŘ тур ŎƳѐцΣ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƴǳŎƭŜƛŎ acid components. Lipid-related variations were 

noted in the CIі ŀƴŘ /Iї ǎǘǊŜǘŎƘƛƴƎ ǊŜƎƛƻƴǎ ό2850ςнфрл ŎƳѐцύΣ ƛƴŘƛŎŀǘƛƴƎ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ƭƛǇƛŘ 

content.  

Similarly, Casabella et al., (252) employed LTRS 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 I and amide III bands, indicative of 

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

acid-ŀǎǎƻŎƛŀǘŜŘ ōŀƴŘǎΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ŀǊƻǳƴŘ тур ŎƳѐцΣ ŘƛǎǇƭŀȅŜŘ ƴƻǘŀōƭŜ ŘƛŦŦŜǊŜƴŎŜǎΣ 

highlighting variations in DNA and RNA content. Lipid composition contributed to the spectral 

varƛŀōƛƭƛǘȅΣ ǿƛǘƘ ŎƘŀƴƎŜǎ ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ /Iі ŀƴŘ /Iї ǎǘǊŜǘŎƘƛƴƎ ǊŜƎƛƻƴǎΦ  

 

 1.4.2  Raman for Medical Diagnosis 

RS is a sensitive non-invasive 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 cell (220). Secondly, RS often requires 

long acquisition times, as the signal is weak, and high laser powers can damage the sample 

(253, 254). Thirdly, the Raman signal can be easily obscured by other signals, such as auto-

fluorescence or background substrate (220). To reduce background noise, substrate 

materials like quartz or magnesium fluoride are recommended (254, 255).   

Alternate Raman techniques such as Resonance Raman and Surface-Enhanced Raman 

Scattering, can increase signal intensity. Resonance Raman uses a light source that matches 

the absorbance band of the target molecule (220, 256), whilst Surface-Enhanced Raman 
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Scattering amplifies the signal with the help of nanoparticles or structured metal 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 organelles (259), studying cell cycles (247), and 

even identifying exosomes (260). Its diagnostic use, particularly in cancer research, has 

shown promise, with studies focusing on cervical (255), lung (249), breast cancer (237, 253, 

261, 262) amongst others (263-265); most notably for biomarker detection across 

oesophageal tissues. Maitra et al. analysed human serum samples, revealing significant 

ŎƘŀƴƎŜǎ ƛƴ ƭƛǇƛŘ ŀƴŘ ǇǊƻǘŜƛƴ ǇǊƻŦƛƭŜǎΣ ǿƛǘƘ ƪŜȅ ōƛƻƳŀǊƪŜǊǎ ƛƴŎƭǳŘƛƴƎ /Iі ŀƴŘ /Iї stretching 

vibrations (2850ςнфрл ŎƳѐцύ ƛƴŘƛŎŀǘƛǾŜ ƻŦ ƭƛǇƛŘ ŎƻƳǇƻǎition, and Amide I vibrations (1650 

ŎƳѐцύ ǊŜŦƭŜŎǘƛƴƎ ǇǊƻǘŜƛƴ ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜǎ (266). In their tissue Raman mapping study, 

Maitra et al. identified nucleic acid content as a critical biomarker, with peaks around 785 

ŎƳѐц ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƴǳŎƭŜƻōŀǎŜ ōǊŜŀǘƘƛƴƎ ƳƻŘŜǎ ŀƴŘ ǇƘƻǎǇƘŀǘŜ ōŀŎƪōƻƴŜ ǾƛōǊŀǘions (1090 

ŎƳѐцύΣ ŀƭƻƴƎ ǿƛǘƘ ǇǊƻǘŜƛƴ ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ŎƘŀƴƎes observed in the Amide I (мсрл ŎƳѐцύ ŀƴŘ 

Amide III (молл ŎƳѐцύ ōŀƴŘǎ (267). Hao et al. corroborated these findings in a systematic 

review and meta-ŀƴŀƭȅǎƛǎΣ ƘƛƎƘƭƛƎƘǘƛƴƎ ŎƻƴǎƛǎǘŜƴǘ ƛƴŎǊŜŀǎŜǎ ƛƴ ƴǳŎƭŜƛŎ ŀŎƛŘ ǎƛƎƴŀƭǎ όтур ŎƳѐцύ 

and protein-related bands (Amide I and III regions) in oesophageal cancer tissues compared 

to healthy samples (268). Various reviews and studies provide insights into the biological and 

diagnostic applications of RS, including its integration with other imaging techniques (220, 

224, 269). 

 

 1.4.3  On-Chip Raman Spectroscopy 

Current Raman-activated cell sorting systems 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 RS, first-generation sorting 

systems commonly rely on laser trapping, such as laser tweezers Raman spectroscopy, to 

confirm cells for analysis. Alternatively, laser-induced forwards transfer is sometimes used to 

eject cells from a substrate for further investigation, however this method presents 

challenges in maintaining high-quality acquisition, achieving precise cell isolation, and 

aligning cells accurately with the laser spot for analysis (231).  
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Microfluidic platforms allow for precise control of minute fluid volumes, making them highly 

advantageous for single-cell analysis. In terms of microfluidic device fabrication, durable 

materials like silicon and glass are commonly used when chemical resistance and longevity 

are priorities. These materials offer excellent performance but require the use of hazardous 

chemicals during fabrication. Quartz is an excellent material for minimising background 

interference in RS but is costly. Cheaper alternatives like polydimethylsiloxane (PDMS) and 

Perspex can be used due to their ease of fabrication, though they produce significant 

background signals that complicate analysis. While polymer-based devices are cost-effective, 

their strong out-of-focus Raman signals, particularly in shallow PDMS chambers, limit their 

compatibility with RS. Consequently, glass or quartz microfluidic chips are preferred in 

Raman-based systems despite their higher cost (228). 

The field has seen several advancements in integrating RS with microfluidics. Early work by 

Huang et al.,(270) and Lao et al.,(271) demonstrated the potential of laser trapping RS in glass 

and PDMS devices, successfully classifying leukaemia cells with moderate throughput 

(dozens to hundreds of cells per session). Another significant milestone came from the 

integration of microfluidic devices with optical fibres, eliminating the need for microscopes 

in some set-ups and allowing for improved Raman signal collection (272). Studies have since 

advanced to the use of silicon nitride micro-hole arrays, which provide a low Raman 

background signal (273). This technology was tested on system containing leukocytes, 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 anti-Stokes Raman scattering (CARS), have addressed the need 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 techniques (274). The development of dual-comb CARS systems (275) further 

pushed the boundaries of throughput, reaching speeds of up to 2000 events per second in 

Raman-based cell cytometry. This marked the fastest Raman-based cell analysis system to 

date, offering unprecedented capabilities for real-time cell sorting and biochemical analysis.  

Whilst the integration of RS with microfluidics has advanced considerably, significant 

challenges remain. These include reducing background interference, optimising material 

choices and enhancing signal intensity to increase throughput and precision in real-time and 
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single-cell analysis. Further innovations, particularly in material engineering and signal 

processing, will be crucial for the future of this field.  

  1.4.4  Raman Theory  

¢ƘŜ άwŀƳŀƴ 9ŦŦŜŎǘέ ǿŀǎ ŦƛǊǎǘ ǘƘŜƻǊŜǘƛŎŀƭƭȅ ǇǊŜŘƛŎǘŜŘ ōȅ {ƳŜƪŀƭ ƛƴ мфноΣ ŦƻƭƭƻǿŜŘ ōȅ ǉǳŀƴǘǳƳ 

mechanical formulations from Kramers and Heisenberg in 1925, and Dirac in 1927. The effect 

was experimentally observed by Raman and YǊƛǎƘƴŀƴ ƛƴ мфнуΣ ƭŜŀŘƛƴƎ ǘƻ ƛǘǎ ƴŀƳŜΦ wŀƳŀƴΩǎ 

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 

quantum mechanics, 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 

approximated as perfectly harmonic for simplicity, are intrinsic to the molecular structure. 

For small symmetric molecules like /hі and //ƭј, sub-modes such as stretching and bending 

can be clearly identified and analysed (223). 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 proportional to the electric field (E), as 

expressed in the relationship:  

 

            1.4.4.1 

 

where h  represents the polarisability of the molecule. The polarisability, a measure of how 

easily the electron cloud can be distorted, is a tensor described by components (ihj)which 

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

instead on the bulk behaviour of the polarisability tensor (222). 

Light, as an electromagnetic wave, primarily interacts with matter through its electric field 

component E, which oscillates with time. The term E0 is the amplitude of the wave, indicating 

the maximum strength of the electric field, with larger values corresponding to more intense 

light. The cosine function, cos(2̄ 0˄t), defines the oscillatory nature of the field. Within this 

term, ˄ 0 is the frequency of the wave, measured in hertz (Hz), determining how many cycles 

the wave completes per second, and t represents time. The factor 2  ̄converts the frequency 

into angular units (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 frequency (v0): 

 

             1.4.4.2 

      

When a molecule vibrates, any change in the polarisability of a bond 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 first-order change in polarisability with respect to the 

vibrational displacement (qv) along the vibration axis: 

 

                 1.4.4.3 

 

 

Here, h 0  represents the equilibrium polarisability, which is the intrinsic polarisability of the 

molecule when it is at rest and not vibrating. The term όҜʰκҜǉv)0  represents the rate of 

change of polarisability with respect to the vibrational displacement (qv), evaluated at the 

equilibrium position. This indicates how sensitive the polarisability is to changes in the 

molecular structure as it vibrates. The vibrational displacement (qv) describes how far the 

molecule's atoms move from their equilibrium positions due to vibrational motion. For small 

vibrations, this displacement can be approximated as a harmonic motion, mathematically 

expressed where q0 is theamplitude of vibration, vv is the vibrational frequency, and t is time.   
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                    1.4.4.4 

 

Substituting these equations into the expression for the dipole moment, ˃Ґʰ9, results in a 

time-dependent dipole moment: 

                 1.4.4.5 

The first term 0hE0cos(2̄ 0˄t) represents Rayleigh sŎŀǘǘŜǊƛƴƎΣ ǿƘŜǊŜ ǘƘŜ ƳƻƭŜŎǳƭŜΩǎ 

equilibrium polarisability (h0) interacts with the electric field (E0) of the incident light, 

oscillating at its original frequency (˄0). 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, όҜʰκҜǉv)0 is the rate of change of polarisability with respect to the vibrational 

displacement (qv), and the amplitude of vibration (q0). The molecular vibration, oscillating at 

frequency ˄ v, modulates the induced dipole moment, resulting in frequency shifts in the 

scattered light. These shifts include the Stokes (0˄ҍ v˄) and Anti-Stokes (˄0Ҍv˄) components, 

corresponding to energy being transferred to or absorbed from the vibration, respectively. 

¢Ƙƛǎ Ŝǉǳŀǘƛƻƴ ƘƛƎƘƭƛƎƘǘǎ ǘƘŜ ŎƻƴƴŜŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ƭƛƎƘǘΩǎ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŀƴŘ ǘƘŜ ƳƻƭŜŎǳƭŜΩǎ 

vibrational motion, forming the basis of Raman scattering and its application in identifying 

molecular vibrational modes (223). 

Using the trigonometric identity 2cos(A)cos(B) = cos(A+B) + cos(A-B), the dipole moment can 

be defined. This is used to break down the product of two oscillating cosine terms into a sum 

of two new cosine terms with frequencies corresponding to the sum (A+B) and difference 

(!ҍ.) of the original frequencies. The two oscillating cosine terms in this equation are 

cos(2ˉ0˄t), representing the light's electric field, and cos(2̄ v˄t), representing the molecular 

vibration (222). The dipole moment can be expressed as: 
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                  1.4.4.6 

 

This equation reveals three components of the dipole moment: 

1. Rayleigh scattering (˄0): Elastic scattering at the same frequency as the incident light. 

2. Stokes scattering (˄0ҍ˄v): Inelastic scattering at a lower frequency, where energy is 

transferred to the molecular vibration. 

3. Anti-Stokes scattering (˄0+ v˄): Inelastic scattering at a higher frequency, where 

energy is absorbed from the vibration. 

For Raman scattering to occur, the polarisability must vary during molecular vibrations. Only 

vibrational modes for which όҜʰκҜǉv)0 ґ 0 are considered Raman active, with examples 

previously discussed in Figure 1.8 and Figure 1.9.  

The vibrational frequency (˄v) of a molecule can be approximated using the ball-and-spring 

model, where atoms are connected by "springs" representing chemical bonds (223, 233). The 

frequency of harmonic vibrations depends on the bond strength (spring constant, k) and the 

reduced mass (˃ m) of the bonded atoms: 

 

           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 analysing 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 like N=O or OςH have a weaker scatter 

(256). 

However, classical Raman theory involves approximations. Molecular vibrations are 

anharmonic, meaning overtones and combination bands appear but are weaker than 

fundamental vibrations. Higher-order effects, ignored in this theory, can lead to non-linear 

phenomena such as Stimulated Raman Scattering, Hyper Raman Scattering, and Coherent 

anti-Stokes Raman Scattering (CARS), which extend the utility of Raman spectroscopy in 

advanced analytical applications (276).  

 

  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 rotational components, represented as E = Ee + Ev + Er. 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 the distinct transitions 

observed in molecular spectroscopy.  

Vibrational energy levels can be approximated using a harmonic oscillator model, which 

describes the vibrational energy as: 

           

                  1.4.4.9 

 

 

where h ƛǎ tƭŀƴŎƪΩǎ ŎƻƴǎǘŀƴǘΣ v˄  is the vibrational frequency, and v is the vibrational quantum 

number (v Ґ лΣмΣнΣ ΧύΦ This equation shows that vibrational energy levels are evenly spaced 

in the harmonic approximation, with the lowest energy state (v = 0) representing the ground 

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 state. ¢Ƙƛǎ ǎǘŀǘŜ ƛǎ ƴƻǘ ƻƴŜ ƻŦ ǘƘŜ ƳƻƭŜŎǳƭŜΩǎ ǘǊǳŜ ǉǳŀƴǘƛǎŜŘ 
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energy levels and exists only fleetingly. The transition to this virtual state is classically 

ŦƻǊōƛŘŘŜƴ ōǳǘ ƛǎ ŀƭƭƻǿŜŘ ƛƴ ǉǳŀƴǘǳƳ ƳŜŎƘŀƴƛŎǎ ŘǳŜ ǘƻ IŜƛǎŜƴōŜǊƎΩǎ ǳƴŎŜǊǘŀƛƴǘȅ ǇǊƛƴŎƛǇƭŜΣ 

which permits such transitions 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 (Anti-Stokes scattering) (221). 

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

real excited state, Raman scattering involves the molecule remaining in the virtual state only 

ōǊƛŜŦƭȅ ōŜŦƻǊŜ ǊŜǘǳǊƴƛƴƎ ǘƻ ŀ ŘƛŦŦŜǊŜƴǘ ǉǳŀƴǘƛǎŜŘ ŜƴŜǊƎȅ ƭŜǾŜƭΦ ¢ƘŜ ǎŎŀǘǘŜǊŜŘ ǇƘƻǘƻƴΩǎ ŜƴŜǊƎȅ 

reflects the difference between the initial and final molecular energy states, which 

corresponds to a vibrational mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11: A Jablonski Energy Diagram illustrates the distinctions between (1) IR 

absorption, (2) Rayleigh scattering, (3) Stokes Raman scattering, (4) anti-Stokes Raman 

scattering and (5) fluorescence. The energy levels E0 and E1 represent different 

vibrational states at varying frequencies. A dashed line indicates a virtual state. Colours 

highlight the light shifts, either red or blue, with green representing the incident light. 
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At room temperature, most molecules occupy their ground vibrational state (v = 0), with the 

population of higher energy levels following a Boltzmann distribution: 

 

                                1.4.4.10 

Where nj is the population of a specific vibrational level, N is the total number of molecules, 

hvj is the energy of the j-th vibrational level, k ƛǎ .ƻƭǘȊƳŀƴƴΩǎ ŎƻƴǎǘŀƴǘΣ ŀƴŘ T is the absolute 

temperature. This distribution explains why Stokes transitions, where molecules start in the 

ground state and scatter to a higher vibrational state, are more common than Anti-Stokes 

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

 

1.5  Deformation Cytometry in Cancer Research  

Single-cell techniques are often slow and require large sample sizes for statistical relevance. 

Flow cytometry offers an alternative approach, analysing thousands of cells per second to 

measure physical and chemical traits, albeit requiring sample labelling (277). Cells pass 

through a laser beam in single file, with scattered light providing data on properties like size 

and shape. The addition of labelling with fluorescent labels, provides further chemical and 

molecular information. Deformation cytometry is a 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 organs. In 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 cells (278, 279). When applied to 

.ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳs development, it can be 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 Fluid-Induced Deformation 

Cell deformation via microfluidic techniques can be classified into two categories: structure-

induced and fluid-induced deformation (280). Structure-induced deformation occurs when a 

cell is passed through a constriction channel narrower than the cell diameter (W < D). This 

method measures parameters such as cell elongation, transit time, and recovery to 

determine cell stiffness. It is particularly useful for studying red blood cells, as the narrow 

channels mimic in vivo capillaries. Shelby et al., first used this technique to deform malaria-

infected red blood cells (281) and Zheng et al., paired it with impedance measurements, 

eliminating the need for image analysis (282). This enabled higher throughput (~ 100 cells / 

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

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

clogging, which limits throughput.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12: The principles of deformation cytometry are illustrated as follows: (a) device 

set-up; (b) a schematic of the cross-slot device featuring inertial focusers provided; (c) 

deformation at the stagnation point; (d) a high-speed image captures a deformation event; 

(e) shape parameters used to quantify deformability are defined; (f) a density scatter plot 

presents  deformability measurements.  Reprinted with permission (8). 
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 Fluid-induced deformation, on the other hand, deforms cells through shear or extensional 

hydrodynamic forces rather than structural confinement (283, 284). This approach avoids the 

friction and adhesion issues present in structure-induced deformation. Constriction channels 

with widths slightly larger than the cell (W > D) can apply shear fluid stress, as demonstrated 

by Zhang et al., who showed that red blood cells undergo stretching, tumbling and recoiling 

(285) ς 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 significant deformation. Lee et al., 

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

 

 1.5.2   Microfluidic Geometry 

A cross-slot 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 achieved using inertial (287) or viscoelastic (288) focusing. 

Deformability cytometry (DC), introduced by the Di Carlo Group (8) utilises inertial focusing 

and a cross-slot geometry to mechanically phenotype cells. This method significantly 

increased throughput, reaching up to 20,000 cells /s (289, 290). The applied stress field 

depends on the cells initial size and shape, so these properties are measured independently 

for classification (291). Deformability is defined as the ratio of the cells major and minor axes, 

with density scatter plots used to visualise the data.  

Microfluidic techniques such as DC utilise high-speed imaging to capture thousands of cell 

deformation events, generating extensive datasets that require significant computational 

time for analysis ς often resulting in a delay of around 15 minutes before results are available. 

To overcome this limitation, the Guck group developed Real-Time Deformation Cytometry 

(RT-DC), which allows for continuous acquisition of deformation data with real-time analysis 

(292).  

RT-DC employs constriction deformations where the channels width exceed the cell diameter 

(W > D) and suspends cells in high-viscosity buffers to enhance shear forces induced by 

proximity to the channel walls. This setup causes cells to deform into a bullet-like shape due 

to the strong velocity gradients within the channel. Whilst RT-DC operates at a throughput 
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of 100 cells / s, lower than DC, it has analysed total cell populations exceeding 100,000, 

ŎƻƳǇŀǊŜŘ ǘƻ 5/Ωǎ ǇǊocessing of only a few thousand despite its faster rate (280). The 

deformations in RT-DC are relatively small and anti-symmetric, making them more 

challenging to characterise than those in DC.   

Mietke et al., developed an analytical model for RT-DC that relates elastic parameters to cell 

deformation by combining theory with simulations and experiments (293). By assuming 

steady-state deformations, they calculated surface stresses on an isotropic, incompressible 

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 modulus E of cells, effectively decoupling size from deformation. Although their 

results agreed well with experiments using rectangular channels and agar beads of known 

stiffness, the elastic modulus measured for HL60 cells (E = 1.48 ± 0.51 kPa) was around nine 

times higher than values obtained using atomic force microscopy. They suggested that the 

shorted timescale of RT-DC (~1 ms) or the dominant influence of the cell membrane and 

cytoskeletal cortex might explain this discrepancy.  

Guillou et al., used a cross-slot microfluidic device to deform cells at low strain (0.01 

Җʁ Җ лΦмуύ ŀƴŘ ƭƻǿ Re numbers (< 0.2), allowing them to apply an analytical model to extract 

mechanical properties (294). They employed a viscoelastic two-parameter power-law 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 

stagnation point of the device, the number of cells recorded for each flow condition was 

ǊŜƭŀǘƛǾŜƭȅ ƭƻǿ όмл Җ ƴ Җ олύΣ ŀƴŘ ǘƘŜ ƳƻŘŜƭ ǿŀǎ ƻƴƭȅ ŀǇǇƭƛŎŀōƭŜ ŦƻǊ ǎƳŀƭƭ ŘŜŦƻǊƳŀǘƛƻƴǎΦ  

Integrating traditional precise techniques with microfluidics has the potential to create high-

throughput systems capable of outputting mechanical properties. For instance, Guck et al., 

combined continuous cell flow through a microchannel with optical stretching 

measurements (295). This method requires precise alignment of laser fibres on either side of 

the microchannel, adding complexity. Micropipette aspiration can also be integrated with 

microfluidics to increase throughput and extract properties like elastic modulus (296), but 

the rectangular shape of microchannels may reduce the applicability of traditional 

micropipette aspiration models. 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 modulus can be rate-dependent, 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 whole-cell deformation. These factors may contribute to the discrepancies reported 

in the literature (290). Additionally, throughput remains limited compared to other 

microfluidic techniques like DC and RT-DC. Further detailed discussions on the advantages 

and disadvantages of various biomechanical assays can be found in literature (280, 290, 297, 

298).    
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 1.5.3    Shear and Inertial Forces 

Hydrodynamic cell stretching results from a combination of shear and inertial forces, with 

the Re number 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 rate (ʴɢ) and the fluid's dynamic 

viscosity (˃ ). For a spherical particle with radius r, the shear force (Fs) is given by: 

 

                   1.5.1.1 

 

The shear rate (ɹ ɢ), quantifies the rate of deformation of the fluid layers, whilst the fluids 

resistance to deformation is quantified as (˃ύΦ U represents the relative viscosity between the 

fluid and the particle. Shear forces dominate in low Reynolds number (Re) regimes, where 

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

 

LƴŜǊǘƛŀƭ ŦƻǊŎŜǎ ŀǊƛǎŜ ŘǳŜ ǘƻ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ ǘƘŜ Ŧƭƻǿϥǎ ƳƻƳŜƴǘǳƳΦ Cƻr a 

spherical particle moving in a flow with velocity U, the inertial force (Fc) is given by:  

              

        

                  1.5.1.2 

 

The density of the fluid is represented using ()́, with CD the drag coefficient, dependent on 

the Re. The projected cross-sectional area of the particle (̄r2 for a sphere), is denoted using 

Ap. This equation shows that the inertial force scales with the square of the relative velocity 

(U2) and is influenced by the drag coefficient (CD), which varies based on the flow regime.

      

The dominance of shear (Fs) or inertial (Fc) forces depends on the flow regime: 
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¶ Shear-dominated flow: At low Re, viscous forces govern particle motion, with Fs

proportional to the viscosity (˃ύ ŀƴŘ ǎƘŜŀǊ ǊŀǘŜ όʴɢ). 

¶ Inertia-dominated flow: At high Re, inertial forces become significant, scaling with 

the fluid density (́) and the square of the velocity (U2). 

 

 

 1.5.4   Microfluidic Theory  

Microfluidics revolves around controlling and manipulating fluids in channels which 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, with the Reynolds number (Re) 

serving as a dimensionless parameter to quantify their relative importance (299). Re can be 

expressed as: 

 

                    1.5.4.1 

 

 

Where Re can be determined using the fluid density (́), mean flow velocity (v), hydraulic 

diameter of the channel (DH) and fluid dynamic viscosity (˃). Re provides critical insight into 

flow characteristics, distinguishing between laminar (Re < 2300) and turbulent (Re > 4000) 

regimes. In microfluidics, the extremely small dimensions of channels ensure that Re remains 

low, often < 1, resulting in laminar flow, where fluid moves in smooth, predictable 

streamlines with negligible turbulence (300). 

The hydraulic diameter (DH) quantifies the effective diameter of non-circular channels, 

accounting for the geometry of the cross-section. For rectangular micro-channels, it is 

calculated as: 

 

 

 

                     1.5.4.2 
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The cross-sectional area of the channel is defined by (wẗh), the perimeter of the channel by 

(2w + 2h), along with the width (w) and height (h) of the rectangular channel. This parameter 

ensures that equations developed for circular pipes, such as the Reynolds number, can be 

applied to micro-channels with arbitrary shapes. 

At low Re, viscous forces dominate, leading to laminar flow, where particle velocities are 

stable and predictable. This contrasts with turbulent flow, seen at high Re, 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 around Re = 

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 flow (Re < 1), where inertial effects are 

negligible. An intermediate regime, roughly 1 < Re < 100, allows for subtle inertial effects that 

can be exploited for particle focusing and sorting (301).  

In microfluidic channels, flow resistance plays a significant role in determining the system's 

performance. The relationship between pressure drop (ɲP), flow rate (Q), and channel 

resistance (Rʊ) can be determined via the equation ɲP = QRʊ, with the channel resistance for 

a rectangular channel given as: 

                       1.5.4.3 

 

Where f( )̡ is a dimensionless function of the channel aspect ratio (ʲ Ґ h /  w), calculated using 

a polynomial expansion, L is the channel length, and w and h refer to the channel width and 

height, respectively. For channels with high aspect ratƛƻǎ όʲ Ғ лύΣ ǘƘŜ Ŧƭƻǿ ōŜŎƻƳŜǎ ƴŜŀǊƭȅ 

one dimensional, simplifying calculations and system design (302).   

The aspect ratio (̡ = h /  w) plays a crucial role in determining flow characteristics within 

rectangular micro-channels. Function f( )̡ accounts for these geometric effects, as shown 

below.  

                 1.5.4.4 

 



 
 

47 
 

The coefficients 1.3553, 1.9467, 1.7012, 0.9564, and 0.2537 are empirically determined 

through mathematical fitting to experimental data and numerical simulations. These 

coefficients ensure that fόʲύ accurately represents the relationship between aspect ratio and 

flow resistance for rectangular channels. fόʲύ 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 behaviour for a wide range of aspect ratios, 

from square channels (̡ = 1) to very flat channels (̡ Ҧ 0). When ̡  Ґ м, the channel is square, 

and the function simplifies to the case of equal width and height. When ʲ Ҧ лΣ ǘhe channel 

becomes highly rectangular (flat), and the function accounts for the confinement of flow in 

one dimension (303).  

 

 1.5.5   Detection of Disease Progression  

Mechanical phenotyping plays a key role in disease diagnostics by identifying diseased cells 

based on their mechanical properties. Changes in cell deformability have been linked to 

conditions like cancer, sepsis (304), 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 ones (308). This reduced 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 

mechanical parameter like the elastic modulus, where a lower modulus indicates softer cells. 

For instance, Cross et al., used atomic force microscopy to show that malignant cells are over 

70 % softer than normal tissue cells (309).  

High-throughput 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 diseases. In one study, Tse et 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 ς 10) was developed to assess the likelihood of malignancy, achieving 100 % accuracy for 

most of the cell population, with cells in certain regions requiring additional techniques for 

precise diagnosis (291). Armistead et al. used a microfluidic device to measure the 

deformability and relaxation of colorectal cell lines, SW480, 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, while 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 analysis (310). 

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

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

deformable cells, confirmed as tumour cells through immunofluorescence (311). Microfluidic 

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

stages, including breast (295), pancreatic (312), brain (313), prostate (314), and bone (315) 

ŎŀƴŎŜǊǎΦ ²Ƙƛƭǎǘ ǘƘŜ ƳŜŎƘŀƴƛŎŀƭ ǎǘƛŦŦƴŜǎǎ ƻŦ ǎƻƳŜ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎ ŎŜƭƭ ƭƛƴŜǎ Ƙŀǎ ōŜŜƴ 

previously investigated using atomic force microscopy (316), there is yet to be any published 

DC results regarding the prƻƎǊŜǎǎƛƻƴ ŦǊƻƳ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎ ǘƻ ƻŜǎƻǇƘŀƎŜŀƭ 

adenocarcinoma.  
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 1.5.6  Cellular Biomechanics 

 1.5.6.1  The Membrane  

Cell membranes are primarily composed of a phospholipid bilayer, approximately 5-6 nm 

thick, held together by non-covalent 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 types of membrane 

proteins are integral, peripheral, and lipid-anchored proteins, each playing crucial roles in 

biological functions (317). 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 the cytoskeleton, maintaining cell shape and 

integrity. Additionally, these proteins facilitate cell attachment to the extracellular matrix 

(ECM) and neighbouring cells, forming tissues. Whilst the membrane is fluid-like, contributing 

to the cells viscosity and resistance 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 

adaptable, 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 tissue development and would 

healing. Composed of three filament types, detailed in Figure 13: microtubules, intermediate 

filaments and actin filaments (also known as microfilaments),  with each serving a distinct 

mechanical and functional role (318).   
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 1.5.6.2   Microfilaments  

Microfilaments, also known as actin filaments or F-actin, are the thinnest of the three 

cytoskeletal filaments in eukaryotic cells, with a diameter of 7 ς 10 nm. They are formed by 

the polymerisation of actin monomers (G-actin, ~ 42 kDa), which self-assemble into a double-

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

ends: the barbed (+) end, where the G-actin is preferentially added, and the pointed (-) end, 

where disassociation occurs (319). When the rates of polymerisation and depolymerisation 

at the respective ŜƴŘǎ ŀǊŜ ōŀƭŀƴŎŜŘΣ ǘƘŜ ŦƛƭŀƳŜƴǘ ŜȄƘƛōƛǘǎ άǘǊŜŀŘƳƛƭƭƛƴƎέΣ ŀǇǇŜŀǊƛƴƎ ǘƻ ƳƻǾŜ 

forward.  

The stiffness of cytoskeletal filaments is defined by their persistence length (lp). When a 

filaments length is below its lp, it behaves as a flexible rod, whilst lengths above lp cause the 

filament to behave like a 3D random walk. F-actin has a persistence length of 3 ς 17 µm, 

longer than intermediate filaments (200 nm ς 1 µm) but shorter than microtubules (4 ς 8 

mm) (320). Actin filaments form bundles and networks that regulate cell shape and provide 

structural support. Various actin-binding cross-linkers control the orientation and spacing of 

Figure 1.13: (a) Microtubules: Hollow cylindrical shape composed of many small spheres. 
Measures 25 nm tall. (b) Microfilaments: 2 strands of actin subunits, denoted by small 
spheres, twisted into a helix shape. Measures 7 nm tall. (c) Intermediate filaments: Fibrous 
subunit of keratins coiled together. Measures 8-12 nm tall (2) 
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these sǘǊǳŎǘǳǊŜǎΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ŀǘ ǘƘŜ ŎŜƭƭΩǎ ǇŜǊƛǇƘŜǊȅΣ ǿƘŜǊŜ ŀŎǘƛƴ ŦƛƭŀƳŜƴǘǎ ŦƻǊƳ ŀ Ϥмлл ƴƳ-

thick network called the actin / cell cortex (321). This structure, consisting of actin filaments 

and myosin motors anchored to the lipid membrane via the membrane proteins, provides 

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

actin filaments in an ATP-dependent manner, generate tension and transport intracellular 

vesicles. Due to the fluidity of the membrane, the protein components of 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.  

 1.5.6.3    Microtubules 

Microtubules, with a diameter of 25 nm and lengths ranging from 0.2 µm to 25 µm, are the 

largest of the cytoskeletal filaments. These are composed of  hand ̡  tubulin dimers that 

polymerise in a helical structure, forming filaments with a pitch of around 13 dimers, which 

self-assemble into cylindrical structures (322). They extend radially 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 motor proteins, kinesin and dynein, 

facilitate transport across microtubules, with each protein moving in a specific direction 

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

Microtubules are the stiffest of the cytoskeletal filaments, with a lp of 4 ς 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 cross-linking.  

 

 1.5.6.4   Intermediate Filaments 

Intermediate filaments, with a diameter of 10 ς 24 nm, are named as so because their size 

falls between microfilaments and microtubules. Unlike microfilaments (made of G-actin) and 

microtubules (made of tubulin), intermediate filaments are composed of proteins encoded 

by 70 different genes, categorised into six subtypes based on their amino acid sequences and 

structures. Their final structure consists of eight protofilaments twisted into a rope-like 
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arrangement. As they assemble into anti-parallel tetramers, intermediate filaments lack the 

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

²ƛǘƘ ƳƻǊŜ ǎǘŀōƛƭƛǘȅ ŀƴŘ ƭŜǎǎ ŘȅƴŀƳƛŎΣ ǘƘŜǊŜ ƛǎ ƴƻ άǘǊŜŀŘƳƛƭƭƛƴƎέ ōŜƘŀǾƛƻǳǊ ƻōǎŜǊǾŜŘΦ ²Ƙƛƭǎǘ 

not observed in cell motility, their assembly and disassembly 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 of a nuclear 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 have a lp of 200 nm 

to 1 µm, withstanding strains up to 200 % without breaking (323). 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 stress. Above 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 deformation (324).  

   
 

 1.6  Thesis Aims and Outline  

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

ŎŜƭƭǎ ŦǊƻƳ ƘŜŀƭǘƘȅ ƻŜǎƻǇƘŀƎŜŀƭ ŜǇƛǘƘŜƭƛǳƳΣ ǘƘǊƻǳƎƘ ŜŀŎƘ ǎǘŀƎŜ ƻŦ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎΣ ǘƻ 

oesophageal adenocarcinoma. These experiments 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 1). The next chapter of this thesis (Chapter 2) constitutes the 

methodologies that were optimised and utilised for this research.  

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

obtained using Raman spectroscopy on untreated single cells from cell lines: HET-1A, CP-A, 

CP-B, CP-C, CP-D, and OE19. The presented analysis details the assigned cell peaks with most 

relevance for each cell line, whilst identifying differences between each sub-category 

through multivariate analysis. Chapter 4 ŎƻƴǘƛƴǳŜǎ ǘƘƛǎ ǎǘƻǊȅΣ ǿƛǘƘ ǘƘŜ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎ 
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cell lines: CP-A, CP-B, CP-C, and CP-D, exposed to fluctuating pH and the presence of acidic-

bile salts in order to mimic the changing physiology seen in patients experiencing regular 

gastric 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 mechano-biology of each stage of disease 

progression are explored in Chapter 5, where deformation cytometry is performed to 

determine changes within the cellular cytoskeleton under different flow regimes. Cell lines 

HET-1A, CP-A, CP-B, CP-C, CP-D and OE19 were tracked and analysed using a combination of 

machine learning techniques as well as convolutional neural network (CNN) analysis. This 

work is summarised in Chapter 6 where the conclusion for each chapter is cross-referenced 

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

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

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

 

 2.1 Cell Culture and Viability 

Six cell lines were acquired for these experiments. Human oesophageal cell line HET-1A 

(ATCC® CRL-нсфнϰύ ǿŀǎ ǳǎŜŘ ŦƻǊ ǘƘŜ ƘŜŀƭǘƘȅ ŎƻƴǘǊƻƭΦ ¢ƘŜ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎ in vitro model 

comprised of one non-dysplastic cell line and three high-grade dysplastic cell lines: CP-A/KR-

42421 (ATCC® CRL-плнтϰύΣ /t-B/ CP-52731 (ATCC® CRL-плнуϰύΣ /t-C/CP-94251 (ATCC® CRL-

плнфϰύ ŀƴŘ /t-D/CP-18821 (ATCC® CRL-плолϰύΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ŎŜƭƭ ƭƛƴŜ h9мфκWwh9/[мф 

(ECACC 96071721) was used as a representative for oesophageal adenocarcinoma. All cell 

lines were authenticated and confirmed negative for mycoplasma infection. 

Healthy (HET-м!ύ ŀƴŘ .ŀǊǊŜǘǘΩǎ hŜǎƻǇƘŀƎǳǎ ŎŜƭƭ ƭƛƴŜǎ ό/t-A, CP-B, CP-C and CP-D) were 

cultured in keratinocyte serum-free media (KSFM, Invitrogen), 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 and passaged using 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% CO2 with a maximum passage number 

of 20. Cells were passaged immediately before experimentation and re-suspended in their 

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

flow rate of 3 µL/min. 

Confocal microscopy was performed on samples of cells using a Leica DMi8, allowing 

simultaneous capture of bright field images and fluorescent images. Cellular viability on-chip 

was determined by running both a live and dead stain through the device at 3 µL/min after 

each experiment (Viability/Cytotoxicity Assay Kit, Calcein AM, Sytox RedτL32250, 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 

мл Ҏ ŘǊȅ ƻōƧŜŎǘƛǾŜΦ 
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 2.2 Acidic ς Bile Salt Solution 

An acidic bile-salt solution (ABBS) was chosen to mimic gastric reflux, with the pH acidified 

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, Sigma]), 

and glycodeoxycholic acid (GDCA [sc-280755, Insight Biotechnology]), in a 100µM equimolar 

mixture. All salts were solubilised in DMSO prior to media addition, not exceeding a 0.1% 

(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 single-cell traps with microfluidics has been previously documented 

(325, 326), these traps exhibit inefficiencies for Raman spectroscopy applications due to their 

substantial structure, which results in a significant contribution to the background signal from 

PDMS material. The trap region comprised a single chamber featuring swallowtail-shaped 

designs that arranged single cells in an offset array by half a period. At the junction of the 

ǘǿƻ άǿƛƴƎǎέΣ ŀ ƎŀǇ ƻŦ ŀǇǇǊƻȄƛƳŀǘŜƭȅ р ҡƳ ǿŀǎ ŎǊŜŀǘŜŘ ǘƻ ŀŎŎƻƳƳƻŘŀǘŜ ǎƛƴƎƭŜ ŎŜƭƭǎ 

measuring between 10 ς 13 µm. Originally designed for trapping liquid crystal droplets (327), 

the swallowtail-shaped hydrodynamic trap design was adapted for this research. This design 

offers several advantages over traditional trap structures. First, the configuration of the 

άǿƛƴƎǎέ ƳƛƴƛƳƛǎŜǎ ǘƘŜ ǊŜǎƛǎǘŀƴŎŜ ƻŦ ǘƘŜ ƎŀǇ ǘƻ ŦƭǳƛŘ ŦƭƻǿΦ {ŜŎƻƴŘƭȅΣ ǘƘƛǎ ŘŜǎƛƎƴ ŀƭƭŜǾƛŀǘŜǎ ǘƘŜ 

challenges associated with creating patterns with intricately small features (< 10 µm) within 

a relatively thick layer of SU8 (25 µm). Lastly, this trap structure is capable of capturing larger 

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

system.  

The device structure and trap design are further detailed in Figure 2.1. Prior to 

experimentation, cell clumps and debris were filtered out using a 20 µm 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 µL/min, with excess single cells 
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removed off-chip through the outlet. Single cells were trapped in the swallowtail-shaped 

PDMS traps, illustrated in Figures 2.1b and 2.1c.  

 

 

 

 

 

 

 

 

 

 

 2.3.2   Deformation Cytometry  

Microfluidic devices featuring a cross-slot configuration are widely utilised to create 

extensional flow, which is integral to this thesis for the deformation of single cells under 

varying flow conditions. Illustrated in Figure 2.2a is the cross-slot device, designed using 

AutoCAD, as previously published by Armistead et al., (12, 310).  

A suspension of single cells, at a concentration of 2-3 million cells/mL, was introduced 

through the inlet port depicted in Figure 2.2a. Prior to on-chip filtration (Figure 2.2ai) samples 

were passed through a 20 µm cell strainer to break up any large clumps. Figure 2.2b provides 

a closer look at an array of filtering pillars, spaced a minimum of 50 µm apart, and designed 

to prevent blockages downstream caused by cell debris. 

Figure 2. 1: (a) The single-chambered cell trapping device was designed using autocad and 

clewin. Both inlet and outlet have been appropriately labelled, with an arrow indicating 

the flow direction. (b) Schematic of the swallowtail-shaped single cell traps, with each row 

positioned offset to allow for optimal cell trapping. (c) Bright-ŦƛŜƭŘ ƛƳŀƎŜ ƻŦ .ŀǊǊŜǘǘΩǎ 

oesophagus single cells (CP-A) trapped on-chip. 
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Following filtration, the single cells were divided on-chip 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 designed as the 

extensional-flow junction, with further details provided in the schematic shown in Figure 

2.2c. It is at this location that the cross-slot configuration produces extensional flow, resulting 

in cell deformation at the stagnation point located at the centre of the junction. All channels 

within the extensional-flow junction measured 35 µm in width and 25 µm in height. 

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

 

 

 

 

 

 

 

 

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 for the devices were made using 3-inch silicon wafers coated with the negative 

photoresist SU-8 2025 (Microchem, Warwickshire, UK). The wafers were initially cleaned 

using a piranha wet etch (H2SO4 & H2O2ύ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ŜȄŎŜŜŘƛƴƎ ул ɕ/ ŦƻǊ ол ƳƛƴǳǘŜǎΦ 

Figure 2.2: (a) The cross-slot device was designed using AutoCAD, featuring labelled inlets 

and outlets, with arrows indicating the flow direction. Key highlighted sections include (i) 

an on-chip filter and (ii) the extensional-flow junction. (b) A schematic depicts the on-chip 

filter positioned after the inlet to prevent larger particles from causing downstream 

blockages. (c) The extensional-flow junction, the critical feature of the cross-slot device, 

where cell deformation takes place. (6) 
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Post-cleaning, they were rinsed and stored in deionised water, as shown in Figure 2.3a. 

Before use, the wafers were dried with a nitrogen gun and heated ƛƴ ŀƴ ƻǾŜƴ ŀǘ мул ɕ/ ŦƻǊ 

approximately 20 minutes. Once cooled to room temperature, the wafers were placed on a 

spin coater (EMS 6000) to apply a uniform layer of SU-8. The acceleration, speed, and spin 

times were adjusted to achieve the required photoresist thickness (Figure 2.3b). 

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

8. The wafers were placed on a room-temperature hot plate (EMS 1000-1, Salisbury, UK), 

ǿƘƛŎƘ ǿŀǎ ǘƘŜƴ ǎŜǘ ǘƻ рр ɕ/ ŀƴŘ ŀƭƭƻǿŜŘ ǘƻ ƘŜŀǘ ƻǾŜǊ р ƳƛƴǳǘŜǎΦ ¢ƘŜ ǿŀŦŜǊǎ ǿŜǊŜ ƪŜǇǘ ŀǘ рр 

ɕ/ ŦƻǊ ол ƳƛƴǳǘŜǎ ōŜŦƻǊŜ ǘǳǊƴƛƴƎ ƻŦŦ ǘƘŜ Ƙƻǘ ǇƭŀǘŜ ŀƴŘ ƭŜǘǘƛƴƎ ǘƘŜ ǿŀŦŜǊǎ Ŏƻƻƭ ǘƻ ǊƻƻƳ 

temperature, which took approximately 1 hour and 30 minutes (Figure 2.3c). Direct-write 

laser lithography was then used to etch the microdevice patterns into the SU-8 layer with a 

2 µm laser spot size όǿŀǾŜƭŜƴƎǘƘΥ отр ƴƳύ ǳǎƛƴƎ ǘƘŜ aƛŎǊƻ²ǊƛǘŜǊ a[ϰ ǎȅǎǘŜƳ ό5ǳǊƘŀƳ 

Magneto Optics) (Figure 2.3d). As a negative photoresist, the areas of SU-8 exposed to the 

UV laser became cross-linked, whilst the unexposed lasers remained soluble. The optimal 

exposure dose for the designs presented in this thesis was 400 mJ/cm2, which provided fine 

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

resolution but led to adhesion problems between the SU-8 and the wafer, whereas higher 

doses risked overexposure, proŘǳŎƛƴƎ άōŜƭƭ-ǎƘŀǇŜŘέ ŎƘŀƴƴŜƭǎ ǿƛŘŜǊ ǘƘŀƴ ƛƴǘŜƴŘŜŘΦ  

A post-exposure bake was carried out, following the same temperature ramping procedure 

as the soft bake (Figure 2.3e). The wafers were developed in ethyl lactate (C5H10O3) for 

approximately 2 minutes to dissolve the uncross-linked SU-8, followed by a quick rinse in 

isopropanol (CH3CHOHCH3) for 1 minute (Figure 2.3f). The earlier baking steps sometimes 

cause stress in the SU-8 layer, resulting in cracks. A hard bake at 180 C for 15 minutes, just 

below the glass transition temperature of SU-8 (210 C), effectively removed any cracks 

(Figure 2.3g). The resulting master could then be used for PDMS microdevice fabrication 

(Figure 2.3h).  

The height of the SU-8 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 across the surface, a feedback loop maintains a constant force applied by the sample. 

The probe performed a line scan over an SU-8 channel, generating a height profile and 

determining the step height of the channel. 
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 2.3.4   Soft Lithography 

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

using the master as a mould to cast a negative replica of the SU-8 structures into the PDMS. 

A liquid mixture of the PDMS and the cross-linking 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 dish (Figure 2.4a) and subjected to a soft vaccum for 

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

ǿŀǎ ŎǳǊŜŘ ƛƴ ŀƴ ƻǾŜƴ ŀǘ тр ɕ/ ŦƻǊ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ƻƴŜ ƘƻǳǊΣ ǎƻƭƛŘƛŦȅƛƴƎ ƛƴǘƻ ŀ ƘȅŘǊƻǇƘƻōƛŎ 

elastomer. Once solidified, the PDMS was carefully peeled from the master (Figure 2.4b), and 

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

(Figure 2.4c).  

To complete the device, the PDMS was oxygen plasma bonded to either a glass slide 

(deformation cytometry) or a glass cover slip (Raman spectroscopy), dependent on the 

experiment. Both the PDMS and the glass were placed in a plasma-cleaning chamber (Zepto, 

Diener Electronics, Germany) and treated with plasma for 30 seconds at 0.4 mbar of O2 

(Figure 2.4d). Plasma treatment oxidises both the PDMS and the glass surfaces, replacing 

hydrocarbon groups with hydroxyl groups (- Si ς O ς OH-), increasing surface activity. The 

PDMS and glass were then firmly pressed together to ensure bonding, forming strong 

Figure 2.3: This schematic provides an overview of the production process for fabricating an 

SU-8-silicon master, with the key steps of the protocol displayed sequentially from (a) to (h) 

(6) 
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covalent bonds (-Si ς O ς Si -). Finally, ǘƘŜ ōƻƴŘŜŘ ƳƛŎǊƻŦƭǳƛŘƛŎ ŘŜǾƛŎŜǎ ǿŜǊŜ ōŀƪŜŘ ŀǘ тр ɕ/ 

for 30 minutes (Figure 2.4e). 

 

 2.4 Raman Spectroscopy Protocol 

 2.4.1  Spectroscopy Facilities  

The thesis utilised a Renishaw inVia Spectrometer System integrated with a Leica DMi8/SP8 

laser scanning confocal microscope. Figure 2.5 illustrates the Raman spectrometer optics. 

The system had two excitation lasers: a 532 nm DPSS diode laser (50 mW, 22 mW at the 

sample) and a 785 nm near-IR diode laser (100 mW, 45 mW at the sample), both mounted 

with kinematic baseplates. The 532 nm laser had a plasma filter, with a pinhole to adjust the 

laser width. Motorised ND2 filters offered 16 power levels ranging from 0.00005 to 100%. A 

beam expander was used to adjust laser spot size (0-100% expansion) (Figure 2.6).  

The light passed through a motorised shutter, mirrors, and a chosen objective to reach the 

sample in an inverted configuration. Biological samples were slotted into in-house 3D-printed 

holders which contained magnets to minimise movement during acquisition. These holders 

were then positioned on an automated XYZ stage (Z-movement is handled via objective 

adjustment). The high-speed encoded stage, had ŀ ǎǘŜǇ ǎƛȊŜ ƻŦ лΦм ˃ƳΦ wŜƴƛǎƘŀǿΩǎ ²ƛǊŜ 

Figure 2.4: This schematic outlines the production process for fabricating microfluidic 

devices using PDMS, with the key steps of the protocol displayed sequentially (a ς e) (6) 
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software controlled acquisition settings, except for detector and optical path changes, which 

were handled manually or via Leica fluorescence confocal software. 

 

 

Scattered light was partially reflected to a camera for laser spot observation and calibration, 

ǿƛǘƘ Ƴƻǎǘ ƻŦ ƛǘ ŘƛǊŜŎǘŜŘ ǘƻ wŀȅƭŜƛƎƘ ǊŜŦƭŜŎǘƛƻƴ ŦƛƭǘŜǊǎ όǊŜƧŜŎǘƛƴƎ ƛƴǘŜƴǎƛǘƛŜǎ ōŜƭƻǿ млл ŎƳѐцύΦ 

The entrance slit shapes the laser beam for grating, with standard and high confocality modes 

ƻŦ ср ˃Ƴ ŀƴŘ нл ˃ƳΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ǿƻ ƎǊŀǘƛƴƎǎ όмулл ŀƴŘ мнлл ƭƛƴŜǎκƳƳύ ǎŜǇŀǊŀǘŜ 

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

(synchro-scan) for high-resolution spectra or step motion for spectral range selection.Two 

detectors were available: a Renishaw CCD array detector (infrared-enhanced, deep 

depletion, 1024 x 256 px, Peltier-cooled to -70°C) and an Andor EMCCD3 high-sensitivity 

back-illuminated detector (UV/VIS measurements, 1600 x 200 px, TE4-cooled to -100°C). 

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

The microscope was equipped with an EL6000 fluorescence light source (LQ-HXP 120 LEJ), a 

120 W mercury short-arc reflector lamp with a wavelength range of 380-680 nm. Filter cubes 

with BP5 or LP6 filters allow standard fluorescence settings. BP filters transmitted light 

around a specific wavelength, indicated as center/bandwidth, while LP filters transmitted all 

Figure 2.5: Key features of the optical configuration of the Renishaw inVia Raman 

microscope, simplified for clarity. Reprinted with permission (3) 
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light above a certain wavelength. Available filter cubes included DAPI (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 bright-field light source with a TTL shutter was also 

available for transmitted light. 

 

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 sample surface, used with a grating of 1800 lines 

mmҍ1. A near-infrared enhanced CCD array ŘŜǘŜŎǘƻǊ όмлнп Ҏ нрс ǇƛȄŜƭǎΣ wŜƴƛǎƘŀǿύ ǿŀǎ ǳǎŜŘ 

ǘƻ ŎƻƭƭŜŎǘ ƭƛƎƘǘΦ ¢ƘŜ wŀƳŀƴ ǎȅǎǘŜƳ ǿŀǎ ŎŀƭƛōǊŀǘŜŘ ǘƻ ǘƘŜ {ƛ ōŀƴŘ Ǉƻǎƛǘƛƻƴ όрнлΦр ŎƳҍмύ ǇǊƛƻǊ 

to each experiment. All single-ŎŜƭƭ ǎǇŜŎǘǊŀƭ Řŀǘŀ ǿŜǊŜ ƻōǘŀƛƴŜŘ ǿƛǘƘ ǘƘŜ ǳǎŜ ƻŦ ŀ млл Ҏ ƻƛƭ 

objective (HC PL APO CS2 FWD 0.13 mm NA 1.4). A beam expander was positioned in the 

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

A 20 ҈ ŘŜŦƻŎǳǎΣ ǿƘŜƴ ǳǎŜŘ ǿƛǘƘ ŀ млл Ҏ ƻōƧŜŎǘƛǾŜΣ ǇǊƻŘǳŎŜŘ ŀ ǎǇƻǘ ǎƛȊŜ ƻŦ ŀǇǇǊƻȄƛƳŀǘŜƭȅ му 

˃Ƴ ŀǘ ǘƘŜ ǎŀƳǇƭŜΦ ¢ƘŜ ŜƴǘǊŀƴŎŜ ǎƭƛǘ ǿŀǎ ǎŜǘ ǘƻ нл ˃ƳΦ {ǇŜŎǘǊŀƭ ǎŜǘǘƛƴƎǎ ǊŜƳŀƛƴŜŘ ǘƘŜ ǎŀƳŜ 

across all six cell lines, utilising a step configuration with a 5 s exposure time and 6 

accumulations in two different windows (300ς1800 cmҍ1 and 1800ς3200 cmҍ1), giving a total 

exposure time of 60 s per cell. To ensure reproducibility and account for motor drift over 

time, the Raman system was calibrated before each use with a standard silicon sample, which 

produced a sharp peak at 520.5 cmҍ1. Each calibration was specific to the experiment, utilising 

Figure 2.6: Images of the 532 nm Raman laser through the beam expander at defocus 

rates of (a) 0 %, (b) 20 %, and (c) 100 %. (d) Bright-field image of the single CP-A cell used 

for refraction of the Raman laser.   
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the same settings as expected for data collection. Background removal using Extended 

Multiplicative Signal Correction (EMSC) required the utilisation of both background spectra 

and biological reference spectra to accurately identify and isolate biological peaks. The 

background spectra were specifically obtained from the cell traps, ensuring that there was 

no contribution of any biological material, only PDMS. Meanwhile, 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 reducing bias in the spectral analysis process.  

 

 2.5 Raman Analysis  

 2.5.1   Data Pre-Processing  

A raw single-cell Raman spectrum can show variable background contributions depending on 

ǘƘŜ ŎŜƭƭΩǎ Ǉƻǎƛǘƛƻƴ ƛƴ ǘƘŜ ŎƘŀƳōŜǊΣ ōŀǎŜƭƛƴŜ ǎƘƛŦǘǎ ŦǊƻƳ ŀǳǘƻŦƭǳƻǊŜǎŎŜƴŎŜ and scattering, 

intensity changes due to the cell size within the acquisition volume, cosmic ray interference, 

as well as intrinsic biological variation. To ensure reliable analysis across multiple 

experiments, consistent and robust pre-processing of the spectra is essential. The pre-

processing steps are detailed below in a flow graph (Figure 2.7) using the sample spectra of 

10 CP-A single cells for image purposes (Figures 2.8 - 2.9), excited under the conditions 

described in section 2.4.1. 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. 

Example scripts and functions for both dataset creation and analysis are provided as 

supplementary materials in the e-thesis. 

The initial dataset creation was performed using a single Matlab script, which saved the pre-

processed data for efficient loading and further analysis (DatasetCreationScript_1.mat). The 

code iteratively processes selected datasets (selectedDataSets ) to extract Raman 

spectral data. For each dataset, the program navigates to the corresponding directory and 

loops through all available measurement repeats (Index [j] ). Within this inner loop, it 

constructs the filename for each repeat based on a predefined naming convention, then 

reads the associated .wdf  file using a data-reading function. The X-axis values (Raman shifts) 

and intensity data (spectra) 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 analysis. 

 

 

A second Matlab script was used for background removal (EMSCAnalysis_2.mat). The code 

performs EMSC to remove background signals, such as PDMS, from Raman spectra. It aligns 

ŀƭƭ ǎǇŜŎǘǊŀ ǘƻ ŀ ŎŀƭƛōǊŀǘƛƻƴ ǇŜŀƪ όрнлΦр ŎƳѐцύ ǘƻ ǊŜŘǳŎŜ ǾŀǊƛŀōƛƭƛǘȅ ŀƴŘ ǳǎŜǎ ōŀŎƪƎǊƻǳƴŘ ŀƴŘ 

reference spectra to isolate biological signals. An example of the inputted raw, biological, 

background, and post-EMSC spectra is shown in below Figure 2.8. After applying EMSC, the 

baseline is subtracted to remove low-frequency noise, ensuring the spectra focus only on 

meaningful peaks. The processed data are organised into a matrix for analysis, with key 

features like average spectra, standard deviation, and peaks identified for further 

interpretation. Examples of these steps are shown in Figure 2.9.  And 2.10  

Figure 2.7: Comprehensive Workflow for Raman Spectra Acquisition, Pre-processing, and 

Analysis. 
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Figure 2.9 Examples of raw CP-A single cell spectra (blue), EMSC-corrected CP-A single cell 

spectra (green), background PDMS spectra (black) and raw biological reference spectra 

(red). All spectra have been interpolated, averaged, and smoothed using a Savitzky-Golay 

filter (sgolayfilt function) with a polynomial order of 2. 

Figure 2. 8: Examples of raw CP-A single cell spectra (blue), EMSC-corrected CP-A single cell 

spectra (green), background PDMS spectra (black) and raw biological reference spectra (red). 

All spectra have been interpolated, averaged, and smoothed using a Savitzky-Golay filter 

(sgolayfilt function) with a polynomial order of 2. Examples of raw CP-A single cell spectra 

(blue), EMSC-corrected CP-A single cell spectra (green), background PDMS spectra (black) and 

raw biological reference spectra (red). All spectra have been interpolated, averaged, and 

smoothed using a Savitzky-Golay filter (sgolayfilt function) with a polynomial order of 2. The 

spectrum of a single CP-A cell showing (a) post-spline interpolation; (b) EMSC-corrected 

Raman spectra compared to the raw data and the background contribution; (c) baseline 

alterations post-EMSC correction; (d) the final outputted spectrum. 
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EMSC-corrected datasets (.mat) were exported to Python and converted to .csv files using 

the CsvConversion.py script. These .csv files were then imported into 

RamanPreProcessing_4.py for the main pre-processing steps. The EMSC-corrected data 

(Figure 2.11a) was first truncated between 500ςонлл ŎƳѐц όCƛƎǳǊŜ нΦ11b), and baseline 

correction was applied using the Koch et al. (328) algorithm (Figure 2.11c). Additional pre-

processing included smoothing (polynomial 2, window 17) (Figure 2.11d), averaging, and 

standard deviation calculations (Figure 2.11e).  

  

Figure 2. 10: A (a) raw and (b) analysed Raman spectrum of a single CP-A cell, post EMSC 

background removal and baseline correction. 

Figure 2.11: Raman spectrum pre-processing steps for 10 CP-A single cell spectra. (a) Post-

EMSC correction; (b) Truncated between 500 ς 3200 cm-1; (c) Baseline corrected; (d) 

Smoothed [2, 17]; (e) Averaged, with the standard deviation calculated. 
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 2.5.2 Multivariate Analysis 

Principal component analysis and linear discriminant analysis (PCA-LDA) was conducted using 

the EMSC-corrected datasets, truncated within the fingerprint region (800ς1800 cmҍ1). 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 cross-validation method. 15 principal components were chosen for the 

t/! ŀǎ ǘƘƛǎ ǿŀǎ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ Ҕ фл ҈ ƻŦ ǘƘŜ ƻǾŜǊŀƭƭ ǾŀǊƛŀƴŎŜ ǿƛǘƘƛƴ ǘƘŜ ŘŀǘŀΦ The variance 

explained reaches a plateau after 15 PCs, indicating that the remaining components are 

representative of little to no change. The fourfold cross-validation was conducted using a 

StratifiedKFold, whereby the datasets for each set of analysis were split into k (4) groups of 

Ŝǉǳŀƭ ǎƛȊŜΣ ǿƛǘƘ ǘƘŜ ŦƛǊǎǘ ƎǊƻǳǇ ƘŜƭŘ ŀǎ ŀ ǾŀƭƛŘŀǘƛƻƴ ǎŜǘΣ ŀƴŘ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ƎǊƻǳǇǎ όƪ ҍ мύ ǳǎŜŘ 

to fit the method. 

  

 2.6 Deformation Cytometry Procedure  

The deformation cytometry setup is shown in Figure 2.12a, 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 tuōƛƴƎ ό{ƳƛǘƘǎ aŜŘƛŎŀƭϰΣ YŜƴǘΣ ¦Yύ ǿƛǘƘ 

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 volumetric flow rate (µl/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 bright-field microscope (Figure 

2.11b), using a 10x objective to capture cell deformation events. 
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High-speed microscopy recorded these events, with the camera (Photron Fastcam SA-X) 

operating at frame rates of 7000 to 260,000 fps and exposure times of 0.37 to 6.67 µs. An 

external light source mounted over the setup (Figure 2.11c) enhanced image capture at 

higher frame rates and reduced exposure times to minimize motion blur. Flow rate and 

camera settings are detailed below in Table 3: frame rate, exposure time and camera 

resolution for each flow rate.  

 

Figure 2.12: (a) Schematic of the microfluidic setup for deformation cytometry. (b) PDMS 

device mounted in a holder with inlet and outlet tubing for high-speed microscopy of cell 

deformation. (c) The device positioned between a standard inverted bright-field 

microscope and an additional light source to enhance image intensity. (6) 
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The deformation cytometry experiments utilised an inverted microscope (Eclipse Ti-U, Nikon, 

Japan) with reflection bright-field 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 mammalian cells, tend to exhibit low 

contrast due to their optical transparency and lack of colour. Bright-field images typically lack 

detail unless the sample is stained, a process that often requires fixation and is not suitable 

for live cell imaging in suspension. 

A high-speed 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 high-speed microscopy to capture 

these rapid events. Key factors in high-speed 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 frame rate should be high enough to avoid missing 

any critical deformation. Short exposure times are required to minimize motion blur. For this 

work, the FASTCAM SA-X camera (Photron), featuring a CMOS (complementary metalςoxideς

semiconductor) sensor, was employed. 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, which 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. 

Table 3: frame rate, exposure time and camera resolution for each flow rate. 
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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, cell 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 conducted by MPhys student Henry 

Aldridge.  

To prepare images for CNN 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 µl/min in a shear-dominant regime. Each 

video was processed using a Python cell-tracking 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 using the OpenCV 

module, ensuring debris and large cell clumps were excluded. Cell metrics such as area, 

perimeter, circularity, D.I., and strain were recorded. Duplicates were removed based on 

frame occurrences per video, and frames where cells exhibited maximum deformation (1 ҍ 

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 size of main dataset 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.I.) that uses statistical and 

computational methods for recognising patterns within data, enabling predictions for new 

unseen data (329). This is invaluable for large and complex biological datasets, which often 

involve high-dimensional, non-linear relationships, an example being the interactions 

between genes, proteins, or metabolic pathways.  

Linear Discriminant Analysis (LDA) was initially used for analysing the deformation cytometry 

data, as it can help classify 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 high-dimensional data, and this complexity is reduced during LDA by 

projecting the data into a lower-dimensional space while maximising the separation between 

predefined groups, such as healthy and diseased cells. This makes it easier to identify key 

mechanical features, such as D.I., 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 potential biomarkers or 

mechanical signatures. Additionally, it is computationally efficient, making it well-suited for 

high-throughput applications like disease screening or hypothesis testing in clinical and 

research settings (330) . 

  

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 cells are at maximum or no deformation, providing 

images for CNN training and data for LDA. (5) 



 
 

72 
 

CNb ǘǊŀƛƴƛƴƎ ǿŀǎ ǇǊƛƳŀǊƛƭȅ ōŀǎŜŘ ƻƴ DŞǊƻƴΩǎ a[ ǘŜȄǘōƻƻƪ Hands-on machine learning with 

Scikit-Learn, Keras, and TensorFlow (331), utilizing two architectures: Google's Xception (332) 

and Microsoft's ResNet50 (333). ResNet50 was chosen due to its success in similar studies 

(334, 335). TensorFlow and Keras were employed for model development. Data was divided 

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

were used as the inputs, resized to 72×72 pixels and processed using the Keras preprocessing 

function. Xception and ResNet50 models were initialized with random weights, and their 

layers remained unfrozen. Each model was completed by adding a global pooling layer 

ŦƻƭƭƻǿŜŘ ōȅ ŦƛǾŜ Ŧǳƭƭȅ ŎƻƴƴŜŎǘŜŘ ƭŀȅŜǊǎΣ ŀǎ ǇŜǊ DŞǊƻƴΩǎ ŀǇǇǊƻŀŎƘΦ ¢ƘŜ Ǝƭƻōŀƭ ǇƻƻƭƛƴƎ ƭŀȅŜǊ 

reduced dimensionality. Both models were trained for 10 epochs using the Adam optimizer 

with a learning rate of 0.1, chosen for its efficiency in similar studies (334). The models were 

then evaluated on test datasets, and confusion matrices were generated. Metrics such as 

accuracy (2.7.2.1), recall (2.7.2.2), and precision (2.7.2.3) were calculated from the confusion 

matrices. Where TP is the number of true positives, TN is true negatives, FP is false positives 

and FN is false negatives (331) . These metrics allow 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.  

           2.7.2.1 

 

 

             2.7.2.2 

 

             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 rotations, expanding the 

dataset fourfold. A balanced dataset was also created by duplicating images from 

undersampled cell lines before augmentation. For 5-fold stratified cross-validation, LDA was 
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applied using the scikit-learn module (6). Parameters 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 cell lines. 
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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, and outlined the 

aims of this project. This chapter presents the first key findings: novel on-chip live single-cell 

analysis of oesophageal adenocarcinoma development, characterised using Raman 

spectroscopy. Representative cell lines were employed to model healthy oesophageal 

epithelium (HET-1A), oesophageal adenocarcinoma (OE19), and the progressive stages of 

.ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎ ό/t ŎŜƭƭ ƭƛƴŜǎΥ -A, -B, -C, and -D). Data was consolidated across multiple 

experiments and cell passages to minimise variability and 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  On-Chip 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 trapping conditions were 

necessary to prevent on-chip cell clumping. CP-A single cells were used for this optimisation, 

with cells passaged, filtered through 20 µL cell strainers, and flown though the microfluidic 

device at flow rates between 1- 5 µL/ min. Cell concentrations 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 conditions. Imaged 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 / mL (Figure 31.c) was established to provide 

the best trapping efficacy of 74 ҈ όҕ с҈ύΣ calculated by the percentage 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 to force them through the traps. Detailed in Figure 

3.1f, lower flow rates of 1 µL/ min and 2 µL/ min were insufficient to generate the pressure 

required to propel cells through the device. In contrast, higher flow rates of 4 µL/ min and 5 

µL/min resulted in excessive pressure, causing cells to deform and pass through the 5 µm 

gaps between the traps. All single cell trapping experiments were conducted using a cell 

concentration of 2 million cells / mL, at a flow rate of 3 µL/ min.  

 

 

 

 

 

 

 

 

 

 

   

 

 

Figure 3.1: Representative brightfield images and quantitative analyses of single-cell 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 (bottom 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 single-cell trapping (74% ± 6%) 

and minimising multi-cell occupancy, while higher concentrations (3 million cells/mL) resulted 

in clumping and reduced trapping efficiency. Error bars represent standard deviations across 

three experimental replicates. 
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 3.1.2  Cellular Viability On-Chip 

Single cells were successfully trapped within the microfluidic device at a flow rate of 3 

µL/min and maintained under controlled conditions at 37.5°C. To sustain cell viability, a 

constant flow of fresh culture media was supplied at 1 µL/min throughout the experiment. 

Viability was assessed using Calcein AM live stain and Sytox Red dead stain, with 

fluorescence images captured at hourly intervals over a 5-hour period. Each experiment 

was limited to 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 same 5-hour 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 over the 5-hour 

experiment is summarised in Figure 3.2. These results represent the mean viability of 100 

single cells per cell line across multiple experimental replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: viability of single cells trapped on-chip over 5 hours for different oesophageal 

cell lines, including HET-1A (healthy epithelial cells, red), CP-A (non-dysplastic Barrett's 

oesophagus, cyan), CP-B (low-grade dysplasia, pink), CP-C (high-grade dysplasia, yellow), 

CP-D (high-grade 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.  



 
 

77 
 

 3.2    Raman Analysis of Live Cells 

 3.2.1   Spectral Profile Across All Cell Lines  

Raman spectra were obtained from trapped live single cells across the cancerous cell line 

(OE19), those representing the healthy epithelium (HET-м!ύ ŀƴŘ ǘƘŜ ƛƴǘŜǊƳŜŘƛŀǊȅ .ŀǊǊŜǘǘΩǎ 

oesophagus (CP-A to CP-D), via Raman conditions detailed in the methodology (2.4

 Raman Spectroscopy Protocol) 

Figure 3.3 shows the averaged spectrum and standard error for each cell line, averaging over 

100 single cells per sample type. All bands were pre-processed using EMSC and normalised 

to the Amide I peak at 1656 cm-1. Each peak is labelled corresponding to the associated 

cellular component, with Table 4 detailing further covalent bond information.   

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 4: Key Raman spectral peaks and their corresponding molecular assignments and 

ǾƛōǊŀǘƛƻƴŀƭ ƳƻŘŜǎΦ tŜŀƪ Ǉƻǎƛǘƛƻƴǎ όƛƴ ŎƳѐцύ ŀǊŜ associated with specific biomolecules such 

as proteins, lipids, and nucleic acids, providing insights into the biochemical composition 

and structural properties of single cells. 
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At an initial glance, all cell lines contain a prominent band corresponding to the presence of 

phenylalanine at 1004 cm-1. 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 increase aromatic amino acid presence (tryptophan 

(336, 337), tyrosine (246, 338-340) and phenylalainine (246, 339)). These components are 

associated with various cancers such as breast (341) and colorectal (342), as well as with the 

acquisition of mutated transforming functions in cancer development (343). An additional 

band also related to this function is the tryptophan shoulder shown at 1009 cm-1 (341, 343). 

Figure 3.3: Single-cell Raman spectra representing the progression from healthy 

squamous oesophageal epithelia (HET-1A: red) through non-ŘȅǎǇƭŀǎǘƛŎ .ŀǊǊŜǘǘΩǎ ό/t-A: 

cyan), mild ŘȅǎǇƭŀǎǘƛŎ .ŀǊǊŜǘǘΩǎ ό/t-.Υ ǇƛƴƪύΣ ƳƻŘŜǊŀǘŜ ŘȅǎǇƭŀǎǘƛŎ .ŀǊǊŜǘǘΩǎ ό/t-C: yellow) 

and severe dysplastic .ŀǊǊŜǘǘΩǎ ό/t-D: purple), to oesophageal adenocarcinoma (OE19: 

green) cells. All spectra were normalised to the Amide I band at 1656 cm-1. The shaded 

area around each cell line is representative of the standard deviation. The grey shading 

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 scale.  
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Nucleic acid and protein-related bands, such as Amide III and Amide I, are displayed across 

all six cell lines. DNA-associated bands, as seen at 1089 cm-1, are common within transformed 

cancerous cells (246) with an increased DNA concentration associated with disease 

progression.  An increase in protein signature is observed via the heightened CH3 stretching 

(2881 cm-1 and 2980 cm-1) band for the OE19 cancer cells. Such an increase in protein content 

is consistent with previously reported data (266),(344, 345).  

CH3 and CH2 twisting modes previously attributed to collagen (346) can be observed between 

1310 - 1340 cm-1 (238, 343). Lipid-associated bands are prominent in Figure 4.5, reported as 

being attributed to the acyl (C ς C) backbone in lipids (238, 347), CH3 rocking / C ς O vibrations 

(266), bending modes of C ς H in CH2 moieties (348, 349) as well as methylene deformation 

(246). These changes in cellular lipid quantity are significant biomarkers of abnormal 

membrane composition, characteristic of neoplastic cells (350). 

 

 3.2.2  Healthy vs Adenocarcinoma  

Analysis was carried out to determine if the OE19 oesophageal adenocarcinoma cell line 

could be distinguished from HET-1A healthy cells. PCA was conducted as an unsupervised 

technique with the goal of maximising and identifying the variance of the data along the 

principal components (PCs). These PCs can be visualised and plotted to identify features 

within the spectra that help distinguish the different cell lines.  

PCA was undertaken using the first 15 PCs of a truncated Raman spectra (Figure 3.4a). 

Differences across the first 5 PCs, accounting for > 80 % variance, are shown in Figure 3.4b, 

with bands showing significant differences highlighted in blue. The cumulative variance and 

variance explained for all 15 PCs is shown in Figure 3.4c. Variation within the amino acid 

bands (tryptophan, tyrosine and cytosine) are seen in the first 5 PCs at 880 cm-1, 1171 cm-1 

and 1610 cm-1 respectively. Additional bands showing variation across all 5 PCs include DNA 

(1089 cm-1), collagen (1310 ς 1340 cm-1), methylene deformation (1450 cm-1) and Amide I 

(1656 cm-1). 

Further analysis was undertaken using LDA, a supervised 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 cross-validation approach. The combined PCA-LDA was able to separate the datasets 
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into distinct classes with high accuracy. The histogram (Figure 3.4d) indicates a clear 

separation of both populations. It is also evident that the representative healthy cell line 

(HET-1A, red) provides a narrower distribution compared to the cancerous equivalent (OE19, 

green).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: PCA-LDA of HET-1A (red) and OE19 (green) EMSC-corrected spectral data. (a) 

Truncated Raman datasets ōŜǘǿŜŜƴ улл ŀƴŘ мулл ŎƳҍм ǳǎŜŘ ŦƻǊ ŀƴŀƭȅǎƛǎΦ όōύ tǊƛƴŎƛǇŀƭ 

component loadings taken from PCA. Scores 1ςр ŀǊŜ ǎƘƻǿƴΣ ŀŎŎƻǳƴǘƛƴƎ ŦƻǊ Ҕ ур҈ 

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 

dataset. (e) Confusion matrix for statistical analysis of the PCA-LDA. The outputted values 

are representative of the False Positive (0.058), True Positive (1), False Negative (0.942) and 

True Negative (0). 
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The confusion matrix obtained from this analysis is diplayed in Figure 3.4e. Whilst all HET-1A 

cells were correctly categorised, approximately 6 % of OE19 cells were mistaken for HET-1A, 

this is presumably a consequence of their heterogeneity. Precision [(true positive value / 

(true positive + false positive)], Recall [true positive value / (true positive + false negative)], 

and F1-Score [2 * ((precision * recall) / (precision + recall)), were determined to be 1, 0.972 

and 0.942 respectively. The average accuracy for the classification of healthy vs. cancer single 

cells was 97 %.   

 

 3.2.3    Disease Progression 

Intermediate between the healthy (HET-1A) and cancerous (OE19) stages are the progressive 

ǎǘŀƎŜǎ ƻŦ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎΣ ǊŜǇǊesented in these results by cell lines CP-A (non-

dysplastic) and CP-D (severe dysplasia). Shown in Figure 3.5a, the spectra for each cell line 

was truncated to 800 ς 1800 cm-1 prior to PCA-LDA. Analysis of the first 5 PC loadings (Figure 

3.5b), covering 85% variance (Figure 3.5c), confirms the influence of amino acid bands, with 

phenylalanine and tryptophan bands present across all 5 PCs. Other cellular components 

such as Amide III, 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 (1583 cm-1) is 

present within PC1 and PC2. This peak can be attributed to the presence of aromatic side 

chains within the Cytochrome C compound(244, 351, 352).  

 

Figure 3.5: (a) Truncated Raman spectra (800 -1800 cm-1) for each stage of cancer 

development. The healthy (HET-1A), non-dysplastic (CP-A), severely dysplastic (CP-D) and 

cancerous (OE19) cell lines are represented by red, cyan, purple and green spectra, 

respectively. (b) The PC loadings from the data shown in Figure 4.7a. Bands of interest 

have been highlighted in blue. (c) 2D plot representing the variance explained and the 

cumulative variance for HET-1A (healthy), CP-A (non-dysplastic), CP-D (severely dysplastic) 

and OE19 (cancerous) single cells.  
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The 2D scatter plot for the LDA is displayed in Figure 3.6a, with HET-1A (red), CP-A (cyan), CP-

D (purple), and OE19 (green), along with their respective histograms. From this scatter plot 

we see that the OE19 dataset is separated from the others and also shows greater scatter as 

might expected from a cancerous dataset with uncontrolled mutation. The HET-1A appears 

to be separated from CP-A and CP-D datasets in LDA2, whilst the CP-A and CP-D cells appear 

to exhibit strong overlap. This is further supported by looking at the confusion matrix in 

Figure 3.6bΣ ǿƘƛŎƘ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ƴŜƛǘƘŜǊ ƻŦ ǘƘŜ .ŀǊǊŜǘǘΩǎ hŜǎƻǇƘŀƎǳǎ ŎŜƭƭ ƭƛƴŜǎ ό/t- A and CP-

D) nor the healthy cell line (HET-1A) were mis-categorised as the cancer cell line (OE19). The 

HET-1A cells were correctly identified with ~91 % accuracy whilst the non-dysplastic (CP-A) 

and dysplastic (CP-D) cell lines were only correctly classified correctly 63 % and 64 % of the 

time. The largest errors occur between CP-A and CP-D cells, with ~36 % inaccuracy.  The OE19 

cells could be inaccurately categorised as any of the other three cell lines but with low 

probability ς HET-1A (4 %), CP-A (6 %) and CP-D (2 %). The precision, recall and F1-score for 

this data is shown in Table 5.   

 

 

 

 

 

Figure 3.6: (a) 2D plotted PCA LDA1 vs PCA LDA2 scores for HET-1A (red), CP-A (cyan), CP-

D (purple) and OE19 (green) and their relative LDA histograms. (b) Confusion matrix for 

statistical analysis of the PCA-LDA. 
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 3.2.4  Dysplastic Progression 

Next, the focus was on the analysis of cell lines representing high-ƎǊŀŘŜ .ŀǊǊŜǘǘΩǎ ŘȅǎǇƭŀǎƛŀΦ 

Identification of measurable differences in the spectral data could provide a promising route 

to the diagnosis of .ŀǊǊŜǘǘΩǎ hŜǎƻǇƘŀƎǳǎ ǎŜǾŜǊƛǘȅ ƛƴ ǇŀǘƛŜƴǘǎΦ 

The PCA-LDA was carried out on the fingerprint region of the dysplastic cell lines, with the 

first 5 PC loadings in Figure 3.7b responsible for 80% of the variance, with the cumulative 

variance and variance explained detailed in Figure 3.7c. Negative bands in PC1 correlated 

with the aromatic amino acid content and Cytochrome C. These bands become positive 

between PC2 ς PC4. Other notable bands present in PC1 are associated with Amide I, Amide 

III, lipid and collagen content. The PO2- DNA-associated band (1089 cm-1) also displays an 

increase in PC1. 

The scatterplot, Figure 3.7a, displays how CP-B (pink), CP-C (orange) and CP-D (purple), are 

well separated by LDA1 and 2. The confusion matrix for this data is shown in Figure 3.7d, with 

precision, recall, and F1-scores detailed in Table 6. The average accuracy was calculated at 

92 %, with PCA-LDA classification accuracy at 77 %. The PCA-LDA is able to correctly identify 

ŜŀŎƘ ǎǘŀƎŜ ƻŦ .ŀǊǊŜǘǘΩǎ ŘȅǎǇƭŀǎƛŀ ǿƛǘƘ ŀŎŎǳǊŀǘŜ ŘŜǘection of CP-B at 80 %, CP-C at 93 % and 

CP-D at 91 %. With CP-B cells have a 13 % chance of being identified as CP-C cells.  

 

 

Table 5: Precision, recall and F1-scores for 4-fold cross-validation analysis of the LDA scores 

for HET-1A (healthy), CP-A (non-dysplastic), CP-D (severely dysplastic), and OE19 

(cancerous) single cells. The average model accuracy for this analysis was 88 %. 
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Figure 3.7: (a) 2D plotted PCA LDA1 vs PCA LDA2 scores for CP-B (pink), CP-C (orange) and 

CP-D (purple). (b) Principal component loadings taken from PCA. Scores 1-5 are shown, 

accounting for > 80 % variability. Bands of interest are highlighted in blue. (c) Cumulative 

variance and variance explained for the first 15 PCs. (d) Confusion matrix for statistical 

analysis of the PCA-LDA. 

Table 6: Precision, recall and F1-scores for 4-fold cross-validation analysis of the LDA scores 

for CP-B (mild dysplasia), CP-C (moderate dysplasia) and CP-D (severe dysplasia) single cells. 

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 adenocarcinoma, allowing 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 (Figure 3.4b) are indicative of phosphate ion interactions found in neoplastic 

cells(26, 344, 353), arising due to the erratic accumulation of DNA and RNA in the nuclei of 

cancer cells  (354).  

The increase of the aromatic amino acids associated with advanced disease progression is of 

note, with previous papers also highlighting the influence of these compounds in various 

cancers and diseases (341, 355). These compounds have been shown to play a significant role 

in orchestrating morphological changes within malignant tissues (356). Moreover, the 

increase in transcription and replication of cancerous cells requires a concomitantly 

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 activation and upregulation (266, 344, 

345), as shown in Figure 3.3. 

Increase in cellular lipid quantity across cell lines (Figure 3.3) are 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 

higher proliferation rate, increased chemotherapy resistance and attenuation of the immune 

response (350). 

This low risk of misclassification identifies a new method of detecting progression within 

.ŀǊǊŜǘǘΩǎ ŘȅǎǇƭŀǎƛŀ at a single-cell level, which could allow earlier detection of progression 

towards cancer within a clinical setting. Disease progression classification has been 

conducted using PCA-LDA methods within other cancer sub-types such as oral cavity cancer 

(357) using statistical image analysis, and 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) %, and 96.4% and 95.6%, respectively. The experimental results 
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of this work support the use of PCA-LDA as an effective and reliable tool for the diagnosis of 

cancer lesions.  

The results from the work presented in this chapter not only highlight the use of single-cell 

Raman spectroscopy alongside PCA-LDA for the identification of healthy versus cancer cells 

but also for distinguishing between progressive diseasŜ ǎǘŀƎŜǎ ǿƛǘƘƛƴ .ŀǊǊŜǘǘΩǎ ƻesophagus 

dysplasia itself. 

  



 
 

87 
 

4 The Influence of a Low pH Bile Salt 

Environment on .ŀǊǊŜǘǘΩǎ hŜǎƻǇƘŀƎǳǎ {ƛƴƎƭŜ 

Cells 
 

The previous chapter detailed the use of single cell Raman spectroscopy for characterising 

novel on-chip progression of oesophageal adenocarcinoma. The results showed successful 

characterisation of each disease stage using principal component analysis and linear 

discriminant analysis, with the ability to differentiate between healthy and cancerous cells 

with an accuracy of 97 %. Intra-class separation between dysplastic stages was determined 

with an accuracy of 68 %.  

In an effort to identify changes in disease progression with increasing acid-bile exposure, this 

ŎƘŀǇǘŜǊ ƘƛƎƘƭƛƎƘǘǎ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ǘƘŜ ƛƴŎǊŜŀǎŜŘ ŜȄǇƻǎǳǊŜ ƻŦ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎ ǎƛƴƎƭŜ ŎŜƭƭǎ 

to an acidic bile salt solution (ABSS) over a prolonged duration. Bile is 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 emulsify dietary lipids, 

facilitating their absorption in the small intestine (359). 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 exposed to bile during episodes of reflux. In 

vitro and in vivo studies have 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 on-chip using Raman spectroscopy, 

supplemented with morphological analysis via bright-field images. Live cells were trapped 

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

repeated for 10 exposures, with a 30-ƳƛƴǳǘŜ άǊŜŎƻǾŜǊȅ ǿƛƴŘƻǿέ ŘǳǊƛƴƎ ǿƘƛŎƘ ǘƘŜ ǇI ǿŀǎ 

raised to neutral and data was collected. This recovery window is a dynamic period where 

pro-survival and pro-oncogenic 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 different duration (361, 362). wŜǇǊŜǎŜƴǘŀǘƛǾŜ .ŀǊǊŜǘǘΩǎ 



 
 

88 
 

cell lines CP-A, CP-B, CP-C, and CP-D were utilised, with all data averaged over 10+ 

experimental repeats.   

 

 4.1    Single-Cell Viability: On-Chip vs. Acidic Bile 

Whilst there is significant focus on replicating true phenotypic conditions in 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 using solutions at pH 4.0 (361, 363-369). Ambulatory pH monitoring reports show that 

pH levels can drop as low as 4.0 for approximately 20% (< 4 hours) of the day (370-372) with 

most reflux episodes lasting ten minutes or less (373)Φ CƻǊ Ƴƻǎǘ .ŀǊǊŜǘǘΩǎ ǇŀǘƛŜƴǘǎΣ ǘƘŜ ōƛƭŜ 

salt concentration can vary between 0.03 and 0.82 mmol/L (374-376).  

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 laser, on-chip viability was 

monitored for 100 single cells per 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 plotted in Figure 4.1. No significant changes were 

observed in the Raman spectra, an example for CP-A shown in Figure 4.3, 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. 

  



 
 

89 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.1: Line graph displaying the average viability of 50 single cells 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 cells on-chip which were not 

exposed to the Raman laser. 

Figure 4.2: Offset Raman spectra of a CP-A cell are shown at four time points: immediately 

before laser exposure (black), post-2 hours (red), post-4 hours (blue), and post-5 hours 

(green). The study aimed to assess whether a single Raman laser exposure could induce 

delayed apoptosis by monitoring untreated cells over time. Each spectrum represents the 

average of 100 individual spectra, all of which were baseline-corrected and smoothed using 

the Savitzky-Golay method for noise reduction. 
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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 the fragility 

of isolated single cells, the prolonged exposure to a low pH solution led to cellular damage 

beyond recovery and repair. This was observed through both morphological changes (Figure 

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 

between 1.5 and 2 hours (Figure 4.3e). Immediately before exposure, the CP-A cell 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 baseline reference 

point for assessing the effect of ABSS exposure. By 0.5 hours post-exposure (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, possibly due 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 post-exposure, where there 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 of necrotic or apoptotic cell death. The 

morphology deteriorates by 1.5 hours post-exposure, (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), the cell is completely disintegrated.  

 

  

Figure 4.3: Bright-field images of a trapped CP-A cell on-chip, illustrating morphological 

changes at various time points: (A) immediately before exposure, (B) 0.5 hours post-

exposure, (C) 1 hour post-exposure, (D) 1.5 hours post-exposure, and (E) 2 hours post-

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 for long-term 

monitoring. For this reason, varying ABSS exposures were tested to identify conditions that 

would trigger biochemical recovery changes in the cells without over-compromising overall 

viability. To ensure an adequately sized dataset for analysis, a minimum final viability of 25 

% was required.  

{ƛƴƎƭŜ .ŀǊǊŜǘǘΩǎ ƻesophagus cells were subjected to 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 a 30-minute recovery period at pH 7.0, with cell media 

ran through the device to remove any ABSS residue. Shown across 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 the right-hand column of Figure 4.4 provide a clearer visual 

representation of differences in cellular viability across the CP cell lines. CP-C demonstrated 

the highest percentage of dead cells following each exposure to the ABSS. This pattern 

indicates that CP-C 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 CP-A single cells exhibit a similar trend, with the second-highest mortality rate. 

Interestingly, after six exposures, the viability of CP-A single cells was comparable to that of 

CP-C single cells, suggesting a possible threshold beyond which these cells may lose their 

ability to maintain homeostasis. The steep decline in viability for CP-A cells is indicative of a 

high sensitivity to ABSS conditions, despite initially appearing to be more robust than CP-C. 

Contrasting this, the CP-D cell line displays a gradual, more linear decline in viability over each 

exposure, possibly attributed to CP-5Ωǎ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ŀǎ ŀ ǎŜǾŜǊŜƭȅ ŘȅǎǇƭŀǎǘƛŎ .ŀǊǊŜǘΩǎ ŎŜƭƭ ƭƛƴŜΣ 

which is a more transformed cell type than CP-A or CP-C. These cells may have altered 

adaptations, metabolic or structural, which make them less immediately susceptible to 

extracellular environmental changes. CP-B cells displayed the greatest viability amongst the 

CP- cell lines, with the lowest level of recorded cell death. By the final exposure, CP-B cells 

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

that CP-B cells have intrinsic properties or mechanisms that provide them with greater 

resistance to the damaging effects of ABSS exposure.  
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Figure 4.4: Overlapped bright field and fluorescence images of single cells trapped on-chip. 

All images were taken on a 10x dry lens. Each column (left to right) is representative of the 

average viability of cell lines CP-A, CP-B, CP-C and CP-D. The top row displays results from 

cells that are untreated, with the remaining rows (top to bottom) displaying cells that have 

been treated with 2, 4, 6, 8, and 10 acidic-bile salt solution exposures. Viability was 

determined via Sytox Red dead stain fluorescence imaging. The right-hand panel displays the 

percentage viability for each 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 %. 
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The comparison between cell lines reveals that the CP-C cell line shows the highest % of dead 

cells after each exposure. CP-A single cells had the second highest rate of mortality, with the 

cellular viability equal to CP-/ ǎƛƴƎƭŜ ŎŜƭƭǎ ŀŦǘŜǊ ŜȄǇƻǎǳǊŜ сΦ ¢ƘŜ ǎŜǾŜǊŜƭȅ ŘȅǎǇƭŀǎǘƛŎ .ŀǊǊŜǘǘΩǎ 

cell line CP-D shows a linear decrease in viability, possibly attributed to being the most 

transformed cell type, and therefore less sensitive to extra-cellular environmental changes. 

CP-B single cells had the least cell death compared to all cell lines, with a final overall viability 

of 56 %. When comparing the viability shown in Figure 4.6 against the line graphs in Figure 

4.4, it is immediately visible that both CP-A and CP-/ .ŀǊǊŜǘǘΩǎ ǎƛƴƎƭŜ ŎŜƭƭǎ ǎƘƻǿ ŀ ŘǊŀǎǘƛŎ 

reduction in cellular viability after ABSS exposure. When compared against CP-B and CP-D 

.ŀǊǊŜǘǘΩǎΣ ǘƘŜ ŘŜŀǘƘ ǊŀǘŜ ǿŀǎ мΦр Ȅ ƘƛƎƘŜǊ ŀŦǘŜǊ ǘƘŜ пth exposure.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: On-chip viability data for CP-A (cyan), CP-B (pink), CP-C (mustard) and CP-D 

όǇǳǊǇƭŜύ .ŀǊǊŜǘǘΩǎ ǎƛƴƎƭŜ ŎŜƭƭǎΦ /Ŝƭƭǎ ǿŜǊŜ ǎǳōƧŜŎǘ ǘƻ н όōύΣ р όŎύ ŀƴŘ мл όŘύ ƳƛƴǳǘŜ ŘǳǊŀǘƛƻƴǎ ƻŦ 

pH 4.0 acidic-bile salt solution exposure, to give an overall exposure time of 10 minutes. 

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

to 7.0 post-exposure with the addition of serum-free media. The duration between 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+ independent 

experiments. 
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All cell lines, CP-A (cyan), CP-B (pink), CP-C (mustard) and CP-D (purple), show a steady 

decrease in viability over multiple 1 minute (Figure 4.6) and 2 minute (Figure 4.5) exposures 

with a visible decline seen after 4 and 2 exposures, respectively. All cells exposed to ABSS for 

5 minutes (Figure 4.5c) and 10 minutes (Figure 4.5d) had < 10 % viability after a single 

exposure. Final viability for all cell lines after 5 x 2 minute exposures was > 25 %, with final 

viability for 10 x 1 minute (Figure 4.6) exposures exceeding 30 % for all cell lines. For this 

reason, 1-minute exposures were chosen as the optimal experimental conditions. 

 

 

Figure 4.6: CP-A (cyan), CP-B (pink), CP-C (mustard) and CP-5 όǇǳǊǇƭŜύ .ŀǊǊŜǘǘΩǎ ǎƛƴƎƭŜ cells 

were subject to 10 x 1-minute exposures of pH 4.0 acidic-bile salt solution, giving a total 

exposure duration of 10 minutes. The pH was raised to 7.0 post-exposure with the addition 

of serum-free 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 
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4.2    Acid-ōƛƭŜ ǎŀƭǘ ŜȄǇƻǎǳǊŜ ƻŦ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎǳǎ ŎŜƭƭǎ 

Single- cell Raman spectra were acquired from individual CP-A, -B, -C, and -5Σ .ŀǊǊŜǘǘΩǎ ŎŜƭƭǎ 

which were trapped on-chip. Data was collected following a 1-minute ABSS exposure, during 

the 30 minute recovery phase after the pH was restored back to 7. The aim of this research 

ǿŀǎ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǿƘŀǘ ōƛƻŎƘŜƳƛŎŀƭ ŎƘŀƴƎŜǎ ƻŎŎǳǊ ŀǎ ǇŀǊǘ ƻŦ .h ŎŜƭƭǎΩ ƛƳƳŜŘƛŀǘŜ ǊŜǎǇƻƴǎŜ 

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 were pre-processed as detailed 

in 2.5.1, including EMSC background removal and normalisation to the Amide I peak (1656 

cm-1).  

 

 

 

 

 

 

 

 

 

 

Figure 4.7Υ wŀƳŀƴ ǎǇŜŎǘǊŀ ŦƻǊ .ŀǊǊŜǘǘΩǎ ƻŜǎƻǇƘŀƎŜŀƭ ŎŜƭƭ ƭƛƴŜǎ /t-A (A), CP-B (B), CP-C (C), and 

CP-D (D). Single cells were subjected to 10 individual 1-minute exposures to acidic-bile salt 

solution at pH 4.0, resulting in a total exposure duration of 10 minutes. Following each 

exposure, the pH was neutralised to 7.0 with serum-free media, with a 30-minute recovery 

period between exposures. Spectra were collected during the neutral pH recovery phase. The 

average of 50 spectra per condition 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 

(brown), exposure 9 (olive), and exposure 10 (orange). 
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When looking at the Raman bands displayed for CP-A single cells, there are prominent 

biochemical changes occurring over recurring ABSS exposures. The band at 880 cm-1, 

assigned to tryptophan vibrations, reflects symmetric stretching associated with protein 

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

symmetric ring breathing band at 1004 cm-1, suggests that there is retained protein 

conformation, despite the environmental stress. Lipid-associated peaks at 2850 cm-1 (/Iі 

symmetric stretch of lipids) and 2881 cm-1 ό/Iі ŀǎȅƳƳŜǘǊƛŎ ǎǘǊŜǘŎƘύΣ ǎƘƻǿ ŀ ƎǊŀŘǳŀƭ ŘŜŎǊŜŀǎŜ 

in intensity, possibly indicative of lipid peroxidation or lipid membrane destabilisation (246, 

377).  This would suggest that CP-A cells experience membrane integrity issues over a 

prolonged exposure of ABSS.  

In contrast, CP-B single cells have fewer intensity changes than CP-A. The glycogen band at 

1122 cm-1 remains constant, similarly the 1312 cm-1 /Iїκ/Iі ǘǿƛǎǘƛƴƎ ƳƻŘŜ ƛƴ ƭƛǇƛŘǎ 

demonstrates greater lipid configuration stability. The amide I band (1656 cm-1) has minimal 

variation, demonstrating protein structural integrity. The 1171 cm-1 tyrosine and collagen 

band present in CP-C single cells has altered intensity, potentially reflective of stress-induced 

protein degradation/modifications (244, 363, 364). Lipid peaks at 1336 cm-1 (CςH 

deformation) and 1450 cm-1 (CH2 bending) have lower intensities, possibly due to lipid bilayer 

disruption or loss of integrity. The 1570 cm-1 (COO- stretch) band has a slight shift, indicating 

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

The CP-D single cells appear to show the most stable biochemical response out of all four 

BarretǘΩǎ ŎŜƭƭ ƭƛƴŜǎΦ ¢ƘŜ млуф ŎƳ-1 DNA-associated band (PO2
- vibrations) is largely unchanged, 

which indicates good genomic stability despite ABSS exposure. Additionally, the 1206 cm-1 

hydroxyproline and tyrosine band remains at the same intensity, suggestive of preserved 

protein and collagen structures. There are minor reductions in the lipid-associated band at 

2935 cm-1 (CH3 symmetric stretch) band, however the overall lipid profile for CP-D remains 

less affected when compared against cell lines CP-A and CP-C. The presence of the amide I 

band (1656 cm-1), indicates that there is maintained protein structural integrity which could 

explain the linear decrease in viability, shown in Figure 4.6, as opposed to the sharp decline 

observed in the other cell lines.  

This spectral data is further detailed in a heatmap, as shown in Figure 4.8. This figure provides 

a visual representation of trends in intensity changes over time, making it easier to observe 

progressive shifts in specific spectral regions.  
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Whilst heatmap analysis can provide a broad overview of intensity changes across spectral 

regions, the Raman spectra shown in Figure 4.9 offers a more detailed explanation into 

biochemical alterations occurring in the single cells after repeated ABSS exposure, compared 

to their untreated counterpart.  

Figure 4.8: Heatmaps showing changes in spectral intensity for CP-A (top row), CP-B (second 

row), CP-C (third row), and CP-D (bottom row) cell lines. Spectral regions are displayed as 

follows: 1000ςмплл ŎƳѐц όƭŜŦǘ ŎƻƭǳƳƴύΣ мпллςмулл ŎƳѐц όƳƛŘŘƭŜ ŎƻƭǳƳƴύΣ ŀƴŘ нуллς3000 

ŎƳѐц όǊƛƎƘǘ ŎƻƭǳƳƴύΦ 9ŀŎƘ ƛƴǘŜƴǎƛǘȅ ǾŀƭǳŜ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŀǾŜǊŀƎŜ ƻŦ рл ƛƴŘƛǾƛŘǳŀƭ ǎǇŜŎǘǊŀ ǇŜǊ 

cell line under each condition. Cells were exposed to 60-second treatments with pH 4.0 acidic-

bile salt solution, with the total number of exposures indicated on the left side of each 

heatmap. Data was collected during a 30-minute recovery period, following neutralisation to 

pH 7.0 with serum-free media. 



 
 

98 
 

 

 

 

 

 

 

 

 

 

 

The upper 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 (dark purple) exposures of ABSS.  Each 

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 I peak at 1656 cm-1. The lower trace 

(untreated cell spectra) has been offset, with a dotted line plotted across Y = -1 to visualise 

negative and positive peaks in the upper traces. 

Figure 4.9: Raman spectra for CP-A (a), CP-B (b), CP-C (c) and CP-D (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), 4 (green), 6 (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 Amide I band (1656 cm-1) prior to subtraction from untreated single-cell 

data to show the peak difference over multiple exposures. A dotted line on the upper trace 

marks Y(0). The high wavenumber region (CH2CH3) was multiplied by a factor of 0.25 to fit on 

the same scale. 






























































