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Introduction

Biochemical composition of prostate core-needle
biopsies before and after a single fraction of

13.5 Gy: a Raman spectroscopy-based study

Kirsty Milligan,® Mitchell Wiebe,? Alejandra Fuentes,® Sandra Popescu,®

Ramie Ali-Adeeb,” Jeffrey Andrews,? Julian Lum,*® Alexandre Brolo,
Christina Haston,? Bibi Naghibi Torbati,® Juanita Crook and Andrew Jirasek (2 *2

b

High dose rate brachytherapy (HDR-BT) is an attractive option for patients with favourable-risk intermedi-
ate-grade prostate cancer. However the relationship between radiation dose and the biochemical
response of tumours remains poorly understood. The aim of this study was to investigate the tissue com-
position of prostate core-needle biopsies, before and after a single dose (13.5 Gy) of HDR-BT using
Raman Spectroscopy (RS) and Group and Basis Restricted Non-Negative Matrix Factorisation (GBR-NMF)
modelling. RS was used to measure the spectral profiles of benign and malignant regions of prostate
tissue. GBR-NMF was employed to derive biochemical profiles from Raman spectra of core-needle biop-
sies, encompassing both benign and malignant areas, from patients with intermediate risk prostate cancer
(PCa). Thirty-four biochemicals were included in the RS evaluation of 40 biopsy samples from 20 patients.
Eight biochemicals were significantly differentially expressed between pre- and post-HDR-BT benign
tissue (13.5 Gy single fraction): citric acid, collagen, cysteine, DNA, glycerol, palmitic acid, tryptophan, and
lycopene (by Mann—-Whitney U test). The model identified phenylalanine, stearic acid and retinol to be
differentially expressed in malignant tissue after a single dose of 13.5 Gy high dose rate brachytherapy.
p-Carotene was found to differ in expression between benign and malignant prostate tissue, irrespective
of radiation exposure. Carotenoids and phospholipids may influence the tumour microenvironment (TME)
through several mechanisms that affect cancer progression and response to treatments like radiation
therapy. These biochemical changes could identify potential therapeutic targets for a personalised radi-
ation treatment approach.

specific antigen (PSA) screening, however, both intermediate
and high grade localised PCa will usually be treated with some

Prostate cancer (PCa) is the most commonly diagnosed cancer
among men in Canada and the Canadian Cancer Society esti-
mates that 1 in 8 men will be diagnosed with prostate cancer
in their lifetime." Most prostate cancers are now diagnosed
while clinically localised due to increased rates of prostate
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form of radiation therapy (RT).>™

High dose rate brachytherapy (HDR-BT) is an especially
attractive option for patients with favourable-risk intermediate-
grade prostate cancer. This technique delivers high doses of
radiation directly to the prostate whilst sparing surrounding
healthy tissues. Advances in hypo-fractionation and personal-
ised treatment planning have further optimised clinical out-
comes and control rates.” Despite these improvements, the
relationship between radiation dose and the biochemical
response of tumours remains poorly understood. Whilst
higher doses are generally associated with improved local
control, individual tumours often exhibit variable responses
due to factors such as genetic heterogeneity and differences in
the tumour microenvironment (TME).® Understanding how
these factors influence treatment efficacy is critical for optimis-
ing radiation treatment plans. A deeper insight into the bio-
chemical changes induced by HDR-BT could enable clinicians
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to tailor treatment plans based on a patient’s unique bio-
chemical tumour profile, thereby improving outcomes and
minimising side effects. This personalised approach to radi-
ation therapy has the potential to enhance both therapeutic
effectiveness and quality of life for patients with prostate
cancer.

The TME plays a crucial role in determining the response of
tumours to radiation therapy. The TME consists of a complex
network of cancer cells, immune cells, stromal cells, blood
vessels, extracellular matrix (ECM), and signalling molecules
that collectively influence tumour growth,® progression,”® and
treatment outcomes.’ Key components of the TME, such as
hypoxia and immune suppression have been shown to signifi-
cantly impact radiation response.'*"*

Hypoxia is a hallmark of many tumours, including prostate
cancer. Oxygen can behave as a radiosensitiser, in that that
well-oxygenated tumour cells are more susceptible to radi-
ation-induced DNA damage. In contrast, hypoxic regions
within the tumour are often resistant to radiation because the
lack of oxygen reduces the formation of reactive oxygen species
(ROS), which are critical for effective DNA damage. Efforts to
overcome hypoxia, such as using hypoxia-targeting agents or
delivering higher doses of radiation to hypoxic areas, are
ongoing but remain challenging.'” Carotenoids, a class of
natural pigments found in fruits and vegetables, are known for
their antioxidant properties and potential implication in
cancer prevention.”*™*® In the context of prostate cancer, caro-
tenoids—especially lycopene, p-carotene, and lutein—may
influence the TME through several mechanisms that affect
cancer progression and response to treatments like radiation
therapy. Carotenoids affect reactive oxygen species (ROS) and
reduce oxidative stress, which can otherwise promote DNA
damage, genetic instability, and cancer progression.'®'” Since
RT relies on ROS to induce DNA damage in cancer cells, the
antioxidant effects of carotenoids could theoretically reduce
radiation efficacy. However, a balance between antioxidant pro-
tection of normal tissues and selective sensitisation of cancer
cells may be beneficial.*®

Carotenoids have also been shown to display involvement
in (i) inflammation and immune modulation by inhibiting the
production of pro-inflammatory cytokines such as IL-6, TNF-a,
and COX-2,"*?° and (ii) inhibition of angiogenesis and there-
fore limited tumour growth®?* and androgen-receptor (AR)
signalling, which helps to limit tumour progression.***?
Studies have shown that diets rich in carotenoids, particularly
lycopene from tomatoes, are associated with a reduced risk of
prostate cancer.”»** Carotenoids may enhance the effects of
certain treatments by modulating the TME. However, caroten-
oid interaction with radiation therapy in prostate tissue is not
well researched, and could have important implications in
HDR-BT as their antioxidant properties could both protect
normal tissues and potentially reduce treatment efficacy if not
properly balanced.

Raman spectroscopy (RS) is a non-invasive, label-free detec-
tion technique, capable of monitoring biochemical changes at
the molecular level.*® By identifying unique vibrational finger-
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prints, RS can monitor carotenoids and dynamic profiles of
other biomolecules such as lipids and proteins within cells
and tissues. Owing to this, there have been numerous studies
to date that have employed Raman spectroscopy as a method
of cell and tissue characterisation.””>* As such, RS can provide
insight into how carotenoids change in tissue post-RT and also
how these antioxidant molecules interact with other bio-
molecules within tissue, potentially helping to assess treat-
ment responses or resistance mechanisms in prostate cancer.

Herein, we investigate the biochemical composition of pros-
tate core-needle biopsies, in particular carotenoid content,
before and after a single dose (13.5 Gy) of HDR-BT using RS
and GBR-NMF modelling.>”*® The goals of this study are to: (i)
assess the potential of Raman spectroscopy as a diagnostic
tool in radiation therapy, and (ii) better understand the role of
carotenoids and adjacent biochemicals in prostate cancer TME
and HDR-BT response.

Methods

Patient cohort

The 20 patients included in this study received HDR-BT as
mono-therapy for intermediate risk prostate adenocarcinoma.
All individuals involved in this study provided informed
consent for the use of bio-specimens and reporting of results
for research purposes. All identifiable information has been
omitted for each individual. All methods and procedures were
carried out in accordance with the procedures and guidelines
provided by Health Canada and Public Health Agency of
Canada Research Ethics Board (REB# H17-02904). The study
has been approved by the University of British Columbia and
BC Cancer Research Ethics Boards. Prior multi-parametric
MRI had identified the dominant lesion, the location of which
was transferred to transrectal ultrasound (TRUS) images
through rigid registration for the purpose of targeting the
lesion for both biopsy and dose escalation. HDR BT dose pre-
scription was 27 Gy in 2 fractions (i.e. 13 Gy per fraction x2
fractions), given in 2 separate procedures 2 weeks apart.
Biopsies were collected prior to both the first and second frac-
tions. A biopsy was not collected post second fraction due to
collection and standard of practice limitations. Dose escalation
to the dominant lesions aimed for 140-150% of prescription,
that is, the planned dose was up to 140-150% of the prescrip-
tion in the main lesion, largely due to the high dose gradients
present within brachytherapy treatment. Biopsies were taken
under anaesthesia, transperineally with template and ultra-
sound guidance based on the prior fusion, prior to the first
treatment and 2 weeks later of the same area, prior to the
second treatment. Samples were immediately placed in
hypothermosol. Paired samples were sent for haematoxylin
and eosin (H&E) staining and examination at KGH pathology
to confirm tumour presence and accurate targeting. The 20
patients were assigned patient numbers (shown in Table 2). A
single pre-treatment and a single post-treatment biopsy was
obtained from each individual (40 biopsies in total). All

This journal is © The Royal Society of Chemistry 2026
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patients had been diagnosed with intermediate stage prostate
cancer prior to the commencement of this study (Gleason
score ranged from 6-7, stage ranged from T2b-T2c). Age infor-
mation was not provided. This information was not taken in to
account when collected data was assigned as benign or malig-
nant. Labels correspond only to the presence or absence of
disease in the regions of tissue where Raman measurements
were acquired.

Sample collection and preparation

Samples were harvested as needle core biopsies (18 gauge
spring loaded biopsy gun) and preserved in hypothermosol
(Thermo Fisher Scientific, MA, USA). The biopsies were
embedded in mounting medium (Tissue-Plus™ O.C.T.
Compound, Fisher Scientific, MA, USA), snap frozen in liquid
nitrogen and stored at —80° C. Serial (adjacent) tissue sections
were obtained for both RS (20 microns thickness) and pathol-
ogy analysis (H&E staining, 5 micron thickness) by cryosection-
ing using a rotary cryostat (HM 550; MICROM International
GmbH, Walldorf, Germany). Haemotoxylin and eosin staining
was performed on frozen tissue sections using the reagents
and methodology provided by Abcam (ab245880 H&E stain kit,
2019 protocol).

Spectral acquisition

Needle core biopsies (approximately 0.1 x 0.5 ¢cm) from pro-
static adenocarcinoma tumours were sectioned in to
20 micron thick slices using a rotary cryostat (HM 550;
MICROM International GmbH, Walldorf, Germany) and placed
on magnesium fluoride slides. Spectra were acquired using a
Renishaw Invia Raman microscope (Gloucestershire, U.K.)
with a 100x dry objective (NA 0.9) (Leica Microsystems,
Wetzlar, Germany). All spectra were acquired using a 785 nm
diode laser (~30 mW laser power and 0.5 mW pm™> laser
power density at sample), 30 seconds acquisition time, and 1
acquisition accumulation per point. The instrument was wave-
number-calibrated using a silicon sample with known peak
shifts. For each biopsy slice analysed, 3-5 randomly selected
regions were chosen (without prior knowledge of disease/non
disease regions) and Raman spectra acquired from a 120 pm?>
area, using 15 micron step size (8 x 8 grid). Spectra were
acquired over the range of 450-1800 cm™'. Table 1 shows a
summary of spectral parameters used in this study.

Pathology assessment of paired H&E stains

H&E staining was required in order to make a pathological
assessment of tissue and assign regions of Raman data as
benign or malignant. H&E stained tissue sections were
acquired by cutting a 5 micron thick tissue section as a serial
section immediately after a 20 micron slice was cut for Raman
spectroscopy. This allowed for augmentation of the two tissue
sections. During pathology assessment of Raman paired H&E
stained biopsies, regions were assigned the category “benign”
if no abnormal cells were observed in a given area. As all
patients in this study had previously been diagnosed with
intermediate risk prostate cancer, it was expected that H&E

This journal is © The Royal Society of Chemistry 2026
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Table 1 Summary of Raman acquisition and sample preparation
parameters

Parameter Description

Sample type Needle core prostate biopsy (~0.1 x 0.5 cm)
Section thickness 20 pm (cryostat sectioned)

Substrate Magnesium fluoride slides

Instrument Renishaw InVia Raman microscope
Objective 100x dry (NA 0.9)

785 nm diode laser
~30 mW (0.5 mW pm™* at sample)
30s

Excitation wavelength
Laser power
Acquisition time

Accumulations 1 per spectrum

Calibration Silicon standard (wavenumber calibration)
Sampling regions 3-5 per biopsy (randomly selected)
Mapping area 120 um? (8 x 8 grid, 15 um step)

Spectral range 450-1800 cm™*

assessment of the tissue sections with paired Raman analysis
would present Gleason scores ranging from 6-8. As such,
regions identified as Gleason pattern 3 or pattern 4 were
assigned to the category “malignant”. The H&E stain produced
from flash-frozen OCT-embedded tissue (5 micron thickness)
was not of sufficient quality to confidently discriminate
between Gleason pattern 3 and Gleason pattern 4 tissue.
Therefore, no distinction was made between Gleason pattern
and all diseased regions were assigned “malignant”. In cases
where no pathological assignment could be made confidently,
regions were assigned “undetermined” and Raman measure-
ments from those regions were discarded from the dataset.

Spectral processing and analysis

Spectra which contained cosmic rays or saturation were
removed prior to spectral processing, as in previous studies.?”
In-house algorithms were used in the estimation and subtrac-
tion of spectral background due to fluorescence and to shift
the spectra to account for calibration drifts over time (based
around the 1003 ecm™" phenylalanine peak). Background sub-
traction was performed using a modified version of the signal
removal method described by Schulze et al.® An initial esti-
mate of the baseline was performed by applying a Savitsky-
Golay filter with a window size of 7% of the total range of the
data (582 points). This process provides a separation
threshold, wherein data above the threshold is deemed signal
and data below the threshold is deemed to be noise. Any data
above the threshold is replaced with the value of the SG filter
BL estimate at that point (i.e. the signal is removed). This
process is then repeated on the modified data set for 20 iter-
ations (as this number of iterations resulted in no further
change of the BL estimate), providing a final estimate of the
background spectrum which is then subtracted from the orig-
inal data. The spectra were then normalised such that the area
under the curve was equal to 1. Finally, Savitsky-Golay filtering
(window size = 3, order = 1) was used to smooth the data.
Group and basis restricted non-negative matrix factorisation
(GBR-NMF) was performed on the spectra in order to decom-
pose the data matrix, X, into three lower rank matrices such
that,
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X ~ WAS (1)

These three matrices included the chemical bases respon-
sible for variation in the spectra (S), a matrix responsible for
scaling the bases (A4), and the scores on the bases representing
the contribution of each chemical to each spectrum (W).
GBR-NMF modelling was carried out using publicly available
code for R version x64 3.6.1, as previously reported.’” Each of
the biochemicals modelled in this study are listed in Table 4
and are assigned a compound class (protein, lipid, carbo-
hydrate, nucleic acid). Biochemicals which are discussed in
detail throughout this manuscript are highlighted in grey.

Statistical analysis

Mann-Whitney U-test was applied to assess statistical signifi-
cance between biochemicals pre- and post-treatment. This test
determines if there is a statistically significant difference in
median score for each biochemical between two independent
groups. This test was chosen as it is non-parametric and
makes no assumption that the data is normally distributed. A
standard Bonferroni correction was applied as all biochemi-
cals were assessed for statistically significant difference in
median score between: benign and malignant tissue, and pre-
and post-treatment groups. Statistical significance was dis-
played as: p < 0.005 ***, p < 0.01 **, p < 0.05 *, n.s. = not sig-
nificant. This is the case for all statistical significance metrics
shown in this manuscript unless otherwise stated.

Results

Raman spectroscopy identifies f-carotene as a marker of
malignant prostate tissue

Raman spectroscopy (RS) was employed to derive biochemical
profiles from core needle biopsy samples, encompassing both
benign and malignant areas, from patients diagnosed with
intermediate-grade prostate cancer (PCa). Data were obtained
from two biopsies: a pre-treatment biopsy with no prior radi-
ation exposure and a post-treatment biopsy exposed to a single
radiation dose of 13.5 Gy. Due to the inherently heterogenous
nature of prostate tumour biopsies and loss of data due to
poor quality spectra, not every individual yielded both benign
and malignant tissue for analysis. Table 2 details the count of
Raman spectra obtained from each tissue category (pre-treat-
ment, post-treatment, benign, and malignant) for each individ-
ual. Two adjacent tissue sections were collected, one for RS
(20 microns) and one for histopathology (5 microns). This
facilitated confirmation of the pathology associated with the
RS data (e.g., benign, malignant, or undetermined). Tissue
which was not classified as either benign or malignant was
discarded and not included in further analyses. Typically, 3-5
small tissue areas (approximately 120 um?®) from each biopsy
were subjected to RS analysis, generating roughly 10-60
spectra per region after filtering for cosmic rays and low
signal-to-noise ratios. Fig. 1C illustrates an example of RS
spectra derived from five different areas within a single biopsy,
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Table 2 Number of Raman spectra obtained from each individual

patient from regions of benign and malignant tissue from both pre-
treatment and post-treatment (13.5 fly) biopsies

Patient Pre Pre Post Post
number benign malignant benign malignant
102 687 — 635 —
106 60 70 10 33
115 61 203 220 —
116 188 84 — 104
120 536 — 199 46
121 147 279 117 248
124 — 256 248 117
140 — 45 — 171
157 — 68 47 103
158 85 — 76 —
164 29 — 42 20
178 8 — 24 —
181 68 — 34 —
188 — 52 11 —
196 — — 37 —
198 — 3 17 16
199 3 — 46 —
200 — 17 6 41
201 70 85 37 89
203 13 2 129 60
Total 1955 1164 1935 1048

as shown in Fig. 1A (RS) and B (matching histology). In the RS
evaluation of 40 biopsies across 20 patients, distinctive spec-
tral features were identified between benign and malignant
tissue regions. Fig. 1C provides an example, where the average
spectrum from a benign tissue area is indicated in red, and
the average spectra from four separate malignant areas are
shown in black. The shadowed spectra illustrate +1 standard
deviation for each region. From Fig. 1C, it is evident that each
malignant area exhibited several spectral features not present
in the benign tissue spectra, specifically at 957 cm™,
1157 em™ " and 1524 cm™". This observation held true for all
biopsies analysed in this study.

In this study, Group and Basis Restricted Non-Negative
Matrix Factorisation (GBR-NMF)*"** was utilised to enhance
the understanding of the biochemical differences contributing
to the distinct spectral features between benign and malignant
prostate tissue. GBR-NMF is a dimensionality reduction
method that yields scores corresponding to the relative abun-
dance of a selected library of biochemicals.>” Throughout this
manuscript, the term biochemical scores refers specifically to
these GBR-NMF-derived values. In contrast, spectral features
refer to features extracted directly from Raman spectra without
deconvolution or dimensionality reduction. Drawing from
current research®® and Raman spectra (Fig. 1E), it was hypoth-
esised that the spectral features at 957 cm™", 1157 ecm™*, and
1524 cm™" observed in malignant tissues could be attributed
to carotenoid compounds. The spectral profiles of three caro-
tenoids: carotene, lycopene, and retinol, were incorporated
into an existing library of biochemicals for GBR-NMF model-
ling of Raman spectra collected from prostate tissue. The
structure and corresponding Raman spectra of these com-

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 A. Tissue section used for Raman acquisition. Each circle represents a sampled region (approximately 120 um?). Black regions have been
matched with pathology analysis (B) and determined to be malignant, red region has been deemed benign. B. Haematoxylin and eosin stain of OCT-
embedded 5 micron section of core-needle biopsy from prostate tumour. C. Average Raman spectrum of each region shown in (A, top to bottom =
1-5) showing distinct spectral features at 957 cm™, 1157 cm™ and 1524 cm™. Shadow spectrum represents +1 standard deviation of spectra
acquired from each region. D. Structure of carotenoid molecules. E. Raman spectrum of each carotenoid molecule shown in (D) with prominent

spectral features identified.

pounds are presented in Fig. 1D and E, respectively. Fig. 1E
illustrates that f-carotene and lycopene have a pronounced
spectral feature at 1524 cm™". Moreover, lycopene and retinol
revealed less pronounced peaks at 957 cm™". The spectral fea-
tures at 1001 cm™ ' and 1157 em™ "' are observed in all three
compounds. Tentative band assignments for the three most
prominent carotenoid peaks are shown in Table 3. The simi-
larity in the Raman spectra of the carotenoid compounds can
be attributed to their analogous chemical structures, as
depicted in Fig. 1D. However, this similarity in spectral profile
is unlikely to influence the outcomes of GBR-NMF modelling,
as indicated by our previous work.>®

Application of GBR-NMF to RS data collected from the indi-
viduals listed in Table 2 revealed distinct biochemical profiles
of benign and malignant tissue. Of the 34 biochemicals
included in GBR-NMF modelling (including a single uncon-
strained basis spectrum to allow the model flexibility*’), 5 bio-
chemicals were significantly differentially expressed (Mann-
Whitney U Test) between benign and malignant tissue, in the
pre-treatment dataset. The biochemicals which were differen-
tially expressed were: palmitic acid, phosphatidylserine, lyco-
pene, retinol and p-carotene. This data is illustrated in Fig. 2.
The most distinctive differences in tissue composition were

This journal is © The Royal Society of Chemistry 2026

evident in p-carotene and phosphatidylserine (PS) wherein
malignant tissue displayed much higher scores for each bio-
chemical. In the post-treatment dataset, p-arotene scores
differed significantly between tissue type, however there was
no significant difference in PS scores between benign and
malignant tissue. Other biochemicals which were differentially
expressed between benign and malignant tissue in the post-
treatment dataset were: glutathione, histidine and methionine.

Biochemical signatures differ in malignant and benign
prostate tissue after a single dose of 13.5 Gy HDR-
brachytherapy

Each participant in this study underwent both pre-treatment
and post-treatment biopsies, from which Raman spectroscopic
data and corresponding histological annotations were
obtained. Given that distinct spectral differences and, conse-
quently, significant variations in GBR-NMF scores—were
identified between benign and malignant tissue regions, it was
hypothesised that the same analytical framework could be
applied to assess treatment-induced alterations in biochemical
profiles between pre- and post-treatment samples, for both
benign and malignant tissues. In HDR-BT research, the dose
response relationship of both benign and malignant tissue
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Table 3 Assignment of characteristic carotenoid Raman bands with
standard mode notation

Raman shift Associated
(em™) Vibrational description carotenoids
957 pCH; rocking coupled with C-C ~ Lycopene, p-carotene
skeletal vibrations
1157 v,C-C stretching along the con-  Lycopene,
jugated backbone f-carotene, retinol
1524 v;C=C stretching of conjugated  Lycopene, p-carotene

polyene chain

Table 4 Classification of biochemicals (ordered as per Fig. 2)

Biochemical Compound class
Alanine Amino acid
Arginine Amino acid
Asparagine Amino acid
Aspartic acid Amino acid

Citric acid

Organic acid (TCA cycle metabolite)

Coenzyme A Metabolic cofactor

Collagen Structural protein (extracellular matrix)
Cysteine Amino acid

DNA Nucleic acid

Glucose Carbohydrate (monosaccharide)
Glutamic acid Amino acid

Glutathione Peptide (tripeptide antioxidant)
Glycerol Lipid backbone (polyol)

Glycogen Carbohydrate (polysaccharide)
Histidine Amino acid

Isoleucine Amino acid

Lactose Carbohydrate (disaccharide)
Mannose Carbohydrate (monosaccharide)
Methionine Amino acid

Oleic acid Lipid (monounsaturated fatty acid)
Palmitic acid Lipid (saturated fatty acid)
Phenylalanine Amino acid

Phosphatidylcholine Phospholipid

Phosphatidylserine Phospholipid
Phosphatidylinositol Phospholipid

Serine Amino acid

Stearic acid Lipid (saturated fatty acid)
Triglycerides Neutral lipid (triacylglycerol)
Tryptophan Amino acid

Tyrosine Amino acid

Valine Amino acid

Lycopene Carotenoid (tetraterpene pigment)
Retinol Carotenoid (vitamin A)

B-Carotene Carotenoid (provitamin A tetraterpene)

Biochemicals which are discussed in detail in this study are
highlighted by grey rows.

remains a poorly understood area. To address the question of
how benign and malignant tissue responds to a single dose of
13.5 Gy HDR-brachytherapy (HDR-BT), RS data from each indi-
vidual were split into four categories: pre-treatment benign,
pre-treatment malignant, post-treatment benign and post-treat-
ment malignant. GBR-NMF modelling was applied to the
entire data set. The scores for each biochemical were assessed
for statistically significant differences between pre-and post-
treatment data in the benign and malignant groups separately.
This analysis revealed 8 biochemicals which were differentially
expressed (Mann Whitney U test, p < 0.05) between pre- and
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post-treatment data in benign tissue: citric acid, collagen,
cysteine, DNA, glycerol, palmitic acid, tryptophan and lyco-
pene. Similarly, in malignant tissue, 3 biochemicals were
differentially expressed between pre- and post-treatment data:
phenylalanine, stearic acid and retinol. Tukey style boxplots
depicting the median score for the sub-groups of data for the
aforementioned biochemicals are shown in Fig. 3. As some
individuals did not yield data from all four categories, the
dataset was reduced to include only the individuals which had
both pre- and post data for benign tissue (12/20 individuals)
and malignant tissue (10/20 individuals). Reduction of the
dataset resulted in 4 biochemicals which were significantly
different between pre- and post-treatment tissue in the benign
dataset (citric acid, glycerol, palmitic acid and lycopene) and 1
biochemical in the malignant dataset (retinol). The difference
in score for each biochemical and each individual is shown in
Fig. 3 (right) wherein each point represents a single patient.
Red points indicate an increase in expression post-treatment
whereas blue points indicate a decrease in expression post-
treatment. Error bars represent +1 standard deviation of all RS
measurements acquired from an individual.

Discussion

Raman spectroscopy (RS) was used in combination with
GBR-NMF modelling® to interrogate the biochemical profile
of prostate tissue from benign and malignant regions prior to,
and two weeks after a single 13.5 Gy dose of HDR-brachyther-
apy (HDR-BT). Pathology analysis was achieved through serial
sectioning of prostate tissue. This allowed for reasonable
classification of tissue as benign or malignant and therefore
stratification of RS data according to tissue type.

Initial analysis of RS profiles of benign and malignant
tissue revealed distinct differences in Raman spectra between
the two groups. Most notably, large differences were observed
at 957 em™', 1157 cm™" and 1524 cm™" as shown in Fig. 1C,
wherein all peaks showed greater intensity in malignant areas
of tissue. Analysis of relevant literature and inclusion of three
carotenoid compounds in the GBR-NMF spectral library
(Fig. 1D & E) revealed f-carotene and PS to differ significantly
between pre-treatment benign and malignant prostate tissue
(Fig. 2). In recent years, there has been significant interest in
the role of phospholipids in both diagnosis and prognosis of
prostate cancer. Phospholipids, such as phosphatidylcholine,
phosphatidylethanolamine, phosphatidylinositol, PS, and
sphingomyelin play a critical role in the plasma membrane of
both healthy and malignant cells. PS has gained particular
attention due to its presence on the exterior membrane of
prostate cancer cells, a feature not observed in healthy cells.
This unique feature of PCa allows for selective targeting of PCa
cells, whilst sparing healthy cells, thus making PS a candidate
for selective therapies.® As altered PS expression is a hallmark
of PCa, it is therefore plausible that RS combined with
GBR-NMF identified PS as one of two distinguishing biochemi-
cals between malignant and normal tissue. Interestingly, PS

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Tukey style boxplot displaying the scores for 33 biochemicals obtained from RS analysis of benign (red) and malignant (black) tissue from all
individuals with available data. Asterisks represent p-values (p < 0.005 ***, p < 0.01 **, p < 0.05 *, n.s. = not significant) for pre-treatment prostate
tissue (top) and post-treatment (13.5 fly) prostate tissue (bottom). Mean scores are relative flBR-NMF scores and are comparable within
biochemicals.
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Fig. 3 Left: Tukey style boxplots depicting the median score for pre-treatment biopsies (purple) and post-treatment biopsies (blue) for benign (top)
and malignant (bottom) datasets. Biochemicals shown are those which were statistically significantly different between pre- and post-treatment
data (Mann—Whitney U test). Right: The difference in score for each individual. Multiple spectra were acquired for each individual biopsy from the
same patient, therefore the difference score here is the median post-treatment score minus the median pre-treatment score, for both benign and
malignant tissue types. Each point represents a single patient. Red points indicate an increase in expression post-treatment and blue points indicate
a decrease in expression post-treatment. Error bars represent +1 standard deviation of all RS measurements acquired from an individual. Asterisks
indicate biochemicals which remained statistically significant when the dataset was reduced to contain only individuals with both pre- and post data

for each tissue type.

did not differ between benign and malignant tissue in the
post-treatment data subset (Fig. 2). This could be due to
initiation of cell death within malignant regions after
HDR-BT, and therefore the presence of fewer functioning
malignant cells capable of altered PS expression. This is a
particularly interesting difference between the pre- and post-
treatment samples as the individuals involved in this study
have received only a single fraction of 13.5 Gy. This obser-
vation could therefore provide insight to the involvement of
PS as a lipid involved in early radiation response. Whilst not

Analyst

a novel candidate as a marker of PCa, this result is well docu-
mented in current literature and therefore highlights the
potential of RS as a reliable method of tissue characterisation
in oncology applications. Most investigations which endea-
vour to produce a metabolic profile of PCa focus exclusively
on serum analysis.*® Whilst serum is obtained more readily
than excised tissue, metabolic and biochemical profiling of
PCa tissue could aid in better understanding of the tumour
environment and identification of potential therapeutic
targets.

This journal is © The Royal Society of Chemistry 2026
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In contrast to PS, p-carotene, which was identified as a
marker of PCa by RS, has not been well researched in terms of
specific association with PCa as a diagnostic or prognostic bio-
marker. A 2020 study by Correia et al.*' showed that patients
with PSA levels above 4.0 ng mL™' had greater carotenoid
content in their blood serum as opposed to patients with a
normal PSA range of <4.0 ng mL ™. In this study, we identified
B-carotene alongside PS as the two most significant differen-
tially expressed biochemicals (out of a total library of 34 bio-
chemicals) between normal prostate tissue and malignant
prostate tissue, in a cohort of 20 patients (Fig. 2). Carotenoids
are antioxidants obtained from many edible plants and fruits.
Among them, p-carotene, lycopene and retinol (vitamin A) are
some of the most widely studied in terms of their association
with risk of developing cancer. Early research in this area
focused on dietary intake of carotenoids and the associated
increased or decreased risk of developing certain cancers,*?
such as lung,*® breast,""*® and prostate cancer.*®™*® However,
more recent research has focused on carotenoids as thera-
peutic agents or prognostic markers. For example, Morasso
et al® identified decreased carotenoid expression in dried
plasma as a marker of colorectal cancer. Many studies have
claimed lycopene to play a role in reduced tumour prolifer-
ation and favourable prognosis®! due to inhibition of PCa cell
growth®® and altered metabolism.>® Similarly, serum retinol
levels have been positively associated with increased risk of
prostate cancer in multiple studies.>*>® Most research in this
area has focused on serum concentration of carotenoids and
therefore the link between carotenoids as a marker of malig-
nant prostate tissue and the role carotenoids play in the
tumour environment remains unclear. A major finding of this
investigation was that both f-carotene and PS expression was
significantly higher in malignant tissue than in benign pros-
tate tissue. This was observed in both the Raman spectrum
(increased peak intensity at 954, 1157 and 1524 cm™ ") and the
GBR-NMF modelling of the data, which provides greater speci-
ficity over spectral interpretation. Whilst greater PS content in
malignant prostate tissue may be unsurprising, p-carotene has
not yet been established as a marker of malignancy in PCa and
warrants further investigation as a potential therapeutic target.
Based on existing literature,”” it can be hypothesised that
B-carotene is involved in the altered lipid metabolism observed
in prostate cancer due to its strong lipophilic nature and
dependence on lipid transport and storage systems such as
lipoproteins and cellular membranes. Prostate tumours are
known to undergo extensive lipid metabolic reprogramming,
including increased lipid uptake, de novo lipogenesis, and
membrane remodelling, which may create conditions that
favour the accumulation or altered distribution of p-carotene
within malignant tissue. Within this framework, observed
differences in p-carotene levels between benign and cancerous
prostate tissue may reflect downstream consequences of
tumour-associated lipid dysregulation and oxidative stress.

Higher methionine content in malignant regions aligns
with current research on increased uptake of methionine in
PCa cell lines when compared with normal cells.>® Conversely,
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lower levels of glutathione and histidine in PCa is in contradic-
tion to many other studies which have created a metabolic
profile of PCa, however it is worth noting that most of these
studies focused on serum analysis.’***® Generally, research
involving the role of lycopene and lycopene metabolism in PCa
has been conflicting and there is insufficient evidence to deter-
mine whether increased lycopene in pre-treatment malignant
tissue compared with pre-treatment benign tissue should be
expected. %102

In addition to creating a biochemical and metabolic profile
of benign and malignant prostate tissue, we also assessed how
each tissue type responded to a single dose of 13.5 Gy RT. This
dose was delivered to the prostate as the first fraction of a 27
Gy/2 fraction HDR-brachytherapy treatment regimen and post-
treatment biopsies were collected approximately 2 weeks after
the first fraction. The aim of this analysis was to determine
how the biochemical composition of both benign and malig-
nant tissue changed as a result of irradiation with a single
dose of 13.5 Gy, as this question remains largely unanswered
in HDR-brachytherapy research.®*%*

Analysis of RS data pre- and post-treatment revealed distinct
biochemical changes of both benign and malignant tissue.
Benign prostate tissue revealed significant differences in a
much greater number of biochemicals (citric acid, collagen,
cysteine, DNA, glycerol, palmitic acid, tryptophan and lyco-
pene) than for the malignant subtype. However, when only
patients with both pre- and post benign data were considered
(12/20 patients) the number of significant biochemicals
reduced to four (citric acid, glycerol, palmitic acid and lyco-
pene). The scores for each biochemical pre- and post-treatment
is shown as a boxplot in Fig. 3. Each patient contributes a
single point within the boxplot. Additionally, the change in
each biochemical score between pre- and post-treatment biop-
sies, per tissue type is shown for each individual in the right-
hand panel of Fig. 3. Only individuals with both pre-and post
data are shown, red points indicate an increase in score and
blue points indicate a decrease in score after RT. Considering
only the reduced patient group (12 individuals), nine patients
displayed an increase in lycopene and glycerol in post-treat-
ment benign tissue, one individual displayed a decrease in
average lycopene and glycerol score, however consideration of
the standard deviation of all RS measurements collected from
that individual results in error margins which could indicate a
slight increase in both lycopene and glycerol score post-treat-
ment. Two individuals exhibited a slight decrease in lycopene
and glycerol score post-treatment. This trend was similar for
citric acid, wherein 3/12 individuals exhibited decreased citric
acid in post-treatment benign tissue. Palmitic acid was gener-
ally found to decrease in post-treatment benign tissue, again
with the exception of 2 individuals. Increased citric acid in
benign prostate tissue as a result of radiation exposure could
be due to oxidative stress and effects on the citrate-orientated
metabolism of normal prostate tissue.®> We speculate that gly-
cerol and palmitic acid involvement may be due to apoptosis
and/or altered lipid signalling and phospholipid remodelling
to promote radiation resistance.®®®” The role of lycopene in
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benign prostate tissue response is unclear, however increased
lycopene could provide protective effects against oxidative
stress and DNA damage.®®

Analysis of malignant prostate tissue initially revealed
phenylalanine, stearic acid and retinol as biochemicals with
significant changes in expression after radiation. However,
reduction of the dataset to include only those patients with
both pre- and post-treatment data (10/20 patients) reduced this
list to only retinol. From Fig. 3 it can be seen that with the
exception of one individual (patient 106), all other individuals
exhibited increased levels of retinol post radiation. Studies
investigating the link between retinol and PCa prognosis are
limited and have produced mixed results. For example, a 2011
study by Mondul et al.®® found higher serum retinol to be
associated with elevated risk of developing prostate cancer,
whilst Schenk et al.” found higher levels of serum retinol to
be correlated with decreased risk of developing aggressive
prostate cancer. A 2016 study by Li et al.”* found retinol inhib-
ited the growth of PC-3 prostate cancer cells. Research evaluat-
ing retinol involvement in radiation therapy is extremely
limited. The interaction between retinol pathways and radi-
ation-induced cellular damage remains an area for future
research. Further studies are needed to elucidate the effects of
radiation on retinol levels within prostate cancer tissues and to
understand the implications for cancer progression and treat-
ment outcomes.

Whilst we have shown here the potential of RS to character-
ise PCa tissue and assess the radiation response of different
tissue types, there are limitations to this study which should
be addressed. Firstly, no Gleason grading was provided during
pathology analysis. This is a limitation of OCT-embedded his-
tology which is required for RS analysis of adjacent sections of
tissue. We speculate that tissue composition may vary depen-
dent on Gleason grade and that this could alter the biochemi-
cal profile of the tissue. However, every patient included in
this study was deemed Gleason grade 6 or 7 e.g. intermediate
risk disease (based on FFPE H&E analysis of a separate diag-
nostic biopsy) and therefore we would not expect large discre-
pancies between tissue composition of these individuals based
on Gleason grade alone. Secondly, due to limited sampling of
tissue with RS due to time limitations with air-exposed tissue
as well as loss of data in the cleaning/processing stage, not
every individual yielded data from both tissue types and/or
treatment status, thus limiting the number of patients with a
full compliment of data available for analysis.

Conclusions

Complexity and heterogeneity of tissue composition in PCa is
still poorly understood and we have shown here the capabili-
ties of a RS based approach to profile and characterise PCa on
a biochemical level. As such, corroborating current research on
altered lipid metabolism and increased expression of PS in
PCa, as well as identification of f-carotene as a novel tissue
marker for PCa. Additionally, characterisation of both benign
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and malignant tissue in terms of radiation response to a
single dose of HDR-brachytherapy has revealed distinct bio-
chemical changes in benign and malignant tissue and revealed
carotenoids as a potential therapeutic target in the treatment
of PCa. The prevalence of carotenoids (p-carotene, lycopene
and retinol) as biochemicals which differed significantly in
expression between the different tissue types assessed in this
study merits further investigation. Future studies could endea-
vour to investigate the relationship between carotenoid
expression and treatment outcomes in PCa patients, specifi-
cally how this relates to treatment outcomes of HDR-
brachytherapy.
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