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Abstract

Surface-Enhanced Raman Spectroscopy (SERS) is a highly selective and sensitive
method that allows the tracking and identification of metabolites at low concentrations in
cellular models. In this work, radiation-induced metabolism changes were investigated by
SERS using the MCF-7 breast cancer cell line. SERS analysis was carried out on a time
course (1, 4, 8, 12-days post exposure) of supernatant samples from MCF-7 cell line
cultures previously exposed to either 5 or 20 Gy of ionizing radiation. A significant
radiation biomarker, hypoxanthine, was identified through principal component analysis.
The amount of hypoxanthine released into the extracellular environment increased over
time after exposure to ionizing radiation. A potential mechanism for hypoxanthine
production was suggested. Additionally, Caspase-3 inhibitor (Peptide Z-DEVD-FMK)
treatment was employed to improve MCF-7 cell viability following exposure to ionizing
radiation and to establish the relationship between the release of hypoxanthine and cell
apoptosis. This study provides a valuable preliminary assessment of the application of
SERS to study metabolic changes that can be extended in the future to human-derived

samples.
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Chapter 1. Objectives

Breast cancer is the most diagnosed cancer among women globally. The high
sensitivity and specificity of the SERS (Surface-enhanced Raman scattering) technique
make it possible to detect subtle changes in the metabolic profile of cancer cells, which can
reveal information about the disease progression and treatment response. In this thesis, the
SERS technique was used to analyze the metabolites released from the MCF-7 breast
cancer cells following radiation therapy. The aim was to gain insight into the underlying
mechanisms of irradiated breast cancer cell metabolism and identify potential biomarkers
that can be correlated to radiosensitivity. This type of insight can potentially improve
patient outcomes and advance the understanding and management of cancer.

This thesis is structured into five chapters. The first chapter outlines the objectives.
Chapter 2 provides an overview of the MCF-7 cancer cell line, the mechanism of radiation
therapy, the effects of caspase-3 inhibitor on cancer cells, a general review of Raman
scattering and SERS mechanism, the principles of coffee ring-based SERS substrates for
measurement, and the data analysis method (principal component analysis PCA). Chapter
3 will focus on experimental details, including MCF-7 cell culture, the collection of
supernatant samples from irradiated MCF-7 cells, and the use of caspase-3 inhibitor
treatment. Additionally, Chapter 3 will include the details of the SERS measurement setup.
Chapter 4 will present and analyze the results of the SERS measurements, including the
identification of potential biomarkers in cell metabolism and the investigation of biomarker
release during cell apoptosis. Finally, Chapter 5 will provide a brief conclusion and outline

the future work of this thesis.



Chapter 2. Introductions

2.1 Breast Cancer and MCF-7 Breast Cancer Cell Line

Breast cancer is a serious public health issue that affects millions of people globally.
It is the most diagnosed cancer in women and the leading cause of death among women.
Breast cancer can occur at any age and is a complex disease that is influenced by a variety
of genetic and environmental factors.! According to the World Health Organization
(WHO), in 2020, there were 2.3 million women diagnosed with breast cancer and 685,000
deaths globally.? As of the end of 2020, there were 7.8 million women alive who were
diagnosed with breast cancer in the past 5 years, making it the world’s most prevalent
cancer.?

The MCF-7 (Michigan Cancer Foundation-7) cell line is a commonly used breast
cancer cell line in the field of cancer research. The cell line was obtained from a patient
and was established in 1970 at the Michigan Cancer Foundation.?

The MCF-7 cell line has been widely used in a variety of research applications and
has made significant contributions to our understanding of the biology of breast cancer and
the development of new treatments for this disease. One of the most well-known
applications of MCF-7 cells is in the development of anti-cancer drugs.®* Researchers use
the MCF-7 cell line to test the ability of new drugs to inhibit the growth and survival of
breast cancer cells and investigate the drug action mechanisms. This allows the
effectiveness of new drugs to be determined before they are tested in animal models and
eventually in human clinical trials. Tengku Din et al. found that rapamycin may play an
anticancer role by inhibiting the growth and some morphological changes of MCF-7 cancer

cells.®> Jamalzadeh et al. found that artesunate significantly inhibits the growth of MCF-7



3
cells in a dose- and time-dependent manner through induction of apoptosis by intrinsic and

extrinsic caspase-dependent pathways.® MCF-7 cells are classified as hormone receptor-
positive breast cancer cells because they express both estrogen receptors (ER) and
progesterone receptors (PR).2 These receptors are proteins located on the surface of cancer
cells that can bind to the hormones estrogen and progesterone. In hormone receptor-
positive breast cancer, the growth and proliferation of cancer cells are influenced by
estrogen and progesterone.” The binding of these hormones to their respective receptors
can stimulate cell division and promote tumour growth. Consequently, hormone receptor-
positive breast cancers tend to exhibit a more indolent behaviour and respond well to
hormonal therapies that target the estrogen receptor pathway.®

In our experimental studies, we aim to examine the effects of radiotherapy on MCF-
7 breast cancer cells. Our experiment will involve culturing the MCF-7 cells in a laboratory
setting and exposing them to radiotherapy to induce stress in the MCF-7 cells and assess
the extracellular metabolism of resistant cells after exposure. The metabolism of the
surviving cells will be our research object. By studying the changes in extracellular
metabolism that occur in the surviving cells, we aim to gain a better understanding of the
cellular responses to radiotherapy and how these responses may impact the outcome of
radiotherapy in patients.
2.2 Radiation Therapy (Radiotherapy)

Radiation therapy, also known as radiotherapy, is a type of cancer treatment that
uses high-energy X-rays delivered through a linear accelerator to kill cancer cells. It is a
common and effective treatment option for many types of cancer, including breast, lung,

prostate, and head and neck cancer. Radiation therapy has a long and rich history dating
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back to the late 19th century. The discovery of X-rays by Wilhelm Rdntgen in 1895 marked

the beginning of the use of ionizing radiation in medicine.® Soon after, Marie Curie and
Pierre Curie discovered radioactivity and the therapeutic potential of radium.1° In the early
1900s, the first reported use of radiation therapy for the treatment of cancer was
documented, and by the 1920s, the first dedicated radiation therapy departments were
established in hospitals.!
2.2.1 Mechanisms of Action of Radiation Therapy

Radiation therapy operates through the utilization of the properties of ionizing
radiation. This form of energy possesses sufficient power to displace electrons from atoms,
thereby forming ions. Its mechanisms of action encompass both direct damage to DNA and
indirect DNA damage (shown in Figure 2.1).° ¥ The direct DNA damage is one of the
most important mechanisms of action of radiation therapy, which interferes with the cell’s
ability to divide and grow. Alternatively, by generating free radicals which are derived
from the ionization or excitation of the water component (80% of a cell is composed of
water) of the cells, ionizing radiation can also cause indirect DNA damage by oxidative

dress.12



Radiation

Direct action Indirect action
l Free radicals
Direct DNA damage Indirect DNA damage
NORNKEONOK Single strand breaks

WM Double strand breaks

Figure 2.1 Radiation mainly acts in two ways: direct effects and indirect effects.

The mechanism of DNA damage-induced apoptosis involves a complex interplay
of cellular signals and processes.'® When cells experience DNA damage, they activate a
variety of signalling pathways that trigger the process of apoptosis.'34> One of these
pathways includes the activation of enzymes known as caspases, which cleave and destroy
key cellular components, leading to the death of the cell.13416 This is the activation of
caspase-independent apoptosis.'® Specifically, it triggers caspases through the p53 protein
when DNA is damaged in mammalian cells. The DNA damage signalling network causes
the stabilization and activation of p53*’, which boosts the transcription of pro-apoptotic
genes, such as Puma'®>!® and Noxa®®. These genes produce BH3-only proteins® that
inactive anti-apoptotic Bcl2-family proteins®® and activate Bax or Bak!3, resulting in the

release of cytochrome C from the mitochondria®. The cytochrome C then binds to Apaf-
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1, leading to the formation of the apoptosome, which activates caspases and initiates

apoptosis?® (shown in Figure 2.2).

|

p53 protein

|

Puma, Noxa (Pro-apoptotic genes)

Cytochrome C released from mitochondria

}

Apoptosome

|

Caspase

|

Apoptosis

Figure 2.2 Mechanism of activation of caspase-dependent apoptosis by DNA damage.

2.2.2 Caspase-3 Inhibitor (Peptide Z-DEVD-FMK)

In our experimental studies, we aimed to not only examine the metabolic profiles

of radiation-resistant cells at different time points post-therapy but also to determine the

origin of these metabolites. Specifically, we wanted to determine if the metabolic profiles

we collected were produced by alive or apoptotic cells.

In order to achieve this goal, we used a Caspase-3 inhibitor (Peptide Z-DEVD-

FMK) to inhibit the MCF-7 cell apoptosis after the cells got irradiated. Caspases are a

family of cysteine proteases that play a key role in the process of apoptosis or programmed

cell death.
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Caspase-3 inhibitor (Peptide Z-DEVD-FMK) is a peptide that acts as an inhibitor

of the caspase-3 enzyme.?! The caspase-3 inhibitor Peptide Z-DEVD-FMK works by
binding to the active site of caspase-3, blocking its enzymatic activity.?? This effectively
prevents caspase-3 from cleaving its target substrates, which are proteins that are involved
in the regulation of apoptosis.?? By blocking caspase-3 activity, Peptide Z-DEVD-FMK
can inhibit apoptosis and preserve cell survival. This method ensures the improvement of
cell viability after ionizing radiation, allowing the determination of whether the collected
metabolic markers are from live cells.

2.2.3 Intensity of Radiation Therapy

One important aspect of radiation therapy is the dose intensity, which refers to the
amount of radiation delivered to the patient. The goal of radiation therapy is to deliver
enough radiation to destroy cancer cells while minimizing damage to healthy tissues.
Hence, radiation is typically delivered in smaller doses over a longer period. This is known
as fractionated radiotherapy.?

The dose in radiation therapy is determined by several factors, including the type
of cancer being treated, the location of the cancer in the body, and the patient's overall
health. The radiation oncologist, who is the doctor responsible for designing and
overseeing the radiation therapy plan, takes all of these factors into consideration when
determining the appropriate dose intensity.?* In general, the dose intensity of radiation
therapy is expressed in units of gray (Gy).2° One gray is equivalent to the absorption of one
joule of radiation energy per kilogram of tissue.?® The total dose of radiation delivered
during a course of radiotherapy is typically between 45-60 Gy,?® with smaller doses given
each day over a period of several weeks. In our experimental studies, two different doses

of ionizing radiation: 5 Gy (weak) and 20 Gy (strong) were chosen to expose on the MCF-
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7 breast cancer cell line. These doses were chosen to examine the effects of varying levels

of radiation on breast cancer cells.
2.3 Raman Scattering

Raman scattering is named after its discoverer, the Indian physicist C. V. Raman?’,
who first observed the effect in 1928. Raman was working on understanding the scattering
of light in liquids and noticed that a small fraction of the scattered light had a different
frequency (inelastic scattering) than the incident light. He attributed this shift in frequency
to the scattering of light by the molecules in the liquid, which caused the molecules to
vibrate and emit scattered light at slightly different frequencies. This discovery opened a
new field of study in spectroscopy, known as Raman spectroscopy, which has become a
powerful tool for studying the vibrational and rotational properties of molecules in a wide
range of fields, from chemistry and physics to materials science and biology.

Jablonski diagrams (shown in Error! Reference source not found.) are energy-
level diagrams that illustrate the various quantum states and possible transitions in
molecules. They can be used to explain the principles of Rayleigh scattering, Stokes

scattering, and anti-Stokes scattering.



_________________________________________________ A ..._..... \Virtual states
A A
B
2
& (@ (b) (c)
A 4 % Vibrational states
0 Ground state
Rayleigh scattering Stokes scattering Anti-Stokes scattering
(elastic) (inelastic) (inelastic)

Raman scattering

Figure 2.3. Schematic Jablonski diagrams illustrating the processes of Rayleigh and Raman
scattering.

Rayleigh scattering is the dominant process in the majority of scattering events. In
this case, the energy of the molecule is unchanged after interaction with the photon. On a
Jablonski diagram, Rayleigh scattering (Error! Reference source not found.a) is
represented as the molecule being excited to any virtual state and relaxing back to its
original state so that the scattered photon has the same energy as the incident photon. In
Stokes scattering (Error! Reference source not found.b), the incident photon takes the
molecule to an excited virtual state. Then the molecule relaxes back to a higher vibrational
state than it had originally, emitting a photon with lower energy than the incident photon.
The energy difference between the initial and final states is a vibrational quantum that is
further released as heat once the molecule relaxes to the ground vibrational state. In anti-
Stokes scattering (Error! Reference source not found.c), the molecule begins in a
vibrationally excited state and is excited to any virtual state. However, the molecule relaxes
back to a lower vibrational state than it had originally and the scattered photon leaves with

higher energy than the excitation photon.
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From a quantum mechanical perspective, Stokes and anti-Stokes transitions are

equally likely processes. However, in fact, anti-Stokes scattering is less frequent than
Stokes because it requires the molecule to be in a vibrationally excited state before the
photon interacts with it. The anti-Stokes signal is then weaker in intensity, and it is often
filtered. As a result, Raman measurements usually rely only on Stokes scattering. The
relative intensities of Rayleigh, Stokes and anti-Stokes scattering can be seen in Figure
2.4. The energy difference between the incident and scattered light (vibrational frequency)
is called “Raman shift” and it is typically presented in wavenumber (cm) in a Raman

spectrum.

Raman shift
(stokes)
=1/ )\0 -1 /}\stokes

Raman shift
(anti-stokes)

=1/ Ao - 1/ Aanti-stokes

}\anti-stokes }\0 }\stokes

Figure 2.4. The relative intensity of the Stokes and anti-Stokes scattering relative to Rayleigh

scattering.

2.4 Classical Raman Theory
The classical theory of electromagnetic radiation posits that oscillating electric and
magnetic fields at a particular frequency can give out electromagnetic radiation of the same

frequency. This theory can be applied to explain light scattering phenomena. For most
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systems, only an induced electric dipole moment p is taken into consideration. This dipole

moment which is induced by the electric field E could be expressed by the power series:

p=p®+ u@+ @+ ... (Equation 1)
where
wW=qa-E (Equation 2)
wa:%B.EE

u®= % v - EEE

The polarizability tensor, denoted by o, is a second-order tensor whose components
are measured in the unit of CV-m?2. The orders of magnitude for the components o, B and
yare 1040 CV-1m?, 100 CV-?m?3and 10! CV-3m*. Based on these values, the contributions
of n@ and u® are negligible unless the electric field is extremely high. As Rayleigh and
Raman scattering can be observed at much lower electric field intensities, it is reasonable
to explain these phenomena in terms of u® only.

Next, how a molecular system interacts with a harmonically oscillating electric
field at the frequency wowill be considered. The vibrational part will be considered while
the rotation will be ignored. Since the polarizability of the system is anticipated to vary
with the nuclear coordinates, we can express the changes in the components of the

polarizability tensor with respect to the vibrational coordinates using a Taylor series.

aai]‘
0Qx

2w Yo QkQ + - (Equation 3)

1
+ —
Jo Q« 2 2ki (6Qk oQ

ajj = (ajlo + 2k (
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where (aj;)o is the aj; value at the equilibrium configuration, Qk and Qi are normal

coordinates of vibration at frequencies wk, 1. To simplify the calculations, we will assume
a harmonic approximation and disregard terms which involve powers of Q higher than the

first. After initially fixing our attention on one normal mode, Qx, we could get

A )
;.= (oo + (5g Do Q (Equation 4)
Since for a harmonic vibration:
Qk = Qxo COS(wkt+0k) (Equation 5)

We could get the expression of a tensor resulting from k-th vibration:
dajj .
i = (a5)0 + (a%;)o Qko coS(wkt+dk) (Equation 6)

Therefore, according to Equation 2, under the influence of electromagnetic radiation at

frequency wo, the induced electric dipole moment u® is expressed:

u® = ok - Eo coswot = ao-Eo coswot + (Z%)O - EoQxo cosmo tcos(mkt+ak)t =
k

ao-Eo coswot + = ( )0 EoQko cos(wot+ wkt + dk) + = ! (aak)o EoQxo cos(wot - @kt - dk)

(Equation 7)

We can see that the linear induced dipole moment p® is comprised of three

components with different frequencies. ao-Eo coswot gives rise to radiation at wo and

accounts for the Rayleigh scattering. - ( )0 EoQko cos(mot+ wkt + 6k) gives rise to

radiation at wotwk and accounts for the anti-Stokes Raman scattering. - (ao“‘)0 EoQxko
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cos(mot - wkt - dk) gives rise to radiation at wo-wk and accounts for the Stokes Raman

scattering.

These mathematical manipulations provide a helpful qualitative description of the
mechanisms behind Rayleigh and Raman scattering within the context of classical radiation
theory. Rayleigh scattering results from the dipole of the molecule oscillating at frequency
wo due to the electric field of the incident radiation. On the other hand, Raman scattering
arises due to the dipole moment oscillating at frequencies wo £ wk, which is produced by
the interaction between the dipole oscillation at wo and the molecular vibration at frequency
ok. In other words, the frequencies observed in Raman scattering represent beat frequencies
of the radiation frequency wo and the molecular vibrational frequency .

2.5 Surface-enhanced Raman Scattering

Surface-enhanced Raman scattering (SERS) was first observed in the mid 1970s,
when Fleischmann et al. reported a dramatic enhancement of the Raman scattering signal
from pyridine molecules adsorbed on roughened silver electrodes.?® It is widely
acknowledged that the enhancement is primarily driven by two main processes: the

electromagnetic and the chemical mechanism.
2.5.1 The Electromagnetic (EM) Mechanism

Electromagnetic (EM) enhancement arises from the interaction between the
incident light and the free-electrons present in the substrates (e.g., metallic nanoparticles)
used in SERS. When metallic nanoparticles are irradiated by an incident light that
resonantly matches the frequency from the collective oscillations of conduction band
electrons, a highly localized and enhanced electromagnetic field is produced in the vicinity
of the nanoparticles. This phenomenon is known as localized surface plasmon resonance

(LSPR). The location of the plasmon resonance (wp) is a function of the free carrier density
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(N) of the substrate, with m* representing the effective mass of the charge carriers

(electrons or holes)?°:

47TN€2)1/2

w, = (soom* (Equation 8)

Metals such as Ag, Au, and Cu have the highest free carrier densities (ranging from 10-2?
to 102 cm3), which makes them accessible to plasmon resonance in the visible region. As
a result, they are frequently used as plasmonic substrates for SERS.

Schliicker®® has described how the fundamental physics of the driven harmonic
oscillator can qualitatively explain the concept of the LSPR-magnified field. In summary,
when resonant elastic light scatters off a metallic sphere, an increased local field Eioc
relative to the incident field Eo is generated at the metal surface. This enhanced
electromagnetic field is the basis of EM-based SERS in plasmonic substrates, where both
incident laser and Raman scattering light are electromagnetically enhanced in two
successive steps. The first step involves local field enhancement near the plasmonic
nanoparticles at the resonant incident frequency (wo), while the second step involves the
further enhancement of Raman scattered light when the Raman frequency (wr) overlaps
with the plasmon resonance. Since the frequencies of the incident laser light and Stokes
Raman scattering in the probe molecule are similar (w0 ~ wr), the signal intensity
enhancement (Im) is roughly proportional to the fourth power of the local field amplitude

(Etoc / Eo), as described by the equation below:

| _|Eloc0)0|2|Eloc(9R|2~ |Eloc(DR|4
T |Bowol?lEqwrl2 T |Egwol*
0®o 0®R 0®o

(Equation 9)

It is worth mentioning that the degree of enhancement is not influenced by the

characteristics of the analyte molecules. Instead, it is dictated by the intensity of the
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electromagnetic fields when plasmonic metals are present. These fields can be adjusted by

manipulating factors such as the morphology of nano-structures, dielectric functions, and
interparticle plasmonic coupling. By doing so, it is possible to create electromagnetic hot
spots between adjacent metal particles.

2.5.2 The Chemical Mechanism

The chemical mechanism (CHEM) involves the intrinsic features of the adsorbate
and the new properties arising when the adsorbate is combined with the substrate
(adsorbate—metal complex) under the effect of the incident light. It is not compulsory for
the substrate to be plasmonic, rough or nanostructured for the CHEM to occur.3! So far,
the primarily recognized contribution to the CHEM mechanism arises from the charge
transfer (CT) between the metal and the molecule of interest. When the molecule is
chemisorbed to the surface, the incident light is able to excite an electron from the highest
occupied molecular orbital (HOMO) into lowest unoccupied molecular orbital (LUMO)
through indirect coupling with the metal (Shown in Figure 2.5). Alternatively, the incident
light may be in resonant with the molecule-metal complex and can directly excite an

electron from the HOMO into an unoccupied orbital.
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Figure 2.5. Schematic of chemical mechanisms (charge transfer) for SERS enhancement. The

charge transfer involves indirect excitation through the metal.

2.6 Coffee-ring Effect-based Substrate

The coffee-ring effect is a well-known phenomenon in which the deposition of
particles from a drying liquid forms a ring-like pattern on a solid surface. The effect is
named after the characteristic ring-like stain that is left behind when a drop of coffee dries
on a flat surface, but it can be observed with many other liquids and particles. In the context
of SERS, the coffee ring effect can be used to create substrates with enhanced Raman
signals.®? In the context of SERS, the concentration of both analyte molecules and
nanoparticles increase at the edges of a droplet due to the coffee ring effect, which leads to
an enhancement of the Raman signals.

The coffee ring effect is caused by a combination of capillary flow, evaporation,
and surface tension.333* When a droplet of a solution containing both solvent and solute is
placed on a flat surface, the solvent begins to evaporate, and the rate of evaporation is

highest at the edges of the droplet. The evaporation process induces a capillary flow within
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the droplet which drives the suspended particles toward the edges, leaving a ring-shaped

structure (Figure 2.6). The suspended particles are carried along with the flow of solvent,
but they are not carried away by the evaporation of the solvent, so they tend to get left
behind and accumulate at the edges of the droplet. This creates a ring-like pattern of solute

particles on the surface, which is known as the coffee ring effect.

______________
- - - -

Figure 2.6. Capillary outflows transport the silver nanoparticles to the drop edge forming ring

stains.

The coffee ring effect is influenced by several factors, including the viscosity of the
solvent, the size and shape of the droplet, and the size and concentration of the solute
particles. These factors determine the rate at which the solvent evaporates and the rate at
which the solute particles are carried along with the flow of solvent, which ultimately
determine the final concentration profile of the solute particles on the surface.

2.7 Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is a statistical technique used to analyze large
data sets by identifying patterns and relationships between variables. In essence, PCA
transforms a high-dimensional data set into a lower-dimensional one by identifying the

most important patterns or features in the data and representing them as linear combinations
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of the original variables. While PCA allows for the visualization of datasets by reducing

them into two or three dimensions, it comes with the drawback of information loss during
the process since the lower-dimensional representation may not capture all the subtle
details present in the original data.

PCA can be used in SERS to help identify the important features and reduce the
noise in the data. For instance, when collecting numerous SERS spectra of various samples,
PCA can help to reduce the dimensionality of the data by identifying the most significant
spectral features that differentiate the samples. This can help in identifying common
spectral features that are associated with a specific sample or chemical group, which can
be used for either identification or classification purposes. In our experiments, hundreds of
SERS spectra from the cell culture supernatant were collected at different time points after
ionizing radiation and then analyzed by PCA. A statistical program code in MATLAB®
carries out the PCA. Before combining all the spectra from different groups into one dataset,
the spectra should be pre-processed to remove noise and baseline fluctuations and should
be normalized to account for differences in signal intensity. Then PCA is performed on the
standardized dataset to extract the principal components. The first principal component is
the component that captures the largest amount of variance, and the second principal
component is the component that captures the second-largest amount of variance. The
percentage associated with each principal component indicates the proportion of the total
variance in the data due to each component. The contribution of each principal component
to the total variance can help identify features or variables that are most important for the

interpretation of the data.
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Chapter 3. Experiment Details

3.1 MCF-7 Cell Culture

Pre-frozen MCF-7 cell pellets stored in liquid nitrogen were planned for thawing
and plating as required to perform radiotherapy. The vials of MCF-7 cell pellet were
removed from the liquid nitrogen storage and transferred to a water bath for thawing at 37
°C for 2 min. They were removed from the water bath just before complete thawing.
Following that, the cells were gently resuspended and transferred to a 15 mL sterile conical
tube containing 9 mL pre-warm, 37 °C, cell culture medium (Dulbecco’s modified Eagle’s
medium containing 10% (v/v) fetal bovine serum). Subsequently, the cells were
centrifuged to a cell pellet at 200x g for 5 min, the supernatant was removed and the pellet
resuspended in 1-2 mL of pre-warmed cell culture medium. The cells were plated in the
cell culture vessel (T-25 cell culture flask, surface area: 25 cm?) and allowed to grow for 3
days until the medium changed.

MCF-7 cell was passaged when cell confluency reached 80-90%. Firstly, the cells
need to be detached from the flask's inner surface with trypsinization. All spent medium
from the cell culture vessel was aspirated from the flask followed by gently rinsing the
surface of the cell layer once with 1x phosphate-buffered saline (PBS). Next, 2 mL diluted
0.25% trypsin-EDTA solution (unlock passaging reagent) was added into the vessel and
distributed over the entire cell layer. The cells were detached from the flask surface and
were observed under the microscope after incubation for 5-10 min at 37 °C. Thereafter, the
trypsin was neutralized with an equal volume of pre-warm culture medium to make sure
that cell viability was maintained. Following that, the cell suspension was transferred to a

centrifuge tube and centrifuged at 300x g for 5 minutes. The supernatant was then removed,
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and the cell pellet was resuspended in a fresh culture medium to create a single-cell

suspension. Eventually, the cells were plated in a new culture vessel (T-75 cell culture
flask, surface area: 75 cm?) at 1x10° cells/flask seeding density and covered with enough
pre-warm culture medium to conduct the subculture. The new generation of cells was
incubated at 37 °C, 5% COz in a humidified incubator.
3.2 Collection of Samples from the Supernatant of Irradiated Cells

In order to undergo radiation therapy at the BC Cancer Agency, live MCF-7 cells
must be transported within several hours. The cells were first detached from the flasks,
where they had reached 100% confluency, and transferred to 15 mL Falcon tubes, which
were sealed for transport. Once at the facility, the cells were exposed to 5 Gy and 20 Gy
doses and then brought back to the Biocore Facility for further processing. The irradiated
cells were then centrifuged to remove any immediate dead cells, leaving only the cells that
survived the radiation. These surviving cells were cultured in 12-well plates at a specific
seeding density, allowing for the collection of the supernatant samples containing the
metabolic markers released from resistant cells in separate wells at different time points
following the radiation therapy.
3.2.1 Cells Counting

A counting chamber was used to count the number of cells and assure that the same
amount of cells is plated in each well. The counting chamber is a type of slide used to
determine the number of cells per unit volume of a suspension. The most widely used type
of chamber is called a hemocytometer because it was originally designed to perform blood

cell counts.
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The hemocytometer must be appropriately prepared before applying the fluid

containing cells to ensure accurate cell counting. Proper mixing was necessary to achieve
a homogenous suspension, as clumped cells were difficult to count and not evenly
distributed. The concentration of the cells should also be appropriate; a concentration that
was too high leads to overlapping cells, while a concentration that was too low results in a
higher statistical error and requires more time to count. Our irradiated MCF-7 cell
suspension was diluted in 1:10 proportions. To create a 1:10 dilution, 1 part of the sample
was mixed with 9 parts of fresh culture medium, and the dilution should be considered
when calculating the final concentration.

The counting chamber was prepared by first cleaning the polished surface with lens
paper, ensuring that it was free of any debris or smudges. The coverslip, which is thicker
than those used in conventional microscopy to overcome the surface tension of liquid
drops, was also carefully cleaned. Once both surfaces were prepared, the coverslip was
placed onto the counting surface, ready to receive the cell suspension. A small volume of
10 ul prepared cell suspension was then pipetted into one of the VV-shaped windows of the
counting chamber (shown in Figure 3.1) using a micropipette. The liquid filled the space
under the coverslip by capillary action, and enough was added to ensure that the mirrored
surface was just covered. Finally, the charged counting chamber was placed onto the

microscope stage and the counting grid was brought into focus.
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Figure 3.1. Schematic views of a hemocytometer.

The grid is etched into the glass, composed of squares of various sizes that facilitate
cell counting. By utilizing this method, the number of cells present in a given volume can
be calculated accurately. The grid is divided into 9 large squares (A, B, C, and D squares
are the four corners), arranged like a tic-tac-toe grid (shown in Figure 3.2 left). Each of
these large squares occupies an area of 1 mm?, and the chamber has a depth of 0.1 mm
(shown in Figure 3.2 right). Therefore, the entire counting grid is situated within a volume

of 0.9 mm3.
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Figure 3.2. The grid layout of the hemocytometer (left) and the cell

counting rules in one large square (right).

There are some basic rules when we count the cells. For MCF-7 cells, which are
large cells, the four large corner squares and the middle one needed to be counted. However,
cells that intersect with the grid lines require careful consideration. Cells that contacted the
top or right line of a square should not be included in the count, while cells that overlapped
the bottom or left line of a square should be included. For example, in Figure 3.2 right,
the top and right three cells on the grid will exclude from the count while the bottom and
left two cells will be included in the cell counting.

For example, if there were 125 cells in the five large squares of the counting
chamber, which represents a volume of 0.5 mm?. In this case, the cell density can be
calculated as 250 cells per mm?3, which is equivalent to 250,000 cells per ml. Since the
original cell suspension had been diluted by 10 times, the original cell suspension density

should be 2.5x108 cells per ml.
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3.2.2 Cells Plated in Well Plate

With the exception of the supernatant of the cell collected one day after radiation
therapy, all other samples were acquired at three-day intervals. This is because the cell
culture medium was changed every three days. The irradiated cells were seeded in a 12-
well plate at a density of 1.5x10% cells per ml, with two rows dedicated to the 5 Gy and 20
Gy irradiated cells, respectively. An additional row was dedicated to the control group (0
Gy dose) (shown in Figure 3.3). Each well contained 1 ml of culture medium. In
conclusion, we collected the supernatant containing metabolic markers released from the

resistant cells at 1, 4, 8, and 12 days after radiotherapy.

1 2 3 4
A [ oan | [ bava | [ pas ) [ pavi2 | —H—5Gydose
\ \ \ /
B \ DAY1 ,] [ DAY4 ( DAY8 1Al DAY12 J ——20 Gy dose
\§ A\ N A \ S /
C | pAv1 | [ pAva | [ pavs | ( DpAv1i2 | _ll  control
\ \ 7\ (0 Gy dose)

Figure 3.3. Control and two doses of irradiated cell metabolism samples were collected on day 1,
day 4, day 8, and day 12.
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3.3 SERS Substrate Fabrication

3.3.1 Silver Nanoparticles Synthesis

Silver nitrate (AgNO3, MW = 169.88 g/mol), and sodium citrate dihydrate
(CeHsNasO7:2H20, MW = 294.10 g/mol) were purchased from Sigma. All chemicals were
used without further purification. Ultrapure water acquired from a Milli-Q Nanopore
System was used in the preparation of silver nanoparticles. The glassware used in the
synthesis was cleaned and rinsed thoroughly with ultrapure water.

UV-Vis spectrum was recorded on Perkin Elmer Lambda 1050 UV-Vis-NIR
spectrometers using standard quartz cells at room temperature. Transmission electron
microscopy (TEM) image was taken with a JEOL 1011 transmission electron microscope.
The TEM specimen preparation: All TEM grids were prepared from the freshly prepared
Ag NPs suspension. 5 ul of the solution was added to each grid. The grids clamped by
tweezers were placed under a glass dish to allow for slow drying (1-2 h) of the silver
nanoparticles (AgNPs) suspension.

The Lee-Meisel method® (Figure 3.4) was employed to synthesize citrate-coated
spherical AgNPs. 0.045g AgNOs was dissolved in 250 ml of distilled water and heated to
boiling. Thereafter, 10 ml of an agueous solution containing 0.05 g sodium citrate dihydrate
was added dropwise under vigorous stirring. The solution was kept boiling for at least 1
hour. The normalized UV-Vis spectrum of the citrate-coated AgNPs exhibits an absorption
brand at 416 nm due to plasmon resonance (Figure 3.6). Figure 3.5 shows that the citrate-
coated AgNPs were found to have diameters in the range of 30 to 50 nm with a nearly
spherical shape. The existence of a single surface plasmon resonance peak at 416 nm in the
UV-Vis spectrum and the TEM image indicates the successful synthesis of the citrate-

coated spherical AgNPs. It is worth mentioning that the UV-Vis spectrum of the citrate-
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coated AgNP colloidal solution remained unchanged over several months, indicating that

the citrate-coated AgNPs became very stable in time.
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Figure 3.4. Schematic of the synthesis of sodium citrate-coated spherical silver nanoparticles

Figure 3.5. TEM image of sodium citrate-coated silver NPs.
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Figure 3.6. Normalized UV-Vis spectrum of citrate-coated silver NPs.
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3.3.2 Coffee-ring Effect-based Substrate Fabrication

Our coffee-ring effect-based Ag nanoparticles substrate was fabricated by spiking
10 pl of prepared Ag nanoparticles suspension on a cleaned (by piranha solution and
ethanol) microscope glass slide (22 x 22 mm) and drying for 1 hour at room temperature
in the air. During the drying process, the coffee-ring effect (discussed in Section 2.6) came
into play, resulting in the formation of ordered rings of Ag nanoparticles on a glass slide

(shown in Figure 3.7).

Figure 3.7. Image of coffee ring-based Ag nanoparticle substrate.

3.4 SERS Experiment
10 pl of the collected supernatant of the cell cultures containing metabolites were
pipetted on the AgNPs ring in the SERS substrate and left to dry in the air at room

temperature for one hour. SERS spectra were collected after drying.
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The Renishaw inVia Raman spectrometer (schematic view shown in Figure 3.8)

uses a 785-nm laser source and was employed to record the SERS spectra (ranging from

300 cm™ to 1400 cm™) using the Raman mapping acquisition mode. 25 spectra were

mapped in six different squares (5x5x6 to a total of 150 spectra) across various locations
on the silver nanoparticles ring. This approach prevents significantly large spatial
variations from impacting the mean spectrum of each sample. The setup for the Raman
system involves a microscope for both sample illumination and capturing of the resulting
scattered light. A long-working-distance objective lens with a 50x magnification and 0.55
numerical aperture was used focus the laser beam on the silver nanoparticles ring in the
substrate. The microscope system gathers the light scattered from the cell via the same
objective employed for excitation. A filtering process is then utilized to extract the small
fraction of light that underwent Raman scattering. The Raman scattered light is
subsequently split into its constituent wavelengths utilizing a diffraction grating, and the

spectrum produced is detected with a CCD camera.
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Figure 3.8. Schematic view of the Renishaw inVia Raman microscope system.

3.5 Caspase-3 Inhibitor Treatment

As shown in Chapter 2.22, the caspase-3 Z-DEVD-FMK Inhibitor was used to treat
the MCF-7 cells to improve cell viability. Caspase-3 Z-DEVD-FMK Inhibitor must be
reconstituted using highly pure DMSO. Upon reconstitution in DMSO, the stock solution
should be stored at -20 °C. To prepare the stock solution, 1.5 ml of DMSO was added to
the 5 mg inhibitor to yield a 5 mM stock solution and aliquoted to avoid multiple freeze
and thaw cycles.

The resistant cells were subjected to treatment with a 50 uM of Caspase-3 Z-
DEVD-FMK inhibitor. After administering two doses of ionizing radiation (5 Gy and 20
Gy) to MCF-7 cells, the resistant MCF-7 cells were centrifuged to form a pellet and

suspended in a fresh culture medium to eliminate the dead cells. The cell suspension was
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then diluted to a concentration of 1.5x10° cells per ml and dispensed into two 12-well plates,

with 1 ml of diluted cell suspension added to each well. Group A and group B were
designated to receive culture medium with and without Z-DEVD-FMK caspase inhibitor,
respectively (shown in Figure 3.9). Before use, the culture medium with or without the
Caspase-3 inhibitor needed to be warmed to 37 °C using a water bath.

For Group A, the culture medium with Z-DEVD-FMK caspase inhibitor was
prepared by diluting 150 ul of the thawed stock inhibitor solution with 15 ml of culture
medium, resulting in a final inhibitor concentration of 50 uM. For Group B, a culture
medium with DMSO was prepared by diluting 150 pl of DMSO with 15 ml of culture

medium.

2 3 - Resistant cell culture

DAY12 DAY8 DAv4 | — With caspase-3
sample sample sample inhibitor treatment

without caspase-3 inhibitor

Q Q Q treatment

Figure 3.9. Resistant cell culture with and without caspase-3 inhibitor treatment in a well plate.
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After a 24-hour pre-incubation period to allow cell attachment, the culture medium
was replaced with the respective prepared medium for each group. On day 4, 8, and 12,
supernatant samples were collected from one well of each group for additional SERS
measurement. During this time, the medium in the remaining wells of both groups was

replaced with corresponding fresh pre-warmed medium to sustain the resistant cells.
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3.5.1 Cell Viability Test

To determine the percentage of viable cells in cell suspensions after caspase
inhibitor treatment, the Trypan Blue Exclusion Assay was performed. The assay utilized
Trypan Blue dye (Sigma-Aldrich T8154) which selectively stains non-viable cells with
damaged cellular membranes. The living cells with intact membranes appear transparent,
while the dead or dying cells that have taken up the dye appear blue under the microscope.

A homogenous mixture of 90 uL of cell suspension and 10 pL of 0.4% trypan blue
dye was prepared and pipetted into the counting chamber. The percentage of viable and
non-viable cells was quantified under the optical microscope. This process was repeated
three times, and a t-test was conducted to compare the cell viability between the caspase

inhibitor treatment group and the control group.
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Chapter 4. Result and Discussion

This chapter will present the results of the SERS analysis of various supernatant
samples from irradiated MCF-7 cancer cells. The spectra were preprocessed using the
language of MATLAB to adjust the baseline and normalize the intensities. Principal
component analysis (PCA) was employed to compare the SERS spectra of the irradiated
and control groups. Furthermore, the identification of the potential biomarkers
(Hypoxanthine) in cell metabolism and the investigation of the origin of this potential
biomarker will be included in this chapter.

4.1 SERS Results of Supernatant Samples from 0, 5, 20 Gy Irradiated Cells

4.1.1 SERS Results on Day 1

To account for the presence of the spent culture medium in the supernatant samples,
we collected the Raman spectrum of fresh culture medium (Dulbecco’'s modified Eagle's
medium containing 10% fetal bovine serum), which contains the essential nutrients
including glucose, amino acids, vitamins, inorganic salts to provides a rich and balanced
nutrient environment for the growth of irradiated MCF-7 cancer cells.

The Raman spectrum of fresh culture medium ranging from 300-1400 cm* (shown
in Figure 4.1) revealed several significant peaks. Possible attributions for these peaks
could be vibrations of the C-C bond in phenylalanine® at 530 cm-?, acetoacetate®” at 573
cm1, amino acid histidine®” and phospholipids®” at 654 cmt, C-H bending vibrations in the
methyl and methylene groups of amino acids, lipids3® at 718 cm™, C-C and C-N stretching
vibrations in the amino acid phenylalanine3® at 1009 cm™, symmetric stretching vibration
of the phosphate group in nucleic acids® at 1094 cm™, and amide 111 band of proteins®® at

1328 cm™,



33

] 1328

573

530

Intensity

l | I l l l I | l
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

Raman Shift / cm”

Figure 4.1. The Raman spectrum of fresh culture medium (Dulbecco's modified Eagle's medium

containing 10% fetal bovine serum).

During the 24 hours post-irradiation, the irradiated cells absorbed a portion of the
fresh culture medium and released their metabolisms into the extracellular environment.
The SERS spectra of the supernatant samples from irradiated MCF-7 cells at different
doses were collected one day after ionizing radiation and presented in Figure 4.2.
Compared with the Raman spectrum of fresh culture medium, a strong broad band at 654
cmt was still present, while the bands at 573 cm™t, 1009 cmt, and 1328 cmwere relatively
weak in the SERS spectra of supernatant samples from irradiated and control cancer cells.
This observation suggests that a certain percentage of irradiated cancer cells survived after
ionizing radiation and maintained their interaction with the culture medium. Meanwhile, a

new band at 725 cm is observed, which can be assigned to the presence of hypoxanthine*
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presenting in the extracellular environment of irradiated cells. This feature was observed

among the one control group and two dose groups, and it will be further discussed.

The PCA analysis presented in Figure 4.3 did not show the obvious separation of
data points between the irradiated groups and control groups with 19.46% variance on PC1
and 11.02% variance on PC2. Figure 4.4 shows the loading plot of PC1 and PC2, revealing
that the band at 654 cm™, which corresponds to histidine and phospholipids from the
culture medium, is the main contributor to the small variance observed. This suggests that
there is little difference in the amount of these two nutrients in the spent medium among
the three groups. In conclusion, there appears to be no significant difference in metabolism

between the control cells and irradiated cells one day after ionizing radiation.
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Figure 4.2. SERS spectra of irradiated MCF-7 cell supernatant samples 1 day after ionizing

radiation at different intensity.
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Figure 4.3. 2-D principal component analysis of supernatant samples 1 day after ionizing

radiation at different dose intensity.
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Figure 4.4. Loading plot on PC1 and PC2 in PCA of supernatant samples 1 day after ionizing
radiation at different dose intensity.

4.1.2 SERS Results on Day 4

The SERS spectra of the supernatant samples from irradiated MCF-7 cells at
different doses were collected 4 days after ionizing radiation and presented in Figure 4.5.
It is evident that the intensity of the peak at 654 cm varies across the three groups, with

stronger doses exhibiting a correspondingly stronger peak intensity. However, the band at
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725 cm! is not as pronounced as it was in the SERS spectra taken one day after ionizing

radiation.

According to the PCA in Figure 4.6, a slight separation tendency between
irradiated and control groups can be observed along the PC1 dimension, accounting for
22.95% of the variance. Most of the control data points appear on the positive side on the
PC1 dimension, while a portion of the irradiated sample data points appears on the negative
side. The peaks at 654 cm™ and 1243 cm™ are mainly responsible for this difference, as
seen in the loading plot of the first and second components in Figure 4.7. As previously
mentioned in the Raman spectrum analysis of the fresh culture medium, the presence of
histidine and phospholipids account for the peak observed at 654 cm™* and these molecules
originated from the culture medium rather than from cell metabolisms. This suggests that
cells exposed to different doses exhibited varying abilities to interact with the extracellular
environment at the time of measurement. Specifically, cells exposed to low intensity doses
were able to absorb more histidine and phospholipids from the medium, resulting in a lower
intensity of the 654 cm-* peak in the SERS spectra of supernatant samples. This observation
is consistent with the expectation that cells exposed to lower doses, such as 5 Gy, would
exhibit greater viability than those exposed to higher doses, such as 20 Gy. The peak at
1243 cm is related to the presence of nucleic acids and nucleotides and will be discussed

in the SERS spectra on day 12 following ionizing radiation.
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Figure 4.5. SERS spectra of irradiated MCF-7 cell supernatant samples 4 days after ionizing
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Figure 4.6. 2-D principal component analysis of supernatant samples 4 days after ionizing

radiation at different dose intensity.
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Figure 4.7. Loading plot on PC1 and PC2 in PCA of supernatant samples 4 days after ionizing

radiation at different dose intensity.

4.1.3 SERS Results on Day 8

On the eighth day following ionizing radiation, the spectral feature emerged again
in the irradiated groups with a clear band detected at 725 cm-t, as shown in Figure 4.8. The
PCA visualization results in Figure 4.9 revealed a relatively obvious separation of data
points between the control and irradiated groups. Specifically, the data points on the
positive side of the PC1 dimension represented the irradiated samples while those on the
negative side represented the control samples. Meanwhile, the PC1 loading plot in Figure
4.10 showed that the peak at 725 cm™* had a large positive loading value, suggesting that
this peak was one of the main contributors to the difference between the control and
irradiated groups.

The peak at 725 cm™? was potentially responsible for the metabolism of
hypoxanthine, which is a naturally occurring purine base; a building block of DNA and
RNA . Itis a derivative of the purine base, adenine, with one of its nitrogen atoms replaced
by a carbon atom. Hypoxanthine is also a breakdown product of purine nucleotides in the

body, which are produced during the metabolism of certain foods and the turnover of
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cellular nucleic acids.*? Plou et al. discovered that the extracellular presence of

hypoxanthine could be effectively identified in HeLa cells when exposed to a range of
stress conditions, including high concentrations of hydrogen peroxide and staurosporine.*
Therefore, the appearance of this peak at 725 cm* in the SERS spectra (Figure 4.2) of the
control cells on the first day can be attributed to the transfer processes that control cells
also underwent. These transfer processes involved the detachment of the cells, which could
have caused a stress condition and the release of hypoxanthine from cells.

This discovery of a new peak at 725 cm! suggests that hypoxanthine may be a
potential biomarker for cancer cellular stress response. The identification of hypoxanthine
in extracellular fluids by SERS could be a useful tool for the potential clinical application
in improving cancer diagnosis, monitoring, and treatment. Firstly, it could serve as a
biomarker for the effectiveness of radiotherapy in cancer patients. By measuring the levels
of hypoxanthine in the extracellular environment of cancer cells, clinicians could monitor
the response of cancer cells to ionizing radiation and adjust treatment plans accordingly.
For example, if hypoxanthine levels remain low despite several rounds of radiotherapy, it
may be necessary to increase the intensity of radiation dose or switch to an alternative
treatment strategy. On the other hand, based on our experimental results, it appears that
radiotherapy may not produce immediate results. However, if a certain amount of
hypoxanthine is detected 1-2 weeks after treatment, we can conclude that radiotherapy has
had a certain level of effectiveness. Secondly, targeting hypoxanthine metabolism could
be a potential therapeutic strategy for cancer treatment. By promoting the release of
hypoxanthine or activating its downstream effects, it may be possible to reduce the risk of

treatment resistance and improve the efficacy of radiotherapy.
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4.1.4 SERS Results on Day 12

Significant differences were observed in the SERS spectra among the three dose
intensity groups on day 12 after the ionizing radiation. The SERS data (shown in Figure
4.11) present a prominent peak at 725 cm™ in the 20 Gy irradiated sample. The PCA
(presented in Figure 4.12) shows the complete separation of data points of three groups
with 54.52% of the variance for the first principal component. The loading plot of the first
component (shown in Figure 4.13) revealed that the peak at 725 cm* with a large positive
loading value was the main contributor to the variance.

The SERS spectra ( Figure 4.11) suggest that the strong ionizing radiation dose has
a huge impact on the metabolism of MCF-7 cells (beyond just the increase in the feature at
725 cmt). The behaviour of other SERS peaks in different spectral regions also suggest
significant changes in the extracellular milieu when cells get irradiated. In particular, the
intensity of Raman peaks at 801, 954, 1093, 1128, 1207, 1243, 1319, and 1370 cm
increased with the irradiation dose on day 12 following ionizing radiation. These Raman

peaks have been associated with various biomolecules and metabolic processes that are
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involved in the radiation response of cancer cells. One potential interpretation of these

peaks is that they are related to the presence of nucleic acids and nucleotides, which are
the building blocks of DNA and RNA. 4344 The peak at 801 cm™ is often attributed to the
guanine ring breathing mode of nucleic acids,* while the peaks at 1093 cm* and 1319 cm
! have been linked to the C-C stretching vibrations of nucleic acids.*® The peaks at 1207
cmtand 1243 cm™ are also associated with nucleic acids, specifically with the symmetric
phosphate stretching mode of DNA and RNA. 47 Other potential interpretations of these
peaks include their association with lipid metabolism, protein conformational changes, and
various other metabolic processes that are altered in irradiated cells and lead to changes in

the extracellular milieu.
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Figure 4.11. SERS spectra of irradiated MCF-7 cell supernatant samples 12 days after ionizing
radiation at different intensity.
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4.2 Identification of the Origin of the Peak at 725 cm™!
In the previous section, it was demonstrated that the irradiated samples displayed a
prominent peak at 725 cm™ on day 12 following ionizing radiation. That peak may

potentially be attributed to hypoxanthine, as per the research conducted by Plou et al.*° on
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cancer cells under stressful conditions. Another potential candidate for this peak is inosine,

a metabolite that shares structural similarities with hypoxanthine. The structure of
hypoxanthine and inosine is shown in Figure 4.14. Hypoxanthine and inosine both contain
a six-membered pyrimidine ring fused to a five-membered imidazole ring, forming the
purine base. The difference is that hypoxanthine contains only the purine base, while
inosine contains the purine base plus a ribose sugar. Furthermore, it is noted in the
literature*® that the Raman spectrum of hypoxanthine typically displays a peak at
approximately 725 cm, which corresponds to the stretching of the bond between the
carbon atom located at position 8 and the nitrogen atom located at position 9 in the purine
ring. SERS spectra of both hypoxanthine and inosine solutions were obtained using our
coffee ring-based substrate. The goal was to determine which of these metabolites would

be the dominant species in the extracellular medium of the irradiated cells.

OH OH
(a) (b)

Figure 4.14. Chemical structures of hypoxanthine (a) and inosine (b).

10 uM of hypoxanthine and inosine aqueous solution were spiked on our coffee

ring-based substrate and then the SERS spectrum was collected. Figure 4.15 shows the
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spectra after baseline removal and normalization within the range from 600 cm to 1400

cm,

In addition to the peak at 725 cm-?, assigned to the stretching of the C-N stretching
of the ring, the Raman spectrum of hypoxanthine (Figure 4.15 (a)) shows several other
features. Specifically, the peak at 1096 cm corresponds to the C-N stretching mode in the
pyrimidine ring of hypoxanthine, while the peak at 1280 cm™ corresponds to the C-H
bending mode in the pyrimidine ring. The peak at 1306 cm™ corresponds to the C-N
stretching mode in the imidazole ring of hypoxanthine, and the peak at 1332 cm*
corresponds to the C-H bending mode in the pyrimidine ring.%

In the SERS spectrum of inosine solution, shown in Figure 4.15 (b), the peak at
738 cm! corresponds to the CAN7H deformation mode in the pyrimidine ring, while the
peak at 1052 cm™ corresponds to the C-C stretching mode in the ribose sugar unit of the
molecule. Additionally, a wide peak at 1318 cm™ is observed in the inosine Raman
spectrum, which is a combination band resulting from several different modes, including
the C2N3H bending mode in the pyrimidine ring and the C-O stretching mode in the ribose

sugar.3®
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Figure 4.15. SERS spectra of 10 uM hypoxanthine (a) and inosine solutions (b).

Although the peak at 725 cm™® in the hypoxanthine solution corresponds to the
same peak in the irradiated cell supernatant samples, it is worth performing PCA between
the hypoxanthine solution spectrum and 20 Gy irradiated sample spectrum on day 12 to
consider other peaks, such as 1096, 1280, 1306, and 1332 cm™ in the hypoxanthine

spectrum. The loading plot of the second principal component (only 0.63% variance),
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presented in Figure 4.16 reveals that the loading values of the peak areas at 1096, 1280,

1306, and 1332 cm* are almost zero, indicating their weak influence on the component.
Therefore, it can be concluded that hypoxanthine is the primary metabolite responsible

for the peak at 725 cm™.

0.2 |

0.15— —

0.1

0.05

2nd Principal Component

-0.05

l I J | l [ I J I l
-0.1
300 400 500 600 700 800 900 1000 1100 1200 1300 1400

Raman Shift / cm™

Figure 4.16. Loading plot on PC2 in PCA of hypoxanthine solution spectrum and 20 Gy (day 12)

irradiated sample spectrum. The loading value of the four selected peak areas is close to 0.

In Chapter 2.2, the fundamental mechanism of how radiation therapy works on
cancer cells was explained. Essentially, ionizing radiation damages the DNA structure in
cancer cells. Connecting this mechanism with the discovery that the cells release
hypoxanthine into their extracellular milieu after ionizing radiation can be done by
considering that cancer cells exposure to ionizing radiation cause DNA damage at various
time points, triggering the activation of various signalling pathways that lead to cellular

stress and injury. In response to this stress or injury, the cancer cells release ATP into the
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extracellular space.*®%° ATP is primarily present at high concentrations intracellularly, and

in very low concentrations in the extracellular compartment of tissues. It serves as the key
energy currency within cells, as well as a ubiquitous extracellular messenger and a
prototypical DAMP (damage-associated molecular pattern).4®5* The multi-step enzymatic
process of ATP conversion to hypoxanthine involves several extracellular enzymes on the
cell surface.> Both conversions from ATP to ADP and ADP to AMP involve the enzyme
ecto-nucleoside triphosphate diphosphohydrolase (ENTPDase).> The produced AMP then
can be deaminated by the enzyme adenosine deaminase (ADA) to form inosine.° Inosine
is then further metabolized to hypoxanthine by the enzyme purine nucleoside
phosphorylase (PNP).>® These enzymes play important roles in regulating the levels of
extracellular purine nucleotides and metabolites, which can have important physiological
and pathophysiological effects.
4.3 Investigation of the Cell Apoptosis

Upon identifying hypoxanthine as the primary contributor to the 725 cm* peak and
understanding the potential mechanism for its release into the extracellular milieu, the next
step is to investigate whether cells remained viable or underwent apoptosis during the
production of hypoxanthine. Chapter 3.5 demonstrated the steps for using the caspase-3 Z-
DEVD-FMK inhibitor to enhance cell viability, and showcased how cell viability was
assessed using the Trypan Blue Exclusion Assay. Error! Reference source not found.
and Error! Reference source not found. show the living cell ratio of irradiated cells that
received caspase-3 inhibitor treatment and control (non-treatment) following 5 and 20 Gy

ionizing radiation, respectively.
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Figure 4.17. Living cell ratio of 5 Gy irradiated cells with treatment and control on 4, 8, and 12
days after ionizing radiation. The error bar is represented by the standard deviation. the t-test
yielded p-values of 0.018, 0.037, and 0.001 for the treatment group compared to the non-treatment

group.
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Figure 4.18. Living cell ratio of 20 Gy irradiated cells with treatment and control on 4, 8, and 12
days after ionizing radiation. The error bar is represented by the standard deviation. The t-test
yielded p-values of 0.046, 0.013, and 0.009 for the treatment group compared to the control group.
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As expected, the number of living cells decreased over time in both the 5 Gy and

20 Gy irradiated cell groups. Meanwhile, when treated with caspase-3 inhibitor, the number
of living cells was higher compared to those without treatment. This is evidence that the
caspase inhibitor blocked cell death to a certain degree. Furthermore, the t-test was used to
determine whether there is a significant difference between the means of treatment and
non-treatment groups. The t-test is applicable when comparing two independent groups or
when comparing the same group under two different conditions. The results of the t-test
provide additional support for the conclusion that the caspase inhibitor improves cell
viability. In the case of the 5 Gy irradiated cells, the t-test yielded p-values of 0.018, 0.037,
and 0.001 for the treatment group compared to the control group. Similarly, for the 20 Gy
irradiated cells, the p-values were 0.046, 0.013, and 0.009 for the treatment group
compared to the control group. Since all of these p-values are smaller than the significance
level of 0.05, it can be concluded that there is a significant difference in cell viability
between the treatment and control groups.

SERS spectra were obtained from the supernatant of both treatment and control
groups to determine the presence of the hypoxanthine peak in their respective spectrum.
The peak observed at 674 cm™ was confirmed to be from the DMSO (DMSO SERS
spectrum was shown in Figure 4.19), which is associated with the C-S-C symmetric

stretching vibration.52
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Figure 4.19. SERS spectrum of DMSO.

For 5 Gy irradiated cell supernatant samples, the treatment group shows a weak
peak at 725 cm™ on day 4, 8, and 12 post-ionizing radiations. Additionally, it was noted
that the peak on day 12 was even weaker than those on day 4 and day 8, which suggests a
reduction in the release of hypoxanthine on day 12. In contrast, the control group shows a
gradually increasing peak at 725 cm* over time, with a relatively strong signal on day 12
(shown in Figure 4.20 and Figure 4.21). It can be observed that the control group produced
a greater amount of hypoxanthine than the treatment group on day 12.

By performing the PCA on the SERS spectra of both treatment and control groups
on day 12, it was observed that PC1 and PC2 accounted for 29.76% and 17.36% of the
variance, respectively. The loading plot on PC1 identified a peak at 725 cm™ with a
negative loading value close to -0.1 (as shown in Figure 4.22), indicating that this peak
was one of the primary contributors that influenced the component. In conclusion, it can
be inferred that the release of hypoxanthine in the treatment group was lower than that in

the control group for the 5 Gy irradiated cell supernatant sample.
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Figure 4.20. SERS spectra of 5 Gy irradiated MCF-7 cell supernatant samples with caspase

inhibitor treatment 4, 8, 12 days after ionizing radiation.
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Figure 4.21. SERS spectra of 5 Gy irradiated MCF-7 cell supernatant samples without caspase

inhibitor treatment 4, 8, 12 days after ionizing radiation.
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Figure 4.22. The loading plot on PC1 revealed the peak at 725 cm™ with a loading value of -0.12
in the PCA of SERS spectra obtained from 5 Gy irradiated MCF-7 cell supernatant samples with
and without treatment on day 12 post-ionizing radiation.

We have a similar conclusion for the 20 Gy irradiated cell supernatant samples. For
both treatment and control groups, the peak intensity at 725 cm™ increased over time
(Figure 4.23 and Figure 4.24). The treatment group shows relatively lower intensity at the
same time points, especially on day 12, suggesting that the release of hypoxanthine in the
treatment group is also less than in the control group. The findings obtained from the cell
viability test and SERS analysis of both treatment and control groups suggest that there is
an association between reduced cell viability and increased hypoxanthine release in the two
weeks following ionizing radiation, regardless of the dose intensity (5 Gy or 20 Gy).
Therefore, it can be concluded that the production of hypoxanthine in the extracellular

environment is a marker for cell apoptosis.
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While there has been extensive research on hypoxanthine as a radiation biomarker

in recent years, alternative analytical techniques have been employed. Chen et al. showed
the detection of two radiation biomarkers, trimethyl-L-lysine and hypoxanthine in the
nonhuman primate urine samples which were exposed to a 10 Gy dose through Differential
mobility spectrometry-mass spectrometry (DMS-MS) and liquid chromatography-mass
spectrometry (LC-MS).>® Johnson et al. also discovered 13 biomarkers of radiation
including hypoxanthine in the nonhuman primate urine sample which was exposed to
different doses of ionizing radiation through MS.>* In conclusion, this study suggests that
the hypoxanthine can be used as a potential radiation biomarker detected by SERS for the
MCEF-7 cancer cell line exposed to ionizing radiation. Therefore, the future application of
SERS as an analytical technique to identify hypoxanthine as a radiation biomarker in

human-derived samples appears to hold great potential.
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Figure 4.23. SERS spectra of 20 Gy irradiated MCF-7 cell supernatant samples with caspase

inhibitor treatment 4, 8, 12 days after ionizing radiation.
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Figure 4.24. SERS spectra of 20 Gy irradiated MCF-7 cell supernatant samples without caspase
inhibitor treatment 4, 8, 12 days after ionizing radiation.
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Chapter 5. Conclusion and Future Work

This present thesis reveals significant metabolic alterations in the extracellular
environment of the MCF-7 breast cancer cell line following radiation therapy, as
determined by SERS. Notably, a new peak was detected at 725 cm™ in the supernatant
metabolism samples from the MCF-7 cells exposed to 5 and 20 Gy doses. Notably, in the
case of the MCF-7 cells exposed to the 20 Gy dose, its intensity experienced a significant
increase two weeks after irradiation, indicating a substantial change in metabolic activity
at this time point. Further analysis identified hypoxanthine as the primary compound
contributing to this peak at 725 cm™t, with its presence linked to cellular apoptosis during
the post-radiation stage. The identification of hypoxanthine in extracellular fluids could be
a useful tool for the potential clinical application in improving cancer diagnosis,
monitoring, and treatment. Meanwhile, these findings provide valuable insight into the
metabolic changes induced by radiation therapy and highlight the potential of SERS as a
tool for studying extracellular metabolic alterations in cancer cells.

Other techniques such as HPLC and GC-MS are used for the metabolites detection.
They also offer excellent sensitivity, allowing for the detection of metabolites in complex
samples. However, SERS has the advantage of high sensitivity in some cases. In general,
SERS has demonstrated the capability to detect molecules at concentrations ranging from
micromolar down to picomolar and even femtomolar levels. Sample preparation
requirements can also differ among the SERS and other techniques. SERS typically
requires a simpler sample preparation process compared to HPLC and GC-MS. For SERS,
the analytes can be directly measured in complex biological samples, reducing the need for

extensive extraction or derivatization steps. In contrast, HPLC and GC-MS often involve
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laborious sample preparation procedures, including extraction, purification, and

derivatization, to ensure analyte compatibility and separation.

In our forthcoming research, additional cancer cell lines may also be employed to
understand their response to radiation therapy and compare the metabolites determined by
SERS with the MCF-7 case studied in this thesis. We also plan to obtain serum samples
from patients who have undergone radiation therapy at the BC Cancer Agency. These
samples will be subjected to SERS measurements to investigate the potential use of
hypoxanthine as a radiation biomarker in clinical settings. It is worth mentioning that
working with clinical samples shows several challenges. Clinical samples often consist of
not only cancer cells but also various types of normal cells, leading to increased complexity

and heterogeneity in the analysis.
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