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ABSTRACT: Vibrational spectroscopy provides the possibility for
sensitive and precise detection of chemical changes in
biomolecules due to development of cancers. In this work, label-
free near-infrared surface enhanced Raman spectroscopy (SERS)
was applied for the differentiation between cancerous and normal
human bladder tissues via analysis of the extracellular fluid of the
tissue. Specific cancer-related SERS marker bands were identified
by using a 1064 nm excitation wavelength. The prominent spectral =
marker band was found to be located near 1052 cm™ and was '
assigned to the C—C, C—O, and C—N stretching vibrations of
lactic acid and/or cysteine molecules. The correct identification of
80% of samples is achieved with even limited data set and could be
further improved. The further development of such a detection
method could be implemented in clinical practice for the aid of surgeons in determining of boundaries of malignant tumors during
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1. INTRODUCTION

Bladder cancer (BC) is the 11th most commonly diagnosed
cancer for both genders. Higher rates of age-standardized
incidence are observed in males comparing to females (9.0 and
2.2 per 100000 person/years, respectively). The S-year
recurrence and progression rates depend on clinical and
pathological factors and vary from 31% to 78% and from 0.8%
to 45%, respectively.” Because of the high recurrence rate and
complexity of the invasive diagnostic procedures, bladder
cancer has the largest economic burden to treat per patient
over their lifetimes.” BC is commonly diagnosed by white light
cystoscopy (WLC), followed by a bladder tissue biopsy.
Although, WLC is widely used, it has limitations on detecting
small malignant tumors, particularly sessile carcinoma in situ
(CIS). Photodynamic diagnosis (PDD), with “blue” light after
addition of S-aminolaevulinic acid (ALA) or hexaminolaevu-
linic acid (HAL), has higher rates of sensitivity than WLC
(92% vs 71%). However, its specificity is significantly lower
than that of WLC (63% vs 81%), as false-positive results may
be easily produced by bladder inflammation (cystitis), due to
similar macroscopical appearances in some cases.” Samples of
bladder tissue biopsy are examined by pathologists, and
diagnosis is given according to BC histological criteria. The
most common histological type of BC is urothelial carcinoma
(UC), with approximately 90% of all cases. The remaining
~10% of cases consist of squamous cell carcinoma,
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adenocarcinoma, and small cell carcinoma.’ Since 2004,
when new pathological grading system was introduced, low-
grade (LG) and high-grade (HG) categories were imple-
mented to define tumor differentiation. High-grade tumors are
less differentiated and encompass all G3 and part of the G2
entities from the previous classification.’ Although, to date,
WLC is a good standard of BC diagnosis, it has a factor of
subjectivity during both endoscopy and the pathological
examination of the biopsy sample. It also requires repeated
invasive procedures and has a high expense rate per patient.
Therefore, there is need for a new accurate, noninvasive, and
low-cost diagnostic method. Recently, new magnetic resonance
imaging possibilities have been described with a completely
new standardized reporting system (VI-RADS).”® While, it
may have improved the patients care through imaging of the
bladder with a better resolution of the tissue planes, there is
still need to perform an invasive procedure to have a sample
for pathological examination.
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Sensitive and precise detection of chemical changes in
biomolecules due to development of cancers is possible using
vibrational spectroscopy methods, namely infrared (IR)
absorption,” Raman spectroscopy,'*~'> and surface-enhanced
Raman scattering (SERS) spectroscopy.’* ' It has been
previously shown that both of these methods can be used to
discriminate between the cancerous and normal tissues or cells
of various cancers, like brain,'” ~>° breast,”' ~** or others.”>™**
Similarly, we have showed that SERS and attenuated total
reflectance Fourier-transform infrared (ATR-FTIR) methods
can be used to detect kidney cancer through the analysis of the
extracellular fluid.””*° Nowadays, a lot of research has been
focused to nondirect cancer detection through “liquid biopsies”
since this method can be potentially noninvasive.”'~>* A
number of vibrational spectroscopy studies have been
performed regarding bladder cancer as well.”*~*" It has been
shown that FTIR spectroscopy can be used not only to
distinguish cancerous and normal bladder tissues®*** but also
to detect bladder cancer from bladder washings.*® Raman
spectroscopy possesses several advantages comparing with
other spectroscopy methods, such as (i) negligible interference
from water, (ii) rich vibrational information on bonding and
interactions of molecular groups, (iii) narrow vibrational
bands, and (iv) resonance and surface enhancement
possibilities. The SERS technique overcomes the low inherent
sensitivity of ordinary Raman spectroscopy. Several groups
have demonstrated the promising advantages of the SERS
approach in analysis of bladder cancer.”’ = The first attempts
to employ SERS spectroscopy for the analysis of the cultured
bladder cancer cells are described by Jin et al.>” in 2015.
Following studies have shown that in vivo imaging of the
bladder tissue can be performed using SERS nanotags™® or that
the noninvasive and muscle-invasive bladder cancer cells can
be determined from liquid biopsies.”” Importance of develop-
ment of new highly effective SERS substrates for analysis of
bladder cancer cells was well-recognized.A'O’Ar2 Thus, highly
ordered silver nanopore and nanocap arrays were fabricated by
using porous layers of anodic alumina membranes.*” Recently,
Chuang et al.*’ demonstrated the advantages of hollow
Au,Cu,_, alloy nanoshells for SERS detection of bladder
cancer cells. Progress in SERS-based discrimination of various
cancer cell types including bladder cancer cells was achieved by
combining antibody-conjugated magnetic beads and antigen-
targeting SERS nanotags.”” To improve the detection
precision, an internal-reference based ratio-metric SERS assay
method"" and dual-mode Au-nanoprobe technique based on
determination of telomerase activity in cell extracts and urine
of patients by combining SERS and calorimetry measure-
ments*® were developed. The potential of SERS spectroscopy
for discrimination of high-grade and low-grade bladder cancer
cells was demonstrated.”’ =" The possibility to predict the
bladder cancer grade by SERS analysis of urine supernatant
and sediment was proposed.”” Recently, a new elegant NIR-
SERS platform based on modified Au—Ag nanohollows was
developed for effective discrimination of high-grade and low-
grade bladder cancer cells.””

In this work, we demonstrated that a label-free SERS
spectroscopy approach, in comparison with other approaches,
can be applied much more easily while still granting sensitive
chemical analysis. The analysis of extracellular fluid of bladder
tissue and the tissue itself was performed. We have employed
near-infrared (1064 nm) excitation wavelength ensuring
nonresonant and fluorescence-free SERS spectra of biosamples.

It was demonstrated that combination of near-infrared
excitation and citrate-reduced Ag nanoparticles as a substrates
increases repeatability of SERS spectra of biofluids.”® If a
precise label-free SERS method would be developed it could
be further improved to benefit the clinical diagnosis. By
employing optical fiber probes SERS method is already bein
proposed as a sensitive method allowing on site analysis.”
Thus, if coupled with endoscopic analysis, fiber probes covered
with SERS active nanoparticles could be used to enhance the
sensitivity and minimize the invasiveness of the tumor
detection.

2. MATERIALS AND METHODS

2.1. Sample Collection. Spectral studies of the bladder
tissues were approved by the Vilnius Regional Biomedical
Research Ethics Committee (Document No. 2019/12-1178-
665). The samples of the bladder tissues for SERS
spectroscopic studies were obtained between December 2019
and March 2020 in the Urology Center of the Vilnius
University Hospital Santaros Clinics when performing
transurethral resection of urinary bladder (TURB) or radical
cystectomy (RC). Patients were eligible if they had a clinical or
radiological suspicion of bladder cancer and they required any
of the procedures mentioned (TURB, RC) according to the
latest guidelines for bladder cancer of the European
Association of Urology. All patients gave an informed consent.
Ineligibility criteria were refusal to participate in the study,
positive urine culture, and untreated coagulopathy.

At the beginning of the TURB procedure, before cutting the
tumor, a single sample of healthy-looking bladder tissue was
obtained for the spectral studies. After the TURB procedure, a
single sample of cancer-suspicious tissue was obtained for the
spectral studies. Malignancy was confirmed pathologically by
examining the remaining resected tissue. When performing
RC, samples of healthy and malignant tissue were obtained
after the procedure. Immediately after surgery, bladder tissue
samples were submitted for histological and spectroscopic
analysis. Thus, every set of samples gathered for the
spectroscopic analysis contained the cancerous or cystitis-
affected tissue and the healthy-looking tissue, which was
collected from the bladder of the same patient. The latter
tissue type for the purpose of convenience is called normal
tissue in the manuscript. The true nature of the tissue that was
considered as healthy-looking was proved by the results of
histological examination.

2.2. Sample Preparation. Samples for the SERS analysis
of the whole tissue were prepared as follows. The small part of
the bulk tissue was cut with a clean scalpel blade. The resected
bladder cancer tissues were rather small due to the limitations
of the surgery (the resection procedure). Therefore, on
average, the analyzed tissue samples were around 1.5—2 mm
in diameter. Subsequently, the cut of tissue was placed with the
cut side up, and a small amount of the concentrated colloidal
solution was deposited on top and dried. The SERS spectra
were then collected directly from the surface of the tissue.

Samples of extracellular fluid of the normal, cystitis-affected,
and cancerous bladder tissues analyzed in this work were
prepared in the following manner. A small part of the bladder
tissue was sliced off the bulk tissue and smeared (pressing the
cut side) across the aluminum substrate, which was precleaned
with methanol. The formed extracellular fluid layer was dried
in an open environment at room temperature and used for
further studies. Such a sample preparation procedure results in
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creation of a thin film of extracellular fluid, which also includes
single cells of the tissue. Since the samples of extracellular fluid
were taken by stamping of the tissue under study on glass
substrate, the stamp retains information about the morphology
of the tissue. The cancerous areas of the tissue are located in
the same places in the stamp, just with a much lower
concentration of the cells. Before collecting the SERS spectra, a
drop of colloidal solution was put on the top of dried
extracellular fluid film.

To ensure reproducibility of the SERS data, the same
procedure for the preparation of the samples and the colloidal
solution was reproduced in a very thorough and careful
manner in order to keep the experimental parameters always
the same (or at least as similar as possible). Therefore, high
reproducibility of the SERS spectra was achieved in this study.
The volume of the colloidal solution added on top of the
extracellular fluid or tissue sample for each measurement was
always the same, 10 uL. Therefore, the incubation time of the
AgNPs and the tissue or extracellular fluid layer samples was
relatively constant. The samples were measured immediately
after the nanoparticle solution drop was dried. Since small
drops of liquid were used, the drying process took around 30 s.

2.3. Measurement Equipment. The UV—vis electronic
absorption spectra of silver nanoparticles were recorded using
a two-channel UV—vis—NIR spectrophotometer Lambda 1050
(PerkinElmer, USA) equipped with two light sources,
deuterium and halogen lamps. Spectra were collected in a
wavelength range of 250 to 1100 nm and a resolution of S nm
were selected.

The Raman scattering and the SERS spectra were collected
using Fourier Transform (FT-Raman) MultiRAM spectrom-
eter (Bruker GmbH, Germany). The samples were irradiated
using 1064 nm wavelength Nd:YAG laser. Spectra collection
was done in 180-deg geometry. Gold plated hyperbolic 90-deg
angle mirror objective coupled with a CCD camera was used.
The focal length of the objective was 33 mm and the diameter
of the focused laser beam was 100 ym (an average intensity at
the sample of 955 W/cm? at 100 mW of laser power). A liquid
nitrogen cooled Ge detector was used to collect the scattered
light. All spectra were collected in the wavenumber range of
100—3600 cm™ with a resolution of 4 cm™. A Blackman—
Harris 3 term apodization function and a zero-filling factor of 2
were used for the Fourier transform. To avoid time-dependent
changes in the biosample and increase repeatability of the
measurements, the time required to prepare the sample with
Ag nanoparticles and acquire the SERS spectrum was
sufficiently short, no longer than $ min.

The variability of the experimental and SERS spectra was
calculated as follows. First, using the normalized experimental
spectra, the averaged SERS spectrum was calculated for each
class: cancer, normal, and cystitis. Second, using the spectral
data, the standard deviation was calculated for each individual
data point. Finally, the standard deviation was visualized
together with the averaged spectra for each class.

2.4. Preparation and Characterization of the Colloi-
dal Solution of Silver Nanoparticles. Silver nanoparticles
were prepared in accordance to the procedure described by
Lee and Meisel.>® In short, 18 mg of silver nitrate (AgNO;,
99%, Merck, Germany) was dissolved in 100 mL of distilled
water. Next, an aqueous solution of AgNO; was heated to
boiling temperature while stirring constantly. When the boiling
point was reached, 2 mL of a 1% solution of trisodium citrate
(Na;C¢HO,, 99%, Merck, Germany) was added, and the

whole mixture was left heated for an additional hour while
being stirred rapidly. After 1 h, the solution was cooled to a
room temperature in an ice-bath. The synthesis procedure
results in a grayish-green solution of silver nanoparticles. To
increase the concentration of nanoparticles, the colloidal
solution was centrifuged for 10 min at 6500 rpm. After that,
1S mL out of the initial 30 mL solution was removed as a
supernatant. The left-over concentrated solution was used for
the Raman scattering measurements.

Biological media may affect the stability of synthesized Ag
nanoparticles.””” Based on SERS measurements, we found
that the nanoparticles remained stable for more than 2 h. This
might be related to the fact that the samples of extracellular
fluid of bladder tissue and colloidal solution were dried. Also,
the whole process of sample preparation and SERS measure-
ment was rather short, no longer than § min. Recently, Valenti
and Giacomell’” have demonstrated the stability of citrate-
capped Ag nanoparticles against dissolution in biologically
relevant conditions. The stability of silver nanoparticles capped
with different agents (including citrate), in various conditions
of biological media (different pH levels, electrolyte concen-
tration, buffers) was investigated by MacCuspie.’® It was found
that the performance of the citrate-capped Ag nanoparticles
can be observed up to S h or more.

3. RESULTS AND DISCUSSION

3.1. Characterization of Silver Nanoparticles. Silver
nanoparticles were characterized by UV—vis spectroscopy and
transmission electron microscopy (TEM) analysis (Figure S1).
Only one broad band centered at 450 nm was observed in the
UV—vis spectrum. Integrated intensity of this band was found
to increase by a factor of 1.6 after centrifugation (6500 rpm)
indicating an increase in concentration of Ag nanoparticles.
Based on analysis of TEM image, the average diameter of
spherical nanoparticles was found to be about 80 nm. The size
distribution of synthesized Ag nanoparticles is shown in Figure
S2. The suitability of Ag nanoparticles for SERS studies was
tested by using uric acid as an adsorbate (Figure S3). The
calculated analytical enhancement factor for centrifuged at
6500 rpm nanoparticles was found to be 8 x 10*

Before conduction of the experiments with biological
samples, the SERS spectrum of the bare Ag nanoparticles
was recorded (Figure 1). Such a spectrum is needed in order to
eliminate the bands present from adsorbed stabilizing species
or impurities, which might seriously perturb the spectrum of
samples under investigation.'”® The strong feature near 236
cm™! dominates in the SERS spectrum. Similar intense band
(232 cm™) was observed previously in SERS spectrum of
citrate-reduced Ag nanoparticles.”” This band was assigned to
the stretching vibration of silver—oxygen bond. It should be
noted that stretching vibration of Ag—Cl bond occurs in the
similar wavenumber region.” A small amount from chloride
salt impurities in chemical compounds used for preparation of
Ag nanoparticles may contribute to the observed low-
frequency band. In this work, chloride salts were not used
for synthesis of Ag nanoparticles. Therefore, the stretching
vibration of Ag—O bond was suggested as a major contribution
for the low-frequency band at 236 cm™" observed in this work.
Thus, the low frequency spectral region is not useful for
analysis of biological samples; however, the frequency region
above 300 cm™' does not contain any distinct spectral features
and was explored for further SERS analysis.
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Figure 1. SERS spectrum of the centrifuged colloidal solution of silver

nanoparticles used in this study. The excitation wavelength is 1064
nm.

3.2. Comparison of Raman and SERS spectra. Figure 2
compares Raman and SERS spectra of normal and cancerous
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Figure 2. Comparison of conventional Raman and SERS spectra of
normal (lower spectra, blue curve) and cancerous (upper spectra, red
curve) bladder tissues and their extracellular fluids. Values of Raman
shifts over broken bars denote the bands related with the strongest
spectral changes. The excitation wavelength is 1064 nm.

bladder tissues and their extracellular fluid. One can see that
ordinary Raman spectra differ considerably comparing with the
SERS spectra from the same samples. Raman spectra from
tissue samples exhibit strong bands related to CH, deformation
vibration near 1438 cm™', the Amide-I stretching mode at
1660 cm™, and broad features in the range 1250—1350 cm™!
mainly due to the Amide-III vibrational mode.’’ In contrast,
SERS spectra of tissue exhibit many intense bands in the lower
frequency region. This is because SERS spectrum represent
adsorbed species at the surface of Ag nanoparticles and
operation of special surface selection rules.”®®> In the case of
extracellular fluids, no ordinary Raman spectra are observed;
however, intense SERS spectra are acquired. As can be
observed, conventional Raman scattering spectra do not
provide clear information on the nature of the sample (normal
or cancerous). Slight spectral differences can be observed in
the Raman spectra of the tissue but these differences are
extremely small, and any discrimination of the tissues would be
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complicated. Compared to that, spectral differences between
normal and cancerous samples observed in the SERS spectra
are much greater (especially in the case of extracellular fluid
samples). Because of the intense spectra from extracellular
fluids and strong response in the fingerprint spectral region of
tissue samples, in the following we will discuss only the SERS
studies.

3.3. SERS Spectroscopy of Bladder Tissue Samples.
The total of 58 bladder tissue samples of 30 different patients
(28 healthy, 25 cancer patients, and S patients affected by
cystitis) were collected and studied in this work. The
histological examination was performed for all the collected
samples. The results of histological analysis of the bladder
tissues used in this study are presented in Table 1. Cancers
were classified by TNM (tumor node metastasis), a globally
recognized standard for classification the extent of spread of
cancer.

Table 1. Results of Histological Analysis of Bladder Tissues
Used in the Study

histological type TNM® differentiation grade number of patients

urothelial carcinoma  pTa low-grade 9
urothelial carcinoma  pTa high-grade 8
urothelial carcinoma  pT1 high-grade 3
urothelial carcinoma  pT2a high-grade 2
urothelial carcinoma  pT2b high-grade 1
urothelial carcinoma  pT3a high-grade 2
nonspecific cystitis - - S

“Abbreviation: TNM, tumor node metastasis.

For determination of the spectral differences between
healthy, cancerous, and cystitis-affected bladder tissues, SERS
spectra were recorded. The spectra were collected at five
different points for each of the bladder samples (tissues and
their extracellular fluid layers) in order to take into account
possible differences of the spectra at different measuring
points. The averaged SERS spectra of bladder tissues are
presented in Figure 3. The spectra were normalized by

660 - 724 89|1 1222 1438

\ Normal
I4OO arb. un. | | !

Cancer

-

Cystitis

SERS intensity

Cancer - Normal

400 600 800 1000 1200 1400 1600 1800
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Figure 3. Averaged SERS spectra of cystitis-affected, cancerous and
normal bladder tissue samples and the difference spectrum with a
magnified intensity (X4) between the averaged spectra of cancerous
and normal tissues. The gray areas in the spectra represent the
standard deviation of the intensity. The excitation wavelength is 1064
nm.
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applying vector normalization and were shifted along the SERS
intensity axis for clarity. Gray areas indicate the standard
deviation of the intensity of the SERS spectral bands. These
changes may be reasoned by the concentration variations due
to nonuniform distribution of structural molecules. The
distribution of cancer relevant molecules in the human body
depends on physiology, lifestyle, physical activity, food intake,
medication, illnesses, and other factors. Furthermore, in the
case of cancer, the concentration of such molecules in the
tissue may vary with different type of the tumor, its stage, and
morphological changes in the cancer cells. It is also important
to note that during the surgery the exact borderline between
normal and cancerous tissues is invisible. Therefore, cancerous
cells can be detected in a sample of a healthy tissue sample and
vice versa.

Analysis of the averaged SERS spectra of healthy and
cancerous bladder tissue revealed that no significant spectral
differences can be determined between them. To enhance
small spectral deviations between the studied samples, we have
constructed the difference spectrum; such an approach was
previously used for detailed Raman/SERS analysis of bladder
cancer."*7%3! The difference spectrum between the spectra
of cancerous and normal tissues showed two spectral bands of
interest (Figure 3). These are located at 660 and 891 cm™.
Also, by comparison of these spectra with the SERS spectra of
tissues affected by cystitis, three SERS spectral bands that are
absent or have low intensity in the spectra of normal and
cancerous tissues were identified. These bands are located at
724, 1222, and 1438 cm™". In order to explain the observed
differences in the SERS spectra of urinary bladder tissues, a
tentative assignment of the SERS bands was performed in
accordance with the literature.'>***'~7® 1t can be stated that
the main spectral differences may be related to the SERS
spectral bands of Amide III (1222 cm™"), adenine (724 cm™"),
cysteine (660 and 891 cm™'), and proteins (1438 cm™). In
addition, the 1438 cm™! band may have some contribution
from oxygenated guanosine ring stretching vibrations.”” It
should be noted that all of the spectral bands are directly
related to the constituents of the analyzed samples and not the
molecules in the composition of the colloidal solution itself.
No distinct spectral bands in the discussed spectral region were
observed in the SERS spectrum of the colloidal solution (see
Figure 1).

3.4. SERS Spectroscopy of Extracellular Fluid. The
sample smearing technique was chosen in this work, since it
was already used in our previous studies where we have shown
that extracellular fluid samples also contain single tissue
cells.*”*" In these studies, we have tested the reproducibility of
such samples and have noticed that only minor changes in the
intensity of the spectral bands are observed. To average out the
small spectral differences which result from the small variation
of the sample composition or thickness, the SERS spectra of
extracellular fluid were also collected at five randomly chosen
points of every sample. The two different measurement points
were at least 1 mm apart. It should also be noted that the
diameter of the focused laser spot in our experiments was 100
um what is a relatively large area if compared to Raman
microscopy measurements. Collection of the SERS signal from
such area could be regarded as an averaging of the spectral
information since in Raman microscopy the diameter of the
area of measurement is only few micrometers. To represent the
reproducibility of a typical sample, the SERS spectra collected
at five randomly selected points of the extracellular fluid of

normal bladder tissue is presented in the Figure 4. As can be
observed, only slight differences in intensity result from the
point of measurement.
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Figure 4. SERS spectra of extracellular fluid of normal bladder tissue
collected at five randomly selected points of the sample. The
excitation wavelength is 1064 nm.

An important matter is the spectral variance source. Figure 5
compares averaged intrasample and interpatient SERS spectra.

I Inter-patient (Normal)

800 arb. un.

Inter-patient (Cancer)

Inter-patient (Cystitis)

Intra-sample (Normal)

Intensity —

400 600 800 1000 1200 1400 1600 1800
Raman shift, cm™

Figure 5. Comparison of averaged intrasample and interpatient SERS
spectra of extracellular fluid of normal, cancer, and cystitis-affected
samples. The gray areas in the spectra represent the standard
deviation of the intensity. The excitation wavelength is 1064 nm. Five
experimental spectra were averaged.

One can see that the intrasample variance is quite small in
comparison to the interpatient spectra. This shows that the
variance comes from the differences in the tissues of the
patients. Such differences are a result of diseases and their
progression in case of spectra of the cancerous or cystitis-
affected samples and most probably the different lifestyles
(food, metabolism, etc.) in the case of normal samples. The
SERS spectra of extracellular fluid of healthy, tumor, and
cystitis-affected tissues containing single cells are presented in
Figure 6. It is notable that the standard deviation of the
intensity of the vibrational bands (visualized by gray area) in
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Figure 6. Averaged SERS spectra of the extracellular fluid of cystitis-
affected, cancerous, and normal bladder tissues and the difference
spectra with a magnified intensity (X4) between the averaged
extracellular fluid of cancerous and normal and cancerous and cystitis-
affected tissues. The gray areas in the spectra represent the standard
deviation of the intensity. The excitation wavelength is 1064 nm.

these spectra may be attributed not only to the individual
changes due to different lifestyle of each patient but also to the
peculiarities of the sample preparation—the uneven surface of
the extracellular fluid layers. This is because the intensity of the
conventional and surface enhanced Raman scattering signals
depends on the thickness of the test specimen (the number of
the molecules contributing to the Raman signal). A very thin
layer of an extracellular fluid with single cells results in the
sufficiently strong SERS signal, while the SERS spectrum of the
thick layer may resemble the Raman spectrum of the whole
tissue.

The main spectral differences that allow the discrimination
of the healthy and cancerous tissues can be observed in the
SERS spectra of extracellular fluid presented in Figure 6. These
vibrational spectral bands are located at 1052 and 1414 cm™/,
respectively. The SERS band of the extracellular fluid of
cancerous bladder tissue at 1052 cm™! is rather intense, while
the band at 1414 cm™ is less intense in the spectra of healthy
and cystitis-affected tissues. Some SERS spectra of healthy
tissue do not contain these bands at all.

Spectral alterations are more clearly visible in the SERS-
difference spectrum (Figure 6) constructed from averaged
cancerous and normal and cancerous and cystitis affected
bladder spectra. The positive-going features in this spectrum
are related with an additional or intensified bands characteristic
for cancerous samples. Thus, an intense and sharp positive-

going feature is visible at 1052 cm™', while two lower intensity
bands appear near 1414 and 660 cm™". It should be noted that
intensification of the latter band is not clearly visible from the
averaged SERS spectra of the extracellular fluid of the
cancerous bladder tissue. In order to highlight the spectral
differences and variability of the spectral marker bands, the
positions of the marker bands, the mean intensity, and the
standard deviation values observed in the SERS spectra of
bladder tissues (Figure 3) and extracellular fluids (Figure 6)
are listed in Table 2.

3.5. SERS Marker Bands of Bladder Cancer/Cystitis.
Let us define the origin of the bands, characteristic to
cancerous samples (Table 3). SERS spectra of selected
biomolecules which could contribute to the observed spectra
of bladder samples obtained at 1064 nm excitation wavelength
are presented in Figure 7. One can see that tyrosine residues
from proteins, cysteine, ATP, thymine ring, guanine ring, and
lactic acid may contribute to 1052 cm™' band. In the case of
Tyr and Thymine, this is a relatively low intensity feature
compared with other modes of these compounds. However, in
the case of lactic acid molecules, this is the dominant and
characteristic vibrational mode. Cysteine molecules may also
contribute to the observed spectra due to exhibition of broad
and intense feature near 660 cm™' associated to C—S
stretching vibration in addition to the 1052 cm™ band.
Thus, based on examination of presented SERS spectra of
selected compounds and literature data analysis we suggest
that the major contribution for the band located at 1052 cm™
comes from the v(C—0), v(C—N), and v(C—C) stretching
vibrations of lactic acid****~%" and/or cysteine’’ molecules.
The increased intensity of this band in the cancerous tissue can
be also explained by the increased amount of the cysteine,
since such compound is related to the development of cancer.
More precisely, a correlation between the cancer growth and
the availability of cysteine was shown to be especially strong in
bladder cancer.”* Thus, the uptake of cysteine molecules is
seen to be increased in the cancerous tissue.”

The vibrational band in the SERS spectra of the extracellular
fluid of the bladder cancer tissues, observed at 1414 cm™!, was
found to be associated with stretching vibrations of protein,
DNA, lipids, and lactic acid molecules (Figure 7). SERS-
difference spectrum suggests the presence of two positive-
going features in this spectral region at 1414 and 1448 cm™!
(Figure 6). Intense bands in this spectral region are
characteristic for lipid molecules due to scissoring bending
vibration of methylene groups.67 Lipids perform the function
of cellular energy storage and are involved in signal
transduction, cell proliferation, and growth processes. Since
more energy is used during the uncontrolled division and

Table 2. Mean Values and the Standard Deviation of the Main Spectral Bands Observed in the SERS Spectra of Bladder Tissue

and Extracellular Fluid

wavenumber, cm™!
660
724
1222
1438
660
1052
1414
1448

sample

tissue

extracellular fluid

INormay a0 Tcancer au ICystitisl au

1.26 + 0.42 1.38 + 0.35 1.20 + 0.40
0.68 + 0.28 0.69 + 0.17 0.85 + 0.49
0.62 + 0.20 0.64 + 0.14 0.92 + 0.27
091 + 0.20 0.90 + 0.1§ 1.16 + 0.23
0.58 + 0.36 0.68 + 0.38 0.50 £ 0.13
037 £ 0.17 0.89 + 0.39 0.39 + 0.16
0.86 + 0.10 0.99 + 0.26 0.83 + 0.11
1.08 + 0.07 1.20 + 0.14 1.20 + 0.09
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Table 3. SERS Marker Bands of Bladder Cancer/Cystitis Based on Analysis of Tissue and Extracellular Fluid Samples

wavenumber,
-1 .
cm vibrational mode

724 A ring breathing adenine ring in DNA

1222 Amide-III amide group in proteins
1438  scissoring CH,; W6; 8-oxo-dG
ring stretching
660 G ring breathing; C—S
stretching
1052 C-0, C—N, and C-C
stretching
scissoring CH,; W6; 8-oxo-dG
ring stretching

lactic acid; cysteine

1414/1448

molecular group

guanine ring in DNA; cysteine

methylene groups in proteins and lipids; tryptophan residue in proteins;
8-oxo-deoxyguanosine ring of DNA

comments
tissue; possible marker band of
cystitis
tissue; possible marker band of
cystitis

methylene groups in proteins and lipids; tryptophan residue in proteins; 8- tissue; possible marker band of
oxo-deoxyguanosine ring of DNA cystitis

extracellular fluid; marker band
of cancer

extracellular fluid; best marker
band of cancer

extracellular fluid; marker band
of cancer

660 7
1400 arb. un.
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Figure 7. Difference spectra of extracellular fluid between the
cancerous and cystitis affected, and cancerous and normal bladder
tissues. The SERS spectra of different biomolecule solutions (1 mM)
are also presented for comparison. The excitation wavelength is 1064
nm.

growth of cancer cells, lipid metabolism is disrupted in tumor
cells.”® The altered metabolism of these molecules may lead to
different lipid concentrations in healthy and cancer cells. These
changes depend on the type and stage of the cancer and its
aggression. Changes in the intensity of these bands can be
influenced by changes in the body’s genetic material, which is
typical for the cancer. It is known that structural mutations in
DNA can be one of the causes of the formation of cancer cells.
The increase of lactic acid concentration in cancerous tissue
can be explained by the Warburg effect.”” Adenosine
triphosphate (ATP) molecules are the major source of energy
in the cell. In healthy intact cells, most ATP is synthesized by
oxidative phosphorylation in the presence of ADP (adenosine
diphosphate) and phosphoric acid during oxidation—reduction
reactions. However, cancer cells are characterized by a rapid
process of glycolysis, the breakdown of glucose molecules into
pyruvate molecules, and the formation of ATP molecules.
Glycolysis (the anaerobic pathway for glucose metabolism), in
terms of ATP synthesis, is not as efficient as oxidative
phosphorylation. However, it produces metabolites that are

useful for cell division and tumor growth, including lactic acid
secreted during pyruvate fermentation.”® Partial oxidation of
DNA is also related with genomic mutations and development
of cancer.”” Kundu and Loppnow recently demonstrated that
major oxidative damage of DNA associated with 8-oxodeox-
yguanosine (8-oxo-dG) molecules can be reliably detected by
ultraviolet resonance Raman spectroscopy.”> The Raman
marker band of 8-o0x0-dG ring stretching vibration was found
at 1449 cm™!, which is close to our observed 1414/1448 cm™!
SERS bands.

The vibrational band observed in the SERS-difference
spectrum at 660 cm™ is most likely related to the breathing
vibration of guanine rings in DNA or C—S stretching vibration
of cysteine residues in proteins (Figure 7). This is again
supported by the already mentioned role of the cysteine
molecules in the proliferation of bladder cancer.

3.6. Principal Component Analysis (PCA) of the SERS
Spectra. To evaluate the reliability and accuracy of the
spectral features of the cystitis-affected bladder tissue, the
principal components analysis (PCA) was performed using an
algorithm built in the Origin Pro 9 software (OriginLab
Corporation, Northampton, MA). However, due to the small
data set, at this stage of the research, the PCA was conducted
only in regard to the general clinical problem—discrimination
between cancerous and normal bladder tissues. With a bigger
data set, more in-depth analysis (for example, the classification
of the SERS spectra in regard to the tumor grade or type)*’~*
could be carried out using a more sophisticated tools for
statistical analysis. Such an analysis is planned in the future for
this research when a larger data set will be gathered.

While performing the PCA, the spectral data were analyzed
using the first five principal components. This number was
chosen because together these components explain more than
97% of the variance in the case of spectral tissue data and more
than 99% in the case of the spectral ECF data. Projections of
the data in the space of various principal component
combinations were produced and analyzed. However, the
best results of the analysis, which are shown below, were
observed using the first two principal components. The SERS
spectra of the bladder tissues and the extracellular fluid were
first analyzed in the whole spectral fingerprint region. The PCA
analysis of the collected SERS spectra analysis performed on
the whole spectral region has given unsatisfactory results in
both cases (tissues and extracellular fluid) since the SERS
spectra could not be separated into different groups (normal,
cancerous, cystitis-affected). This may be reasoned by the
intensity variation of the spectral bands of molecules which are
not associated neither with cancerous nor cystitis-affected
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tissues. The concentration of these molecules may differ due to
other factors. Therefore, the change in the intensity of the
spectral bands related to these molecules only introduce the
unwanted variation (noise) which in result makes the PCA
analysis more difficult.

Then the analysis was performed in the regions of the
vibrational bands that can be used for identification the bladder
tissue cancer and cystitis. The following regions of the SERS
spectra, 700—750, 1190—1260, and 1400—1460 cm™}, were
selected for the bladder tissue spectra analysis. PCA performed
in the spectral regions of potential markers bands revealed that
the projections of the data of normal, cancerous, and cystitis-
affected tissue spectra partly overlap in the plane of the
principal components. No clear boundaries can be drawn
between the groups of points corresponding to the spectra of
different tissues. It can be assumed that variations in the
intensity of the vibrational bands, which have been identified as
spectral markers of cystitis-affected in bladder tissue studies,
may be random and only depend on different patient
physiology and other factors. For this reason, intensity changes
of the respective bands cannot be attributed to groups of
healthy, cancerous, or cystitis tissues that just exhibit features
that are specific to these groups.

The spectral regions 600—750, 1020—1080, and 1390—1440
cm™! were selected for the analysis of the SERS bands of the
extracellular fluid with aim of tissue discrimination. The
spectral bands observed at 660 (guanine, cysteine), 1052
(lactic acid, cysteine) and 1414 cm™" (proteins, lipids, DNA,
lactic acid) were identified as the possible spectral markers of
cancer in the study of extracellular fluid layers of tissues. In the
PCA diagrams of the spectral regions where 660 and 1414
cm™! vibrational bands are observed, the points corresponding
to the data of healthy and cancerous bladder tissues are widely
distributed (Figures S4 and SS). Most of these points overlap.
The dispersion of the points corresponding to the cystitis-
affected tissues in the PCA diagram is also high, making it
difficult to determine the possible area of their accumulation.

The PCA plot of the spectral region 1020—1080 cm™'
associated with the band that was assigned to lactic acid and
cysteine vibrations shows a clearly distinguishable group of
points corresponding to healthy patient data from all patients
(Figure 8). Based on the small dispersion of these points, it can
be assumed that the concentrations of the lactic acid and
cysteine molecules, whose vibrations are assigned to the
spectral band observed at 1052 cm™ are similar in all of the
healthy bladder tissues of different patients. In the case of the
cancer tissue data, 4 of 21 points fall into the group of points
corresponding to healthy tissue data. This may be influenced
by the amount of healthy tissue removed with the tumor
during the surgery, inaccuracies in the preparation of
extracellular fluid layers, and other factors. The remaining 17
points are sufficiently distant from the group of points
corresponding to healthy tissues to be considered as a separate
group. These points are widely distributed in comparison to
distribution of other points. A larger variance of the points can
mean a greater difference between the elements that make up
the data set. Such distribution can be explained by the fact that
different malignant cancer cells may contain different amounts
of lactic acid, or cysteine molecules, which are related to the
proliferation of cancer and metastasis. In addition, larger
tumors may have higher accumulations of these molecules.
Thus, it can be argued that healthy and cancerous tissues
contain different amount of such molecules, which is reflected
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Figure 8. Principal component analysis (PCA) diagram of the 1020—
1080 cm™' wavenumber region of the SERS spectra of extracellular
fluid of normal, cancerous, and cystitis-affected bladder tissue samples.

in the spectra. The points corresponding to the cystitis affected
tissues in the PCA diagram overlap with the group of healthy
tissue points. It can be stated that the changes in the intensity
of the SERS spectra of the extracellular fluid layers of cystitis-
affected tissues in the 1020—1080 cm™' region are similar to
the deviations observed in the extracellular fluid spectra of
healthy tissues. Thus, an analysis of the principal components
of the 1020—1080 cm™" spectral data revealed that 81% of
cancer tissue samples could be assigned to a separate group
with greater data variance than healthy and cystitis-affected
tissues. In comparison to the clinical standard this detection
leads to the sensitivity of around 85% and specificity of around
97% remembering that distinguishing the cystitis affected
tissue from the cancerous tissue is the sought-after result as
well.

4. CONCLUSIONS

Three types of bladder tissues—normal, cancerous, and cystitis
affected were examined. Significant spectral differences were
observed in the SERS spectra of extracellular fluid of bladder
tissues. The intensity of the spectral band, located at 1052
ecm™ and associated with lactic acid and/or cysteine, is the
highest in the SERS spectra of the extracellular fluid of
cancerous tissue, while it is less intense in the spectra of
cystitis-affected tissue and the least intense in the spectra of
normal tissue. This band can be considered as the best SERS
spectral marker of the cancerous tissue. The PCA analysis in
relation to the spectral marker has shown that the cancer tissue
can indeed be distinguished from the normal and cystitis-
affected tissues. With the limited data set used, the sensitivity
and specificity of the methods were 85% and 97%, respectively.
When the fluid is taken by the stamping technique,
morphological information of the tissue persists in the dried
fluid. However, the discrimination of the cystitis affected
tissues from the normal and cancerous is more difficult since
the intensity of the spectral bands related to internal vibrations
of Amide IIT (1222 cm™), adenine (724 cm™"), and proteins/
lipids (1438 cm™") are more intense in the spectra of cystitis-
affected tissues. Since the SERS spectroscopy is known to be
very sensitive, the use of this method instead of the
conventional Raman or the FTIR absorption spectroscopy
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could increase the accuracy of detection of the cancerous tissue
areas. The sensitivity and specificity of the method can be
increased by using a larger data set, or implementing other
colloidal solutions of nanoparticles could improve the
spectroscopic analysis. Development of magneto-plasmonic
nanoparticles®*™" with increased efficiency for the SERS
studies of the extracellular fluids is under way in our laboratory.
To prove the NIR-SERS ability as a diagnostic tool for
discrimination between cancerous and normal bladder cells via
analysis of extracellular fluid, more studies with clinical cancer
samples are required.
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