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ABSTRACT

DIFFERENTIATION OF HEALTHY AND CANCEROUS RENAL
CELLS USING SURFACE-ENHANCED RAMAN SCATTERING

Surface-enhanced Raman scattering is used for the differentiation of human kidney
adenocarcinoma (ACHN), human kidney carcinoma (A-498) and non-cancerous human
kidney embryonic cells (HEK 293). Silver nanoparticles (AgNPs) are used as substrates in
the experiments. A volume of colloidal suspension containing AgNPs is added onto the
cultured cells on CaF; slide and the slide is dried at the overturned position. A number of
SERS spectra acquired from the three different cell lines are statistically analyzed to
differentiate the cells. Principal component analysis (PCA) combined with linear
discriminate analysis (LDA) was performed to differentiate the three kidney cell types with
a sensitivity and specificity of 88 % and 84 %, respectively. This study demonstrated that
SERS could be used to identify renal cancers by combining this new sampling method and
LDA algorithms.



OZET

YUZEYDE ZENGINLESTIRILMIS RAMAN SACILMASI
KULLANILARAK SAGLIKLI VE KANSER BOBREK
HUCRELERININ AYIRT EDILMESI

Yiizeyde zenginlestirilmis Raman sagilmasi (YZRS) insan bobrek kanseri hiicre hatlar
(ACHN, A-498) ile kanser olmayan bdobrek hiicre hattimi (HEK 293) ayirt etmede
kullamilmistir. Gumiis nanoboyuttaki parcaciklar YZRS’de metal katman olarak
kullanilmistir. CaF; slaytlari tizerinde biiytimiis olan hiicrelere, kolloid yapida giimiis nano
pargagiklari igeren sivi karisimdan birkag damla CaF; slaytlarin tizerine eklenir ve slaytlar
ters pozisyonda kurumaya birakilir. Ug farkli hiicre hattindan alinan yiizeyde
zenginlestirilmis Raman sagilmalari, model hiicreleri ayirt etmek icin analiz edilir. Lineer
ayirt edebilme analiz (LAA) yontemi ile kombine esas bilesen analiz (EBA) yontemi, {i¢
hiicre ¢esidini siniflandirmay1 88% hasssaslik ile 84 % 6zgiinliikte saglamistir. Bu ¢aligma,
yeni ornek hazirlama yontemi ve LAA algoritmalari ile YZRS’ nin bobrek kanserlerini

tanimladigini géstermistir.
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1. INTRODUCTION

Cancer continues to be one of the deadliest diseases worldwide. In last two decades, a
significant effort has been devoted for the diagnosis and treatment. However, the diversity
of the causes resulting in malignancy hinders the development of a solid approach for
treatment. Therefore, early diagnosis gains importance for successful treatment of the
disease. Conventional cancer diagnostic approaches such as Positron Emission
Tomography (PET), Computed Tomography (CT), Magnetic resonance (MR), and
ultrasound are routinely used for the cancer diagnosis [1]. MRI identify changes in the
tissue morphology due to abnormal cell growth while PET gives information about
malignant tumors where cellular activity is increased [2]. These techniques provide
information about the disease development mostly after early stage of the cancer

development.

The use of spectroscopic approaches such as fluorescence [3], infrared [4] and Raman [5]
spectroscopic techniques are gaining importance in clinical research in recent years since
they can provide fast molecular level information with minimal surgical intervention or
biopsy [6].The utility of vibrational spectroscopic techniques, IR and Raman, has long
been investigated for tissue differentiation [7-9]. A Raman spectrum can give direct
information about molecular composition of a sample. This non-destructive and non-
invasive technique was employed for population investigation for early diagnosis and
following phases of treatments [10]. Especially Raman spectroscopy was used to examine
tissue samples obtained from breast [11], brain [7], cervical [12], nasopharyngeal [13],
lung [14] and skin [15].

Surface-Enhanced Raman Spectroscopy (SERS), can be considered as a mode of Raman
Spectroscopy, and allows the enhancement of Raman scattering up to 10® when molecule
or molecular structure is located in the close vicinity of nanostructured noble metal
surface [16]. The sensitivity increase in SERS resulted in an enormous interest from the
scientific communities from various disciplines to employ the technique for detection and
identification of DNA [17], proteins [18], microorganisms [19] and living cells [20] and
tissue [7].



The first use of SERS at the living single cell level for the detection of low-level antitumor
drug concentrations was reported in 1991 [21].Shortly after, a pioneering study was
demonstrated that SERS could be used to collect biomolecular information from living
cells at single cell level [20]. In that study, gold nanoparticles (AuNPS) internalized by the
cells were used as substrates. In the following years, several reports concerning the use of
SERS of living cells were appeared in the literature [14,22-31]. All these studies
demonstrate that SERS is slowly evolving as a novel technique to obtain molecular level

information at single cell level.

Kidney cancer is almost 2% of all cancer cases around the world [32]. Although the most
common form of kidney cancer, renal cell carcinoma (RCC), has increased in the west
compared to Asia [33]. The RCC has similar symptoms with many diseases. Only about
5% to 10% people with RCC shows classic symptoms such as abdominal mass, flank pain,
and hematuria, and only 9% of RCC cases appear with the symptoms abdominal mass,
flank pain, and hematuria [34]. Therefore, the symptoms of RCC can be easily confused
with other diseases, and it makes diagnosis very difficult. With early diagnosis, the RCC
patients have high survival rate. The research over past thirty years on early detection,
diagnosis and treatment for patients with RCC has been increased and provided new

imaging techniques for the tumorous formations [35].

In this study, the multidimensional scaling method was used to differentiate the healthy
and cancer cells. The multidimensional scaling method based on the similarities and
dissimilarities between the data. A MDS algorithm begins with a matrix of the objects
according to similarities. The objects are placed on the plot with the distances, which
display the dissimilarities between them. MDS method uses new variables, reduced from
original variables. The plot is placed in multidimensional space according to the number of

variables. The distance of variables on the plot is measured as Euclidean distance [36].

In our study, we demonstrate the power of SERS using citrate reduced AgNPs as substrates
for the differentiation of cancer and healthy kidney cells. ACHN cells with higher
tumorigenic and metastatic potentiality, A-498 cells with lower tumorigenic potentiality
and HEK 293 (non-cancerous) cell were chosen as model cells. The sample preparation

method that we employed in our previous study for protein detection and identification



with SERS was used in the study [37]. The method uses the drying of sample containing
colloidal AgNPs and analyte at the overturned position. This allows more uniform
distribution of AgNPs on the droplet area instead of getting them jammed at the liquid-air-
solid contact interface. The SERS spectra obtained from three cell lines were processed
with LDA based on PCA method to differentiate the healthy cells from cancer cells. The
results of this study with a sensitivity of 87, 8% and specificity of 84, 4 % indicate that the

SERS spectra obtained from the cells can be used for cancer diagnosis.



2. THEORETICAL BACKGROUND

2.1. CELL

The word cell has the meaning of “small room”, which originates from Latin word cella.
The cell is the main biological and functional unit of living organisms. They are called as
building block of life and they are the smallest living unit except viruses, which have only
DNA or RNA. The number of the cell in plants and animals vary species to species. A
healthy human has about 100 trillion cells. The cells are visible only under a microscope.
The cell was first determined by Robert Hooke in 1665. The cell theory was developed by
Matthias Jakob Schleiden and Theodor Schwann in 1839. Organisms are formed by one or
more cell according to the theory. The cells have hereditary information, which provides

cell regulation functionality and transfer these data to the next generation by cell division.

The main components of cell in both animal and plants are plasma membrane/ cell
membrane, cytoplasm and nucleus. The cell membrane has a bilipid layer containing
proteins and carbohydrates in its structure. It protects the cell from outer affects and gives
stability to the cell. Therefore, the plasma membrane provides the transportation of
materials. The cytoplasm of the cell contains organelles, which have vital roles for function
and regulation. The nucleus, largest organelle, covered by double nuclear membrane is the
control center of the cell for cell metabolism and reproduction. It has the genetic

information called as DNA on chromosomes.

Protists, fungi, plant and animal cell are eukaryotic cells while bacteria and archaea are
prokaryotic cells (Figure 2.1). There are two primary types of cells, which are prokaryotic
and eukaryotic. They have much dissimilarity between them such as organelles, size, cell

division etc.


http://en.wikipedia.org/wiki/Matthias_Jakob_Schleiden
http://en.wikipedia.org/wiki/Theodor_Schwann
http://en.wikipedia.org/wiki/Protist
http://en.wikipedia.org/wiki/Fungus
http://en.wikipedia.org/wiki/Bacterium
http://en.wikipedia.org/wiki/Archaea

Figure 2.1. Type of cells: a. plant cell [38], b. bacteria [39], c. fungi [40], d. archaea [41],
e. algae [42], f. animal cell [43], and g. protozoa [44]

2.2. CANCER

The term “tumor” was initially applied to the growth caused by inflammation. Oncology
(Greek “oncos”= tumor) is the search of tumors or neoplasms, a new abnormal growth of

the tissue. Cancer is the general name for all malignant tumors.

Cancer is a complex genetic disease, and some environmental factor caused the cancer
disease. For example, the cancer-causing agents (carcinogens) can be found in anywhere
such as food, water, air. The sunlight exposure can also be another example for the cause
of the cancer. There were approximately 10 million new cancer cases in 1996 all over the



world and six million of deaths attributed to the cancer [45]. It is for seen that there will be
20 million new cases and 12 million deaths due to cancer by 2020 [46]. Ageing of
population and the globalization of unhealthy lifestyles with smoking and fast foods with

high fat, and low fibre content might be causes contributing to cancer incidences [47].

There are two types of tumors, benign and malignant. Each benign tumor which has slower
growing rates than malignant tumors has an ability to invade surrounding tissue or
metastasis, final state of the cancer diseases. Even though, benign tumors are very similar
to their tissue of origin, malignant tumors are dissimilar to their origin tissue. Benign
tumors are grown properly by pushing the environmental textures, and they have
boundaries with tissue so that they can be separated from the tissue easily with surgical
intervention. However, malignant tumors are grown in an unregulated way by invading and
destroying the healthy tissue by moving around with a colonized cancer cells, and they can
circulate to other body organs. The surgical intervention is difficult due to invasion. The
potentional of recurrence after surgical removal is rarer in benign tumors than malignant
tumors. Necroses in malignant tumors are more common rather than benign tumors. If the
benign tumor is not a secreting endocrine neoplasm, they don’t have life threaten effects
for the body.

Since it may develop into malignant phase, the benign tumors should be removed. The
malignant tumors not only surround the tissue, but also are able to colonize. The malignant
tumors fall into two groups, sarcoma or carcinoma. Sarcoma is the malignant tumor grown
in connective or muscle tissue and uses the blood stream to spread. The carcinoma is most
common type of the malignant tumor, which grows in epithelium, and uses the lymphatic
system to spread through the body. The malignant tumors cause the metastasis and the
patient death when they are at the latest stage. The colonized metastatic cancer cells spread
to the vital organs and degrade the organs rapidly. The early detection is the most
important to treat patients with cancer. The richer and developed countries have some
programmers such as cervical screening, mammography, colonoscopy or occupation to
monitor the possible future cancer patients [48]. These programs provide early detection of

the cancer.



The remove of the tumors by surgery is the most effective way for treatment of the cancer.
The targeted radiotherapy, which is a combination of anticancer drugs, is another option
for treatment. Most of the anticancer drugs were designed to interfere with DNA synthesis.
The anticancer drugs also cause damage in healthy cells such as bone marrow cells, which
generate red blood cells and cells to fight infections [49]. Therefore, patients receiving
chemotherapy face unwanted side effects such as anemia and hair loss [50]. Another
method is focused on attempting to target tumor cells. They are combined the cell toxins to
tumor specific antibodies to slow down the cancer progression by impacting cell adhesion,

proteolytic enzyme activity and angiogenesis [51].

2.2.1. KIDNEY CANCER

Kidney cancer is classified into two types. The renal cell carcinoma (RCC), which initiates
from the renal parenchyma and the renal transitional cell carcinoma (RTCC), which comes
from the renal pelvis. In children, mostly the nephroblastoma also known as Wilms tumors
are resulted from a mutation in transcription factor Wilms tumor protein (Wt1) [52]. It was
demonstrated that RCC generates approximately 90% of kidney cancer and RTCC is less
than 10% of kidney cancer [33].

Cancer statistics states that kidney cancer comprises just about 2% of all cancer types in
the world with 200,000 new cases and 100,000 deaths per year [53]. The rates of kidney
cancer in men and women are 2.5% and 1.7% [54].

Renal cell carcinoma (RCC) is the common type of kidney carcinoma that embraced 90%
of kidney cancer cases [55]. The death ratio of RCC is higher than other urological cancers
and RCC is more resistant to radiotherapy and chemotherapy treatments [56].

Grading is one of the analytical features in the management of RCC. Related to other
cancer types, TNM (Tumor, Node, and Metastasis) arrangement is generally used in
RCC [57]. The grading system demonstrating the anatomical extension of tumor,
dispersion to regional lymph nodes and distant metastasis is mainly used in RCC as

predictive factor.
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Figure 2.2. A schema of kidney cancers: a. kidney cancer stages, b. normal kidney, c. renal

cell carcinoma [58]



2.3. RAMAN SPECTROSCOPY AND RAMAN SCATTERING

Raman was firstly observed by Dr. Chandrasekhar Vanuatu Raman in 1928 [59]. It took a
long time for the development of modern Raman spectrometers. This is mostly due to the
development in laser and detector technology since Raman scattering is inherently very
weak. It has become an important analytical tool in biophysics, biochemistry and
biomedicine in recent years. Today’s Raman instruments are highly specialized for the use
by researcher. Raman is now used in very areas such as chemistry, biology, geology,
pharmacology, medicine, materials science and pharmaceuticals because of having high
sensitivity, meaningful information and non-destructive properties. Raman spectroscopy

provides direct identification of analyst of interest.

After a sample is irradiated with a powerful monochromatic light source, which is
generally a laser, most of the radiation is scattered by the sample induced at the same
wavelength [5]. The case of the incident and the reflection of the radiation in same

wavelength called as Rayleigh scattering [60].

The molecule in the ground vibrational and electronic states is shown in the energy level
diagram (Figure 2.3). The energy of the mechanism is increased by the electric field of the
laser beam immediately while inducing a polarization in the molecule. Relaxation is the
transition of the molecule from a higher level to a lower one. Relaxation outcomes in
Rayleigh scatter. When the relaxation is occurred to the first stimulated vibrational state,
the scattered light will be at lower energy (longer wavelength) than the laser wavelength.
This process called as Stokes-Raman scattering. When the Raman process is triggered
from the excited vibrational states, the relaxation would be to the ground state. This is
called anti-Stokes Raman scattering. Since this vibrational state which is less energetic

than the initial state.
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Figure 2.3. The energy level diagram [60]

In most cases, fluorescence spectral bands are broader than Raman spectral bands [61].
The fluorescence spectra do not provide much information about the structure of a
molecule. Thus, Raman spectra give more information about the atoms, bond strengths and
organization in a molecule. In addition, Raman spectra obtains a fingerprint for the
structure of the molecule [62]. Raman spectroscopy holds very significant information
about the structure of molecules. The position and intensity of features in the spectrum
displays the molecular structure and can be helpful in the determination process of the
chemical identity of the sample. Depending on the crystalline form, spectra might also

show small changes.

When compared with other analytical techniques, Raman spectroscopy has more
advantages. Raman is a scattering technique, thus placing the sample under the excitation
beam and collecting the scattered light is all that is needed for the collection of a
spectrum [5]. Raman is more sensitive to symmetric bonds and backbone structures.

Raman spectroscopy has more advantages such as minimum sample preparation step,
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spectral acqutision directly from sample, minimal water intervention and no intervention

from atmospheric CO,.

2.4. SURFACE ENHANCED RAMAN SCATTERING

Surface-enhanced Raman scattering (SERS) is the phenomenon that gives rise to the
enhancement of Raman scattering up to 10® on nanostructured noble metal surfaces.
Although the enhancement of Raman scattering of pyridine on a silver electrode was
reported in 1974 and explained with the increased concentration effect on the electrode
surface [63], its mechanism was explained by two different mechanisms, electromagnetic
and chemical by Jeanmaire and Van Duyne and Albrecht and Creighton, respectively, in
1977 [64,65].

The intensity of Raman signal of adsorbents on particle surfaces is increased because of the
enhancement in the electric field produced by the surface and charge transfer between
adsorbed molecule and the noble metal surface. The first process is related to
electromagnetic field enhancement. After the incident light contacted with the surface,
surface plasmons will be excited. The scattering happens when the plasmon oscillations are
perpendicular to the surface [66]. As a result, the roughened surfaces and arrangements of
nanoparticles are engineered for the SERS experiments to obtain a localized collective

oscillation to enhance the Raman signals [67-69].

The choice of the metal surface depends on the plasmon resonance frequency of metal. In
order to obtain optimally enhanced scattering in visible and NIR of spectrum, the silver
and gold nanosized materials are used as SERS substrates [70]. The other metals such as
copper, platinum and palladium can support for the formation of surface plasmons but they
are not preferred due to their high reactivity and impractical experimental conditions for

surface plasmon excitation [71-73].

A molecule adsorbed to the surface with a free pair of electrons have been also displayed a
different enhancement mechanisms, which is different from electromagnetic enhancement
related to surface plasmons. This mechanism is the result of chemical absorption of the
molecule onto the metal surface causing a charge transfer between the metal and the

molecule [74].
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There are several configurations constructed from silver and gold using verity of
techniques including lithography reported in literature [75-78]. Although, a certain degree
of success could be achieved with prepared substrates, the results vary depending on the
application type. The substrates can be classified into groups depending on the way they
constructed, surfaces and colloidal nanoparticles. Although, both types of substrates are
widely used, the latter found wide spread use due to their simple and cost effective
preparation. With the fact that the highest enhancement was reported on AgNPs clusters,

the AgNPs are now routinely used as SERS substrates.

The colloidal AgNPs and AuNPs can be synthesized by using many different reducing
reagents or by laser ablation as solid silver or gold [79-83]. In many studies, citrate-
reduced NPs are used as SERS substrates because of high SERS effect and stability.

The effort to use of SERS in the biophysical, biochemical and biomedical fields has
dramatically increased after early 1990s [84-88]. The several reports are available about
the SERS of amino acids, peptides, and DNA, RNA and nucleotide bases in
literature [62,89-97]. Therefore, the SERS studies were also performed on colored
biomolecules such as chlorophylls and the other pigments [98]. Also larger molecules,
proteins, containing chromophores such as heme group were studied with SERS. The
SERS studies in medical field are mostly applied to detection of stimulating drugs and
antitumor drug interaction with DNA [21,99]. The SERS technique is not only interested
for ultrasensitive detection and characterization of biomolecules but also used in
biophysical process. For instance, it was used to demonstrate the transportation through
membrane [100]. It was shown that the SERS can differentiate the movement of unsimilar
molecules across a membrane and also observed the arrival time of the transporter
molecule and concentration growth rate in colloidal AgNP suspensions. SERS was also
utilized for studying charge transfer mechanisms; for example in cytochrome c, which has

been explored on bare and coated silver electrodes [101].

The rapid detection of microorganisms is significant because of the increase of infections
rates. SERS is a valuable technique due to the minimal sample preparation to identify
bacteria based using their SERS spectrum. One of the early SERS studies of

microorganism had used colloidal silver nanoparticles as SERS substrate [98]. The AgNPs
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are produced with microorganism and its wall by forming a rough silver coating. The
SERS signals have been used the characterization of the bacterium due to the enhancement
factors. Although the SERS spectra were collected 1-2 mW laser excitation in a few
seconds, bulk Raman spectrum of bacteria show weak even with the use of 100 mW laser
power with 30-60 min collection time [102].

SERS was also used for the characterization of living cells [21,103]. The first use of SERS
at the living single cell level for the detection of antitumor drug concentrations was
reported in 1991 [21]. In another study, the SERS spectra has been measured by incubating
intestinal epithelial cells (HT29) with colloidal AuNPs [20]. A recent study about the
release of anticancer drug combinations from AuNPs in K562 human myeloid
leukemia cells was performed [104]. They generated an anticancer drug as a BCR-ABL
tyrosine kinase inhibitor on AuNPs surfaces along with a transferring (Tf)-targeting
component to treat the leukemia cells. In another study, SERS is used to investigate
cellular surface of immunolabeled endothelial cells [105]. Immunolabeling process was
carried on in two steps. The first step was coupling of gold-conjugated antibodies. In the
second step, the attachment of the AgNPs to cell surface was performed. The bands on the
SERS spectra originating from cell membrane components were observed. The direct
relationship of the membrane components with the distribution of AgNPs provides a
spectral mapping by SERS also used in that study. Another interesting study was about
the detection of single apoptotic cells [106].AgNPs-decorated silicon wafer (AgNPs@Si),
as a high-performance in vitro sensing platform for the detection of single apoptotic cells
was employed. In another study, nanoparticles are used for targeting tumors in vivo [14].
The colloidal AuNPs were pegylated and used in vivo tumor targeting. The several SERS
studies on the cell are available in the literature [14,22-31,107-113].

In almost the entire SERS- living cell studies reported in the literature, the AuNPs were
used as substrates after up taken by cells and relate the spectral changes to the metabolic
activity of the cell. In this thesis, an unusual approach for the sample preparation was
employed as different from the ones reported in the literature. The AgNPs and/or the
aggregates are distributed onto the cells grown on a slide. The aim was to bring the
biomolecular structures and AgNPs from as many as different points on the cell surface.

The cells placed onto the CaF, were dried and a small volume of AgNP colloidal
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suspension was placed onto the cells and dried at the overturned position that brings the
colloidal droplets to the suspended position. This configuration prevents the “coffee-ring”
formation phenomenon, which causes the jamming of all AgNPs at the droplet peripheral.
Our group in previous studies demonstrated the usefulness of the suspended droplet
approach for the detection of proteins.
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3. MATERIALS

3.1. CHEMICALS

Sodium citrate (99%) was purchased from Merck. AgNO3 (99, 5 per cent) was purchased
from Fluka. PBS was purchased from Hyclone. Dulbecco’s Modified Eagle’s Medium —
high glucose and Fetal Bovine Serum (FBS) was purchased from Sigma. L-Glutamine was
purchased from Invitrogen. Penicillin-streptomycin was purchased from Thermo Scientific.

Trypsin-EDTA was purchased from Biochrom.

3.2. CELL LINES

RCC cell lines, HEK 293, A-498 and ACHN were purchased from ATCC.
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4. METHOD

4.1. CELL CULTURE METHODS

Renal cancer cells (ACHN and A-498) and normal cells (HEK 293) were obtained from
American Type Culture Collection (ATCC). ACHN cell line has high tumorgenic
properties, while A-498 cell line has low tumorgenic properties. Thus, HEK 293293 is
non-cancerous and immortalized cell line. The cells were taken out from 80°C freezing
icebox, thawed, and washed. Then, ACHN, A-498 and HEK 293 cells were incubated in T-
75 flasks using glucose Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich,
Germany) with the 10% fetal bovine serum (FBS), 2 mM L-glutamine and the 1%
penicillin/streptomycin in an incubator humidified 5% CO, atmosphere at 37°C prior to
subculturing. For subculturing of HEK 293-293 cells, the medium was removed and rinsed
with phosphate buffered saline (PBS, 10X) solution, and a 2 ml of 0.025% trypsin solution
was added into the culture plate and placed at 37°C until the cells detached. Then, the fresh
medium was added to deactivate trypsin, and the cultures were transferred into the
centrifuge tubes and centrifuged at 1500 rpm for 5 min. After the supernatant was
removed, the fresh medium was added and dispensed into a new flask containing the fresh
medium. For subculturing of ACHN and A-498 cells, the medium was removed and rinsed
over the adherent cells using PBS. Then, a 2 mL of 0.025% trypsin was added and the
culture was incubated at 37°C for 10 minutes. The culture were transferred to centrifuge
tubes and centrifuged at 1500 rpm for 5 min. After the supernatant was removed, the fresh
medium was added and dispensed into new flasks containing fresh medium. After the
twice subculturing, the cells were moved to 6-well cultivation plates with CaF; slides and
incubated at 37°C. The cells were directly grown on CaF, slides using standard procedure.
Before the SERS measurements, the culture medium was removed and the cells were
washed three times with PBS. Then, CaF, slides were rinsed with water to remove
remanant salts. After the CaFslides were dried, a 2-uL of colloidal AgNPs was added onto
the slides, and the slides were turned upside down to dry in cell culture hood in sterile

conditions.
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4.2. PREPARATION OF COLLOIDAL SILVER NANOPARTICLES

The colloidal AgNPs were synthesized by using sodium citrate as reducing
agent [70].Briefly, a 90 mg of AgNOswasdissolved in 500mL of water, and the solution
was kept on the heater until boiling. Then, a 10 mL of 1% sodium citrate was added into
the solution and the solution was kept one and half hour until the volume reached the half
volume. The concentration of this suspension was called 1X. The final concentration of
AgNPs colloidal suspension was adjusted to 4X by centrifuging the 1X suspension and
removing the % of the supernatant for the use in SERS experiments. The average size
distribution of the solution was around 60 nm and the maximum absorption was recorded
at 420 nm. The characterization was performed by UV/vis Spectroscopy (Perkin Elmer
Lambda 25-UV), Zetasizer NanoZS (Malvern, UK), SEM (Carl Zeiss Evo 40) and Raman
spectroscopy (Figure 2.4). The colloidal silver solution had an absorbance at 420 nm and
the size distribution was averaged as around 60 nm.
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Figure 2.4. a.Raman spectrum, b. UV/Vis spectra and c. SEM image of AgNPs
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4.3. RAMAN MICROSCOPY SYSTEM

A Renishaw InVia Reflex Raman microscopy system (Renishaw Plc., New Mills, and
Wotton-under-Edge, UK) equipped with an 830 nm diode was calibrated by using the
silicon phonon mode at 520 cm ™. The incident laser power was 7.5 mW on the sample and
the spectral data acquisition time was 10 s. A 50x microscope objectives (NA: 0.50) was
used in the experiments. The SERS spectra were acquired over a spectral range of 500-
1800 cm *because the specific Raman bands were observed in this range. The SERS
spectra were collected over an area of 10 x 10 um? on the cell in 1-um steps by using map
image acquisition method. The experiment was repeated at least three times, and the

spectral analyses were carried out by the WIRE 2.0 software.
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4.4. PREPARATION OF SAMPLES AND SERS MEASURMENTS

After the cells were grown on CaF; slides, the culture medium was removed and the cells
were washed three times with PBS. Then, CaF; slides were rinsed with water to remove
remenant salts. After the CaF; slides were dried, a 2-uL of colloidal AgNPs was placed
onto the slides, and the slides were turned upside down to dry in cell culture hood in a

sterile condition.

*The diluted cell solution were dropped into

wells
centrifuge
» *The plates were incubated
» until the cells were attached to
the surface and took the
morphological shape
ACHN A-498 HEK
=== . . . *The slides were placed into wells
[—] . *Fresh medium was added
CasF . .

;

AgNPs
SERS spectra

A few drop of colloidal AgNPs

solution were added
pm—m
e *The wells were washed|
with PBS and water
‘ suspended @

droplet driying
« \—//"“ « /5

drying
+The slides were turned upside down *They are left to dry in Laminar flow cabinet
and dried

*SERS measurement

Figure 2.5. A schematic illustration of the sample preparation

The experiment was repeated at least three times. Each step of the experiment involves
SERS mapping of the cell in 10 x 10 um? areas with 1-um steps. As a result, one hundred
SERS spectra from a minimum 30 selected cells from each cell lines were acquired. Each

of cell lines has a minimum of 3000 SERS spectra collected.



20

4.5. DATA PROCESSING AND MULTIVARIATE ANALYSIS

The total number of spectra collected on a cell over 10 x 10 pm?area was 100. A minimum
of 30 cells for each cell lines was used for the SERS acquisition for each experiment. Each
of 100 SERS spectra obtained from each single cell was normalized to reduce the
variations in intensity, and the total SERS spectra obtained from each cell were averaged to
obtain a mean SERS spectrum. The SPSS software package (SPSS Inc., Chicago) was used
for multidimensional scaling method (MDS) [36]by performing the Euclidean distance
method, which was introduced on the SERS spectra to see the similarity and dissimilarity
of the collected cell spectra. Then, the linear discriminant analyses (LDA) [114] method
was used as classification method. Principal component analyses (PCA) [115] was used to
reduce the dimension of the SERS spectral data set space by generating standardized
matrices, and to produce PC scores, which are the most significant variables produced
from original spectra. PC scores were used as variables in LDA method. The LDA
provides discriminant functions, which increase the variances in SERS data between

different cell lines while decrease the variances between the cells of the same cell line.
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5. RESULTS AND DISCUSSION

The CaF; slides were used to culture the cells due to the interference from the glass
background during the spectra acquisition from the cells placed on glass slides. After they
were grown, the medium was removed by washing with PBS, and PBS was washed by
filtered and autoclaved water to avoid contamination. Therefore, they were placed in cell
culture hood until drying. Then, a 2-ul droplet of colloidal suspension containing AgNPs
were added onto the cells under light microscope and left to dry by turning upside down.
Multiple 2 pl droplets were spotted onto the cells grown on CaF, slide in order to place the
AgNPs on more cells when necessary. A 40x microscope objective was used to observe
the location of the cells, and the aggregation of AgNPs in dried droplets for each position,
under 4x objective (NA: 0.13) is visual in Figure 2.6.

Figure2.6. Image of ACHN cells under 40x objective (a), image of setup used for droplet
(b), drying image of droplet area dried at regular position under 4x objective (c), image of

droplet area dried at suspended position under 4 x objectives (d)

When a small volume of colloidal suspension containing AgNPs is placed on a surface, a
phenomenon call “coffee-ring” takes place and jams the almost all of the particles at the
liquid-solid-air interface. This causes the formation of very tightly packed particles at the
droplet edges[116,117]. For optimal SERS activity, a loose packing of noble metal
particles is necessary. [118-120]. In order to avoid the unequal distribution AgNPs on the
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droplet area and jamming them at the droplet peripherals, the droplet placed onto the cell
grown on CaF, was overturned and dried at the suspended position (Figure 1 b). Figure 1 ¢
and d show the comparison of the droplet areas at the suspended (c) and regular position
(d). As seen, the clusters of AgNPs are mostly observed at the center of the droplet when
droplet is dried at regular position while they are fairly distributed in the droplet area dried

at the suspended position.

The cells grown on CaF, are washed with PBS and then water before they let drying at
room temperature. During drying, it highly possible that the most of the cells retained their
morphology while a few of them crystallized. Washing procedure of the cells grown on
CaF, makes the cells, with retained morphology (see Figure 1 a) visible to select them
under microscope during the addition AgNPs colloidal suspension on it, and the selection
of them for SERS measurement. Since the cells are intact and dried, the addition of the
AgNPs colloidal suspension does not alter the cell morphology. The SEM images of
ACHN cells before (a) and after (b) addition of the AgNPs colloidal suspension are given
in Figure 2.7. As seen, the addition of colloidal suspension damages the cell integrity. Cell
necrosis, unprogrammed death may be resulted because of unexpected condition, drying
and adding colloidal suspension during the sample preparation. However, the AgNPs and
their aggregates are remained in the raptured cell area. Therefore, the spectral features on
the SERS spectra may originate from biomacromolecules and ionic species composing the

cell.

Figure 2.7.SEM images of ACHN cells before (a) and after (b) treatment with AgNPs

containing colloidal suspension.
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The approach of SERS measurement were employed from an area of 10x10 pm? onto cell
by using map image acquisition method with 1 um steps. A total of 100 SERS spectra
from one cell (a minimum of 30 cells for each cell line) were acquired with an 830 nm
diode and a 50 x objective. The laser power of the incident light was 7.5 mW, which
couldn’t damage the cells, and the best SERS spectra were obtained in this value of the
power. Almost 3000 SERS spectra for each cell line were collected, and the total SERS
spectra acquired from healthy and cancer cell lines were averaged to one mean SERS
spectra are presented in Figure 2.8 (a), and the mean SERS spectra for each cell line was
normalized at 529 cm™ (b). The normalization of the spectra at 529 cm™was processed
supposing the Raman intensity for each cell type is 100. The cause of the normalization is

to visualize the differences between Raman bands of three cell type.

As seen, there are several differences in the intensity of the bands appeared on the spectra.
The tentative band assignments were listed in Table 1. The bands at 529, 667, 732, 797,
911, 964, 993, 1050, 1102, 1180, 1277, 1330, 1414, 1446, 1576and 1654 cm™ are visible in
Figure 2.8.



24

1200 - i

—ACHN

-
=
£=)

* 1000 -

200 4

600 4

400 4

Raman Intensity (a.n)

200 4

300 T00 200 1100 1300 1500 1700

- Raman Shift (cm!
400 (em™) HEK

Haman Intensity (a.n)

300 700 200 1100 1300 1300 1700
Raman Shift (cm™)

Figure 2.8. Mean SERS spectra from cultured cells; ACHN, A-498 and HEK 293. (a)
Mean SERS spectra from HEK 293, a-498 and ACHN cultured cells. Spectra have been
normalized to the intensity 529 cm™ peak (b)

There is a strong Raman band around at 667 cm™ for each cell lines. It is probably related
to the presence of the sulphur atom: v(C-S) stretching causes intense bands in the region
600—700 cm™. An important increase in the intensity of the band at 660 cm™ in cancer cell
lines is likely related to Glutathione (GSH) [121,122]. Glutathione is a tripeptide form of
the amine group of cysteine and the carboxyl group of the glutamate side-chain. Cysteine
is a sulfur-containing amino acid which can be found in natural foods and also produced by
the body. Glutathione is found in all human tissues. It is an impressive antioxidant,
protecting fatty tissues from hazardous effects of free radicals. The more intense bands

obtained on SERS spectra of cancer cells can be interrelated with to conserve the lipid
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conformation increased in cancer cells by Glutathione. The band at 732 cm™ is recognized
to nucleic acids and Phosphatidylserine, generally stored on the inner-leaflet of cell
membranes [123]. Besides, the band at around 800 cm™ on the spectra of the cancer cells is
assigned to a benzene ring breathing vibration of tyrosine, which is more intense in cancer
cells than the normal cells. This increase in protein concentration is established in cancer
cells because of the high-energy demand for the increased metabolism. The band at around
906 cm’*, which is more intense in cancer cells than healthy cells, is assigned to fatty acids
and glucose. The anticipated decrease in the intensity of this band was observed on the
spectra of HEK 293 cells compared to the spectra of the cancer cells. As a result, this
decrease is a sign of the density of the phospholipids in the cancer cell membrane is higher.
As the cell division is accelerated in cancer cells, they need to produce new cell
membranes. Thus, the fatty acids production is increased. In addition, glucose, which is the
primary source for energy is increased in cancer cells because the growth rate and
proliferation is fast in cancer cells, and they require more energy than normal cell. The
band at 964 cm™ is recognized as malic acids, and the bands at 993 cm™ is assigned as
phenylalanine from proteins. The bands in region of 1000-1200 cm™ originates from
saccharides and fatty acids. The band in the region of 1200-1300 cm™ defines proteins,
including collagen | formation. The band examined at around 1300 cm™ is broad for cancer
cells while it is narrower for the healthy cells. The difference in the intensity of the bands
at 529, 1414 and 1446 cm™ is assigned to saccharides, proteins and lipids. The band at
1446 cm™ is more intense for healthy cells rather than cancer cells because phospholipids
and glycerol are used more in metastatic cancer cells than healthy cells for cell adhesion
during metastasis. In the region of 1500-1600cm™ are attributed to the pyrimidine ring of
nucleotides and amide 11 bands. In addition, the Raman band at 1576 cm™, which assigned
to Amide | is broader for A-498 cell line than the other cell lines but the intensity of the
Raman band is higher for cancer cells than healthy cells.
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Table 4.1. The band assignments of SERS spectra of the cell lines

Major assignments Raman shift/ cm™

HEK | ACHN | A-498

Saccharides [124] 530 | 530 -
Phosphatidylinositol [125] - 576 -
v(C-S) stretching [126] 668 | 670 660

Adenine (DNA/RNA) [127] / Phosphatidylserine [125] 732 | 732 725
RNA (PO, symmetric stretching) [128]/ tyrosine [129] 797 | 800 800

Fatty acids [130] / glucose [131] 911 | 914 906
Malic acid [124] 965 | 965 964
Phenylalanine [132] 993 | 993 998
Glycogen [133]/ fatty acids [124] 1050 | 1050 | 1040
Saccharides [134] / fatty acids [134] 1102 | 1102 | 1102
Cytosine and guanine [135] 1180 | - 1180
Proteins [136], including collagen | 1278 | 1278 | 1278
Saccaharides [137] /proteins [124] 1330 | 1333 |1330
Fatty acids [124]/ saccharides [124] 1412 | - 1414
Lipids [138] 1446 | 1447 1448
Amide 11 [139]/ DNA [140] 1577 | 1576 | 1577
Amide | [141] - 1654 | -

Further, the normalized SERS spectra were processed with MDS method by using SPSS
(statistical package for the Social Sciences). MDS method generates distance matrixes, and
it has the ability of the visualizing the relationship between cases, which are SERS spectra.
The distance between the cells shows the similarity and dissimilarity. The 2D plots from
the arbitrarily chosen 33 spectra obtained from each cell lines (a), and the 2D Euclidean
distances plot of the one averaged spectra from 3000 SERS spectra for each cell line (b)

were shown in Figure 2.9.
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Figure 2.9. 2D Euclidean distances plot constructed from the arbitrarily chosen 33 spectra
obtained from each cell lines (a), and 2D Euclidean distances plot of the one averaged

spectra from 3000 SERS spectra for each cell line (b)

As seen in figure 4, HEK and A-498 cells are closely grouped according to their types,
while the ACHN cells are placed farther than the other two. The cancer cells in high
tumorigenicity have the ability of altering much faster than HEK, on-tumorigenic, and A-

498, low tumorgenic.

MDS is not a correct solution and a subsequent technique on SERS data set because MDS
is not an eigenvalue-eigenvector method while principal component analysis (PCA) is an

eigenvalue-eigenvector method [142].

LDA, which is the classical discriminating method, are used in our study to obtain the
differentiating of the cells in high efficiency. High dimensional SERS data set was reduced
to principal component (PC) scores, new relevant variables. Four PC component
eigenvectors were extracted, and PC 1 (44, 25% of the total variance), PC 2 (34, 51 %), PC
3 (13, 86 %) and PC 4 (2, 31 %) were graphed by using scatter plot to show the values of
the three variables, ACHN, HEK and A-498 cell lines (Figure 5). Note that each dot
represents one cell. The scatter plot of PC 1 and PC 2 was shown in figure 5 (A). As seen,

PC 1 and PC 2 vectors could identify the cells with sensitivity and specificity of 85 %
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and84 %, respectively, while others are grouped in low correlation. PC 1 and PC 3 could
classify the cell lines with sensitivity and specificity of 70 % and 68 %, respectively, while
PC 1 and PC 4 could distinguish the cells with sensitivity and specificity of 70 % and 69
%, respectively. Besides, PC 2 and PC 3 could diagnose the three types of cells with
sensitivity and specificity of 71 % and 69 %. In addition, PC 2 and PC 4 could differentiate
the cell lines with sensitivity and specificity of 76 % and 73 %, respectively, while PC 3
and PC 4 could separate the cell lines with sensitivity and specificity of 46 % and 42 %,

respectively.
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Figure 3.1. The PC scatter plots show the principal components of 30 cells from each cell
lines (ACHN, A-498, and HEK 293). PC 1 and PC 2 (a), PC 1 and PC 3 (b), PC 2 and PC
3(c), PC1and PC 4 (d), PC 2and PC 4 (e), PC 3and PC 4 (f)

PC 1 and PC 2 vectors have the large mean and significant differences between the groups
compared to PC 3 and PC 4 vectors. As seen, it is clear that PCA is not the best

classification methods for our SERS data set while it is a good way to summarize high data
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sets into subsets of variables. LDA arranges discriminant functions by maximizing the
variances in SERS data between different cell groups while minimizing the variances
between the cells of the same group. The PC scores, reduced from high dimensional SERS
data set were used in LDA. The scores on LD 1 and LD 2 were also graphed by using
scatter plot (Figure 3.2). ACHN, HEK and A-498 cells are differentiated with sensitivity
and specificity of 88 % and 84 % by LDA.
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Figure3.2. LD 1 and LD 2 scatter plot of three types of cells

LDA is the best classification method for our study compared to PCA and MDS methods.
As a result, the clustering of three cells with a sensitivity and specificity of 88 % and 84 %,
respectively, is a good rate to diagnose of the cancer types of RCC and healthy cells. This
study provides a novel approach for early detection of the RCC. The method is simple,
label free and high classification rate compared to other SERS studies.
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6.CONCLUSION AND RECOMMENDATIONS

6.1. CONCLUSION

In this study the use of SERS to identify renal cancer cells, human kidney adenocarcinoma
(ACHN), human kidney carcinoma (A-498) and non-cancerous human kidney embryonic
cells (HEK 293), by combining a new sampling method and LDA algorithms was
demonstrated. The citrate reduced AgNPs were used as SERS substrates and the AgNPs
colloidal suspension placed onto the cells grown on the slide was dried at the suspended
position. Since the AgNPs and their aggregates are localized on the cell surface area with
this sample preparation method, the observed bands on the SERS spectra of the cells can
be attributed to the released metabolites or biomolecules originating from the cell surface
and intra-cellular molecular molecules and molecular structures due to the cell rupture.
The SERS spectra obtained from the three different cell lines are statistically analyzed to
differentiate the cells. Principal component analysis (PCA) combined with linear
discriminate analysis (LDA) was performed to differentiate the three kidney cell types with
a sensitivity and specificity of 88 % and 84 %, respectively. The present study
demonstrates that SERS can be used to differentiate renal cancers by combining a new
sampling method and LDA algorithms. The observed changes on the SERS spectra can be
related to altered biological function in healthy versus cancer cells, which could be used
for early diagnosis or cell typing. This study was the first to differentiate the renal cancer
cells from healthy cells with high correlation by using algorithms based PCA and LDA on
SERS spectra set.

6.2. RECOMMENDATIONS

In this thesis, the development of a SERS based cell differentiation method was studied for
three related cell lines. From the data presented here, it is evidenced that the approach can
be used for the cell differentiation. However, it is necessary to conduct further studies if

the developed approach is efficient for the differentiation of all types of cells.
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Another interesting future study can be the use of modified AgNPs by introducing them
into the cells other than placing them onto the cells. Although there are studies in literature
employing mostly the AuNPs, there are not many reports that the AgNPs are used. The
possible reason for this could be the toxicity of the AgNPs to the living cells. The
modification of the AgNPs with biocompatible molecules and polymers can be used to
diminish their toxicity for living cells. In addition, with the attachment of receptor

molecules such antibodies, specific target molecules can be captured in living cells.

Further, the SERS spectra obtained from the cell lines can be compared to the SERS
spectra obtained from the cancer tissue using a similar statistical approach for a possible

use of the developed approach for diagnosis.
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