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Abstract
The coronavirus disease 2019 (COVID-19) is the latest biological hazard for the novel severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Numerous diagnostic tests for SARS-CoV-2 have been
used, which are expensive and require specialized personal. So, new diagnosis strategies are being
developed, looking for less expensive methods which could be used as screening for better spread
control. Many researchers have described the use of saliva as a potential indicator of COVID-19, and even
the same patient could carry out its collection. In this sense, this study aimed to establish speci�c
salivary vibrational modes analyzed by attenuated total re�ection-Fourier transform infrared (ATR-FTIR)
spectroscopy to detect COVID-19 biological �ngerprints that allow the discrimination between COVID-19
and healthy patients.

Previous written informed consent, clinical dates, laboratories, and saliva samples of COVID-19 patients
(n = 255) and healthy persons (n = 1209) were obtained and analyzed through ATR-FTIR spectroscopy.
Then, a multivariate linear regression model (MLRM) was developed.

The COVID-19 patients showed low SaO2, cough, dyspnea, headache, and fever principally. Obesity was
the main comorbidity. Various laboratory blood tests were altered. In the FTIR spectra analysis, changes
in amide I and immunoglobulin regions were evidenced, and the MLRM showed clear discrimination
between both groups.

Speci�c salivary vibrational modes employing ATR-FTIR spectroscopy were established; moreover, the
COVID-19 biological �ngerprint in saliva was characterized, allowing the detection for COVID-19 using an
MLRM, once it helps to reduce the number of variables, which could be helpful in the future development
of diagnostic devices in a faster and cheaper way.

1 Introduction
The coronavirus disease 2019 (COVID-19) is the latest biological hazard provoked for the novel severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is wreaking havoc in the health, political,
economic, and social sectors around the world [1]. More than 180 countries are affected by this
pandemic, and despite all containment efforts, the number of COVID-19 infected people is rising above
160 million, with over three million deaths accounting for the global fatality rate of ~ 2.07% [2, 3]. For
COVID-19, the mean of incubation period and serial intervals are 5.2 and 7.5 days, respectively, while the
basic reproduction number (R0) is reported to be 2.2 persons on average [4].

Coronaviruses are single-stranded enveloped RNA viruses that cause diseases in mammals and birds.
They are composed of the nucleocapsid (N) and spike (S) proteins, which participate in viral genome
assembly, transcription, replication, or mediating viral entry provoking a cytopathic effect [5].

Some diagnostic tests for SARS-CoV-2 infection, such as the use of nucleic acids ampli�cation test,
antigen test, and serological antibody immunoassays, have been proposed and used. However, it is
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essential to mention that even though the reverse transcriptase-polymerase chain reaction (RT-PCR) is
considered the gold standard for detecting SARS-CoV-2, false-negative results can occur due to there is a
window period of up to 5 days after exposure before viral nucleic acids can be detected. Moreover, the RT-
PCR testing procedure requires high-level personnel training and a high level of laboratory expertise and
usually takes 4 to 6 hours to complete the test, highlighting that this technique is expensive, which is not
used for screening [3, 6]. In addition, it is essential to mention that the sample collection procedures for
RT-PCR (nasopharyngeal and oropharyngeal swabs) require health personnel and close contact between
health workers and patients, which generate a risk of virus transmission to health workers. In contrast,
even the same patient could carry out saliva collection.

On the other hand, antigen-based diagnostic tests employing monoclonal antibodies against SARS-CoV-2
antigens, such as N protein and the S1 or S2 domains of the S protein, can also be used to detect viral
infection. Nevertheless, these are less sensitive than RT-PCR-based tests, but an advantage is that they
are available in rapid test kits (can provide results in 20–60 minutes) and also are easy to use. Finally,
serological immunoassays or antibody tests use immobilized recombinant viral proteins/domains of viral
proteins to which human antibodies bind if present in the blood, intended to identify persons with recent
or prior SARS-CoV-2 infection. However, it is a low-cost alternative that can be widely used at the
community level, and that can provide results in 15 to 20 minutes, it may take 21 days or longer after
symptom onset for seroconversion or detection of antibodies to SARS-CoV-2, like immunoglobulin (Ig) M
and/or IgG, which have been reported with an 88.66% of sensitivity and 90.63% of speci�city in blood
samples [3, 6].

So, new diagnosis strategies are being developed, looking for less expensive methods that could be used
as screening for better spread control and greater sensitivity and speci�city. Moreover, even though
nasopharyngeal testing specimens remain the current standard for SARS-CoV-2 diagnosing, lower
respiratory tract samples have a higher yield than upper tract samples, but they are often not obtained
due to aerosolization of the virus during sample collection procedures. For this reason, some other tests
suggest the use of saliva specimens [3].

Considering the above mentioned, in this research, we propose using the Fourier transform infrared (FTIR)
spectroscopy technique, which analyzes the components of saliva samples emitting a "biological
�ngerprint," allowing the discrimination between positive and negative COVID-19 patients. FTIR is a
technique based on the measurement of the absorption of electromagnetic radiation with wavelengths
within the mid-infrared (IR) region (4000–400 cm− 1) that identi�es variations in functional groups
through the measure of the vibration and rotation of molecules in�uenced by IR [7]. Moreover, FTIR can
effectively provide information concerning biological samples' structure and chemical composition at a
molecular level and characterize lipids, proteins, carbohydrates, and nucleic acids. Besides, it is also
sensitive to detect changes in molecular compositions according to a diseased state, providing
�ngerprints of biological samples, like tissues, cells, and biological �uids [8].
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The reason for using saliva is due to the easy way of sampling, once the same patient can recollect it,
without the complications (bruising, mucosal erosions, and bleeding) showed in nasopharyngeal and
oropharyngeal swabs. It is essential to mention that saliva shows viral shedding of both the salivary
glands and the upper and lower respiratory tract. In addition, previous studies have demonstrated that
saliva has a high concordance rate with more than 90% with nasopharyngeal samples in the detection of
respiratory viruses, including coronaviruses it has been reported that, in some patients, the coronavirus
was detected only in the saliva, but not in nasopharyngeal aspirate samples [9]. In this sense, the use of
saliva as a potential indicator of COVID-19 has been described by many researchers [10–15]. Considering
the saliva advantages mentioned, we analyzed speci�c salivary vibrational modes that can be used to
discriminate between positive and negative patients with COVID-19, which may prove that salivary
spectral biomarkers are appropriate for detecting COVID-19.

However, the people characterization from the FTIR spectra analysis is a complex task due to the spectra
differences, even from the same group. Moreover, saliva has a signi�cant content of components, which
show an intersection of its links, making it challenging to describe particular affectations of pathologies
[16]. Currently, the problem of characterizing populations from FTIR spectra has been addressed using
techniques commonly used in the area of machine learning; Santos et al. have suggested the use of
different methodologies that allow distinguishing between two or more groups of spectra based on the
results obtained through them in different investigations [17]. Since there is no way to know which
method would be the most appropriate to tackle a particular problem, some authors have suggested
using regression models followed by more complex models such as vector support machines (SVM) or
arti�cial neural networks (ANN).

In this sense, the present study aimed to establish speci�c salivary vibrational modes analyzed by ATR-
FTIR spectroscopy to detect COVID-19 biological �ngerprints that are suitable for diagnosis or that can be
used to identify distinct regions with fewer variables through a multivariate linear regression model
(MLRM), allowing the discrimination between COVID-19 and healthy patients.

2 Material And Methods

2.1 Ethical aspects and study subjects
In this study, we discriminated between positive and negative COVID-19 patients through ATR-FTIR
spectroscopy. For that purpose, the healthy group samples were used as a control, and it was integrated
by 1209 healthy ambulatory volunteers who were recruited from February 2019 to February 2020 (a
period in which the COVID-19 has not reached Mexico borders), 496 (41%) men, and 713 (59%) women
with an average age of 60.5 ± 8.6 years. For positive COVID-19 samples, 255 hospitalized patients
positive to SARS-CoV-2 diagnosticated through RT-PCR technique were recruited from May 2020 to March
2021, 160 (62.7%) men, and 95 (37.2%) women with an average age of 54.3 ± 14.7 years. Written
informed consent for the obtention of 1 mL of saliva and participation in this study was obtained from
the participants. The diagnosis of COVID-19 was developed in the Hospital Central Militar, Mexico.
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The inclusion criteria were patients that accepted to participate in this study, aged over 18 years, and
fasting at least 8 hours. The exclusion criteria were patients who had brushed or rinsed the oral cavity
with mouthwash before sampling and patients with orthodontic treatment or other dental treatment. The
healthy patients were informed that their samples would be used for different diagnostic assays as a
reference control, and the COVID-19 patients were informed that their samples would be used to try other
types of diagnosis.

The Clinical Research Ethics Committee of the Unidad de Especialidades Medicas and the Hospital
Central Militar of the Secretaria de la Defensa Nacional approved the protocol and informed consent.

2.2 COVID-19 patients clinical data compilation
The 72.2% of the COVID-19 population were sampled from the �rst day when they showed symptoms to
the third week of clinical evolution; most samples were collected at day 9.24 after RT-PCR diagnosis. At
the sampling moment, vital signs were evaluated, symptoms like cough, dyspnoea, headache, fever,
myalgia, arthralgia, among others, were interrogated, and comorbidities such as diabetes, obesity,
hypertension, smoking, and other of importance in this disease. In the same way, the blood type was
questioned. Finally, laboratory blood tests (hematic biometry, blood chemistry test, serum electrolytes,
hepatic-function test, blood gas test, and others) were evaluated.

2.3 Sample pre-processing
For FTIR spectral analysis, we develop the methodology that has been carried out for the analysis of
biological samples [18]. Therefore, this pre-processing was conducted in the spectral range between 4000
and 400 cm− 1 (mid-infrared), using an FTIR spectrometer (6600, Jasco) in the attenuated total re�ection
(ATR) sampling mode. The instrument has a �xed spectral resolution of 4 cm− 1. Three µL of each sample
was deposited onto the surface of the ATR crystal and dried at room temperature for about 15 minutes to
eliminate excess water. The IR radiation propagated along the crystal to obtain the corresponding spectra
that were the average of 120 data acquisitions. Each sample was analyzed three times, and all data were
obtained in triplicate.

2.4 Spectral analysis
After normalizing through standard normal variate (SNV) and calculate the second derivative of the
spectra, the analysis was performed in the biological �ngerprint (1800 − 800 cm− 1). The second
derivative was obtained using Unscrambler X. The mean of each population was obtained to identify
relevant differences (absorbance differences and displacements). The graphs were obtained employing
the Origin software (version 6.0, OriginLab Corporation).

2.5 Immune response and DNA and nucleic acids content
through FTIR
Like other pathogens that cause infections, SARS-CoV-2 infection causes IgM, IgG, and IgA antibodies,
making it mandatory to evaluate and compare the concentration of these antibodies between COVID-19
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and healthy groups. For which purpose, the integrated areas were assessed in the spectral regions at
1420 − 1289 cm− 1 and 1160 − 1028 cm− 1 to evaluate IgM, 1560 − 1464 cm− 1 which correspond to IgG,
and �nally the area 1285 − 1237 cm− 1 corresponded to IgA [19]. Once the integrated areas were
calculated, a Mann-Whitney test was developed to determine any signi�cant differences between COVID-
19 and the healthy group.

Moreover, the integrated areas of IgA, IgM, and IgG bands were compared between them in the COVID-19
group, employing a Kruskal-Wallis test.

The DNA and nucleic acid content were also compared between COVID-19 and healthy groups, analyzing
the ratio (A966/991) for DNA content and the integrated area at 1237 cm− 1 for nucleic acid content [20].
After that, a T-student test was developed to determine any signi�cant differences.

2.7 Classi�cation model
For the classi�cation of our population, we carry out a multivariate linear regression model (MLRM),
which is similar to the simple regression model except for having more coe�cients for the variables
considered (1) where b is the interceptor, m is the slope, and x an absorbance value:

Yi= b + m 1x1 + … + mn xn …(1)

Regression analysis is a statistical technique for investigating and modeling the relationship between
variables. This analysis is called a multivariate or multiple linear regression model because more than
one regressor is involved.

We used the leave-one-out (LOOCV) cross-validation methodology to evaluate the classi�cation model
because it has less bias than a validation set and produces the same results each time you run it [21].
The LOOCV methodology considers segmenting the database into two subsets: training and evaluation.
The training subset comprises N-1 samples, and the evaluation subset considers the omitted spectrum in
the training process. These partitions are performed as many times as spectra make up the database; in
this way, all spectra contribute N-1 times to the regression model, and all spectra are evaluated once.

3 Results

3.1 Study population description
As previously mentioned, the healthy group was integrated by 1209 patients, 496 (41%) men, and 713
(59%) women with an average age of 60.5 ± 8.6 years. Furthermore, the COVID-19 group was integrated
by 255 patients, 160 (62.7%) men and 95 (37.3%) women with an average age of 54.3 ± 14.7 years.
Focusing on the COVID-19 group, the signs and symptoms, comorbidities, blood type, and laboratory
blood tests were evaluated.
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Table 1 shows the signs and symptoms that each patient presented and referred. The average of the
obtained vital signs showed that the patients presented a low SaO2; however, the rest of the vital signs
were within normal parameters. Likewise, the ponderal state was determined through body mass index
(BMI), evidencing overweight. The main symptoms that the patients mentioned were cough, dyspnoea,
headache, and fever in more than 50% of the patients, followed by myalgias and arthralgias in more than
45% of the patients.  

Table 1
Signs and symptoms

Vital Signs and Ponderal State median (IQR)

SaO2 (%) 90(83, 94)

Heart Rate (beats per minute) 87 (77, 102)

Respiratory Rate (breaths per minute) 22 (20, 25)

Systolic (mmHg) 120 (108, 131)

Diastolic (mmHg) 72 (65, 80)

Mean arterial pressure (mmHg) 94 (86, 103)

BMI (Kg/m2) 28.3 (25.5, 35.1)

Symptoms n (%)

Cough 194 (76.1)

Dyspnoea 189 (74.1)

Headache 145 (56.9)

Fever 145 (56.9)

Myalgia 125 (49)

Arthralgia 120 (47.1)

Sputum 67 (26.3)

Pharyngeal Pain 80 (31.4)

Emesis 30 (11.8)

Conjunctivitis 31 (12.2)

Asymptomatic 11 (4.3)

Table 2 resumes the comorbidities showed in the COVID-19 group, where it can be observed that 186
patients (72.9%) presented comorbidities, and some of them showed more than two comorbidities; even
more, 2.4% of the patients presented more than four comorbidities. Obesity was the main comorbidity, the
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38% of the COVID-19 patients showed this condition followed by diabetes and hypertension. Table 3
shows that the main blood type of the population that integrated the COVID-19 group was O+ (61.6%).

Table 2

 Comorbidities 

Comorbidities n (%)

Obesity 97 (38)

Diabetes 84 (32.9)

Hypertension 70 (27.5)

Smoking 45 (17.6)

HIV  3 (1.2)

Cardiovascular disease 4 (1.6)

Others (cancer, Parkinson, infertility) 3 (1.2)

Asthma 2 (0.8)

Tuberculosis 2 (1.2)

None 69 (27.1)

 

Table 3

 Blood Type

Blood Type n (%)

O + 157 (61.6)

O -  2 (0.8)

A + 32 (12.5)

A - 2 (0.8)

B + 7 (2.7)

Unknown 55 (21.6)

The laboratory blood tests �ndings are described in Table 4, where it can be observed that the median
values of neutrophils, N/L ratio, glucose, blood pH, C-reactive protein (CRP), lactate dehydrogenase (LDH),
�brinogen, D-dimer, and ferritin were increased; contrary PaO2 and PaCO2 were diminished.
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Table 4
Laboratory blood tests

Hematic Biometry n Median (IQR)

Leukocytes (103/µl) 252 8.4 (6.3, 11.8)

Neutrophils (103/µl) 238 9.9 (5.6, 6.7)

Lymphocytes (103/µl) 249 1.2 (0.75, 3.7)

N/L Ratio 243 8.1 (4.4, 14.7)

Hemoglobin (g/dl) 251 15.3 (14, 16.4)

Platelets (103/µl) 251 238 (168.8, 318.5)

Blood Chemistry Test    

Creatinine (mg/dL) 250 0.8 (0.6, 0.96)

Urea (mg/dL) 240 34.6 (27.0, 49.2)

Glucose (mg/dL) 241 126 (103.3, 189.8)

Serum Electrolytes    

Na (mmol/L) 240 139 (137, 141)

K (mmol/L) 240 4.4 (4, 5)

Mg (mmol/L) 174 2.1 (2.0, 2.4)

Hepatic-Function Test    

ALT (U/L) 244 38 (25, 64)

AST (U/L) 243 39 (29, 55)

ALP (U/L) 146 91 (69, 124)

Bilirubin, Total (mg/dL) 189 0.8 (0.6, 1.1)

Albumin (g/dL) 239 3.3 (3, 3.7)

Blood Gas Test    

pH 150 7.46 (7.43, 7.50)

PaO2 (mmHg) 149 66 (54, 77)

PaCO2 (mmHg) 148 31.1 (28, 36)

HCO3− (mmol/L) 149 22.7 (20.6, 24.7)

Lactate (mmol/L) 149 1.4 (0.9, 1.9)
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Hematic Biometry n Median (IQR)

Other    

CRP (mg/dL) 228 90 (43.2, 202.4)

LDH (UI/L) 144 397 (266.3, 595.8)

Fibrinogen (mg/dL) 121 693 (467.3, 825.8)

D-dimer (ng/mL) 140 777 (438, 1675)

Ferritin (ng/mL) 143 489.5 (287.8, 954)

3.2 FTIR analysis
Figure 1A shows saliva FTIR spectra of COVID-19 and healthy groups, where diverse absorption bands
related to different biomolecules are evidenced, such as lipids, proteins, carbohydrates, and nucleic acids,
usually present in biological samples. The average saliva spectrum of both groups showed
characteristics of biological samples, peaks of proteins at 1644 cm− 1 (Amide I, C = O stretching), 1545
cm− 1 (Amide II, N-H bending), and 1240 cm− 1 (Amide III) were evidenced. Besides, glycosylated
molecules (1200 − 1000 cm-1), P = O asymmetrical and symmetrical stretching vibrations of PO2

phosphodiester groups from phosphorylated molecules (1240 cm− 1 and 1076 cm− 1) were also observed,
as well as C-O stretching vibration coupled with C-O bending of the C-OH groups of carbohydrates
(including glucose, fructose, and glycogen) at 1030 cm− 1. Moreover, a band in the interval 992 − 982 cm− 

1 associated with the ribose phosphate main chain and a band at 968 cm− 1 from the DNA backbone
stretching vibration are also demonstrated. Finally, it is essential to mention that the sugar moieties of
glycosylated proteins, including α-amylase, were shown in the spectral range of 1080 − 950 cm− 1.

Additionally, the intervals between 1560 − 1464 cm− 1, 1420 − 1289 cm− 1 and 1160 − 1028 cm− 1, and
1285 − 1237 cm− 1 related to IgG, IgM, and IgA, respectively, are shown in Fig. 1B. These regions related to
immunoglobulins showed an absorbance increment in the COVID-19 group and the region associated
with glycosylated molecules (1200 − 1000 cm− 1) (Fig. 1).

When comparing the spectra between healthy and COVID-19 groups in the amide I and amide II regions
(1700–1500 cm− 1), a slight displacement, as well as a decrease in the absorbance in the band of amide I
at 1644 cm− 1 (C = O stretching vibration) in the COVID-19 group was shown (Fig. 2A).

Figure 2B depicts the region of nucleic acids (1100–850 cm− 1), the band at 1076 cm− 1 is associated with
symmetrical stretching vibrations of PO2 phosphodiester groups, and the interval between 1080 − 1030

cm− 1 which is associated with glycogen, evidenced a higher absorbance in the COVID-19 group.
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Furthermore, to analyze biomolecular changes with greater precision, we compared the spectra in the
second derivative. Figure 3A shows the second derivative of the FTIR spectra of the COVID-19 and
healthy groups depicted in the amide I region (1700–1600 cm− 1), where the bands related to the
components of the secondary structure of proteins are shown, such as 𝛽-turns in the interval between
1695 − 1660 cm−1, 𝛼-helices (1660 − 1650 cm−1), and intramolecular native 𝛽-sheets (1640 − 1630 cm−1),
which are sensitive to structural and conformational changes [22]. Notably, an increment in the intensity
of these bands in the healthy group compared with the COVID-19 group is observed.

In the same way, Fig. 3B shows the second derivative of the region of the nucleic acids (1100–850 cm− 1),
where a signi�cant increasement in the intensity of the band corresponding to symmetrical stretching
vibrations of PO2 phosphodiester groups at 1076 cm− 1, and other bands at 1037 cm− 1 and 1028 cm− 1

associated with glycogen on COVID-19 group compared to the healthy group is evidenced. Likewise, we
noted that the bands at 992 cm− 1 (ribose phosphate main chain) and 986 cm− 1 (stretching vibration C-C
of DNA backbone) changed their conformation in the COVID-19 group; on the other hand, the bands at
968 cm− 1 and 924 cm− 1 associated with the stretching vibration C-C of DNA backbone and the vibration
of ribose ring increased on COVID-19 group.

3.3. Comparison of immunoglobulins, DNA, and nucleic
acids content
Figure 4 shows the content of IgA (1285 − 1237 cm− 1), IgM (1420 − 1289 cm− 1, 1160 − 1028 cm− 1), and
IgG (1560 − 1464 cm− 1) in healthy and COVID-19 groups. The IgA was slightly higher expressed in the
COVID-19 group (40.95) than the healthy group (40.42), not showing statistical signi�cance. Likewise,
IgM (134.10 and 144.03) in the two studied regions and IgG (174.80) were more expressed in the COVID-
19 group compared to the healthy group, IgM (131.69 and 130.24) and IgG (169.14), showing statistical
signi�cance.

When comparing the expression of the immunoglobins in the COVID-19 group, it can be observed that the
IgA was the lowest expressed immunoglobulin, and the most expressed in this research group was de
IgG, showing a statistical signi�cance between each immunoglobulin (Fig. 5).

Figure 6 depicts nucleic acids and DNA content, where it can be observed that the DNA content was
similar in both groups (0.66). In the same way, the nucleic acid content did not show a difference between
the COVID-19 group (33.30) and the healthy group (33.00).

3.5. Multivariate analysis
Figure 7 shows the score plots obtained employing the MLRM with the spectra of healthy and COVID-19
groups. This MLRM was done in four spectral regions: 1700 − 1600 cm− 1 (amide I of proteins), and the
regions related to IgG (1560 − 1464 cm− 1) and IgM (1420 − 1289 cm− 1, 1160 − 1028 cm− 1).
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Concerning the MLRM in these four regions (Fig. 7), the sensibility, speci�city, and exactitude are shown
in Table 5.  

Table 5
Sensibility, specify, and exactitude of the multiple linear regression model (MLRM).

Region Interval (cm− 1) Sensibility (%) Speci�city (%) Exactitude (%)

Amide I of proteins 1700 − 1600 99.2 100 99.6

IgG 1560 − 1464 99.2 100 99.6

IgM 1420 − 1289 99 99.9 99.5

1160 − 1028 77.1 93.2 87

Equally or even more important than the values presented in Table 5 is the analysis of the behavior of the
outputs of the classi�cation model (MLRM). In Table 6, we provide a brief analysis of these values.  

Table 6
MLRM output analysis.

Region Interval (cm− 1) HEALTHY COVID-19

Output range S.D.* Output range S.D.*

Amide I of proteins 1700 − 1600 0.62 to 1.39 0.06 0.95 to 2.15 0.09

IgG 1560 − 1464 0.44 to 1.46 0.07 0.94 to 2.28 0.10

IgM 1420 − 1289 0.49 to 1.53 0.12 0.79 to 2.37 0.14

1160 − 1028 0.25 to 1.86 0.21 0.81 to 3.63 0.32

*Standard deviation

Considering Table 6 and Figs. 7A and 7B, we determined that it is possible to discriminate both
populations by analyzing the region associated with amide I. However, it was also possible to misidentify
six COVID-19 patients.

4 Discussion
Considering the previous knowledge that virus infections provoke changes in the structures of
biomolecules, in this research, we examined the FTIR spectra of COVID-19 and healthy patients, seeking
the discrimination between these two populations through the analysis of FTIR spectra and an MLRM.
Although ATR-FTIR is not used as a diagnosis technique, several authors have reported the use of FTIR
for virus detection; for example, Erukhimovitch et al. in 2005, stated that it is possible to apply FTIR
microscopy as a sensitive and effective assay for the detection of cells infected with various members of
the herpes family of viruses and retroviruses [23]. Lee-Montiel et al., in 2011, evaluated the utility of FTIR
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spectroscopy for rapid detection of infective virus particles poliovirus in cell cultures [24], and Santos et
al. in 2020, reported several spectral features changes for hepatitis infected patients [17]. Therefore, in the
search to propose new techniques that allow detecting the SARS-CoV-2 virus, FTIR spectroscopy has
been considered in this research.

One of the main reasons for new diagnosis strategies was that although RT-PCR tests have shown high
sensitivity for detecting the virus (97.2% [90.3%-99.7%]), false-negative results are expected within seven
days of infection. Additionally, the RT-PCR process is time-consuming, and shortages in test kit supplies
are common worldwide. On the other hand, serological testing of IgM and IgG production in response to
viral infection is usually detected only 1–3 weeks after symptoms [25]. However, the employed technique
used in this research allowed us to discriminate patients within the �rst day of clinical symptomology up
to the third week of clinical evolution.

In the analysis of the COVID-19 population characteristics, although Peckham et al. have demonstrated
that there is no difference in the proportion of males and females infected with SARS-CoV-2 [26], in this
research, we documented that 160 (62.7%) men integrated the COVID-19 population, and 95 (37.3%)
women, this probably due to the samples were obtained from hospitalized patients. The same authors
declared that males face higher odds of intensive therapy unit (ITU) admission and death than females.

About the age, even though Hu et al. reported that it appears that all ages of the population are
susceptible to SARS-CoV-2 infection, the median age of infection is around 50 years [27], which was also
observed in this research, once the average age was 54.3 ± 14.7 years.

Concerning vital signs in the COVID-19 group, as previously mentioned, the only altered vital sign was the
SaO2 is showing a mean of 90%. Nevertheless, it is mandatory to remember that these patients were
hospitalized; one of the main criteria for hospitalization besides evidence of pulmonary affection through
CT, the low PO2, which entails a low SaO2. Hu et al. have reported that the most common symptoms in
COVID-19 patients are fever, dry cough, and fatigue in patients less than 50 years, adding dyspnea in
patients over 60 years (27). Likewise, in this research, we found that the main reported symptoms were
cough, dyspnea, headache, and fever.

About comorbidities, as previously mentioned, obesity, diabetes, and hypertension were the most reported
entities in this study. These results agree with Ortiz-Brizuela et al., Berumen et al., and Petrova et al., who
declared that the pathologies above are the main risk of infection and hospitalization by COVID-19 [28–
30].

Regarding the blood group, even though Zhao et al. have reported that blood group O is associated with a
lower risk for the infection compared with non-O blood groups [31], in this research, the main blood type
was O, probability due to this blood type is the most common in Mexico [32], country where this research
took place.
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About the laboratory blood tests, Velavan and Meyer have declared that CRP, D-dimers, ferritin, cardiac
troponin, and IL-6 could be used in risk strati�cation to predict severe and fatal COVID-19 in hospitalized
patients [33]. In our study, we observed that the values of neutrophiles, glucose, CRP, LDH, �brinogen, D-
dimer, and ferritin were increased, i.e., the patients that integrated our study presented three of the
laboratory risks mentioned by Velavan, probably due to these patients were hospitalized because they
required specialized medical attention. As expected, we detected neutrophilia, as it is known the primary
function of the neutrophils is clearance of pathogens and debris through phagocytosis, the liberation of
neutrophil extracellular traps is needed for viral infection inactivation and restriction of virus replication,
been the neutrophils the �rst cell recruitment in COVID-19 [34]. In addition, hypoxia and hypocapnia are
seen in severe COVID-19 cases; Wang et al. reported a median PaO2 of 68 mmHg and a median of
PaCO2 of 34 mmHg in 138 COVID-19 patients [35], results that are similar to the ones obtained in this
research (PaO2 66 mmHg, and PaCO2 31.1 mmHg).

On the other hand, the obtained spectra were similar to those reported by Caetano et al., showing
characteristics of biological samples [16]. However, it is essential to mention that the population
evaluated by Caetano et al. was informed to abstain from food and caffeine products for at least two h
before the saliva collection and rinse out their mouths with distilled water. Contrary, in this study, a fasting
period of at least 8 hours was required, and an exclusion criterion was patients who had brushed or
rinsed the oral cavity with mouthwash before sampling.

As previously mentioned, in the FTIR spectra analysis, a slight displacement, as well as a decrease in the
absorbance in the regions of amide I and amide II, were exhibited in the COVID-19 group, which may be
attributed to a decrease in protein production, which corresponds to that reported by Denisa Bojkova et
al., who observed a decrease in the expression of proteins, especially those related to cholesterol
metabolism in CaCo-2 cells infected by SARS-CoV-2 [36]. In the same way, Bouhaddou et al. reported a
decrease in the abundance of host proteins and a predominance of viral proteins, which is consistent
with the mechanisms reported by other viruses in the inhibition of protein translation of the guest [37];
similarly to that found in Vero cells infected by herpes viruses, in which, protein synthesis and cellular
metabolism decrease in the initial stages of infection consuming cellular metabolites such as
nucleotides, amino acids, and cellular enzymes [36–38]. Highlighting that Barauna et al. reported a
decrease in the peak related to amide I in saliva combined with inactive SARS-CoV-2 virus compared to
saliva without infection [39].

In the same way, it is important to mention that the peak at 1240 cm− 1, which is related to
phosphorylated molecules, is increased in COVID-19 patients, respect to healthy patients. About this,
Bouhaddou et al. reported an increase in phosphorylated proteins with a decrease in protein abundance,
as well as hyperphosphorylation of the CK2 and p38 MAPK pathways related to cytokine production [37],
which is also consistent with that reported by Diamond et al. [40]. Moreover, Erukhimovitch et al. reported
an increase in the peak at 1240 cm-1 in cells infected with the herpes virus [38].
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About the immune response, it has been declared that the combination of IgG and IgM achieves an
overall sensitivity of 87.8% and speci�city of 98.9% for detecting SARS-CoV-2; nevertheless, the
complexity of the humoral response in COVID-19 is not fully elucidated, and the relevance of the SARS-
CoV-2 antibody response for the long-term clinical outcome of viral clearance is still lacking. Some
authors have declared that the reported time to IgM positivity ranges from 5 to 10 days following disease
onset, whereas IgG positivity occurs between 13–21 days. Moreover, some others have stated that the
earliest detection of IgM was at �ve days post symptom onset, and the earliest detection of IgG was at
seven days post symptom onset [41–43].

In the same way, it has been reported that IgA plays an essential role in mucosal immunity, being the
most crucial immunoglobulin to �ght infectious pathogen in the respiratory system [44]. Furthermore, it
has been stated that salivary testing is the most convenient way to measure IgA, the reason by which it
has been used to characterize mucosal immune responses to many viral infections such as SARS, MERS,
in�uenza, HIV, and RSV. Serum IgA has been detected in COVID-19 patients and appears to be detectable
earlier than IgM or IgG antibodies, possibly as early as two days after onset of symptoms, suggesting
that IgA may be the �rst antibody to appear in response to SARS-CoV-2 infection [45]. In this research,
changes in absorbance in the areas related to IgG (1560 − 1464 cm− 1), IgM (1420 − 1289 cm− 1, 1160 − 
1028 cm− 1), and IgA (1285 − 1237 cm− 1) were observed, noticing a higher absorbance in the spectra of
COVID-19 group, which is concordant with all those mentioned above.

On the other hand, the second derivative spectra of SARS-CoV-2 patients at 1695 cm− 1, 1682 cm− 1, 1660
cm− 1, 1652 cm− 1, 1646 cm− 1, 1639 cm− 1, 1631 cm− 1, and 1625 cm− 1 showed an absorbance decrease
and a displacement, suggesting changes in the protein structures. About this, Diamond et al. declared a
decrease in the expression of the mRNA of ACE2 and IL-6 in saliva samples, which would correspond to
the decrease in the secondary structures reported by Meirson et al., who through a bioinformatic analysis
described that the main secondary structure between the union of SARS-CoV-2 and ACE is the к-helix
structure (polyproline II), followed by the α-helix and β-strand, changing the disul�de bonds [40, 46].
Moreover, Giubertoni et al. assigned the peak at 1619 ± 2 cm− 1 as helical conformation similar to that of
a polyproline II helix, and 1659 ± 2 cm− 1 as α-helix, which are also diminished in our study [47].

As expected, the immunoglobulins content showed that the COVID-19 group expressed a higher IgA, IgM,
and IgG content than the healthy group. Moreover, when comparing the expression of these in the COVID-
19 group, it can be observed that the IgA was the least immunoglobin expressed, followed by the IgM;
being the IgG the most expressed immunoglobulin, which may be attributed to that most of the samples
were collected at day 9.24 after PCR diagnosis, and according to the aforementioned the IgM is detected
�ve days post symptom onset. The earliest detection of IgG is at seven days post symptom onset.
Nevertheless, it has to be considered that some samples were obtained the �rst day when the patients
showed symptoms, so that IgA was also detected in this population.

When comparing DNA and nucleic acid content, the COVID-19 group showed a higher content of these
molecules. Zaling et al. have declared that in necrotic cell death, the DNA is completely unwound, the
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reason by which 100% of the DNA is visible to IR at this stage, observing an increase of ∼65% in DNA
absorbance in necrosis compared to the control. Moreover, they also reported a decrease in the random
coil structure of the total protein, similarly to the COVID-19 group of this research [48].

On the other hand, as previously mentioned, the characterization of two or more populations from the
analysis of the FTIR spectra of their individuals is not an easy task; in a more complex sample, it will be
more complicated to �nd characteristic patterns of the population. This because the links of the different
components could overlap with the characteristic component links of each sample. Moreover, the nature
of the samples (�uid or tissues, cells, among others) has its particularities.

Different methodologies have been proposed to identify populations from the analysis of FTIR spectra,
facilitating the adoption of a classi�cation method by allowing experimentation to focus only on the
most promising. In this sense, in another work, we �rst experimented with linear classi�cation models to
discriminate COVID-19 patients, although these models were affected by the overlap of the spectra due to
the variances of the absorbances/transmittances of the populations; this problem can be overcome by
having a large population thanks to the central limit theorem. In this work, we discriminated against our
groups employing an MLRM, which was validated employing a LOOCV according to our previous
research.

The absorbance variations and principally the peak displacement associated with viral infections shown
in Figs. 3A and 3B contributed to the excellent performance of MLRM. As we note in (1), the slope
performs an essential role in MLRM models because a displacement in any peak means that one
population has reached its maximum absorbance level while the other continues growing, so its sign is
the opposite. Our results presented in Fig. 7 suggest that the best region to identify possible virus carriers
is the amide I of proteins (1700 − 1600 cm− 1) to compact the outputs between the predictions of the
same populations and the separation to the other one.

Enthought the spectra analysis allowed us to detect the molecular components that characterize a
positive patient to SARS-CoV-2, and the data analysis through MLRM let us discriminate these patients
from healthy persons, more assays need to be done, one of them should consider the time elapsed from
the symptoms to the diagnosis and categorize this population. Another one should consider the
diagnosis corroboration through the serological test (IgA, IgM, and IgG), correlating these results with the
FTIR spectra.

5 Conclusions
In the present research, we established speci�c salivary vibrational modes employing ATR-FTIR
spectroscopy and characterizing the COVID-19 biological �ngerprint. These speci�c spectra can be used
to detect possible carriers of the virus or patients who have presented the disease and retain some
immunological respect. In any case, it is necessary to analyze and continue investigating the spectra in
their different regions to determine their meaning with greater precision.
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In addition, these spectra have allowed us to identify a suitable region for COVID-19 detection. By
performing the MLRM, the number of variables decreased considerably, which would help us think about
viable techniques or devices for diagnosing diseases faster and cheaper.
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Figures

Figure 1

FTIR raw spectra of healthy (n=1209) and COVID-19 groups (n=255). A. Biological �ngerprint region, B.
Immunoglobulins regions.



Page 22/25

Figure 2

FTIR raw spectra of healthy (n=1209) and COVID-19 groups (n=255). A. Proteins amide I region, B.
Nucleic acids region.

Figure 3

FTIR second derivative spectra of healthy (N=1209) and COVID-19 groups (N=255). A. Proteins amide I
region, B. Nucleic acids region.
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Figure 4

Immunoglobins comparison between healthy and COVID-19 groups. A. IgA (1285-1237 cm-1), B. IgM
(1160-1028 cm-1), C. IgM (1420-1289 cm-1), D. IgG (1560-1464 cm-1). **p < 0.05 and ***p < 0.005,
compared to the healthy group.
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Figure 5

Immunoglobins expression in COVID-19 group. IgA (1285-1237 cm-1), IgM (1160-1028 cm-1, 1420-1289
cm-1), IgG (1560-1464 cm-1). ***p < 0.005.
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Figure 6

Comparison of the DNA and nucleic acid content between healthy and COVID-19 groups. A. DNA content,
B. Nucleic acid content. ***p < 0.005 and ****p < 0.0005, relative to the healthy group.

Figure 7

Multiple linear regression model (MLRM) between healthy (N=1209) and COVID-19 (N=255) groups in the
regions A. Proteins amide I (1700-1600 cm-1), B. IgG (1560-1464 cm-1), C. IgM (1420-1289 cm-1), D. IgM
(1160-1028 cm-1).


