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Radiation therapy is currently utilised in the treatment of approximately 50% of cancer patients. A move towards patient tailored
radiation therapy would help to improve the treatment outcome for patients as the inter-patient and intra-patient heterogeneity
of cancer leads to large differences in treatment responses. In radiation therapy, a typical treatment outcome is cell cycle arrest
which leads to cell cycle synchronisation. As treatment is typically given over multiple fractions it is important to understand how
variation in the cell cycle can affect treatment response. Raman spectroscopy has previously been assessed as a method for
monitoring radiation response in cancer cells and has shown promise in detecting the subtle biochemical changes following
radiation exposure. This study evaluated Raman spectroscopy as a potential tool for monitoring cellular response to radiation in
synchronised versus unsynchronised UVW human glioma cells in vitro. Specifically, it was hypothesised that the UVW cells would
demonstrate a greater radiation resistance if the cell cycle phase of the cells was synchronised to the G,/S boundary prior to
radiation exposure. Here we evaluated whether Raman spectroscopy, combined with cell cycle analysis and DNA damage and
repair analysis (y-H2AX assay), could discriminate the subtle cellular changes associated with radiation response. Raman
spectroscopy combined with principal component analysis (PCA) was able to show the changes in radiation response over 24
hours following radiation exposure. Spectral changes were assigned to variations in protein, specifically changes in protein signals
from amides as well as changes in lipid expression. A different response was observed between cells synchronised in the cell cycle
and unsynchronised cells. After 24 hours following irradiation, the unsynchronised cells showed greater spectral changes
compared to the synchronised cells demonstrating that the cell cycle plays an important role in the radiation resistance or
sensitivity of the UVW cells, and that radiation resistance could be induced by controlling the cell cycle. One of the main aims of
cancer treatment is to stop the proliferation of cells by controlling or halting progression through the cell cycle, thereby
highlighting the importance of controlling the cell cycle when studying the effects of cancer treatments such as radiation therapy.
Raman spectroscopy has been shown to be a useful tool for evaluating the changes in radiation response when the cell cycle
phase is controlled and therefore highlighting its potential for assessing radiation response and resistance.

Every year in the UK, there are over 12,000 new brain, central nervous system and intracranial tumour cases diagnosed making
brain tumours the 9" most common type of cancer.! These tumours account for over 5,000 deaths annually in the UK and the
ten-year survival rate for brain tumours is only around 15%, which is one of the lowest of all types of cancer.>2 Difficulty treating

42 cancers in the brain accounts for the poor patient survival.

43 For brain tumours, surgery is most commonly used to remove the bulk of the tumour, however surgery is not always possible
44 due to the location of the tumour and delicate nature of the brain.3 For this reason, surgery is often used in combination with
45 radiation therapy and chemotherapy, in particular temozolomide treatment.* Radiation therapy is common across all types of
46 cancer with over 50% of cancer patients receiving radiotherapy as part of their treatment regime.3> In an organ like the brain,
47 damage to healthy tissue surrounding the tumour must be minimised, as damage to healthy brain tissue could have detrimental
48 effects for the patients’ cognitive function. Therefore, the dose used in radiation therapy must be kept as low as possible by
49 utilising conformal radiation therapy and extended treatment times. The total clinical dose of radiation administered is normally
50 between 45 and 60 Gy, however, a patient will receive regular lower doses (1.5 — 3 Gy) over a long period of time to make up this
51 total dose.? This method of treatment is known as radiation fractionation, where dividing the overall dose into smaller doses
52 reduces the toxic effects to healthy cells.®

53 The treatment limitations of brain tumours have led to a drive towards patient tailored radiation therapy. Specifically, a range
54 of innovations have been developed to adapt the treatment regime to a patient’s specific needs, including methods of predicting
55 radiation resistance’~?, ways to monitor radiation response in real timel® or the use of radiosensitising agents.1"1* However,
56 currently there are no clinically-implemented methods for assessing tumour radiation response in patients during the course of
57
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their treatment. Radiation response and the radiobiology of tumours and tissue is normally assessed in vitro in cancer cell lines
and 3D tumour models assessing cell survival'®, apoptosis®, hypoxial”18, deoxyribonucleic acid (DNA) damage and repair'®2°and
cell cycle arrest.?! These methods are often time-consuming and destructive to the sample and therefore pose difficulties for
translation to the clinic. Due to the heterogeneous nature of tumours between, and within patients, there is significant variability
between how patients respond to therapy. This limits the efficacy of treatment, as lower doses of therapy are given to reduce
the toxicity to the most sensitive within the population. Thus, understanding the differences in patient response would aid in
improving patient tailored therapy and combination therapies.

Raman spectroscopy has previously been evaluated as a tool for monitoring radiation response at a cellular level.22-31 Raman
is a vibrational spectroscopic technique which is non-invasive and non-destructive therefore allowing analysis of cell and tissue
samples while maintaining integrity of the sample.3233 This technique can be used to gain information about the molecular
composition of a sample and to evaluate subtle biochemical changes at a sub-cellular level. The breadth of information that can
be gained makes Raman spectroscopy a promising method to use for assessing metabolic changes in cancer cells at both the
cellular and molecular level when exposed to a stressor, such as ionising radiation.

Raman spectroscopy has successfully been applied to the study of radiation response in both single cells?>-31 and tumour
models.34-37 Early studies by Matthews et al. investigated the radiation response of prostate, breast, and lung cancer cell lines
when irradiated with 15-50 Gy.?223 Over 72 hours following irradiation, spectral changes arising from changes in cellular
concentrations of amino acids, conformational protein structures, nucleic acids and lipid groups were evaluated using principal
component analysis. These changes were proposed to be radiation response mechanisms associated with the synthesis and
degradation of structured proteins and the expression of anti-apoptotic factors or other survival signals. Later studies confirmed
these findings at clinically relevant doses.?*#3* In addition, a study by Van Nest et al. used Raman spectroscopy to demonstrate
cellular response was observed as early as 2 hours following 15 Gy irradiation and Raman detectable differences remained even
10 days after treatment.36

Previous studies have also shown that Raman spectroscopy could be used to measure changes to cellular glycogen levels that
occurred following exposure to X-ray radiation.243031.3436 These studies demonstrated a radiation dose dependent accumulation
of glycogen in cancer cells following X-ray irradiation. However, this response was dependent on tumour origin, sample type and
the inherent radiosensitivity of the cells. The authors reported that glycogen accumulation was only observed for radiation
resistant tumour cell lines compared to radiation sensitive tumour cell lines. Glycogen metabolism can be related to a host of
signalling pathways associated with tumour progression. Furthermore, studies have suggested a link between glycogen
accumulation and hypoxia38 as intracellular glycogen is thought to protect tumour cells against hypoxia and other forms of cellular
stress.3®

Raman spectroscopy has not been extensively used to assess radiation response in brain tumour cells. An early study by
Lakshmi et al. showed the spectral changes of mice brain tissue following irradiation were similar to changes observed when the
mice were subject to other external stressors, such as restraint and innoculation.?® Further work by Kumar et al. used Raman
spectral signatures to predict the radiosensitivity of glioma stem-like cells.?® Their study used radiosensitising agents to alter the
sensitivity of the cells to external beam radiation (XBR) treatment. Raman spectroscopy was then used to assess the radiation
response of the cells between 6 to 48 hours following 8 Gy XBR treatment. This allowed Raman spectroscopy to be used as a
method for predicting radiation resistance in the glioma cells.

Raman spectroscopy has been further used as a method to predict radiation resistance in tumour cells by evaluating radiation
response. 26283741 These studies used Raman spectroscopy to determine that radiation resistant and radiation sensitive cells have
varying responses to X-ray radiation exposure. This highlights the potential for Raman spectroscopy to further investigate the
factors which effect cellular radiation response such as the phase of the cell cycle during radiation exposure.

Cancer cells contain mutations which can affect growth signalling, allowing the cells to evade apoptosis.*>*3 The control over
proliferation exhibited in normal cells is lost in cancer cells, causing continuous proliferation and therefore continuous
progression through the cell cycle. The aim of most cancer treatments is to control and halt the progression of malignant cells
through the cell cycle in order to kill the cells.** The position of a cell in the cell cycle is an important internal factor that effects
the cellular radiosensitivity, as cellular radiosensitivity is dependent upon stage within the cell cycle (Figure 1).4> In general, cells
display radiation resistance towards the end of the G; phase and into the S phase, whereas cells in the G, phase and those going
through mitosis, will display greater radiosensitivity. In addition, cells may possess greater radiation resistance at the very
beginning of the G; phase, but this is dependent on the overall length of this phase for specific cell types.*>

The radiosensitivity of different phases of the cell cycle has been studied by irradiating synchronised populations of cells.46-48
However, comparison of the results is difficult due to the variation observed between cell types. Raman spectroscopy has been
shown to be useful in the study of radiation response and radiation resistance in cancer cells. In addition, Raman spectroscopy
has been used to discriminate between cells at different stages of the cell cycle.**=>3 Therefore Raman spectroscopy shows
promise as a method for the study of cell cycle induced radiation resistance. Here we use Raman spectroscopy to study radiation
resistance in UVW human glioma cells to gain a better understanding of the effects of cell cycle synchronization on Raman spectral
variation and thereby as a method for predicting radiation resistance.
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Figure 1 Radiation resistance and sensitivity changes through the cell cycle.*547

Materials & Methods

Cell culture: This study used the UVW (human glioma) cell line which is a cell line derived in the Beatson Institute for Cancer
Research, UK. The cells were cultured in 75 cm?3 tissue culture flasks in minimum essential medium (MEM) supplemented with
10% foetal bovine serum (FBS), 200 mmol/L L-glutamine, 100 pug/mL penicillin-streptomycin and 2 ug/mL amphotericin B (Gibco,
UK). The cells were incubated at 37°C in a humidified 5% CO, atmosphere. Prior to experiments, UVW cells were seeded at a
concentration of 1 x 10° cells into 6-well plates containing CaF, coverslips for attachment and incubated at 37 °C in a humidified
5% CO, atmosphere for 24 hours until exponential growth phase was reached at 70 - 80% confluency.

Double thymidine block (DTB) cell synchronisation: A double thymidine block (DTB) treatment was used to synchronise the
UVW cells at the G1/S boundary of the cell cycle.>* UVW cells were incubated with cell culture medium containing 2 mM thymidine
for 18 hours. The treatment was then removed, the cells were washed with phosphate buffered saline (PBS) and incubated with
thymidine-free cell medium for 9 hours. Cells were then treated again with 2 mM thymidine for 18 hours.

X-ray treatment: Cells were irradiated at a 6 Gy dose in the 6-well plate while maintained in MEM. X-ray exposure was
performed with an X-RAD 225 X-ray cell irradiation cabinet (Precision X-ray, USA) with a 225 kVp X-ray beam and a dose rate of
2.2 Gy/min.

Raman spectroscopy: UVW cells were fixed at 1 hour, 4 hour and 24 hours following radiation treatment with 4%
paraformaldehyde (PFA) prior to Raman analysis. Individual Raman cells maps were collected using a Renishaw InVia confocal
Raman microscope with a 532 nm Ng: YAG laser excitation source (maximum power of 50 mW at laser), 1800 I/mm grating, edge
filter and a charge-coupled device (CCD) detector and a Leica 50x objective (N.A: 0.75). Renishaw WIRE 4 series software was
used to collect sample spectra cell maps. All spectral maps were collected with 1 second per spot acquisition time, 21 mW laser
power at sample (100%), 1 um X/Y step size and spectral centre of 1300 cm™. For each sample condition, maps were taken of at

42 least 10 individual cells with at least 900 Raman measurements collected per cell. All experiments were carried out with three
43 independent replicates and in total 43 cell maps were collected per sample group.

44 Cell cycle analysis: UVW cells were detached from the flask into a single cell suspension and fixed with 70% EtOH. Cells were
45 then incubated with 50 pg/mL ribonuclease A (RNase A) and 10 pug/mL propidium iodide (PI) to degrade the ribonucleic acid (RNA)
46 and stain cellular DNA, respectively (full details in SI). Samples were incubated in a light-free environment at 4 °C for at least one
47 hour prior to analysis. All flow cytometry experiments were performed using an Attune NxT Flow Cytometer with Attune NxT
48 Software (Version 3.1.2). For cell cycle analysis, cells were analysed with 100 pl acquisition volume and a 100 pl/min flow rate
49 with a minimum of 10,000 events analysed. Cell fluorescence was assessed using a blue 488 nm 50 mV laser and forward scatter
50 (FCS), side scatter (SSC) and BL2 detectors (574/26 channel). Detector voltages were 140V, 300 V and 320V for FSC, SSC and BL2,
51 respectively.

52 y-H2AX assay: UVW cells were detached from the flask into a single cell suspension and fixed with 4% PFA. UVW cells were
53 permeabilised using Triton-X-100, resuspended in blocking buffer (0.1% Triton-X-100 and 0.5% bovine serum albumin (BSA) in
54 PBS) and incubated with 100 pug/mL FITC-conjugated anti-phospho-histone H2AX (SER139) antibody (Millipore, UK) for 20 minutes
55 at 4°C, full details in the supplementary information (SI). Cells were then analysed by flow cytometry with a 90 pl acquisition
56 volume and a 200 pl/min flow rate with a minimum of 10,000 events analysed. Cell fluorescence was assessed using a blue 488
57
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nm 50 mV laser and forward scatter (FCS), side scatter (SSC) and BL1 detector (530/30 channel). Detector voltages were 90 V,
300V and 265 V for FSC, SSC and BL1, respectively.

Data processing: The Raman spectra collected were first pre-processed using WiRE 4.4 software to remove cosmic rays from
the spectra using the built-in cosmic ray removal function. MATLAB software (R2017a) was used to further process the Raman
spectra, using in-house MATLAB scripts. This software was used for noise reduction (Nonlinear iterative partial least squares
(NIPALS) decomposition), x-axis standardisation, baseline correction (rolling-circle filter (RCF) with radius 150 units), quality
control and area under the curve (AUC) normalisation. The spectra were also truncated to 900 — 1770 cm™ and the spectra were
x-axis normalised to the phenylalanine peak at 1004 cm™. The pre-processed spectra from each sample group were averaged and
principal component analysis (PCA) was then performed using the in-built MATLAB PCA function. Random Forest (RF) modelling
was performed on PCA scores using the open source randomForest package in R software (Version 3.6.1). Variable importance
was assessed using GINI index. GINI is a measure of how each variable contributes to the homogeneity of the nodes in the random
forest. For example, each time a particular variable is used to split a node, the boundary value set on this variable will influence
the resultant purity of the data split using this node. Variables which have a high value GINI are important factors in classifying
the data correctly. ANOVA statistical analysis was carried out using GraphPad Prism 8 software (Version 8.4.2, GraphPad Software
Inc., USA) with Bonferroni post-tests at a 95% confidence interval (Cl) for the cell cycle data and with Wilcoxon rank sum test at
99% Cl for PCA loadings. Full details of the data processing methods are described in the SI.

Results & Discussion

The position of cells in the cell cycle is known to influence the radiation response of cancer cells. 4547 Despite this, synchronising
the cell cycle prior to the study of radiation response has not been extensively researched when assessing Raman spectroscopy
as a method for monitoring cellular radiation response. Predicting the differences in radiation response resulting from different
factors, including cell cycle variation, is an important consideration to patient tailored radiation therapy. In most types of cancer
therapy, for example chemotherapy and radiation therapy, a typical treatment outcome is cell cycle arrest, leading to cell cycle
synchronisation. As treatment is typically given over multiple fractions or doses it is important to understand how variation in
cell cycle can affect treatment response. Raman spectroscopy has previously been shown to be useful as a method for monitoring
cellular radiation response.??-3! Here we aimed to compare the radiation response of unsynchronised UVW cells and UVW cells
synchronised to the G;/S boundary prior to radiation treatment using Raman spectroscopy. In doing so we aimed to determine
whether Raman spectroscopy could be used as a tool for monitoring subtle cellular changes associated with cell cycle variation
and radiation response within the first 24 hours following radiation treatment.

Cell cycle synchronisation can be used to harmonise a large population of cells at a particular stage of the cell cycle. Different
methods of cell cycle synchronisation have been previously described including serum starvation®>°¢, contact inhibition °%°7 and
mitotic selection.>? Cell synchronisation can also be achieved by the addition of agents such as thymidine®?>4, nocodazole®? and
aphidicolin.” For this study, four different synchronisation methods were investigated. These methods synchronised cells to the
G1/S boundary by double thymidine block (DTB) treatment>* (Figure S1-B), to the S phase by DTB treatment followed by fresh
medium reincubation®%%* (Figure S1-C), to the G,/M boundary by thymidine and nocodazole treatment>%°* (Figure S1-D) and to
the early G; phase by thymidine and nocodazole treatment followed by fresh medium reincubation®2>* (Figure S1-E). The full
details of these synchronisation methods are shown in the SI. However, the most successful method was the DTB treatment.
Thymidine reversibly incorporates into the DNA of cells preventing the cell from progressing from the G; phase to the S phase of
the cell cycle since it prevents DNA replication from occurring.>* The cells therefore become synchronised at the G,/S boundary
of the cell cycle, which has been demonstrated to render the cells more radioresistant.*> Cell cycle analysis using fluorescence
activated cell sorting (FACS) demonstrated that following treatment with the DTB, 71% of cells occupied the G, phase of the cell
cycle suggesting successful synchronisation (SI - Figure S1). This was in comparison to a control, unsynchronised, cell population
where approximately 50% of the cells were present in the G, phase of the cell cycle.

Both unsynchronised and synchronised cells were then treated with 6 Gy XBR before samples were collected and fixed at 1
hour, 4 hours and 24 hours following radiation treatment for cell cycle analysis, Raman measurements and y-H2AX analysis. First,
cell cycle analysis was used to confirm the cell cycle distribution of the control and 6Gy groups irradiated at each time point. The
statistical significance of changes to cell cycle distribution, comparing the control to the irradiated cells, was obtained using two-
way ANOVA analysis.

The cell cycle distribution of the unsynchronised cells is shown in Figure2-A. The unirradiated control sample at each time point
showed a distribution of cells which would be considered normal for an asynchronous population with 59% in Go/G; and 30% in
G,/M phase. This distribution of the UVW cells in the different phases of the cell cycle did not change over the 24 hours assessed.
On the other hand, the cells which were irradiated show a distinct change in cell cycle distribution over the 24 hours following
irradiation. At the 1-hour time point the 6 Gy sample had a cell cycle distribution similar to that of the unirradiated control cells.
After 4 hours following irradiation the 6 Gy sample showed a small, but not statistically significant, decrease in Go/G; population
and an increase in G,/M population compared to the control (p > 0.05). At the 24-hour time point there was a statistically
significant increase in G,/M population between the control and irradiated samples (p < 0.0001), with 81% of cells occupying the
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G,/M phase of the cell cycle. This confirmed that the UVW cells exhibited cell cycle arrest in the G,/M phase 24 hours following
radiation exposure.
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Figure 2 Cell cycle analysis of A). Unsynchronised UVW cells, and B). Synchronised UVW cells. FACS results comparing cell cycle distribution of control and
6 Gy irradiated cells at 1 hour, 4 hours and 24 hours following irradiation. The coloured bars represent percentage of cells in sG; phase (pink), Go/G; phase
(blue), S phase (grey) and G,/M phase (yellow). Data presented as an average of three independent replicates (mean + standard deviation). Two-way
ANOVA compared the mean cell cycle phase population at each time point following irradiation to the untreated control cells. Statistical analysis was

performed using two-way ANOVA with Bonferroni post-tests at 95% confidence interval (p > 0.05 = ns (not significant) and p < 0.0001 = ***%*),

The cell cycle distribution of the synchronised cells was then assessed using FACS analysis. These cells were first synchronised
at the G,/S boundary by DTB treatment before exposure to 6 Gy XBR. The cell cycle progression of the synchronised cells is shown
in Figure 2-B. At the 1-hour time point, approximately 80% of both the control and irradiated cells were in the Go/G; phase of the
cell cycle which confirmed that the synchronisation had been successful. At the 4-hour time point the cells showed that the
distribution of cells had changed. Now the cells exhibited a lower population in the Go/G; phase and a higher population in the
G,/M phase demonstrating that cells had begun to move through the cell cycle. Finally, at the 24-hour time point the percentage
of the control cell population in the Go/G; phase had increased to 58% indicating that cells had continued to progress through
the cell cycle. At this time point the cells displayed a distribution similar to the unsynchronised control cells observed in Figure
2-A. This could suggest that following G;/S boundary synchronisation by DTB treatment, the effects are short lived and cells

5 become unsynchronised in the 24 hours following treatment. This is likely to be a result of the variation in the rate at which cells
| progress through the cell cycle when they are released from thymidine treatment. This is one factor that limits the use of cell
9 cycle synchronisation as a method for the study of the different phases of the cell cycle. After 24 hours there was a statistically
0 significant increase in the population of 6 Gy irradiated cells in the G,/M phase (72%) (p < 0.0001) which indicated that cells had
1 arrested at the G,/M boundary because of radiation exposure.
42 Both the unsynchronised and synchronised UVW cells exhibited cell cycle arrest in the G,/M phase 24 hours following
43 irradiation of the cells. The passage of cells to the next phase of the cell cycle is regulated at checkpoints throughout the cycle.
44 This ensures that the DNA integrity is maintained preventing genetic flaws to be passed on to the next generation.>® Two
45 checkpoints detect DNA damage in a cell, one at the G,/S transition and one at the G,/M transition.>® The checkpoint at the G,/M
46 boundary prevents a cell entering mitosis if it is compromised. The extent of the G,/M arrest was significantly different between
47 the unsynchronised and synchronised sample groups (p < 0.05). For the unsynchronised cells, 81% of the population occupied
48 the G,/M phase 24 hours following radiation exposure compared to only 72% occupying the G,/M phase for the synchronised
49 cells. This showed that in the synchronised cells fewer cells were experiencing arrest before mitosis and more cells were able to
50 move through to the G; phase. This suggested that the cells were more viable when irradiated following synchronisation at the
51 G4/S boundary of the cell cycle which could suggest less DNA damage was induced. This confirmed that these cells display
5o radioresistance in the G,/S phase of the cell cycle.*®
53 In combination with FACS analysis, Raman spectroscopy was assessed as a method for monitoring cellular changes associated
54 with radiation response immediately following radiation exposure. Raman analysis was used to collect individual cell maps of
55 both unsynchronised and synchronised UVW cells collected and fixed 1 hour, 4 hours and 24 hours following treatment (control
56 and 6 Gy). Average Raman spectra were produced by averaging all spectra from three independent replicates totaling 43 cell
57
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maps per treatment group; each map contained at least 900 individual cell spectra. The average Raman spectra of each sample
group are shown in Figure 3 and Raman peak assignments are shown in Table 1.

The spectra of unsynchronised cells show variation in Raman intensity between the control and irradiated samples at all time
points (Figure 3). The greatest variation was observed at 1-hour and 4 hours post irradiation. Differences in signal intensity were
observed between the control and 6 Gy cells for Raman peaks at 1004 cm™ and 1032 cm™ assigned to phenylalanine, 1320 cm!
and 1340 cm™ assigned to amide Ill and 1555 cm™ and 1656 cm™ assigned to tryptophan and amide | (Table 1). The least variation
was seen in the 24-hour sample (Figure 3, right upper panel), where the control and 6 Gy samples spectra were the most similar
although small differences in signal intensity between the control and 6 Gy samples were observed at 1555 cm™ and 1656 cm?,
associated with tryptophan and amide I.

\Rttﬁ%uﬁlonc%.o%ljnﬁ) d Deence®

- O
mmons

o)
ense

PR articfRis fe

oUuUUUUUUUUUDADDNDDDDNDNDDWWw QpavAssess Assicdd Rsblishad ord) KMay 2Q33pPDewnjoaded an 53/2023 1032:30AM 5 - o 0 oo N OV L1 A W N =
oooo\no\m.hwm—\oooo\lom.hwm—\oo{m] N RUBNRN

7
3 1 hour 4 hours 24 hours
B bt 1 0.01
010, 0.010 010
w0
cE u.uus-l E 0.008 z u.nosjl
(=} i
0.006 A A 0.006 i N 0.006 [ F
£ A - E i Rit Bl |1
g £ u.um] | \ }”1 f So0004 | O Eooos | f\ 5 J| |I | I
] { ¥ ("WLY a AN VA {4 . 4 [y
> Soooz{ |y WAL Soooz] WY SUI\MW Zooozy fW L LJN A/ \4
g 40000*,\)! Lad/ “\f’: 1."‘1 W 1“ < g AJY |_.'\J|.,f'-. Y 4 A < UDGH;,.'\JL‘ v WA \lml W 'ﬁ\a,
5 1000 1200 1400 1600 1800 """ 1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)
— Control
[T
= — 6Gy
©
S 0.010 2 0.010 2 0.010
- E 0.008 £ 0.008 £ 0.008
8 > = S __
b Eo.ous \ il En.uos * A : ;n,aos . | .
g go.tm I’ '. . ';I I :_-E_-; 0.004 fﬁ‘\ |‘|| | i gu.um I“k } "I ; “
i\ \ | ¥ | { | 41 B\
= T o002 \ CEL Y tpo02) |f V) FA b ) £o002 |If -
S < A VAN I, < WV k“'ﬂ S AR
0.000 0.000
3 1000 1200 1400 1600 1800 1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
N Wavenumber (cm™) Wavenumber {(cm™) Wavenumber (cm™)

Figure 3 Average Raman spectra comparing control UVW cells (blue) and 6 Gy irradiated UVW cells (pink). Unsynchronised cells 1-hour, 4-hour and 24
hours following radiation exposure (left panel). Synchronised cells 1 hour, 4 hours and 24 hours following radiation exposure (right panel). Results are
presented as an average spectrum of three independent replicates including 43 single cell maps in total per sample and each replicate contained at least

10 cell maps.
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Table 1 Wavenumber assignments for main peaks in Raman spectra®®

Wavenumber Assignment
963 cm! Protein, tyrosine®t
1004 cm* Phenylalanine?
1032 cm! C-H in-plane bending mode of phenylalanine?>>2
0 1056 cm* Lipid®?
1§ 1065 cm Protein C-N stretch, skeletal C-C stretch of lipids®
Q
23 1235 cm? Amide 1116465
=l
3§ 1270 cm! Phospholipids, amide Il (proteins), C-N alpha helix proteins, C=C fatty acids®5¢
o
45g 1320 cm?! Guanine, amide 1112234
6?; 1330 cm* DNA, phospholipids®”
]
72 1340 cm? Amide Il & CH, wagging vibrations (glycine backbone, proline side chain), C-H deformation
=
82 (protein)?25268
9‘,:? 1427 cm? CH, and CH; bending of methyl bonds in nucleic acids
w
Oé 1445 cm! Collagen, phospholipids, CH, bending modes (protein & lipids), CH, deformation?%6%
1€ 1555 cm*! Amide Il, tryptophan ©°
1596 cm* Amide | of protein (C=0 stretching)®®
1614 cm? Tyrosine, tryptophan?252
1631 cm™ Amide 1154
1656 cm* Amide | v(C=0), C=C lipids, tryptophan?%>2
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The spectral variation observed between the control and 6 Gy samples was different for the synchronised cells (Figure 3). These
cells were synchronised to the G;/S boundary prior to radiation treatment; thus the majority of the cells were considered to be
in the same phase of the cell cycle. One hour post irradiation there was very little difference between the control and 6 Gy sample
spectra, suggesting that there was little response in cells immediately after irradiation. After 4 hours following irradiation
however, the spectra of the control and 6 Gy samples displayed more spectral variation. This variation was observed with
differences in peak intensities between the samples at 1004 cm™ and 1656 cm™ indicating different expression of phenylalanine
and amide | signals. Variation between the control and irradiated sample spectra were still present in the 24-hour sample (Figure
3). The sample spectra showed differences in peak intensities between the control and 6 Gy samples at 1445 cm™ and 1656 cm-
1, This demonstrated variation in collagen, phospholipids, tryptophan and amide | at this time point.37.70

Overall, the average cell spectra comparing the control and 6 Gy irradiated cells suggested that there was a difference between
the sample spectra at each time point for both unsynchronised and synchronised cells. However, it was unclear if the variation
observed was solely caused by radiation response in the cells or if there were contributions from differences in cell cycle
distribution. Principal component analysis (PCA) combined with random forest (RF) classification and variable selection, was used
to evaluate the variation associated with radiation response. The sample spectra (Figure 3) showed a large feature at 1555 cm?
which was assigned to instrumental background. A Raman peak at 1555 cm™ in cell spectra could be assigned to

42 tryptophan/amide | (Table 1). A study by Van Nest et al. reported changes to the tryptophan signal (1555 cm™) in the Raman
43 spectra of non-small cell lung cancer (NSCLC) tissue xenografts as a result of radiation response to 15 Gy XBR.3® Furthermore,
44 tryptophan metabolism has also been associated with radiation-induced immunosuppression involving immune checkpoint
45 reactivation.”® However, the appearance of the peak at 1555 cm™ was very sharp (Figure 3) and this feature was dominant in the
46 Raman spectrum. These characteristics would be unusual in a cell spectrum, therefore this feature was assigned to instrumental
47 background as off-sample spectra were shown to contain the same peak (S| - Figure S2). For this reason, this peak was not used
48 for evaluation of radiation response and the PCA included this background spectrum to minimise its contribution to the variation
49 found between sample groups.

50 Prior to PCA, all the spectra in each cell map were averaged to give one spectrum per cell analysed. An average cell spectrum
51 was used as a large variation would be observed between cell spectra from the same cell depending on their location inside the
52 cell. Using an average cell spectrum removes this variability and allows comparison between cells under different treatment
53 conditions.”72 PCA was first performed using all the data from all time points in order to compare the control and 6 Gy irradiated
54 cells in each sample condition. The first ten PC loadings generated for this PCA are shown in the SI (Figure S3-A).

55 Following PCA, RF analysis was used to determine which PC loadings described the variation between irradiated and non-
56 irradiated samples for each time point. An advantage of using RF for classification is the ability to evaluate the importance of the
57
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identified predictor variables for correct classification.”74 The ten most important PCs to correctly classify the data as irradiated
and non-irradiated for 1, 4 and 24 hours post irradiation are shown in Figure S3. Using RF to classify the data into the different
treatment groups identified PC3 as the most important loading, followed by PC14, PC8 and then PC7. Full results of the RF analysis
are shown in the SI — Figure S2. Out-of-bag (OOB) error was calculated to determine the prediction error of the RF analysis. In
this analysis, the average out-of-bag error was 58 + 4%, 49 + 2% and 29 + 2% for 1-hour, 4-hour and 24-hour time points,
respectively. This showed that the model could more accurately assign the samples into the correct groups as the time from
treatment increased. The RF model could not accurately classify the samples at both the 1-hour or 4-hour time point. However,
it was able to assign the samples into groups for the 24-hour time point samples with over 70 % accuracy. This could suggest that
the Raman signatures associated with radiation response are too subtle in the early hours following treatment.

The most important variable for classification was PC3 and this loading described 12.6% of the overall variance within the data
set, while PC14, PC8 and PC7 accounted for 0.3%, 0.9% and 1.3% respectively (Figure S3). Although the percentage variance of
these loadings are lower compared to earlier loadings such as PC1 and PC2, RF identified this PC loading as the most important
for describing the difference between the untreated and treated samples. Despite earlier PC loadings describing larger percentage
variance, in this case it is likely that this variance results from heterogeneity within the samples due to other factors unrelated to
treatment response. For example, PC1 was shown to have features at 1032, 1445 and 1656 cm™ (Figure S2-A) indicating variation
in phenylalanine, CH, bending modes of proteins and lipids, amide |, C=C of lipids and tryptophan (Table 1). The PC2 loading
similarly showed features at 1032 and 1656 cm likely accounting for similar variations. This variation could be a result of
differences in cell cycle position between cells of the same samples since the RF analysis did not find that these PC loading
describe variation between sample groups. Additionally, these PC loadings may describe the difference in radiation response
between each time point, for example the degree of radiation response between the 1-hour and 4-hour time point, as this may
be the largest variation when considering the dataset as a whole. A previous Raman study by Tollefson et al. demonstrated that
by using PC8 and PC10, which were relatively low in the list of overall variance, they were able to differentiate prostate cancer
patients who would go on to develop distant metastasis versus those who did not.”> Although lower PC loadings are not often
considered for further analysis, this highlights the importance of assessing PC loadings with smaller contributions to the overall
variance between sample groups. The aim of using supervised learning techniques such as RF in combination with unsupervised
methods, such PCA, is to extract information from the spectra which otherwise would be obscured by the inherent heterogeneous
nature of the data.”®

The median scores on the PC3 loading were plotted as a Tukey style box plot for the unsynchronised and synchronised samples
at each time point, 1 and 4-hour time points are shown in the Sl as classification accuracy was poor (Figure S4). The Tukey box
plots for the PC3 scores at the 24-hour time point are shown in Figure 4 and the box plots for PC14, PC8 and PC7 scores are shown
in the SI (Figure S5). Using a Tukey box plot to visualise the data allowed the differences in scores from one PC loading to be
assessed and allowed comparison of the scores attributed to a given PC loading between the sample groups. For each PC loading,
the median score was compared for the control and 6 Gy irradiated cells for both unsynchronised and synchronised sample
groups. At the 24-hour time point, the median scores on the PC3 loading were significantly different when comparing the control
and irradiated cells for both the unsynchonised and synchronised cells (p < 0.001). For both sample groups the median PC3 score
was higher for the irradiated cells compared to the control cells. The PC3 loading was then used to assign the changes in Raman
spectra for the different sample groups. The PC3 loading plot is shown in Figure 4. The PC3 loading had large features at 1004,
1065, 1270, 1320, 1427, 1596 and 1656 cm™. The feature at 1004 cm! was assigned to phenylalanine and the feature at 1065
cm was assigned to the C-C stretch of lipids. The features at 1270, 1320 and 1596 & 1656 cm™ were assigned to amide Il, amide
| and amide Il features, respectively (Table 1). Finally, the band at 1427 cm™* was assigned to CH, and CH; bending of methyl
bonds in nucleic acids (Table 1). This feature could be a result of changes to DNA within the cells, as DNA damage is the main
outcome of radiation treatment. Overall, the features contributing to the PC3 loading were predominantly amides from proteins
with some contribution from lipids. Therefore, Raman analysis found that changes in lipids, but predominantly proteins,
accounted for the radiation response in UVW cells. UVW cells have previously not been studied by Raman spectroscopy, however
changes to lipid expression following radiation response has been shown by Paidi et al. who demonstrated changes to lipid and
collagen content in both lung (A549 cell line) and head and neck (UM-SCC-47 and UM-SCC-22B cell lines) cancer cells xenografts
following 8 Gy radiation.3’
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8@ Figure 4 Principal component analysis (PCA) of average Raman spectra for 24-hour time point. A). Box plot of PC3 median loading scores at the 24-hour
92% time point. Box plot compares control cells and 6 Gy irradiated cells for unsynchronised UVW cells (blue) and synchronised UVW cells (pink). Centre point

of box represents median value, notches represent the 25th and 75th percentile, whiskers represent the 5th and 95th percentile and stars represent
outliers. B). PC3 loading from PCA comparing control and 6 Gy samples for all time points following 6 Gy XBR exposure for unsynchronised and
synchronised UVW cells. Statistical analysis was performed using a two-way ANOVA with Wilcoxon rank sum test at 99% confidence interval (p > 0.05 =

ns (not significant), p<0.001 = *** and p < 0.0001 = ****),

To improve the classification accuracy of the RF analysis, PCA was then used to assess the variation between samples types at
each time point separately. From the PCA of the 1-hour time point data, the first ten PC loadings are shown in the SI (Figure S6).
RF was then used to determine the most important variables for each time point. For the 1-hour time point, the OOB error for
classification was 46 * 2%, although reduced compared to the previous analysis, a large error was still observed. The ten most
important PC loadings for classification are shown in the Sl (Figure S6). The RF model found that for the 1-hour time point the
PC4 loading was the most important variable followed by the PC1 loading, full details are described in the Sl (Figure S6). Since the
error in classification was high for the 1-hour time point, this time point was not assessed for radiation response (Figure S7). This
suggested that 1 hour is too early for Raman spectroscopy to be used to detect the subtle changes associated with radiation
response or that the method for assessing the Raman data is insufficient for identifying these subtle changes. This is in line with
current literature, wherein most studies do not evaluate radiation response earlier than 24 hours. Further studies would be
required in order to assess radiation response as early as 1 hour following radiation exposure.

PCA was then performed on the 4-hour time point data alone, the first ten PC loadings are shown in the Sl (Figure S6). The RF
model, which was used to classify the data as control vs 6 Gy irradiated for each group (unsynchronised and synchronised),
showed that for the 4-hour time point the OOB error was 40 + 3% therefore showing better classification compared to the PCA
analysis which considered all the data together. This showed that the model could classify the data accurately 60% of the time.
The ten most important PC loadings for classification are shown in the Sl (Figure S6). The RF found the PC1 loading to be the most
important variable, followed by the PC2 loading, full details are described in the S| (Figure S6). The box plot of the PC1 scores
showed that there was an increase in PC1 median score for the irradiated cells compared to the control for the unsynchronised

4; sample group, however this difference was not significant (p > 0.05) (Figure 5). The same trend was observed for the synchronised
cells which showed a significant difference between the control and 6 Gy irradiated samples in the synchronised samples groups
43 (p < 0.01). Although the variation in the median PC1 score observed for the unsynchronised cells was not significant, the larger
44 OOB error observed for classification at the 4-hour time point could explain why the variation observed was not entirely related
45 to radiation response. The PC1 loading showed main features at 1004, 1056, 1445 and 1656 cm™ which could be assigned to
46 phenylalanine, lipid, CH, bending modes of lipid and protein and amide I/lipids, respectively. The box plot for the PC2 scores for
47 the 4-hour time point also showed that there was no significant difference between the control and 6 Gy irradiated samples in
48 the unsynchronised sample group (p > 0.05). However the PC1 loading did describe a significant difference between the control
49 and 6 Gy irradiated samples in the unsynchronised sample groups (p < 0.01). The PC2 loading was almost identical to the PC3
50 loading from the PCA described for the data all together (Figure 4) and were shown to have high positive correlation (r = 0.95)
51 using Pearson’s linear correlation coefficient. This showed features at 1004, 1065, 1270, 1320, 1427, 1596 and 1656 cm! (Table
52 1). Overall, the features were predominantly from amides associated with proteins and some contribution from lipids. These
53 results showed that at the 4-hour time point, PCA was able to determine a significant difference in the radiation response of the
synchronised but not in the unsynchronised cells. This could suggest that by removing the variation in sample spectra caused by
gg cell cycle position, we are able to evaluate the radiation response as early as 4 hours following XBR treatment.
56
57
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Figure 5 Principal component analysis (PCA) of average Raman spectra for just the 4-hour time point showing the box plots and PC loadings for PC5 and
PC1. Box plot compares control cells and 6 Gy irradiated cells for unsynchronised UVW cells (blue) and synchronised UVW cells (pink). Centre point of box
represents median value, notches represent the 25th and 75th percentile, whiskers represent the 5th and 95th percentile and stars represent outliers.
PC5 and PC1 loading from individual time point PCA comparing control and 6 Gy samples for the 24-hour time point following 6 Gy XBR exposure for
unsynchronised and synchronised UVW cells. Statistical analysis was performed using a two-way ANOVA with Wilcoxon rank sum test at 99% confidence

interval (p > 0.05 = ns (not significant), p<0.01 = ** and p < 0.001 = ***),

The significant difference between the control and irradiated samples in the synchronised cells could be explained by the
positioning in the cell cycle at the point of radiation exposure. The response to radiation exposure varies depending on the phase
of the cell cycle in which the cell occupies.*68 As the cells are synchronised in the same phase, this removes variation in response
relating to position in the cell cycle. However, in the unsynchronised cells the degree of radiation response will differ depending
on the phase in which they were irradiated. Thus, at an early time point, like 4 hours after radiation, the variation in the
unsynchronised cells may lead to less successful classification.

UVW cells have a doubling time of approximately 29 hours.”” The longest phase of the cell cycle is the G; phase and may last
up to 12 hours, the S phase will last between 5-8 hours and the G, phase will be shorter at 4-5 hours in length.”® Finally, mitosis
(M) lasts only around 1-2 hours. Cell cycle analysis showed that at the 4-hour time point, a large proportion of the synchronised
cell population (>50%) were in the G,/M phase of the cell cycle (Figure 2-B). This confirmed that at this time point the cells had
moved through the S phase. The mechanisms of DNA damage and repair will ultimately lead to cell cycle arrest at the G,/M
boundary of the cell cycle.” We observed in both the unsynchronised and synchronised sample groups that by 24 hours post
radiation a large population of cells had reached cell cycle arrest at G,/M (Figure 2). When cells were synchronised to the G;/S
boundary prior to irradiation, the majority will reach the G,/M phase quicker and therefore experience an earlier cell cycle arrest.
This could result in a more prominent difference in radiation response at the 4-hour time point compared to the unsynchronised
cells. For the unsynchronsied cells, at the 4-hour time point a large proportion of the cells (>50%) remain in the G, phase of the
cell cycle (Figure 2-A). At this stage, these cells may not have reached the checkpoint prior to the S phase, therefore radiation
response, such as DNA repair, may not have been instigated. The degree of radiation response in these cells is likely to differ to
cells at a later stage of the cell cycle. This could explain why a larger radiation response is observed in the synchronised cells 4
hours post irradiation and by synchronising the cells to the G;/S boundary we are inducing a quicker radiation response.

PCA was then performed on the 24-hour time point data alone, the first ten PC loadings are shown in the S| (Figure S6). Using
the RF model, the 24-hour time point once again showed the best OOB error following classification of control versus 6Gy
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irradiated cells for both unsynchronised and synchronised groups with an error of 35 + 4%. This showed that the model was able
to classify the sample correctly into treatment groups 65% of the time. The ten most important PC loadings found by the RF
model for classification are shown in the Sl (Figure S6). The RF model found PC5 loading as the most important variable for
classifying the samples into each group, followed by PC1. A Tukey box plot was used to show the difference between the sample
groups for the PC5 loading, the box plot is shown in Figure 6. The PC5 loading box plot showed a significant difference between
the control and irradiated cells in the unsynchronised cells (p<0.0001) but no significant difference between the control and
irradiated cells un the synchronised sample group (p> 0.05). The PC5 loading had Raman features assigned to protein (963 cm
&1429 cm™), amide I11 (1235 cm-1 & 1631 cm™), DNA and phospholipids (1330 cm™) (Table 1). A Tukey box plot was used to show
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1 1§ the difference between the sample groups for the PC1 loading, the box plot is shown in Figure 6. The PC1 box plot did not show
8 a significant difference between the control and irradiated cells for either the unsynchronised or synchronised samples (p>0.05),
erefore this oading was not used for evaluation of radiation response (Figure 6).
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41
42 Figure 6 Principal component analysis (PCA) of average Raman spectra for just the 24-hour time point showing the box plots and PC loadings for PC5 and
43 PC1. Box plot compares control cells and 6 Gy irradiated cells for unsynchronised UVW cells (blue) and synchronised UVW cells (pink). Centre point of box
44 represents median value, notches represent the 25th and 75th percentile, whiskers represent the 5th and 95th percentile and stars represent outliers.
45 PC5 and PC1 loading from individual time point PCA comparing control and 6 Gy samples for the 24-hour time point following 6 Gy XBR exposure for
46 unsynchronised and synchronised UVW cells. Statistical analysis was performed using a two-way ANOVA with Wilcoxon rank sum test at 99% confidence
47 interval (p > 0.05 = ns (not significant) band p < 0.0001 = ****),
48
49 Overall, this analysis showed that at 24 hours following irradiation PCA and RF could be used to show a difference in radiation
50 response in the unsynchronised cells and this difference was a result of mostly changes to protein expression in the cells. The
51 individual PCA analysis of the data from the 24-hour time point did not find significant difference between the control and treated
57 in the synchronised cells. This was the opposite of what was found at the 4-hour time point. By synchronising the cells at the G1/S
53 boundary prior to irradiation it would be expected that radiation resistance could be induced. At the 24-hour time point the most
significant difference was observed in the unsynchronised cells. These cells should be more radiation sensitive which explains the
54 larger radiation response observed. These cells were also shown to have greater cell cycle arrest at the G,/M boundary compared
55 to the synchronised cells at this timepoint (Figure 2). Furthermore, the model was also able to classify the cells into sample groups
56 with more accuracy at the 24-hour time point compared to the earlier time points which suggested the changes in the cells related
57
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to radiation response are most prominent at 24 hours post irradiation. This is likely why the PCA, which considered all time points
together, was able to classify the 24-hour samples with a higher accuracy than the earlier time points since at this time point the
radiation response is more pronounced (Figure 4).

Raman analysis was paired with the evaluation of cellular DNA damage and repair using y-H2AX analysis to further elucidate
radiation response within UVW cells. Exposure of the UVW cells to a 6 Gy dose of XBR would cause breaks in the DNA of the cells.
The DNA damage and repair of cells was analysed through detection of SER139 phosphorylated y-H2AX, a histone phosphorylated
in response to DNA damage, by flow cytometry.8%81 The measured fluorescent signal corresponded to the level of y-H2AX in the
cells which directly relates to the amount of DNA damage in the cells. The y-H2AX levels in irradiated cells was compared to the
untreated control cells giving the fold changes of signal and therefore the degree of DNA damage in the irradiated UVW cells.

The y-H2AX levels were assessed at the same time points following irradiation as the Raman analysis for control and 6 Gy
irradiated cells in both unsynchronised and synchronised sample groups (Figure 7). The unsynchronised cells had a ~14-fold
increase in y-H2AX levels at 1-hour following irradiation (p > 0.05) and a significant 31-fold increase in y-H2AX levels 4 hours
following irradiation compared to the non-irradiated control cells (p < 0.005). At 24 hours following irradiation, there were lower
y-H2AX levels, ~6-fold change in y-H2AX levels, in the irradiated samples compared to the non-irradiated control (p > 0.05). This
showed that DNA damage increased within the first 4 hours following irradiation and then by the 24-hour time point DNA damage
had been resolved. This decrease in DNA damage could be a result of DNA repair mechanisms being activated in the first 24 hours
following irradiation or that cells which had sustained unrepairable damage were removed from the sample population due to
apoptosis. The standard deviation observed from these results was high, which suggested that there was large variation between
the DNA damage observed in each replicate. This method of assessing DNA damage using flow cytometry is less commonly used
and y-H2AX levels are usually quantified by fluorescence microscopy techniques by counting H2AX foci within a cell to quantify
DNA double strand breaks.81:82 Therefore, further optimisation may be required to improve sensitivity of this method.
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Figure 7 The fold change in y-H2AX levels in irradiated UVW cells compared to an untreated control at each time point. A). Unsynchronised UVW cells. B).
Synchronised UVW cells. Results are presented as an average of three independent experiments (mean + standard deviation). One-way ANOVA compared
the mean g-H2AX level fold change at each time point following irradiation to the untreated control cells. Statistical analysis was performed using one-

way ANOVA with Bonferroni post-tests at 95% confidence interval (p > 0.05 = ns (not significant) and p < 0.01 = **).

The synchronised cells had a different DNA damage and repair profile over the 24 hours following irradiation. At the 1-hour
time point there was a ~7-fold change in y-H2AX levels, this decreased to a 5-fold change at the 4-hour time point and to a 6-fold
change at the 24-hour time point, although the changes in y-H2AX levels were not significant compared to the control (p > 0.05).
Overall, these results showed similar DNA damage across all time points. Additionally, the y-H2AX levels observed for the
synchronised cells are overall lower than those observed in the unsynchronised cells, suggesting that less DNA damage occurred
in the synchronised cells and therefore displayed greater radiation resistance. The standard deviation of these samples was also
high suggesting there was a large variation between the DNA damage observed for each replicate. As with the FACS analysis,
shown in Figure 2, these results suggested that the G;/S boundary synchronised cells displayed radioresistance.*> By synchronising
the cells to the G,/S boundary we therefore induced radiation resistance, and this resulted in the lower DNA damage observed
in the synchronised cells. In addition, synchronising cells before the S phase, and therefore prior to DNA replication, would result
in the average DNA content across the cells being lower compared to an unsynchronised population. A lower DNA content across
the population would also explain why less DNA damage was observed.
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The y-H2AX results were compared to the results from the Raman analysis (Figure 3 - Figure 6), but the Raman analysis did not
show a similar trend across the three time points. The Raman analysis showed changes primarily in cellular proteins and lipid
whereas changes to DNA signal were not observed. Raman spectra from cells is dominated by protein and lipid signals, therefore,
it may be expected that subtle changes to DNA, such as damage induced by radiation exposure, would not be observed. The y-
H2AX analysis for the unsynchronised cells showed largest DNA damage at 4 hours post irradiation (Figure 7-A). This then
subsequently decreased by the 24-hour time point, suggesting DNA repair took place between 4 hours and 24 hours post
radiation. The mechanism of DNA damage repair requires a large number of proteins responsible for double strand break
detection, chromatin remodeling and DNA repair therefore it would be expected that the expression of proteins across the cell
would change as the DNA is being repaired.8 The radiation response observed by Raman spectroscopy with PCA was significant
at 24 hours in PC5 of the unsynchronised cells (Figure 6). The main features present in the PC5 loading for the 24-hour time point
were protein, amide Ill, DNA and phospholipids. Thus, the changes observed at this time point could account for the proteins
required to facilitate the DNA repair between the 4-hour and 24-hour time point. A key feature that was shown to contribute to
radiation response in some previous studies was glycogen. 2439313436 However, in this work no glycogen features were observed.
Most previous studies observed glycogen accumulation 24 hours or longer after irradiation, although following a dose of 15 Gy
Van Nest et al. did report glycogen accumulation as early as 2-hours following irradiation, although the dose used was much
higher than that used in this study.3® Additionally, the most commonly assigned glycogen peak is around 473 cm™ which was
outside of the Raman range analysed in this study. The results presented could suggest that the first 24 hours after radiation
exposure may be too soon to observe glycogen accumulation for UVW cells. Glycogen accumulation is also linked to radiation
resistance in cells and therefore may not be present in cells which display radiosensitivity.2* The cell survival fraction (SF) describes
the fraction of cells which maintain reproductive integrity following radiation exposure at a particular dose (e.g. 2Gy — SF,g,).
Although not extensively studied, previous work considered UVW cells to be moderately radioresistant (SF,g, = 0.56)84, therefore
the lack of glycogen accumulation in these cells contradicts previous studies which link glycogen accumulation to a cell’s radiation
resistance.2430313436 The previous study by Van Nest et al. (2018) also did not find glycogen accumulation following radiation
treatment of human breast adenocarcinoma xenografts. Their study, in agreement with this study, found spectral changes related
to proteins including, phenylalanine and amide bands following irradiation, however these were not linked to specific biological
processes.3> This study of radiation response in UVW cells presents similar findings with changes to protein features in the Raman
spectra. Using y-H2AX analysis in combination with Raman analysis was not conclusive in allowing similarities to be drawn
between the spectral response and the level of DNA damage. However, the results suggested that the cellular protein changes
observed at the 24-hour time point could be associated with the DNA damage pathways and repair mechanisms. Additionally,
this work demonstrated that radiation resistance could be induced by controlling the cell cycle prior to radiation exposure which
is a key consideration of cancer therapy and that by using Raman spectroscopy the differences in radiation response could be
assessed.

Conclusion

In this study Raman spectroscopy was used to assess radiation response in UVYW human glioma cells cultured in vitro. The
sensitivity of Raman spectroscopy for detection of subtle biochemical changes within the cells allowed evaluation of the early

E stages of radiation response as early as four hours following 6 Gy XBR treatment. The Raman spectral changes observed following
radiation exposure were assigned to specific amino acids associated with proteins, including phenylalanine, and protein signals
9 from amides. Using Raman spectroscopy in combination with y-H2AX analysis suggested the protein changes observed in the
0 synchonised cells were unlikely directly associated with the DNA damage and repair mechanisms of the cells. However, the
1 protein changes observed, particularly between 4 hours and 24 hours post radiation treatment in unsynchronised cells could be
42 associated with DNA repair pathways. Although Raman spectroscopy has been used previously to assess radiation response, few
43 studies focus on the initial effects of this treatment compared to the longer-term radiation induced changes in cells. In the clinic,
44 radiation treatment is often given daily in fractionated doses therefore monitoring the effects even after a short time, for example
45 the first 24 hours following treatment, is equally important in assessing the long-term effects. In addition, cancer treatment often
46 causes cell cycle arrest and therefore induces cell cycle synchronisation. Changes to the cell cycle during the course of a treatment
47 regime will therefore influence the patients’ response, highlighting cell cycle position as an important factor to consider and
48 monitor when studying radiation response. Raman spectroscopy was used to demonstrate the difference in radiation response
49 between cells occupying different phases of the cell cycle at the time of irradiation. This work was able to show different levels
of radiation resistance between cells and confirm that cell cycle variation influences the response of UVW cells to radiation
50 exposure. To the best of our knowledge, this is the first report using Raman spectroscopy to monitor radiation response in
51 synchronised cells and the results suggested that cell synchronisation is an important factor to take into account in future studies.
52 By evaluating factors that induce radiation resistance in cells, a better understanding can be gained about radiation treatment.
53 In addition, Raman spectroscopy has been shown to be a useful tool in differentiating different degrees of treatment response,
54 which isimportant when investigating patient tailored radiation therapy. This highlights a need to further investigate the radiation
55 response of cells at different phases of the cell cycle and other factors which induce radiation resistance.
56
57
58
59

(o))
o


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an00121k

Analyst Page 14 of 20

View Article Online
DOI: 10.1039/D3AN00121K

\Rttrol%uﬁlonc%.o"ﬁnﬁ)rt‘gd Peence®

- O
mmons

o)
ense

3 a?t‘icff:3 is\ﬁc

oUuUUUUUUUUUDADDNDDDDNDNDDWWw QpavAssess Assicdd Rsblishad ord) KMay 2Q33pPDewnjoaded an 53/2023 1032:30AM 5 - o 0 oo N OV L1 A W N =
oooo\n@m.hwm—‘oooo\l@m.hwm—‘oo{m] T B Mo

Author Contributions

Corresponding Author: *e-mail: karen.faulds@strath.ac.uk.

The manuscript was written through contributions of all authors. All authors have given approval to the final version of the
manuscript.

Conflicts of interest

The authors declare no competing financial interest. The research data associated with this paper is available at the following
link:
https://doi.org/10.15129/9ba64ab3-ce67-45d2-84ae-d2€94209713c¢

Acknowledgements

Acknowledgements are given to the EPSRC and MRC through the CDT in Optical Medical Imaging (OPTIMA, EP/L016559/1) and
the Natural Sciences and Engineering Research Council of Canada (NSERC) Discovery Grants RGPIN-2020-07232 (A.J., K.M.) for
funding of the project.

References

1 Cancer Research UK: Brain, other CNS and intracranial tumours statistics,
www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/brain-
other-cns-and-intracranial-tumours, (accessed 8 December 2021).

2 A. Omuro and L. M. DeAngelis, Glioblastoma and other malignant gliomas: a clinical review,
JAMA, 2013, 310, 1842-1850.

3 R. Baskar, K. A. Lee, R. Yeo and K. W. Yeoh, Cancer and Radiation Therapy: Current Advances and
Future Directions, Int J Med Sci, 2012, 9, 193.

4 C. Fernandes, A. Costa, L. Osorio, R. C. Lago, P. Linhares, B. Carvalho and C. Caeiro, Current
Standards of Care in Glioblastoma Therapy, Codon Publications, 2017.

5 G. Delaney, S. Jacob, C. Featherstone and M. Barton, The role of radiotherapy in cancer
treatment, Cancer, 2005, 104, 1129-1137.

6 F. Dhermain, Radiotherapy of high-grade gliomas: current standards and new concepts,
innovations in imaging and radiotherapy, and new therapeutic approaches, Chin J Cancer, 2014,
33, 16-24.

7 E. Lopez, R. Guerrero, M. . Nufiez, R. del Moral, M. Villalobos, J. Martinez-Galan, M. T.
Valenzuela, J. A. Mufioz-Gamez, F. J. Oliver, D. Martin-Oliva and J. M. R. de Almodévar, Early and
late skin reactions to radiotherapy for breast cancer and their correlation with radiation-induced
DNA damage in lymphocytes, Breast Cancer Research, 2005, 7, 1-9.

8 A. C. Begg, Predicting response to radiotherapy: Evolutions and revolutions, Int J Radiat Biol,
20009, 85, 825-836.

9 R. R. Hallac, H. Zhou, R. Pidikiti, K. Song, T. Solberg, V. D. Kodibagkar, P. Peschke and R. P. Mason,
A role for dynamic contrast-enhanced magnetic resonance imaging in predicting tumour
radiation response, British Journal of Cancer 2016 114:11, 2016, 114, 1206-1211.


https://doi.org/10.15129/9ba64ab3-ce67-45d2-84ae-d2e94209713c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an00121k

Page 15 of 20

\Rttrol%uﬁlon%.o"ﬁnﬁ)rt‘gd Peence®

- O
mmons

o)
ense

AW WW Qpea:AwewAﬁiC«l_‘g Rusbhished or ) WMay 2023z Pownjoaded an 55/2003 1032:30AM . o o W 0 N OV U1 & W N =
3 articfejis\?lc H‘uﬁﬁer"& CJr}ea‘ffvehdo

cvuvuuuuuuuuudAdDDdMDMDNMNDMNDMNDINDN
SVoONOOULBDWN_OOVONOOULDWN =

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Analyst

View Article Online
DOI: 10.1039/D3AN00121K

S. Riyahi, W. Choi, C. J. Liu, H. Zhong, A. J. Wu, J. G. Mechalakos and W. Lu, Quantifying local
tumor morphological changes with Jacobian map for prediction of pathologic tumor response to
chemo-radiotherapy in locally advanced esophageal cancer, Phys Med Biol, 2018, 63, 145020.

J. M. Moran, M. A. Elshaikh and T. S. Lawrence, Radiotherapy: what can be achieved by technical
improvements in dose delivery?, Lancet Oncol, 2005, 6, 51-58.

P. Wardman, Chemical Radiosensitizers for Use in Radiotherapy, Clin Oncol, 2007, 19, 397-417.

K. T. Butterworth, S. J. McMahon, F. J. Currell and K. M. Prise, Physical basis and biological
mechanisms of gold nanoparticle radiosensitization, Nanoscale, 2012, 4, 4830—4838.

H. Wang, X. Mu, H. He and X. D. Zhang, Cancer Radiosensitizers, Trends Pharmacol Sci, 2018, 39,
24-48.

K. Buch, T. Peters, T. Nawroth, M. Sanger, H. Schmidberger and P. Langguth, Determination of
cell survival after irradiation via clonogenic assay versus multiple MTT Assay - A comparative
study, Radiation Oncology, 2012, 7, 1-6.

E. L. Levine, A. Renehan, R. Gossiel, S. E. Davidson, S. A. Roberts, C. Chadwick, D. P. Wilks, C. S.
Potten, J. H. Hendry, R. D. Hunter and C. M. L. West, Apoptosis, intrinsic radiosensitivity and
prediction of radiotherapy response in cervical carcinoma, Radiotherapy and Oncology, 1995, 37,
1-9.

J. D. Chapman, E. L. Engelhardt, C. C. Stobbe, R. F. Schneider and G. E. Hanks, Measuring hypoxia
and predicting tumor radioresistance with nuclear medicine assays, Radiotherapy and Oncology,
1998, 46, 229-237.

H. Harada, How Can We Overcome Tumor Hypoxia in Radiation Therapy?, Award Article J. Radiat.
Res, 2011, 52, 545-556.

M. I. Nunez, M. R. Guerrero, E. Lopez, R. M. del Moral, M. T. Valenzuela, E. Siles, M. Villalobos, V.
Pedraza, J. H. Peacock and J. M. Ruiz De Almodovar, DNA damage and prediction of radiation
response in lymphocytes and epidermal skin human cells, J. Cancer, 1998, 76, 354—-361.

E. C. Bourton, P. N. Plowman, D. Smith, C. F. Arlett and C. N. Parris, Prolonged expression of the
y-H2AX DNA repair biomarker correlates with excess acute and chronic toxicity from
radiotherapy treatment, Int J Cancer, 2011, 129, 2928-2934.

K. C. Yao, T. Komata, Y. Kondo, T. Kanzawa, S. Kondo and |. M. Germano, Molecular response of
human glioblastoma multiforme cells to ionizing radiation: cell cycle arrest, modulation of cyclin-
dependent kinase inhibitors, and autophagy, J Neurosurg, 2003, 98, 378—384.

Q. Matthews, A. G. Brolo, J. Lum, X. Duan and A. Jirasek, Raman spectroscopy of single human
tumour cells exposed to ionizing radiation in vitro, Phys Med Biol, 2010, 56, 19.

Q. Matthews, A. Jirasek, J. J. Lum and A. G. Brolo, Biochemical signatures of in vitro radiation
response in human lung, breast and prostate tumour cells observed with Raman spectroscopy,
Phys Med Biol, 2011, 56, 6839.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an00121k

\Rttrol%uﬁlon%.o"ﬁnﬁ)rt‘gd Peence®

- O
mmons

o)
ense

AW WW Qpea:AwewAﬁiC«l_‘g Rusbhished; or ) WMay 2023z Pownjoaded an S5/2003 1032:30AM . o o W 0 N OV U1 & W N =
3 articfejis\?lc H‘uﬁﬁer"& CJr}ea‘ffvehdo

cvuvuuuuuuuuudAdDDdMDdMDNMNDMNDMNDINDN
SVoONOOULBDWN_OOVONOOULDWN =

24

25

26

27

28

29

30

31

32

33

34

35

Analyst

Q. Matthews, M. Isabelle, S. J. Harder, J. Smazynski, W. Beckham, A. G. Brolo, A. Jirasek and J. J.
Lum, Radiation-Induced Glycogen Accumulation Detected by Single Cell Raman Spectroscopy Is
Associated with Radioresistance that Can Be Reversed by Metformin, PLoS One, 2015, 10,
e0135356.

A. G. Brolo, A. Jirasek, J. J. Lum, M. Isabelle, Q. Matthews and S. J. Harder, A Raman Spectroscopic

Study of Cell Response to Clinical Doses of lonizing Radiation, Applied Spectroscopy, Vol. 69, Issue
2, pp. 193-204, 2015, 69, 193-204.

S. Kumar, A. Visvanathan, A. Arivazhagan, V. Santhosh, K. Somasundaram and S. Umapathy,
Assessment of Radiation Resistance and Therapeutic Targeting of Cancer Stem Cells: A Raman
Spectroscopic Study of Glioblastoma, Anal Chem, 2018, 90, 12067-12074.

S. Qiu, Y. Weng, Y. Li, Y. Chen, Y. Pan, J. Liu, W. Lin, X. Chen, M. Li, T. Lin, W. Liu, L. Zhang and D.
Lin, Raman profile alterations of irradiated human nasopharyngeal cancer cells detected with
laser tweezer Raman spectroscopy, RSC Adv, 2020, 10, 14368-14373.

K. Pansare, S. R. Singh, V. Chakravarthy, N. Gupta, Arti Hole, P. Gera, R. Sarin and C. M. Krishna,
Raman Spectroscopy: An Exploratory Study to Identify Post-Radiation Cell Survival, Applied
Spectroscopy, Vol. 74, Issue 5, pp. 553-562, 2020, 74, 553-562.

M. Roman, T. P. Wrobel, A. Panek, C. Paluszkiewicz and W. M. Kwiatek, Exploring subcellular
responses of prostate cancer cells to clinical doses of X-rays by Raman microspectroscopy,
Spectrochim Acta A Mol Biomol Spectrosc, 2021, 255, 119653.

X. Deng, R. Ali-Adeeb, J. L. Andrews, P. Shreeves, J. J. Lum, A. Brolo and A. Jirasek, Monitor
lonizing Radiation-Induced Cellular Responses with Raman Spectroscopy, Non-Negative Matrix
Factorization, and Non-Negative Least Squares, Appl Spectrosc, 2020, 74, 701-711.

K. Milligan, X. Deng, P. Shreeves, R. Ali-Adeeb, Q. Matthews, A. Brolo, J. J. Lum, J. L. Andrews and
A. Jirasek, Raman spectroscopy and group and basis-restricted non negative matrix factorisation
identifies radiation induced metabolic changes in human cancer cells, Scientific Reports 2021
11:1,2021,11, 1-11.

H. J. Butler, L. Ashton, B. Bird, G. Cinque, K. Curtis, J. Dorney, K. Esmonde-White, N. J. Fullwood,
B. Gardner, P. L. Martin-Hirsch, M. J. Walsh, M. R. McAinsh, N. Stone and F. L. Martin, Using
Raman spectroscopy to characterize biological materials, Nature Protocols 2016 11:4, 2016, 11,
664-687.

I. Pence and A. Mahadevan-Jansen, Clinical instrumentation and applications of Raman
spectroscopy, Chem Soc Rev, 2016, 45, 1958-1979.

S. J. Harder, M. Isabelle, L. Devorkin, J. Smazynski, W. Beckham, A. G. Brolo, J. J. Lum and A.
Jirasek, Raman spectroscopy identifies radiation response in human non-small cell lung cancer
xenografts, Scientific Reports 2016 6:1, 2016, 6, 1-10.

S. J. van Nest, L. M. Nicholson, L. Devorkin, A. G. Brolo, J. J. Lum and A. Jirasek, Raman
Spectroscopic Signatures Reveal Distinct Biochemical and Temporal Changes in Irradiated Human
Breast Adenocarcinoma Xenografts, Radiat Res, 2018, 189, 497-504.

Page 16 of 20
View Article Online
DOI: 10.1039/D3AN00121K


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an00121k

Page 17 of 20

\Rttrol%uﬁlon%.o"ﬁnﬁ)rt‘gd Peence®

- O
mmons

o)
ense

AW WW Qpea:AwewAﬁiC«l_‘g Rusbhished or ) WMay 2023z Pownjoaded an 55/2003 1032:30AM . o o W 0 N OV U1 & W N =
3 articfejis\?lc H‘uﬁﬁer"& CJr}ea‘ffvehdo

cvuvuuuuuuuuudAdDDdMDMDNMNDMNDMNDINDN
SVoONOOULBDWN_OOVONOOULDWN =

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Analyst

View Article Online
DOI: 10.1039/D3AN00121K

S.J. van Nest, L. M. Nicholson, N. Pavey, M. N. Hindi, A. G. Brolo, A. Jirasek and J. J. Lum, Raman
spectroscopy detects metabolic signatures of radiation response and hypoxic fluctuations in non-
small cell lung cancer, BMC Cancer, 2019, 19, 1-13.

S. K. Paidi, P. M. Diaz, S. Dadgar, S. V. Jenkins, C. M. Quick, R. J. Griffin, R. P. M. Dings, N. Rajaram
and |. Barman, Label-Free Raman Spectroscopy Reveals Signatures of Radiation Resistance in the
Tumor Microenvironment, Cancer Res, 2019, 79, 2054-2064.

J. Pelletier, G. Bellot, P. Gounon, S. Lacas-Gervais, J. Pouysségur and N. M. Mazure, Glycogen
synthesis is induced in hypoxia by the hypoxia-inducible factor and promotes cancer cell survival,
Front Oncol, 2012, 2, 18.

M. Z. Ibrahim, E. Pascoe, S. Alam and J. Miquel, Glycogen and phosphorylase activity in rat brain
during recovery from several forms of hypoxia., Am J Pathol, 1970, 60, 403.

R. J. Lakshmi, V. B. Kartha, C. M. Krishna, J. G. R. Solomon, G. Ullas and P. U. Devi, Tissue Raman
spectroscopy for the study of radiation damage: brain irradiation of mice - PubMed, Radiat Res,
2002, 157, 175-182.

M. S. Vidyasagar, K. Maheedhar, B. M. Vadhiraja, D. J. Fernendes, V. B. Kartha and C. M. Krishna,
Prediction of radiotherapy response in cervix cancer by Raman spectroscopy: A pilot study,
Biopolymers, 2008, 89, 530-537.

D. Hanahan and R. A. Weinberg, The Hallmarks of Cancer, Cell, 2000, 100, 57-70.

D. Hanahan and R. A. Weinberg, Hallmarks of cancer: The next generation, Cell, 2011, 144, 646—
674.

M. H. Barcellos-Hoff, C. Park and E. G. Wright, Radiation and the microenvironment —
tumorigenesis and therapy, Nature Reviews Cancer 2005 5:11, 2005, 5, 867—875.

W. K. Sinclair, Cysteamine: Differential X-ray Protective Effect on Chinese Hamster Cells During
the Cell Cycle, Science (1979), 1968, 159, 442444,

D. W. Siemann and P. C. Keng, In situ radiation response and oxygen enhancement ratio of KHT
sarcoma cells in various phases of the cell cycle, Br J Radiol, 1984, 57, 823-827.

G. D. Wilson, Radiation and the cell cycle, revisited, Cancer and Metastasis Reviews 2004 23:3,
2004, 23, 209-225.

K. Otani, Y. Naito, Y. Sakaguchi, Y. Seo, Y. Takahashi, J. Kikuta, K. Ogawa and M. Ishii, Cell-cycle-
controlled radiation therapy was effective for treating a murine malignant melanoma cell line in
vitro and in vivo, Scientific Reports 2016 6:1, 2016, 6, 1-8.

J. R. Mourant, K. W. Short, S. Carpenter, N. Kunapareddy, L. Coburn, T. M. Powers and J. P.
Freyer, Biochemical differences in tumorigenic and nontumorigenic cells measured by Raman
and infrared spectroscopy, https.//doi.org/10.1117/1.1928050, 2005, 10, 031106.

K. W. Short, S. Carpenter, J. P. Freyer and J. R. Mourant, Raman Spectroscopy Detects
Biochemical Changes Due to Proliferation in Mammalian Cell Cultures, Biophys J, 2005, 88, 4274—
4288.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an00121k

\Rttrol%uﬁlon%.o"ﬁnﬁ)rt‘gd Peence®

- O
mmons

o)
ense

AW WW Qpea:AwewAﬁiC«l_‘g Rusbhished; or ) WMay 2023z Pownjoaded an S5/2003 1032:30AM . o o W 0 N OV U1 & W N =
3 articfejis\?lc H‘uﬁﬁer"& CJr}ea‘ffvehdo

cvuvuuuuuuuuudAdDDdMDdMDNMNDMNDMNDINDN
SVoONOOULBDWN_OOVONOOULDWN =

51

52

53

54

55

56

57

58

59

60

61

62

63

64

Analyst

Page 18 of 20

View Article Online
DOI: 10.1039/D3AN00121K

R. J. Swain, G. Jell and M. M. Stevens, Non-invasive analysis of cell cycle dynamics in single living
cells with Raman micro-spectroscopy, J Cell Biochem, 2008, 104, 1427-1438.

A. G. Brolo, A. Jirasek, J. Lum, Q. Matthews and X. Duan, Variability in Raman Spectra of Single
Human Tumor Cells Cultured in Vitro: Correlation with Cell Cycle and Culture Confluency, Applied
Spectroscopy, Vol. 64, Issue 8, pp. 871-887, 2010, 64, 871-887.

S. 0. Konorov, H. G. Schulze, J. M. Piret, M. W. Blades and R. F. B. Turner, Label-Free
Determination of the Cell Cycle Phase in Human Embryonic Stem Cells by Raman
Microspectroscopy, Anal Chem, 2013, 85, 8996—9002.

G. Chen and X. Deng, Cell Synchronization by Double Thymidine Block, Bio Protoc, 2018, 8, e2994.

M. Chen, J. Huang, X. Yang, B. Liu, W. Zhang, L. Huang, F. Deng, J. Ma, Y. Bai, R. Lu, B. Huang, Q.
Gao, Y. Zhuo and J. Ge, Serum starvation induced cell cycle synchronization facilitates human
somatic cells reprogramming, PLoS One, , DOI:10.1371/JOURNAL.PONE.0028203.

R. Khammanit, S. Chantakru, Y. Kitiyanant and J. Saikhun, Effect of serum starvation and chemical
inhibitors on cell cycle synchronization of canine dermal fibroblasts, Theriogenology, 2008, 70,
27-34.

J. Jackman and P. M. O’Connor, Methods for Synchronizing Cells at Specific Stages of the Cell
Cycle, Curr Protoc Cell Biol, 1998, 00, 8.3.1-8.3.20.

M. B. Kastan and J. Bartek, Cell-cycle checkpoints and cancer, Nature, 2004, 432, 316—323.

R. Visconti, R. Della Monica and D. Grieco, Cell cycle checkpoint in cancer: a therapeutically
targetable double-edged sword, Journal of Experimental & Clinical Cancer Research, 2016, 35, 1-
8.

Z. Movasaghi, S. Rehman and I. U. Rehman, Raman Spectroscopy of Biological Tissues, Applied
Spectroscopy Reviews , 2007, 42, 493-541.

S. Akbar, M. I. Majeed, H. Nawaz, N. Rashid, A. Tariq, W. Hameed, S. Shakeel, G. Dastgir, R. Z. A.
Bari, M. Igbal, A. Nawaz and M. Akram, Surface-Enhanced Raman Spectroscopic (SERS)
Characterization of Low Molecular Weight Fraction of the Serum of Breast Cancer Patients with
Principal Component Analysis (PCA) and Partial Least Square-Discriminant Analysis (PLS-DA), Anal
Lett, 2022, 55, 1588—-1604.

C. Krafft, L. Neudert, T. Simat and R. Salzer, Near infrared Raman spectra of human brain lipids,
Spectrochim Acta A Mol Biomol Spectrosc, 2005, 61, 1529-1535.

S. Qiu, Y. Weng, Y. Li, Y. Chen, Y. Pan, J. Liu, W. Lin, X. Chen, M. Li, T. Lin, W. Liu, L. Zhang and D.
Lin, Raman profile alterations of irradiated human nasopharyngeal cancer cells detected with
laser tweezer Raman spectroscopy, RSC Adv, 2020, 10, 14368-14373.

J. Gala de Pablo, F. J. Armistead, S. A. Peyman, D. Bonthron, M. Lones, S. Smith and S. D. Evans,
Biochemical fingerprint of colorectal cancer cell lines using label-free live single-cell Raman
spectroscopy, Journal of Raman Spectroscopy, 2018, 49, 1323-1332.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an00121k

Page 19 of 20

\Rttrol%uﬁlon%.o"ﬁnﬁ)rt‘gd Peence®

- O
mmons

o)
ense

AW WW Qpea:AwewAﬁiC«l_‘g Rusbhished or ) WMay 2023z Pownjoaded an 55/2003 1032:30AM . o o W 0 N OV U1 & W N =
3 articfejis\?lc H‘uﬁﬁer"& CJr}ea‘ffvehdo

cvuvuuuuuuuuudAdDDdMDMDNMNDMNDMNDINDN
SVoONOOULBDWN_OOVONOOULDWN =

65

66

67

68

69

70

71

72

73

74

75

76

77

Analyst
View Article Online
DOI: 10.1039/D3AN00121K

I. Notingher, S. Verrier, S. Haque, J. M. Polak and L. L. Hench, Spectroscopic study of human lung
epithelial cells (A549) in culture: Living cells versus dead cells, Biopolymers - Biospectroscopy
Section, 2003, 72, 230-240.

J. Wang, C. X. Zheng, C. L. Ma, X. X. Zheng, X. Y. Lv, G. D. Lv, J. Tang and G. H. Wu, Raman
spectroscopic study of cervical precancerous lesions and cervical cancer, Lasers Med Sci, 2021,
36, 1855-1864.

A. Malpica, A. Mahadevan-Jansen, M. Follen, U. Utzinger, R. Richards-Kortum and D. L.
Heintzelman, Near-Infrared Raman Spectroscopy for in Vivo Detection of Cervical Precancers,
Applied Spectroscopy, Vol. 55, Issue 8, pp. 955-959, 2001, 55, 955-959.

C. Krafft, T. Knetschke, A. Siegner, R. H. W. Funk and R. Salzer, Mapping of single cells by near
infrared Raman microspectroscopy, Vib Spectrosc, 2003, 32, 75-83.

S. Sato, R. Sekine, H. Kagoshima, K. Kazama, A. Kato, M. Shiozawa and J. Tanaka, All-in-one
Raman spectroscopy approach to diagnosis of colorectal cancer: analysis of spectra in the
fingerprint regions, J Anus Rectum Colon, 2019, 3, 84.

P. Kesarwani, A. Prabhu, S. Kant, P. Kumar, S. F. Graham, K. L. Buelow, G. D. Wilson, C. R. Miller
and P. Chinnaiyan, Tryptophan Metabolism Contributes to Radiation-Induced Immune
Checkpoint Reactivation in Glioblastoma, Clinical Cancer Research, 2018, 24, 3632—-3643.

Y. Akagi, N. Mori, T. Kawamura, Y. Takayama and Y. S. Kida, Non-invasive cell classification using
the Paint Raman Express Spectroscopy System (PRESS), Scientific Reports 2021 11:1, 2021, 11, 1-
15.

J. Immunol, A. Ramoji, O. Ryabchykov, K. Galler, A. Tannert, R. Markwart, R. P. Requardt, I. Rubio,
M. Bauer, T. Bocklitz, J. Popp and U. Neugebauer, Raman Spectroscopy Follows Time-Dependent
Changes in T Lymphocytes Isolated from Spleen of Endotoxemic Mice, Immunohorizons, 2019, 3,
45-60.

K. Milligan, S. J. van Nest, X. Deng, R. Ali-Adeeb, P. Shreeves, S. Punch, N. Costie, N. Pavey, J. M.
Crook, D. M. Berman, A. G. Brolo, J. J. Lum, J. L. Andrews and A. Jirasek, Raman spectroscopy and
supervised learning as a potential tool to identify high-dose-rate-brachytherapy induced
biochemical profiles of prostate cancer, J Biophotonics, , DOI:10.1002/JB10.202200121.

F. Lussier, V. Thibault, B. Charron, G. Q. Wallace and J. F. Masson, Deep learning and artificial
intelligence methods for Raman and surface-enhanced Raman scattering, TrAC Trends in
Analytical Chemistry, 2020, 124, 115796.

M. Tollefson, J. Magera, T. Sebo, J. Cohen, A. Drauch, J. Maier and I. Frank, Raman spectral
imaging of prostate cancer: can Raman molecular imaging be used to augment standard
histopathology?, BJU Int, 2010, 106, 484—488.

W. C. Chang, On using principal components before separating a mixture of two multivariate
normal distributions, App/ Stat, 1983, 32, 267-275.

N. L. McGinely, Solid and hollow gold nanoparticles as radiosensitisers in combination with x-ray
radiation and targeted radiopharmaceuticals, University of Strathclyde, 2015.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an00121k

\Rttrol%uﬁlon%.o"ﬁnﬁ)rt‘gd Peence®

- O
mmons

o)
ense

AW WW Qpea:AwewAﬁiC«l_‘g Rusbhished; or ) WMay 2023z Pownjoaded an S5/2003 1032:30AM . o o W 0 N OV U1 & W N =
3 articfejis\?lc H‘uﬁﬁer"& CJr}ea‘ffvehdo

cvuvuuuuuuuuudAdDDdMDdMDNMNDMNDMNDINDN
SVoONOOULBDWN_OOVONOOULDWN =

78

79

80

81

82

83

84

Analyst Page 20 of 20

View Article Online
DOI: 10.1039/D3AN00121K

G. M. Cooper, in The Cell: A Molecular Approach. 2nd edition., Sinauer Associates, 2000.

D. P. Waterman, J. E. Haber and M. B. Smolka, Checkpoint Responses to DNA Double-strand
Breaks, Annu Rev Biochem, 2020, 89, 103.

S. Burma, B. P. Chen, M. Murphy, A. Kurimasa and D. J. Chen, ATM phosphorylates histone H2AX
in response to DNA double-strand breaks, J Biol Chem, 2001, 276, 42462-42467.

H. Zhao, X. Huang, H. D. Halicka and Z. Darzynkiewicz, Detection of Histone H2AX
Phosphorylation on Ser-139 as an Indicator of DNA Damage, Curr Protoc Cytom, 2019, 89, e55.

S. Burma, B. P. Chen, M. Murphy, A. Kurimasa and D. J. Chen, ATM phosphorylates histone H2AX
in response to DNA double-strand breaks, J Biol Chem, 2001, 276, 42462-42467.

G. Borrego-Soto, R. Ortiz-Lopez and A. Rojas-Martinez, lonizing radiation-induced DNA injury and
damage detection in patients with breast cancer, Genet Mol Biol, 2015, 38, 420.

M. Boyd, A. Livingstone, L. E. Wilson, E. M. Marshall, A. G. McCluskey, R. J. Mairs and T. E.
Wheldon, Dose-response relationship for radiation-induced mutations at micro- and minisatellite
loci in human somatic cells in culture, Int J Radiat Biol, 2009, 76, 169-176.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an00121k

	Understanding Radiation Response and Cell Cycle Variation in Brain Tumour Cells using Raman Spectroscopy
	Materials & Methods
	Results & Discussion
	Conclusion
	Author Contributions
	References

