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Abstract

Background: According to the WHO, oral cancer is the thirteenth most common cancer worldwide, with tobacco use being one of the
primary causes of oral cancer. This study aimed to characterize and differentiate the saliva and bound water using FTIR spectroscopy in
smoking and non-smoking individuals. Materials and Methods: This prospective observational study analyzed dried saliva samples
from control, smoking, and occasional smoking groups using an attenuated total reflectance Fourier Transform Infrared (ATR-FTIR) spec-
trometer. The high wavenumber spectral region of 28003600 cm-' was selected for analysis. Results: The results indicate that standard
variance normalization (SNV) reduced intragroup variability and highlighted differences in smokers’ spectra within the 3250-3500 cm-!
region, associated with the absorption of water bound to saliva molecules. Cubic SYM models using SNV spectra demonstrated higher
classification accuracy between groups, achieving 15.6% greater sensitivity and 1.3% lower specificity compared to models based on
the second-order derivative. RUSBoosted Trees addressed data imbalances, enhancing both sensitivity and specificity. The study suggests
that spectral changes may reflect salivary biochemistry linked to smoking and potentially to oral cancer risk. Conclusions: We conclude
that differentiation between normal individuals and smokers can be achieved using high wavenumber FTIR spectral analysis. Additionally, we
demonstrate the relationship between bound water molecules and salivary biomolecules in control, smoking, and occasional smoking
groups. This technique has potential applications in elucidating OH vibrations within biological systems.
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Introduction

According to the WHO, oral cancer is the thirteenth most
common cancer worldwide, with a global incidence of
377,713 new cases. Tobacco use is among the main causes of
oral cancer. In Brazil, where the study was conducted, the esti-
mated numbers of new oral cancer cases are 10.30 new cases
per 100,000 men and 3.83 per 100,000 women (INCA,
2023). Considering this data, we conducted this pilot study
with the aim of characterizing the saliva of smoking and non-
smoking patients through FTIR so that these data may soon
be used as identifiers of potential oral cancer.

FTIR spectroscopy consists of illuminating samples
with polychromatic light and measuring their infrared light
absorption. Fourier transform is used to convert the raw data
collected into absorption spectra.’ FTIR spectroscopy has
been researched as a potential alternative to laboratory testing
due to its high sensitivity and specificity for analyzing body
fluids such as blood, saliva and urine.** In this context, FTIR
spectroscopy has the potential to be used for detection, diagno-
sis, and monitoring of diseases, analyzing the chemical compo-
sition of cells and tissues.”> FTIR spectroscopy advantages
include ease of instrumentation, minimal sample preparation,
small sample volumes and real-time in vitro diagnostics. As a
method of vibrational optical spectroscopy,” FTIR spectro-
scopy can non-invasively characterize biomolecules® and
is commonly used to differentiate healthy and pathological
tissues.”®

Another important detail is that the evaluation of the region
of high wavenumbers in vibrational spectroscopy is very impor-
tant for the discrimination of healthy and pathological samples,
and sometimes with more important and precise information
when we evaluate the fingerprint region (most used). We can
observe some works previously published by our research
group, even involving research using Raman spectroscopy,
the information and spectral details related to the biochemical
characteristics are extremely similar.”'®

An indirect biochemical assessment of samples can evaluate
the molecular binding of water by using high-wavenumber
FTIR spectroscopy. Since water binds to specific substances in
biofluids, its binding can be a potential biomarker for understand
the pathophysiology of many diseases.” In this study, we evaluated
the change in the molecular binding of water molecules resulting
from pathological processes induced by smoking. We assessed
water binding in smoker and non-smoker patients based on spec-
tral differences in the OH vibrations in the high wavenumber
region between 3000-3600 cm™". We first evaluated the classifica-
tion performance of sample machine learning models (classifiers)
to differentiate FTIR spectroscopy. Diagnostic biomarker in the
correlated regions were also presented.

Materials and Methods

Clinical Protocol and Research Ethics

This was a prospective observational study, which followed the
guidelines of the Strengthening Reporting of Observational
Studies in Epidemiology (STROBE) statement.'' The spit/
expectoration method was used to collect the sample. Saliva
samples from non-smokers and smokers were collected in a
sterile universal collector, homogenized, and stored at —20 °C
until analysis. All procedures performed in this study were
approved by the Research Ethics Committee of the University
of Taubaté under protocol number 19436919.7.0000.5501.
The sample consisted of adults who agreed to participate in
the research. As exclusion criteria, patients with systemic dis-
eases, minors, and those who did not agree to participate in
the research were excluded. All patients included in the study
were invited to participate and have consented to signing an
informed consent form.

Data Collection

FTIR measurements were conducted using an ATR FTIR
Spectrometer (Nicolet 6700, ThermoFisher Scientific) to
analyze dried saliva samples. By completely drying every
saliva sample, we ensured that the remaining water was
bound to organic saliva constituents such as proteins. In addi-
tion, lipids and carbohydrates remaining on dried samples are
not affected by water absorption which contaminates FTIR
signals. The drying procedure consisted of placing 1 pl of
each saliva sample on the crystal with no additives and
waiting for complete drying for times between 2-7 min
(average time of 5 min). Contamination was avoided by clean-
ing the crystal with 92.8% alcohol by using absorbent paper.
One sample and three spectra per study participant, a total of
32 background scans were performed before each spectrum,
and for each spectrum, 32 scans were conducted with a resolu-

tion of 4 cm™".

Data Analysis

The high-wavenumber spectral region from 2800-3600 cm™'

was selected for FTIR spectral analysis. To evaluate the exis-
tence of statistically significant differences between saliva
samples of control (n=11), smoker (n=9), and occasional
smoker (n=_8) groups, three-way ANOVA and post hoc tests
were used to evaluate the area under the curve of FTIR absorp-
tion bands for the wavenumber range of specific bands. Metrics
of CH, OH, and NH vibrations of water and proteins were con-
sidered coming from the 3050-3600 cm™' band, whereas CH2
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and CH3 vibrations of lipids and proteins were assumed to orig-
inate from the 2800-3050 cm™" spectral region.

We evaluated models for (1) classification of each of the study
groups separately (ie, control vs occasional smoker vs smoker
groups), (2) classification of the control versus smoker groups,
and (3) classification of a combined control and occasional
smoker groups versus smoker group. For all cases, we presented
the result of the most accurate classification model while still pri-
oritizing a balanced sensitivity-to-specificity ratio for clinical
purposes. To mitigate the influence of the imbalanced dataset
in our classification of controls & occasional smokers (n=19)
versus smokers (n=9), models performing this classification
had their performance assessed by metrics achieved by random
under-sampling boosting decision trees in a RUSBoosted Trees
Ensemble model (in addition to showing the results for the
most accurate model).

Classification performance metrics were calculated by building
classification models based on multiple machines learning algo-
rithms and evaluating their performance by using 5-fold cross-
validation. Machine learning algorithms tested included fine,
medium and coarse (decision) tree algorithms, linear and quadratic
discriminant analysis (LDA and QDA, respectively), linear, qua-
dratic, cubic, fine Gaussian, medium Gaussian and coarse
Gaussian support vector machines (SVM), fine, medium, coarse,
cosine, cubic and weighted K-nearest neighbors (KNN), and others.

Results

Effect of Data Preprocessing Methods in
High-Wavenumber spectra

Figure 1 shows the equipament and the crystal where the
sample is dried.

Figure 2 shows that the spectral mean and standard deviation
of each study group overlap considerably. The most prominent

and broad peak is the OH vibration of bound water, which is
bound to molecules such as proteins of the dried saliva
samples. Other characteristic saliva bands are present at
2850 cm™' (CH3 symmetric stretching; vsCH3), 2875 cm™!
(vsCH3), 2930 cm™"' (CH2 asymmetric stretching; vasCH2),
2959 cm™' (CH3 asymmetric stretching; vasCH3) and corre-
spond to lipids, fatty acids and DNA. Less prominent bands
appear as a shoulder of the broad OH spectral band. These
bands are centered at 3070 cm™' (vsCH3), 3207 cm™' (NH
symmetric stretching; vsNH), 3288 cm™' (NH stretching of
amide A and OH stretching of carbohydrates), and 3410 cm™
(OH asymmetric stretching).'*'?

Figure 3 indicates that SNV can reduce the standard deviation
between saliva spectra of each study group. While FTIR spectra
varies less intragroup, we still observed an overlap between spectra
of each group. However, the overlap between control and smoker
groups was smaller at wavenumbers between 3250-3500 cm™'. A
smaller overlap in this including cancerous changes) could be
detected by alterations in water absorption induced by binding with
smoking-related saliva molecules in such wavenumber range.

Figure 4 shows that second derivative of the SNV spectra of
all study groups had a larger standard deviation compared to the
raw FTIR spectra and SNV spectra. Our results indicate that
high frequency spectral components would not significantly
contribute to increase the accuracy of smoking detection.

Figure 5 indicates that no significant statistical difference could
be observed between absolute values of area under the curve
(AUC) for the OH, CH2 and CH3 bands, their ratio and their rel-
ative value compared to the total AUC for each sample.

Patient Sample Classification

Tables 1 and 2 show that the cubic SVM model was most accu-
rate to classify study groups based on SNV spectra, whereas the
linear SVM was most accurate model for classification using

T

ATR FT-IR spectrometer

Figure 1. Shows the equipament and the crystal where the sample is dried.
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Figure 2. A) and B) Mean and standard deviation of high-wavenumber region of the raw FTIR spectra collected in this study.

the second derivative spectra. When building classification
models for control, occasional smoker and smoker groups, the
cubic SVM model based on SNV spectra was more accurate
to classify between control and smoker groups. Similarly, the
cubic SVM model based on second derivative spectra was
more accurate to classify between occasional smoker and
smoker groups. Therefore, the high frequencies of SNV
spectra featured in its second derivative may be associated
with the biochemistry of smoking frequency and dependence.

Since SNV spectra were more accurate to classify control
and smoker groups, we evaluated the increase in sensitivity
and specificity obtained by considering both low and high fre-
quencies of the SNV spectra. This evaluation includes a com-
parison between results of the most accurate classification
models based on SNV spectra and second derivative spectra
for only control and smoker groups. Tables 3 and 4 indicate
that the cubic SVM model based on SNV spectra achieved
15.6% more sensitivity and 1.3% less specificity compared to
the medium Gaussian SVM model based on second derivative
spectra.

In addition, we evaluated the classification of controls & occa-
sional smokers (n= 19) versus smokers (n=9) to assess whether
major differences in saliva samples appeared only after high
smoking frequency. By combining control and occasional
smoker data, we show below results with an increased sample
size while having an imbalanced dataset for classification
versus the smoker group. For comparison with the control

versus smokers’ model, Tables 5 and 6 indicate results of a qua-
dratic SVM and a cubic SVM model for classification using the
SNV spectra and their second derivative, respectively. Due to the
imbalanced dataset and the low-frequency features lost in the
second derivative spectra, we observed that SVM models includ-
ing cubic SVM do not achieve balanced sensitivity-to-specificity
ratios (please see the Supplemental material for more information
on other SVM models). In particular, a model with
sensitivity-to-specificity ratios far from 1 (unity) such as the
model obtained for the second derivative spectra (16.5% sensitiv-
ity and 94.3% specificity) are not useful clinically.

Finally, Table 7 show results RUSBoosted Trees Ensemble
model to mitigate the influence of the imbalanced dataset in our
classification. For such model, we observed 0.7% higher specific-
ity and 3.7% sensitivity for the model based on SNV spectra com-
pared to the model based on second derivative spectra.

Hence, by using multiple classification models on metrics of
FTIR saliva spectra, we could potentially not only assess individ-
ual smoking status but also unveil the bound water biochemistry
associated with smoking. Similarly, this assessment may provide
information on the risk of oral cancer since the smoking status is
closely related to oral squamous cell carcinoma.

Discussion

FTIR spectroscopy was used to analyze water confinement in a
high wavenumber region and determine its intrinsic molecular
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Figure 3. A) Mean and B) Mean and standard deviation of the Standard Normal Variate (SNV) of the raw FTIR spectra collected in this study.
For all study groups, the standard deviation of SNV is significantly smaller than the standard deviation of the raw FTIR spectra in the

high-wavenumber region.

changes, since analysis of vibrational modes compared to liter-
ature results showed that the inflammatory process leads to
changes in the collagen-related high-wavenumber spectral
region and confined water' as well as the performance of
sample differentiation using various types of classifiers. Oral
lesions are currently diagnosed by the histopathological analy-
sis of the biopsy, which is an invasive procedure and does not
present immediate results.'> Thus, FTIR spectroscopy has sig-
nificant advantages as it is non-invasive and provides rapid
diagnosis, enabling early diagnosis. Considering that early
diagnosis of oral cancer can significantly improve patient sur-
vival rate and reduce medical costs.'®

Accordingly infrared absorption spectroscopies have, in general,
attracted a lot of attention over the past decades for biomedical
applications, and particularly, more recently for analysis of bio-
fluids, including, saliva, bile, breast milk, pancreatic juice, tears,
blood, urine.'” The fingerprint spectral region (400-1800cm—1)
has been shown to be very promising for optical biopsy purposes.
However, limitations for discrimination of dysplastic and inflam-
matory processes based on the fingerprint region have been

demonstrated. In addition, the high wavenumber region
(2800-3600 cm—1) provides more specific information based on
N-H, O-H and C-H vibrations and can be used to identify the
subtle changes which could be important for discrimination of
samples. '

As mentioned, FTIR measurements were performed using an
ATR FTIR spectrometer to measure dry saliva samples,
because drying each saliva sample ensures that the remaining
water is bound to organic constituents of saliva and lipids and
carbohydrates are not affected by the absorption of water that
contaminates the signals. In this context, the present work
shows the relationship of the spectral region of the high wave
numbers with the vibrations of OH, which show how confined
water can be altered in different sample groups, in the study of
smokers, sporadic smokers and non-smokers.

Our results suggest that confined water spectral changes can
be observed mainly in the high wavenumber regions in the
2800-3600 cm ™" bands, so it was used for FTIR spectral anal-
ysis. Thus, the existence of statistically significant differences
between saliva samples from the control, smoker and
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Table 1. Confusion Matrix of the Cubic SVM Model Using SNV spectra.

Predicted

Control (n=11)

Occasional Smokers (n=28) Smokers (n=9)

True class Control 66.1%
Occasional Smokers 15.9%
Smokers 18.0%

25.9% 7.8%
53.3% 18.5%
20.8% 73.7%

The confusion matrix shows the percentage of correctly classified observations for control, occasional smoker and smoker groups.

Table 2. Confusion Matrix of the Linear SVM Model Using the Second Derivative of SNV Spectra.

Predicted

Control (n=11)

Occasional Smokers (n=8) Smokers (n=9)

True class Control 46.5%
Occasional Smokers 28.6%
Smokers 24.9%

19.9% 28.8%
72.8% 6.8%
7.3% 64.4%

The confusion matrix shows the percentage of correctly classified observations for control, occasional smoker and smoker groups.

Table 3. Confusion matrix of the cubic SVM model using SNV
spectra. The confusion matrix shows the percentage of correctly
classified observations for control and smoker groups

Predicted

Control (n=11) Smokers (n=9)

81.4%
18.6%

12.0%
88.0%

Control
Smokers

True class

occasional smoker groups was evaluated, these alterations may
be associated with oral cancer, as smoking is a risk factor.! In
general, FTIR spectroscopy was effective in differentiating
these groups. In this context, metrics of CH, OH and NH vibra-
tions of water and proteins were considered to originate from
the 3050-3600 cm™! band, while the CH2 and CH3 vibrations
of lipids and proteins were considered to originate from the
spectral region of 2800-3050 cm™".

The most prominent and broad peak was observed to be the
OH vibration of bound water, which is confined to molecules
such as proteins from the dried saliva samples. Other character-
istic salivary bands are present at 2850 cm™' (CH3 symmetrical
elongation; vsCH3), 2875 cm™" (vsCH3), 2930 cm™! (CH2
asymmetrical elongation; vasCH2), 2959 cm™' (CH3 asymmet-
rical elongation; vasCH3) and correspond to lipids, fatty acids,
and DNA. In addition, less prominent bands appear as a shoul-
der of the broad OH spectral band. These bands are centered at
3070 cm™' (vsCH3), 3207 cm™' (symmetric NH stretch;
vsNH), 3288 cm™' (amide A NH stretch and carbohydrate
OH stretch) and 3410 cm™ (asymmetric OH stretch). Next
steps include increasing the number of volunteers involved in
the study to incorporate more data on biological variability
into classification models and for future exploratory analysis.

Optical spectroscopies encompass a set of methods that
measure the values of light/matter interaction phenomena,

using light to study molecular processes. In this context,
vibrational spectroscopies (Raman scattering and infrared
absorption) are optical spectroscopy techniques based on
transitions between vibrations within the same electronic
state.'” Consequently, it’s possible to deduce information
about the nature and structure of a molecule, whether in
free or bound form, as well as its interaction with the envi-
ronment. One significant application is in the identification
and characterization of cancerous and non-cancerous
tissues, particularly in breast tissue.’

Water can generate small active clusters and macroscopic
assemblies that can transmit information at different scales.*’
The most prominent and broad peak is the water-bound OH vibra-
tion, which is linked to molecules such as proteins in samples of
dried saliva. Other characteristic saliva bands are present at
2850 cm_l, 2875 cm_l, 2930 cm_l, 2959 cm™!, corresponding
to lipids, fatty acids, and DNA. In this sense, each water molecule
not only forms up to four directed hydrogen bonds with neighbor-
ing water molecules but can also establish dipole-dipole and
dipole-induced interactions with other molecules. Such water clus-
ters give liquid water a heterogeneous character that can change
with different physical and environmental conditions.
Biomolecule atoms can replace any or all of the bonds around
each water molecule, affecting the structuring of adjacent water
molecules and biomolecular groups as well as secondary bonded
molecules and distant parts of biomolecules.?'

Thus, in the high wavenumber spectral region of 2800-
3600 cm™", through FTIR analysis, it is possible to describe con-
fined water. This is of great relevance and applicability in the
medical field, as increased cellular hydration can promote both
tumor growth and metastasis. In this sense, a progressive increase
in cellular hydration, induced by successive genetic changes or
epigenetic alterations, is the basic mechanism of multistage carci-
nogenesis>>**; moreover, the degree of malignancy increases with
the degree of cellular hydration.>> Considering the above, these
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Table 4. Confusion matrix of the medium Gaussian SVM model using
the second derivative of SNV spectra.

Table 6. Confusion matrix of the cubic SVM model using the second
derivative of SNV spectra.

Predicted

Control (n=11) Smokers (n=9)

82.7%
17.3%

27.6%
72.4%

Control
Smokers

True class

The confusion matrix shows the percentage of correctly classified observations
for control and smoker groups.

Table 5. Confusion matrix of the quadratic SVM model using SNV
spectra.

Predicted
Control & Occasional smokers Smokers
(n=19) (n=9)
True Control 88.2% 32.9%
class Smokers 11.8% 67.1%

The confusion matrix shows the percentage of correctly classified observations
for control and occasional smokers group versus smoker group.

hypotheses imply that increased cellular hydration is a common
factor that promotes both tumor growth and metastasis, and that
the metastatic potential increases with the degree of cellular hydra-
tion.”> Increased cellular hydration is also proposed as an alterna-
tive or additional explanation for the carcinogenic effect of
inflammatory agents and hormones.”'

The advantage of “optical biopsy” lies in providing
direct biochemical information (vibrational fingerprint) in
real-time, at the point of care, without subjective interpreta-
tions. FTIR spectroscopy monitors biological tissue struc-
tures without external agents, contrasting with histological
evaluation.'® This safe, rapid, and accurate diagnostic tech-
nique benefits clinician, allowing non-invasive, on-the-spot
disease diagnosis, reducing patient anxiety and emotional
strain.

In a study focusing on the diagnosis of breast tissue cancer
using Raman spectroscopy, pronounced differences were observed
in the biochemical composition and distribution of carotenoids
(1158 and 1518 cm™), lipids (2800-3000 cm™"), and water repre-
sented by the OH stretching band at 3311 cm™". It is crucial to
emphasize that comparing Raman spectra with infrared spectra
provides complementary information about characteristic vibra-
tions in normal and cancerous tissues.*’

With the above in mind, once we have determined which
vibrational modes are similar between the FTIR spectra of the
saliva of smokers and cancer patients, following the presence
of these vibrational modes in a larger population and over a
longer period of time (eg, in 2 or 5 years follow-up studies)
will allow us to investigate which modes and corresponding
biochemical changes (biomarkers) are associated with the
development of oral cancer from smoking as its main risk
factor. At this stage, FTIR spectroscopy can be used as a
point-of-care (POC) diagnostic tool to identify oral cancer

Predicted
Control & Occasional smokers ~ Smokers
(n=19) n=9)
True class Control 94.3% 83.5%
Smokers 5.7% 16.5%

The confusion matrix shows the percentage of correctly classified observations
for control and occasional smokers group versus smoker group.

Table 7. Confusion matrix of the RUSBoosted Trees Ensemble
model using the second derivative of SNV spectra.

Predicted
Control & Occasional smokers (n  Smokers
=19) (n=9)
True Control  75.4% 36.1%
class Smokers 24.6% 63.9%

The confusion matrix shows the percentage of correctly classified observations
for control and occasional smokers’ group versus smoker group.

biomarkers once the FTIR technology is sufficiently mature
to produce compact and cost-effective instruments. These
instrument production aspects combined with the small
sample volume required and the real-time sample analysis pro-
vided by FTIR spectroscopy potentially allow for faster clinical
translation and commercialization as key steps towards imple-
menting POC technologies for screening tests of high yield.
In summary, it is worth mentioning that a requirement for
clinical translation of the FTIR and training of clinicians who
can use it daily in the clinic is necessary. Besides that, software
development professionals should work on creating user-
friendly software interfaces for healthcare professionals. It is
also interesting to understand and stimulate the interest of the
industries that produce this equipment to work directly within
hospitals and clinics, and alongside health professionals, so
that they would understand closely what could be improved.'®
Therefore, the early engagement of multiple clinical research
centers and the implementation of robust machine learning
methods to provide individualized oral cancer risk scores,
even with preliminary datasets, would greatly enhance the
involvement of clinicians in multicenter studies. Such studies
could potentially culminate in the development of technologies
applicable to national and international cancer screening pro-
grams. For instance, the use of ATR-FTIR spectroscopy com-
bined with chemometrics, as demonstrated in lung cancer
detection studies within the NHS England screening program,
highlights the feasibility of integrating real-world, noninvasive
approaches into clinical workflows. Similarly, saliva-based
FTIR spectroscopy could play a pivotal role in detecting early-
stage oral cancers, aligning with methodologies already
employed in lung cancer screening initiatives.”> The benefits
to patients would be substantial, ranging from early cancer
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detection to significantly improved prognoses. Early-stage
diagnosis often leads to better treatment outcomes, as demon-
strated in lung cancer studies, and enables targeted interven-
tions before symptoms appear.”> Clinicians also benefit by
effectively managing a larger number of patients, as FTIR spec-
troscopy offers a noninvasive and non-destructive alternative to
conventional biopsies, which require histopathological analysis
and are inherently invasive.

In the long term, initiating cancer treatments at an early
stage has the potential to transform patient outcomes, particu-
larly by addressing barriers related to socioeconomic dispari-
ties.”*?® Integrating noninvasive diagnostic tools, such as
FTIR spectroscopy, into screening programs for cancers like
oral and lung cancers can ensure equitable access to early
detection, ultimately improving survival rates across diverse
populations.

We emphasize that a more robust evaluation of the potential
of FTIR for patient stratification requires increasing the number
of patients of our study, especially achieving more solid results
when including more participants. The technique’s limitations
are primarily related to the quantification of molecules, for
which alternative analytical methods may be applied, and the
cost of the equipment. Additionally, we emphasize the need for
further studies utilizing this technology in clinical settings with
larger sample sizes to strengthen the technique and enhance the
medical team’s expertise, ultimately benefiting patients.

Conclusions

We concluded that differentiating normal and smoking individ-
uals may be performed by using high-wavenumber FTIR spec-
tral analysis. In addition to this observation, we can show the
relationship of water molecules bound to saliva biomolecules
for control, smoker, and occasional smoker groups. It was pos-
sible to conclude that the technique could be used to elucidate
OH vibrations inside biological systems.

Data Awvailability Statement

The data presented in this study are available on reasonable request
from the corresponding author.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Ethical Approval

All procedures performed in this study received approval from the
Research Ethics Committee of the University of Taubaté under proto-
col number 19436919.7.0000.5501.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: The
authors express their gratitude for research funding to the CAPES
(Brazilian Federal Agency for Support and Evaluation of Graduate
Education within the Ministry of Education of Brazil), CNPq

(Brazilian National Council for Scientific and Technological
Development) CNPg/INCT-INTERAS 406761/ 2022-1 and
FAPESP (Sao Paulo State Research Support Foundation) 2017/
21827-1.

Informed Consent Statement

Informed consent was obtained from all subjects involved in the study.

ORCID iDs
Thayna Melo de Lima Morais
8016

Marcelo Saito Nogueira
Luis Felipe CS Carvalho

https:/orcid.org/0000-0002-2997-

https:/orcid.org/0000-0002-5611-9620
https:/orcid.org/0000-0003-1063-4624

Supplemental Material

Supplemental material for this article is available online.

References

1. Neville BW, Damm DD, Allen CM, Bouquot JE. Patologia oral e
maxilofacial. Rio de Janeiro: Ed. Elsevier, cap. 2009;8:301-305.

2. Naseer K, Ali S, Qazi J. ATR-FTIR spectroscopy as the future of
diagnostics: A systematic review of the approach using bio-fluids.
Appl Spectrosc Rev. 2020;56(2):85-97. https:/doi.org/10.1080/
05704928.2020.1738453

3. Caetano PC, Strixino JF, Raniero L. Analysis of saliva by Fourier
transform infrared spectroscopy for diagnosis of physiological
stress in athletes. Res Biomed Eng. 2015;31(2):116-124.

4. Barauna VG, Singh MN, Barbosa LL, et al. Ultrarapid on-site
detection of SARS-CoV-2 infection using simple ATR-FTIR
spectroscopy and an analysis algorithm: High sensitivity and spe-
cificity. Anal Chem. 2021;93(5):2950-2958. doi:10.1021/acs.
analchem.0c04608

5. Bunaciu AA, Hoang VD, Aboul-Enein HY. Applications of FT-IR
spectrophotometry in cancer diagnostics. Crit Rev Anal Chem.
2015;45(2):156-165. https:/doi.org/10.1080/10408347.2014.904733

6. Leal LB, Nogueira MS, Canevari RA, Carvalho LFCS. Vibration
spectroscopy and body biofluids: Literature review for clinical
applications. Photodiagn Photodyn Ther. 2018;24:237-244.

https:/doi.org/10.1016/j.pdpdt.2018.09.008

7. Cameron JM, Butler HJ, Palmer DS, Baker MJ. Biofluid spectro-
scopic disease diagnostics: A review on the processes and spectral
impact of drying. J Biophotonics. 2018;11(4):e201700299. https:/
doi.org/10.1002/jbi0.201700299

8. Sitnikova VE, Kotkova MA, Nosenko TN, Kotkova TN,
Martynova DM, Uspenskaya MV. Breast cancer detection by
ATR-FTIR spectroscopy of blood serum and multivariate data-
analysis. Talanta. 2020;214:120857. https:/doi.org/10.1016/j.
talanta.2020.120857

9. das Chagas e Silva de Carvalho LF, Sato ET, Almeida JD, da Silva
Martinho H. Diagnosis of inflammatory lesions by high-wavenumber
FT-Raman spectroscopy. Theor Chem Acc. 2011;130:1221-1229.

10. Carvalho LFCS, Bonnier F, Tellez C, et al. Raman Spectroscopic anal-

ysis of oral cells in the high wavenumber region. Exp Mol Pathol.
2017;103(3):255-262. https:/doi.org/10.1016/j.yexmp.2017.11.001


https://orcid.org/0000-0002-2997-8016
https://orcid.org/0000-0002-2997-8016
https://orcid.org/0000-0002-2997-8016
https://orcid.org/0000-0002-2997-8016
https://orcid.org/0000-0002-2997-8016
https://orcid.org/0000-0002-2997-8016
https://orcid.org/0000-0002-2997-8016
https://doi.org/10.1080/05704928.2020.1738453
https://doi.org/10.1080/05704928.2020.1738453
https://doi.org/10.1080/05704928.2020.1738453
http://dx.doi.org/10.1021/acs.analchem.0c04608
http://dx.doi.org/10.1021/acs.analchem.0c04608
https://doi.org/10.1080/10408347.2014.904733
https://doi.org/10.1080/10408347.2014.904733
https://doi.org/10.1016/j.pdpdt.2018.09.008
https://doi.org/10.1016/j.pdpdt.2018.09.008
https://doi.org/10.1002/jbio.201700299
https://doi.org/10.1002/jbio.201700299
https://doi.org/10.1002/jbio.201700299
https://doi.org/10.1016/j.talanta.2020.120857
https://doi.org/10.1016/j.talanta.2020.120857
https://doi.org/10.1016/j.talanta.2020.120857
https://doi.org/10.1016/j.yexmp.2017.11.001
https://doi.org/10.1016/j.yexmp.2017.11.001

Technology in Cancer Research & Treatment

11.

12.

13.

14.

15.

16.

17.

18.

19.

von Elm E, Altman DG, Egger M, Pocock SJ, Getzsche PC,
Vandenbroucke JP, STROBE Initiative. The strengthening the
reporting of observational studies in epidemiology (STROBE)
statement: Guidelines for reporting observational studies. Ann
Intern Med. 2007;147(8):573-577. https:/doi.org/10.7326/0003-
4819-147-8-200710160-00010

Movasaghi Z, Rehman S, ur Rehman I. Fourier Transform infrared
(FTIR) spectroscopy of biological tissues. App! Spectrosc Rev.
2008;43(2):134-179.  https:/doi.org/10.1080/057049207018
29043

Wang R, Wang Y. Fourier Transform infrared spectroscopy in oral
cancer diagnosis. Int J Mol Sci. 2021;22(3):1206. https:/doi.org/
10.3390/ijms22031206

Tanaka A, Kitai T, Iwata S, et al. Delayed oxidation of intramito-
chondrial pyridine nucleotide oxidoreduction state as compared
with tissue oxygenation in human liver transplantation. Biochim
Biophys Acta. 1993;1182(3):250-256. https:/doi.org/10.1016/
0925-4439(93)90066-a

de Carvalho LFDCES, Saito Nogueira M. New insights of Raman
spectroscopy for oral clinical applications. Analyst. 2018;143(24):
6037-6048. https:/doi.org/10.1039/c8an01363b

Wang R, Wang Y. Fourier Transform infrared spectroscopy in oral
cancer diagnosis. Int J Mol Sci. 2021;22(3):1206. https:/doi.org/
10.3390/ijms22031206

Pinto GC, Leal LB, Magalhdes NC, et al. The potential of FT-IR
spectroscopy for improving healthcare in sepsis - an animal model
study. Photodiagn Photodyn Ther. 2021;34:102312. https:/doi.
org/10.1016/j.pdpdt.2021.102312

Carvalho LFCS. Challenges for clinical implementation of Raman
and FT-IR spectroscopy as a diagnostic tool. Photodiagn
Photodyn Ther. 2020;32:101977. https:/doi.org/10.1016/j.pdpdt.
2020.101977

Commission SFSTP X, Michelet A, Boiret M, et al. *Utilisation
de la spectro-métriec Raman dans le domaine pharmaceutique.
*STP PHARMA PRATIQUES, [City of publication not provided].
mar.-abr. 2013;23(2):1-20. DOI: [not provided].

20.

21.

22.

23.

24.

25.

26.

27.

28.

Surmacki J, Musial J, Kordek R, Abramczyk H. Raman Imaging at
biological interfaces: Applications in breast cancer diagnosis. Mol
Cancer. 2013;12:48. https:/doi.org/10.1186/1476-4598-12-48
Chaplin M. Do we underestimate the importance of water in cell
biology? Nat Rev Mol Cell Biol. 2006;7(11):861-866. https:/doi.
org/10.1038/nrm2021

Sitnikova VE, Kotkova MA, Nosenko TN, Kotkova TN, Martynova
DM, Uspenskaya MV. Breast cancer detection by ATR-FTIR spec-
troscopy of blood serum and multivariate data-analysis. Talanta.
2020;214:120857. doi:10.1016/j.talanta.2020.120857

Mclntyre GI. Increased cell hydration promotes both tumor
growth and metastasis: A biochemical mechanism consistent
with genetic signatures. Med Hypotheses. 2007;69(5):1127-
1130. https:/doi.org/10.1016/j.mehy.2007.01.080

Mclntyre GI. Cell hydration as the primary factor in carcinogene-
sis: A unifying concept. Med Hypotheses. 2006;66(3):518-526.
https:/doi.org/10.1016/j.mehy.2005.09.022

Martin FL, Dickinson AW, Saba T, Bongers T, Singh MN, Bury
D. ATR-FTIR Spectroscopy with chemometrics for analysis of
Saliva samples obtained in a lung-cancer-screening programme:
Application of swabs as a paradigm for high throughput in a clin-
ical setting. J Pers Med. 2023 Jun 25;13(7):1039. doi: 10.3390/
jpm13071039. PMID: 37511652; PMCID: PMC10381591.
Yang X, Ou Q, Yang W, Shi Y, Liu G. Diagnosis of liver cancer
by FTIR spectra of serum. Spectrochim Acta, Part A.
2021;263:120181. doi:10.1016/j.saa.2021.120181

Di Santo R, Verdelli F, Niccolini B, et al. Exploring novel circu-
lating biomarkers for liver cancer through extracellular vesicle
characterization with infrared spectroscopy and plasmonics.
Anal Chim Acta. 2024;1319:342959. ISSN 0003-2670. https:/
doi.org/10.1016/j.aca.2024.342959.

Khosroshahi ME, Patel Y. Reflective FT-NIR and SERS studies
of HER-II breast cancer biomarker using plasmonic-active
nanostructured thin film immobilized oriented antibody. J
Biophotonics. 2023;16(3):¢202200252. https:/doi.org/10.1002/
jbi0.202200252


https://doi.org/10.7326/0003-4819-147-8-200710160-00010
https://doi.org/10.7326/0003-4819-147-8-200710160-00010
https://doi.org/10.7326/0003-4819-147-8-200710160-00010
https://doi.org/10.1080/05704920701829043
https://doi.org/10.1080/05704920701829043
https://doi.org/10.1080/05704920701829043
https://doi.org/10.3390/ijms22031206
https://doi.org/10.3390/ijms22031206
https://doi.org/10.3390/ijms22031206
https://doi.org/10.1016/0925-4439(93)90066-a
https://doi.org/10.1016/0925-4439(93)90066-a
https://doi.org/10.1016/0925-4439(93)90066-a
https://doi.org/10.1039/c8an01363b
https://doi.org/10.1039/c8an01363b
https://doi.org/10.3390/ijms22031206
https://doi.org/10.3390/ijms22031206
https://doi.org/10.3390/ijms22031206
https://doi.org/10.1016/j.pdpdt.2021.102312
https://doi.org/10.1016/j.pdpdt.2021.102312
https://doi.org/10.1016/j.pdpdt.2021.102312
https://doi.org/10.1016/j.pdpdt.2020.101977
https://doi.org/10.1016/j.pdpdt.2020.101977
https://doi.org/10.1016/j.pdpdt.2020.101977
https://doi.org/10.1186/1476-4598-12-48
https://doi.org/10.1186/1476-4598-12-48
https://doi.org/10.1038/nrm2021
https://doi.org/10.1038/nrm2021
https://doi.org/10.1038/nrm2021
http://dx.doi.org/10.1016/j.talanta.2020.120857
https://doi.org/10.1016/j.mehy.2007.01.080
https://doi.org/10.1016/j.mehy.2007.01.080
https://doi.org/10.1016/j.mehy.2005.09.022
https://doi.org/10.1016/j.mehy.2005.09.022
http://dx.doi.org/10.3390/jpm13071039
http://dx.doi.org/10.3390/jpm13071039
http://dx.doi.org/10.1016/j.saa.2021.120181
https://doi.org/10.1016/j.aca.2024.342959
https://doi.org/10.1016/j.aca.2024.342959
https://doi.org/10.1016/j.aca.2024.342959
https://doi.org/10.1002/jbio.202200252
https://doi.org/10.1002/jbio.202200252
https://doi.org/10.1002/jbio.202200252

	 Introduction
	 Materials and Methods
	 Clinical Protocol and Research Ethics
	 Data Collection
	 Data Analysis

	 Results
	 Effect of Data Preprocessing Methods in High-Wavenumber spectra
	 Patient Sample Classification

	 Discussion
	 Conclusions
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


