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Abstract: Cholangiocarcinoma (CCA) is a heterogeneous malignant tumor containing intrahepatic and
extrahepatic bile ducts and gallbladder carcinoma. Mostly diagnosed at an advanced stage with a <5%
cure chance. Early-stage diagnosis may increase the number of patients who reach curative treatment.
Fourier Transform InfraRed (FT-IR) spectroscopy was used to detect chemical changes in serum
collected from CCA patients vs. healthy individuals. The study aims to correlate the FTIR spectra with
biochemical indices such as TAS, TOS, OSlI, and total protein levels. Decreased TAS and increased
TOS, OSI, and total protein levels in CCA patients vs. healthy individuals were found. FTIR spectra
showed higher absorbance of the peaks corresponding to C—O and bending vibration of C—-O-H groups
in CCA patients, while more CH- functional groups than lipids could be seen in the FTIR spectra of
controls serum. PLS analysis showed IR ranges of 1500 cm™ to 1700 cm-t, and 2700 cm-* to 3000 cm*!
were able to distinguish between CCA from controls, respectively. PCA confirmed this, while HCA did
not differentiate between CCA and those without the disease. Lipids and some functional groups
changes caused by oxidative stress can be applied to predict CCA by using FTIR spectroscopy.
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1. Introduction

Cholangiocarcinoma (CCA) is a highly heterogeneous malignant tumor that can arise
at any point in the biliary tract and is asymptomatic at early stages. Recent data reports it
accounts for ~15% of all primary liver cancers and ~3% of gastrointestinal malignancies [1,2],
and its incidence is increasing globally. The three subtypes of CCA are classified by anatomical
origin: intrahepatic (iCCA), extrahepatic (perihilar (pCCA), distal (dCCA)), and gallbladder
CA [3,4]. Since they are resistant to chemotherapy and radiotherapy, the only curative
treatment is surgery for these malignancies, which have a poor prognosis. This approach is
only possible for localized, early-stage diseases. Early diagnosis is difficult due to the
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asymptomatic course at early stages, the onset of symptoms at an advanced stage, lack of
accurate diagnostic tests, and low specificity and sensitivity of imaging modalities. Definitive
diagnosis is usually made with high suspicion of clinical, laboratory, endoscopic and
radiological findings, even in most advanced tumors [5].

Proteins, carbohydrates, lipids, and nucleic acids circulating from cells are promising
diagnostic and prognostic tools for human diseases [6,7]; Its basis is to use the differentiation
of biomacromolecules to diagnose different types of cancer. Proteins that are dysregulated in
cancer cells are involved in processes such as DNA repair, cell proliferation differentiation,
cell cycle regulation, cell death, organ development, and stress response [8]. One of the key
features of cancer cells is altered lipid metabolism. Modulating certain enzymes results in the
accumulation of material that promotes and accelerates growth [9]; These marked changes in
growth suggest that some lipids may be used as cancer biomarkers [10]. Metabolic reactions
are also very important in cancer cells. Metabolic reactions that can be classified as anabolic
or catabolic include synthesis and degradation reactions of compounds such as proteins,
carbohydrates, lipids, and nucleic acids. These metabolic reactions can generate free
radicals/reactive oxygen species (ROS) via oxidative phosphorylation [11]. ROS production is
associated with activating certain signaling pathways that trigger cancer initiation, apoptosis,
and cancer progression and affect cell survival [12]. Depending on its concentration, ROS can
influence cancer progression by initiating/stimulating oncogenesis, promoting the
transformation/proliferation of cancer cells, or causing cell death [13]. Excessive production
of ROS in cells also damages cell components such as lipids, proteins, DNA, carbohydrates,
and enzymes, causing cancer, heart diseases, intestinal diseases, depression, vascular disorders,
and premature aging [14].

Given that the metabolism of cancer cells differs from that of normal cells and describes
the metabolic process of CCA, the study compared serum assays of CCA patients with those
of healthy individuals; For this, total antioxidant status (TAS) and total oxidant status (TOS)
levels and calculated oxidative stress indices (OSI) were used. The study also measured and
compared the total protein concentrations of CCA patients and healthy controls and measured
CA19-9 [15]. Finally, the study used Fourier transform infrared (FT-IR) spectroscopy, a
powerful technique for detecting the absorption of molecular vibrations [16-18], to identify
chemical changes in serum caused by CCA, and explored FTIR spectra together with
multivariate analyzes such as PLS, PCA. HCA as a diagnostic tool of CCA.

2. Materials and Methods

2.1. Serum samples.

Istinye University, Medical Faculty Clinical Research Ethics Committee approval was
obtained (date: 15.09.2021, number: 2017-KAEK-120)/2/2021.G-138). CCA patients (n:29)
and healthy individuals (n:26) were included in the study who applied to the General Surgery
Department of Istanbul University Faculty of Medicine. The inclusion criteria for the study
were patients older than 18 years of age, histopathological confirmation of the diagnosis CCA,
level of CA 19-9 > 100 or FISH polysomy positivity, and detected mass lesion by imaging
methods [19]. The control group included healthy individuals between 18-65 years old without
a cancer diagnosis and hormonal, chronic, and connective tissue diseases.
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2.2. Total Protein, TAS, and TOS measurements in serum samples.

Total protein in serum samples was measured based on the Bradford method [20,21],
and serial dilutions of bovine serum albumin (BSA) were prepared as standard as 1 mg/ml
solutions. Results were obtained at 595 nm on a microplate reader (Thermo Scientific
Multiskan FC, 2011-06, USA).

Total Antioxidant Status (TAS) and Total Oxidant Status (TOS) levels were measured
by spectrophotometry using a commercial kit (Rel Assay, Turkey). Results were expressed in
um H>O2 Equiv/L and Trolox.equiv/L for TOS and TAS, respectively. TAS levels were
calculated according to the formula: (AAbs Std1)- (AAbs example)/ (AAbs Std1) -(AAbs Std2),
while the TOS levels were calculated by using (AAbs Sample/ AAbs standard2) x 20 (standard
2) formula. Oxidative stress index (OSI) values were obtained by TOS/ TAS ratio.

2.3. FTIR measurements.

The study used Bruker’s Vertex 70v spectrometer with attenuated total reflection
(ATR) diamond crystal plate to measure the absorbance spectra of serum samples, using an IR
range between 400 cm™ and 4000 cm™ and 32 scans with spectral resolution 4 cm™. Collected
blood samples were centrifuged (15 min., 3000 rpm), and the serum was separated and stored
(-80°C). Before FTIR measurement, samples were defrosted, spotted on a CaF slide, and dried.
The device’s ATR crystal was washed between measurements of each sample [22]. After
measurement, all spectra were analyzed using OPUS 7.0 software. Baseline correction, vector
normalization, and 9 smoothed with Savitzky—Golay was performed [23,24].

2.4. Multivariate analysis of FTIR spectra.

To ascertain the similarity of CCA serum to CCA-free serum and the possibility of
distinguishing CCA using FTIR spectroscopy, Principal Component Analysis (PCA) and
Hierarchical Component Analysis (HCA) were performed. To determine wave numbers that
could differentiate CCA serum from CCA-free serum, PCA and HCA analyses were performed
using Past 3.0. software and PLS using Origin 2019 software; PCA and HCA addressed the
800 cm™ to 1800 cm™ range and PLS analysis 600 cm™ to 3500 cm™ range. PLS analysis
addressed intermediary ranges [25,26].

2.5. Statistical analysis.

The study used the Statistical Package for Social Sciences (SPSS), version 20.0, for
analysis; P<0.05 was significant. The unpaired Student t-test was used to compare the two
groups. Using results showing mean + SD, a one-way analysis of variance (ANOVA) followed
by multiple comparisons with Tukey’s post hoc test was performed.

3. Results and Discussion

Biochemical parameters differ significantly between CCA patients and healthy
individuals. The differences are summarized in figures 1 and 2.

To evaluate the metabolic process in serum samples collected from CCA and healthy
individuals, total protein, TAS, TOS values were measured, and OSI values were calculated.
As shown in Figure 1, TAS value (0.777+£0.0457) was significantly lower (p < 0.001) in CCA
patients compared to controls (1.58+0.237), while TOS levels (9.73+1.46) were significantly
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higher than controls (4.06+0.325), as an expected finding (p < 0.001). We calculated the OSI
values indicating the corresponding antioxidant level per unit oxidant molecule and found them
significantly higher in the CCA group (12.6+2.39) than controls (2.63+0.396).

Total protein levels were significantly increased in the CCA group (5.51+0.676)
compared to controls (1.79+0.403) (p<0.001) shown in Figure 2.
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Figure 1. Comparison of TOS, OSI, TAS levels in cholangiocarcinoma patients (CCA) and controls (*** is
noted as p<0.001).
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Figure 2. Comparison of total protein value in cholangiocarcinoma patients (CCA) and controls (*** is noted as
p<0.001).

Figure 3 shows FTIR spectra representing differences in the chemical compositions of
the serum collected from the two analyzed groups. Peaks at 1082 cm™ and 1165 cm
corresponded to C—O vibration and C—-O—H group bending vibration [27,28]. Amide vibrations
(amide 111, amide 11, and amide 1) appeared at wavenumbers 1238 cm™ and 1304 cm, 1531
cm™® and 1635 cm™ [29]. C=0 vibration at wavenumber 1392 cm™ was marked by a peak at
1454 cm from C—H stretching vibrations [30]. Peaks around 3278 cm™ originated from O—H
stretching vibrations. Peaks at wavenumbers 2958 cm™, 2931 cm™ and 2872 cm™ originated
from asymmetric vibration of C—H in CHs, asymmetric vibration of C—H in CH,, and
symmetric vibration of C—H in CHs [31].
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Figure 3. FTIR spectra of serum collected from CCA (red spectrum) patients and controls (blue spectrum).

The obtained spectra showed differences in the absorbance values of the two analyzed
groups. Comparing the CCA spectrum to the control spectrum, higher peak absorbance
corresponding to C—O and bending vibration of C—O—H groups was observed. Furthermore,
little increase in absorbance was seen in the CCA spectrum at wavenumbers 1392 cm™ and
1454 cm™, while the control spectra showed higher amounts of CH> functional groups from
lipids.

To investigate FTIR spectroscopy as a diagnostic tool in cancer, disorders and other
diseases, the study explored FTIR spectroscopy as a method for CCA diagnosis. For this,
multivariate analyses were performed.
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Figure 4. PLS analysis of IR range 600 - 3500 cm™ (a); PCA analysis of IR range 800 - 1800 cm™ (b) of serum
collected from control (blue dot) and CCA (red dot) patients with PC1 (c) and PC2 (d) loading.

The PLS analysis presented in Figure 4a shows an IR range of 1500 - 1700 cm,
corresponding to amide 11 and amide | vibrations. Wavenumbers around 2900 cm™* were placed
under the line of significance. These wavenumber values distinguish CCA serum samples from
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CCA-free serum samples. In addition, PCA analysis in Figure 4b shows FTIR spectroscopy to
distinguish CCA serum samples from CCA-free serum samples; here, the PC1 component is
most important in showing negative values for controls and positive values for CCA patients.
Loading plots presented in Figures 4c and 4d show positive PC1 values in wavenumbers of
1000-1600 cm™ and negative PC2 values in wavenumbers of 1400-1500 cm™.
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Figure 5. PCA analysis of IR from serum collected from CCA (red dot) patients and controls (blue dot), with
PC1 (a2, b2) and PC2 (a3, b3) loading.

Figure 5al presents PCA analysis of IR range 1500 - 17000 cm™. The IR of amide I
and amide | vibrations can be seen to distinguish CCA serum from control serum. In this range,
CCA samples were placed in negative values, and control samples were placed in positive
values of PC1 component. Figure 5a2 presents the loading plot of the PC1 component of amide
vibrations, showing positive values in all ranges. Figure 5a3 shows the PC2 component had
negative values at wavenumbers between 1550 cm™ and 1575 cm™ and between 1640 cm™ and
1700 cm™. In addition, Figure 5b1 presents the IR range corresponding to CH vibrations from
lipids, which can be seen to differentiate CCA serum collected from the control serum. All
CCA samples were placed in the same quadrants of the coordinate system, assuming positive
values for the PC1 component and negative values for the PC2 component. Figure 5b2 shows
the loading plot values of the PC1 component to be positive in all analyzed lipid FTIR ranges

and the loading plot values of the PC2 component to be negative from wavenumber 2850 cm”
1
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Figure 6. HCA analysis of IR range 800 - 1800 cm™ (a); 1500 - 17000 cm (b); and 2700 - 3000 cm™ (c) of
serum collected from control (blue) and CCA (red) patients.

HCA analysis of IR range 800 - 1800 cm™ distinguished two separate yet similar
groups, one created from CCA serum samples and the other from controls. These are presented
in Figure 6a. In the case of selective IR range (1500 cm™ and 17000 cm™ and between 2700
cm™ and 3000 cm™, Figures 6b and 6¢, respectively), the similarity group created from healthy
individuals collected from healthy individuals was divided into two parts. All CCA samples
obtained from CCA patients still created one group of similarities.

Cholangiocarcinoma is cancer diagnosed in advanced stages with poor prognoses and
a <5% cure rate. In the early stage, CCA is usually asymptomatic [3,32,33]. Therefore, an
effective, feasible, simple diagnostic test is necessary for the early diagnosis of CCA. FTIR is
a spectroscopy method that provides information about the chemical composition of serum
samples [34,35]. Via FTIR, it visualizes possible changes caused by changes in serum samples,
e.g., drugs and diseases [36]. This study performed a multivariate analysis of data from FTIR
spectroscopy to identify CCA-induced chemical changes and investigate FTIR spectroscopy as
a diagnostic tool in CCA. The FTIR spectra in Figure 3 show more functional groups with
glucose vibrations in CCA serum than in control serum. During cancer progression, changes in
metabolism may include sugar backbone alterations [37], glycogen degradation, or changes in
the by-products of glucose consumption [38]. FTIR spectra changes reflect these processes.
The analyzed FTIR range of 1000 - 1150 cm* differed between the CCA and control groups
and made visible vibrations of functional group formation of collagen; This is important
because changes in collagen, particularly collagen release from the tumor microenvironment,
may signal cancer progression and make collagen a prognostic indicator for cancer [39].
Prakobwong et al. showed a significant increase in type I collagen in CCA plasma compared
to healthy patients [40]; this phenomenon can be seen in Figure 3. The results of the PLS and
PCA analyses in Figures 4 and 5al showed that the amide I and Il regions differentiated CCA
serum from control serum. Indeed, molecular results showed that specific proteins presented
spectral signatures in CCA serum [40]. The multivariate analysis presented in Figures 5b1 and
6¢ shows that lipid IR regions differentiate CCA serum from controls. Lipids are building
blocks for cell membranes and facilitate signaling between cells. Cancer and other cells in the
tumor microenvironment appropriate lipids, changing their metabolism to achieve a plastic and
context-dependent metabolic reprogramming driven by oncogenic and environmental cues.
These and other changes in lipid composition and structure permit cancer cells to thrive in a
changing microenvironment, supporting the development of cancer and oncogenic functions
of cancer cells [41].

However, in some studies on other types of cancer, very similar results were obtained
using FTIR spectroscopy, as in the case of CCA. In brain cancer, the changes in the amide’s
region, which can be used to distinguish cancer and noncancer tissues, were visible [42]. In
some types of gastric cancer, changes in the same region as observed in this study were found
[8]. Therefore, in addition to the use of standard medical diagnostic tools, the use of FTIR can
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help diagnose CCA. We showed the increased levels of TOS, OSI, and total protein in serum
from the CCA patients in our study. Such increases suggest the presence of inflammation,
possibly from cancer [28].

4. Conclusions

This study shows that FTIR spectroscopy, combined with multivariate analysis,
distinguishes the serum samples of people with CCA from healthy individuals. FTIR spectra
of serum collected from CCA patients showed higher absorbance of peaks at wavelengths 1082
cm-1, 1165 cm™, 1392 cm™?, and 1454 cm™ corresponding to C-O, bending vibration of C—O—
H groups and C=0 groups. In addition, serum collected from CCA patients showed decreased
absorbance of CH2 functional groups from lipids. PLS analysis revealed differences in sera
collected from CCA patients and healthy individuals in IR ranges 1500-1700 cm™ and 2700-
3000 cm™. Performed PCA analysis confirmed this result. HCA analysis of samples collected
from CCA patients and healthy individuals identified characteristics specific to each group.
Furthermore, biochemical results showed higher TOS, OSI, and total protein levels in CCA
patients and lower levels of TAS in healthy individuals. This study shows that FTIR
spectroscopy, combined with PLS, PCA, HCA analysis, and biochemical assays, can
differentiate the serum of CCA patients from that of healthy individuals.
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