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ARTICLE INFO ABSTRACT

Keywords: The monitoring of profile concentrations of chemical markers in saliva samples can be used to diagnose COVID-

COVID-19 19 patients, and differentiate them from healthy individuals. Here, this purpose is achieved by designing a paper-

;Olorl;n}etrlf detection based colorimetric sensor with an origami structure, containing general receptors such as pH-sensitive organic
etabolomics

dyes, Lewis donors or acceptors, functionalized nanoparticles, and ion metal complexes. The color changes
taking place in the receptors in the presence of chemical markers are visually observed and recorded with a
digital instrument. Different types and amounts of the chemical markers provide the sensor with a unique
response for patients (60 samples) or healthy (55 samples) individuals. These two categories can be discrimi-
nated with 84.3% accuracy. This study evidences that the saliva composition of cured and healthy participants is
different from each other with accuracy of 85.7%. Moreover, viral load values obtained from the rRT-PCR
method can be estimated by the designed sensor. Besides COVID-19, it may possible to simultaneously iden-
tify smokers and people with kidney disease and diabetes using the specified electronic tongue. Due to its high

Paper-based device
Sensor array
Saliva

efficiency, the prepared paper device can be employed as a rapid detection kit to detect COVID-19.

1. Introduction

As the most available fluid in the human body, saliva has been used
to diagnose various diseases such as autoimmune, cardiovascular, dia-
betic, cancerous and renal diseases as well as genetic disorders, and
viral, bacterial and fungal infections [1,2]. Since the saliva collection is a
simple, cost-effective, and non-invasive procedure with the ability to
detect virus RNA in the oropharyngeal cavity, it has attracted the
attention of researchers for the detection of COVID-19 disease [3-8].
Conventionally, the analysis of viral genetic materials is performed by
the rRT-PCR gold standard method [3]. Although this method provides
highly valuable information, false negative responses might be obtained
in some cases due to PCR limiting factors or sequence changes during the
experiment [9].

The screening of chemical markers in body fluids is a simple and
effective way for the disease diagnosis [10]. In fact, chemical markers
are small-sized organic compounds, cations and anions, whose concen-
trations change by the body’s immune mechanism against a natural or
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E-mail address: h.bagheri@bmsu.ac.ir (H. Bagheri).
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pathological biological process [11]. The markers of various tissues are
transferred from the bloodstream to the saliva sample through intra-
cellular or paracellular diffusion [12]. These chemicals are character-
ized by spectroscopy, nuclear magnetic resonance and chromatography
methods, allowing for the evaluation of the concentration of one or more
specific materials, and for the discrimination between two different
saliva compositions [13]. In the latter case, the results obtained by the
liquid chromatography mass spectrometry have indicated that the
chemicals such as CosH3eNgOg, DL-phenylalanine, C;H;oNgO2, 2-lino-
leoyl-sn-glycero-3-phosphoethanolamine, C3gH71N2016P3, 1-hexadeca-
noylpyrrolidine, taurine, C47Hg4NgO13P3, and CooH36NgOg are differen
t in the saliva samples of healthy individuals and COVID-19 patients
[14].

The instrumental methods provide a fingerprint response for each
sample, giving rise to detailed information on the type and concentra-
tion of its constituent compounds. However, they are considered non-
user-friendly assays due to the device complexity, high price, and
need of certain laboratory conditions, skilled technicians and long-term
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experiments [15].

Sensory devices with one or more sensing components, monitor
chemical markers by chemical or biological receptors, and interact with
a particular analyte or a wide range of compounds, leading to electrical
and optical changes [16]. Despite the high sensitivity and selectivity of
bioreceptors, the preparation, storage conditions and fabrication of
sensors based on these materials are not cost-effective [17]. Of course, it
is possible to achieve unique responses using multiple sensors known as
electronic tongues (E-tongues) [18].

The E-tongue configuration comprises an array of chemical reagents
with different structural properties involved in the proton and electron
transfer processes or electrostatic and hydrophobic interactions [19]. In
the case of the colorimetric-based E-tongue, the interactions taking
place in solution or on a paper substrate, are associated with the sensor
discoloration [20,21]. Having the ability to fabricate a sensor with
miniature dimensions, the capillary property in transferring the sample,
high flexibility, portability, low consume of the sample, and simple
usage are among the advantages that have resulted in developing
various paper-based sensors for detection of chemical markers of food,
environmental specimens and biological fluids [22]. In this regard, the
paper-based E-tongue has been applied to detect antibiotics [23], anti-
oxidants [24], biogenic amines [25], and the metabolites of tuberculosis
[26] and sepsis in serum and urine samples [27]. However, no reports
have so far been published on the fabrication of a salivary sensor array
for detection of COVID-19 disease.

Due to their different viscosities, saliva samples may not move at the
same flow rate on the paper substrate with two-dimensional structures,
including microfluidic, lateral flow, and distance-based formats. The
devices based on origami structures allow the species to penetrate
vertically into the paper texturethrough overlapping the injection and
detection areas [28]. In turn, this makes the time performance of the
experiment shorter, while also needing the low volume of samples. By
miniaturizing the sensor dimensions, it is also possible to reduce the
effect of viscosity [28].

In our research group, we have tried to develop sensing tools based
on array structure to track the difference between the metabolite profiles
of patients caused by COVID-19 disease and healthy people in the
various body fluids such as saliva, serum and urine and in the exhaled
breath. As the first report, this study proposes a miniature E-tongue with
an origami structure to diagnose COVID-19 disease by observing
chemical markers in saliva samples. Chemical receptors are selected
from four categories; dye-based proton donors and acceptors, material-
based electron donors and acceptors, metal ion complexes, and nano-
particles. In this way, the feasibility of the sensor for the detection of
small amounts of the chemical markers is enhanced, creating different
patterns between patients and healthy individuals. The diversity of
sensor components raises the possibility of discerning the chemical
markers associated with the other comorbidities. Since the sensor
components have different sensitivities to saliva compounds, a reason-
able correlation is expected to be found between the responses of one or
more sensing components and the disease severity.

2. Experimental section
2.1. Equipment

The printing process was performed by HP LaserJet printer 1200.
The pH of solutions was observed by a Metrohm 632 pH-meter (Model
780 pH lab). To inject the chemical receptors on the respective detection
zones, a micropipette (BRAND Transferpette® S, Germany) was used.
The image of sensor was achieved by a canon scanner (CanoScan LiDE
220). The software including AutoCAD 2016, Image J (1.51n, National
Institutes of Health, USA), MATLAB R2015 and SPSS (Version 22; Chi-
cago, IL, USA) were applied to design the sensor structure, extract the
color element values, run the classification methods and perform the
other statistical analysis, respectively.
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2.2. Chemicals

Bovine serum albumin (BSA), caffeic acid (CA), poly glutamic acid
(PGA), sodium citrate, bromophenol red (R1), 2, 4-dinitrophenylhydra-
zine and phenylboronic acid (PBA), pyrocatechol violet (Py), vanadyl
sulfate pentahydrate (VOSO4-5H20) were purchased from Sigma
Aldrich. Gold (III) chloride trihydrate (HAuCls-3H20), bromocresol
purple (R2), iron (II) chloride tetrahydrate (Fecly.4H20), copper (II)
nitrate trihydrate (Cu(NOgs)2-3H20), sulfuric acid (H2SO4), sodium
borohydride (NaBHy4), sodium hydroxide (NaOH), boric acid (H3BO3)
and ethanol (EtOH) were achieved from Merck chemical company. The
porphyrine based dyes such as [meso-tetraphenylporphyrin]Iron (III)
chloride (Fe(III)TPPCl), [meso-tetraphenylporphyrin]-Tin (II) (Sn(II)
TPP) and meso-tetrakis (4-hydroxyphenyl) porphyrin-manganese (III)
acetate (Mn(III)T (4-OH)PP(OAc)) were obtained from Sharghi group at
Shiraz University, Shiraz, Iran. The preparation processes of these ma-
terials have been found in the previous reports [29-31]. Whatman®
Grade NO.2 filter paper was selected to create an origami paper based
substrate.

Except the pyrocatechol violet that dissolved in the deionized water,
the solutions of the other dyes and the porphyrins were prepared in
EtOH. To provide the DWES solution, a container poured by 2, 4-dinitro-
phenylhydrazine (0.4 g), EtOH (10.0 mL), deionized water (3.0 mL) and
H5S04 (2.0 mL) were stirred for 10 min. The mixture was filtered and the
result solution was used for further studies [32].

2.3. Chemical receptors

The nanoparticle based receptors were provided by synthesis of gold
nanoparticles (AuNPs) coated by some capping agents consist of BSA, CA
and PGA. The methods for preparation of these NPs were described in
supplementary materials. Each NPs solution was subjected to a freeze-
dryer and the result powder was crushed fine in a mortar. The desired
NPs solution was obtained by re-dispersing a specified amount of the
powder in the deionized water.

The dye based receptors was created by mixing R1 and R2 dye so-
lutions and an additive such as DWES or PBA (2.0 mol L™1) solutions.
The dye concentration and the volume ratio of mixture components
were optimized. The porphyrin solutions with the optimal concentration
were used as sensing element without any modifications.

To have the metal ion complexes, the mixture of Py (50.0 pL) and a
metal ion solution including V (IV), Fe (II) and Cu (II) was added to
100.0 pL of 0.1 mol L~! borate buffer (pH = 9.0) [33]. The same and
optimized concentration of dye and metal ion was used to prepare this
mixture.

2.4. Participants

The participants of this study were men (having an age range of
21-80 years), and divided into three groups: patients (60 samples),
healthy individuals (55 samples), and cured people (15 samples). The
patients were examined by a pulmonologist, and their disease was
confirmed using chest imaging and rRT-PCR results. It should be noted
that the patients who had taken medication were excluded from the
study. After two months, the ones undergoing the treatment process
(cured samples) were recalled for the followings. All the participants
were interviewed by a physician, and their medical documents were
observed. They became aware about the experiment process, and filled
an informed consent form. An overview of the demographic information
is provided in Table S1. The sampling procedure and other analyses were
performed in Bagiyatallah Hospital (Tehran, Iran) between the years
2020 and 2021.

2.5. Sensor structure

To design the device with an origami structure, a rectangular pattern
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S1: BSA-AuNPs

$2: CA-AuNPs

$3: PGA-AuNPs

S4: Bromophenol red+DWES
S5: Bromocresol purple+DWES|
$6: Bromocresol purple+PBA
S7: Fe(III)TPPCI

S8: Mn(TII)T(4-OH)PP(OAc)
S9: Sn(II)TPP

$10: V(IV)-Py

S11: Fe(I)-Py

$12: Cu(Il)-Py

Fig. 1. (a) The designing pattern and (b) the image of proposed sensor array.
(c) The list of the receptors used for the fabrication of sensor.

with dimensions of 1.5 cm x 1 cm was drawn in AutoCAD software. The
pattern consisted of injection (white rectangle) and detection (12 small
circles) parts (see Fig. 1a). The design was implemented on a paper
substrate using a printer. The black regions became hydrophobic by
heating the paper at 200 °C for 45 min [28]. The small circles were filled
with the relevant chemical receptors (0.12 pL). The fabricated sensor
and the location of each receptor are shown in Fig. 1b and c,respectively.

2.6. Practical process

The candidates were asked to rinse their mouths twice with water to
remove physical particles from the saliva samples. After 15 min, 500.0
pL of saliva of each person was collected in a sterile Falcon tube, and
stored in an ice pack before use. Oral impurities were removed by
centrifugation of the saliva sample at 10,000 rpm and 4 °C for 10 min. In
the origami sensor, the injection and detection parts were connected to
each other by folding the paper. To provide appropriate alignment, the
paper was placed between two planar holders. The sensor was exposed
to 40.0 pL of a clear supernatant sample. The chemical markers in saliva
simultaneously interacted with all the sensing components. The efficient
interactions caused the receptors to change color. In this respect, a
scanner was used to monitor the discoloration. Image analysis software
was employed to evaluate the color of receptors. Three numerical values
corresponding to red, green and blue color components were calculated
for each receptor. Since the array had 12 components, a vector con-
taining 36 elements was generated for each experiment. The schematic

Injection zone

AUOZ U0 |

Designing the desired pattern Fabricating the sensor

Patient sample

Healthy sample

Cured sample

Observation of sensor responses

Injecting the sample

Folding the sensor

Receiving the Image of sensor
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diagram for fabrication and application of salivary E-tongue were shown
in Scheme 1.

2.7. Statistical analysis

The image analysis data were aligned in three individual matrices,
including patient-healthy, patient-cured and healthy-cured classes, with
sizes of (115 x 36), (75 x 36) and (70 x 36), respectively. The evalu-
ation of the sensor discrimination ability was performed by principle
component analysis discriminate analysis (PCA-DA). This classification
analysis was validated by calculating statistical parameters such as the
sensitivity, specificity, accuracy, and error rate.

In the quantitative analysis, the total response of each saliva sample
was calculated by the following equation:

n

> o)’

i=1

Total response =

where x; is the ith numerical value of the data vector obtained for each
sample and n is equal to 36. On the other hand, this euation was used to
obtain the total response of each sensing component as follows:
Response of sensing component (i) = \/(R))* + (G:)* + (B;)*

where, R;, G; and B; are the color component values for the ith chemical
receptor in the data vector.

The effect of some parameters such as age, O, saturation and disease
severity on the total response of the sensor (or the sensing component)
was investigated by determining the Pearson correlation coefficient in
SPSS environment.

3. Results and discussion

The simplicity of paper-based E-tongues and their possibility for on-
site analysis have made them applicable for diagnosis and treatment of
diseases. For example, this study examined the ability of these sensors to
detect COVID-19 disease. Generally, the E-tongues use non-specific re-
ceptors that are chemical compounds with specific physicochemical
properties, interacting with a wide range of species in complex samples
such as saliva. The chemical markers are ionic species or compounds
with amino, carboxylic, aldehyde, hydroxyl, and ketone functional

Keeping the sensor between the holders

Calculating the color values by image software

© ImageJ =im] X
Eat Process Anayze Pugns Window Hep

+INAlQO 2low/sual 7|2 &~

Patient sample
Healthy sample
Cured sample

Providing the color difference maps

Scheme 1. The schematic diagram for fabrication and application of salivary E-tongue.
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Fig. 2. Finding the optimization conditions: DAF results for (a) the concentration of each chemical receptors, (b) different types of mixing solution containing the
organic dyes and additives and (c) the incubation of the saliva sample and chemical receptors in a period of time between 0 and 360 s. The information about each

trial is represented in Table S2 and S3 in supporting information document.

groups [11]. The color changes of the sensor depend on two factors: first,
the interaction between the saliva components and the active sites in the
receptor structure, and second, the changes in the experiment conditions
(e.g., pH of media) arising from the binding of the chemical markers to
the additives (DWES or PBA). The opto-E-tongue responses are shown by
colorimetric patterns, being the ID cards for infected and healthy
samples.

3.1. The optimization process

Since the sensor was designed to detect the disease, and discriminate
the patients from the healthy individuals, the optimization process
needs to be carried out in such a way that it will lead to the highest
accuracy classification. In this regard, the experiments were performed
on infected (5 samples) and healthy (5 samples) saliva secretions. Each
sample was undergone for three times in this test. For each sample, the
total response of the array was used to calculate the ratio of within-
group variations and between-group variations, according to the
discrimination ability function (DFA) given below [34]:

)2

pap— X=X .
S (X —Xi)

where n is the number of the studied classes, X; describes the total

response of the array to the jth sample in the ith class, X; indicates the

average of the total responses of the samples in the ith class, and X is
defined as the average response of the array for 30 measurements.
Basically, the best assay discriminatory ability will be observed at the
highest DAF value.

The results of DAF-based optimization experiments are presented in
Fig. 2. As inferred, the sensor response can be changed by varying the
sensing component concentrations. The undesirable results are obtained
for the lower concentration due to the reduction in the sufficient reactive
sites for capturing the saliva species [35]. At higher concentrations, the
the color changes arisen from interactions were masked by the color of
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receptors leading to create the unsuitable DAF values. [35]. Among the
trails designed for this study (Table S2), the third one provides an
appropriate concentration for the fabrication of receptor arrays
(Fig. 2a).

The receptors can be mixed with additives in order to identify a
specific class of markers. The amount of additives needs to be adjusted at
an appropriate value, thus allowing for a complete interaction with the
saliva chemical compositions, while also preventing the active sites of
receptors from blockage. Five different trials were designed for this
study (Table S3), and the highest DAF value was obtained for the
mixture with a volume ratio of receptor: additive (3: 1) (Fig. 2b).

The responses of the sensor for the infected and healthy samples were
compared with each other for a specific period of time. The results
observed in Fig. 2c illustrate that the changes in the color of receptors
become fixed after 4 min of sample injection, indicating an equilibrium
between the chemical markers and sensor components. This time period
was selected to collect the colorimetric data of the subsequent
experiments.

3.2. Colorimetric responses

The sensor components should be capable of both detecting saliva
compounds with different functional groups, and distinguishing be-
tween species with similar chemical structures. It is also cost-effective to
perform the discrimination process with the lower number of receptors
[36]. In addition, the use of the receptors with different reactivity in the
array structure increases the sensor efficiency to differentiate between
the infected and healthy samples.

Due to their various advantages such as the surface plasmon reso-
nance, high surface-to-volume ratio and molecular recognition proper-
ties, gold nanoparticles (AuNPs) can detect the ions and chemical
compounds with high sensitivity and selectivity [37]. The functional
groups, size, and electrical charge of coating agents can also affect the
selectivity of these receptors [37]. The organic dyes with tri-aryl
methane configuration are sensitive to changes in the pH of media.

(b)
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P [OClOJCIG[OI0ICIOICIO0I®]

H  [O[OJOIOIO[O[O[OI0I0[0]@)]

C Ololo[o[oololo[C[O]o]e]

Fig. 3. (a) The visual observations and (b) the colorimetric pattern obtained from the image analysis for patient infected by COVID-19 (P), Healthy control (H) and
Cured sample (C). The results were provided after 4 min. The sensor was fabricated at the optimum conditions shown in Fig. 2.



M.M. Bordbar et al.

a T T | T T T T T T T T
@ ol ] ::
200/ .
s
S 100t .
Q
é 0r [ Y} o
N
o oo :
e
200 .
300f ]

-340 -320 -300 -280 -260 -240 -220 -200 -180 -160 -140

PC 1 (58.1%)
(b) ‘0P
100 {ag¢|
g 0
(2
N
<
= 00! .
N
0 Py
& 200r 1
e° o
300+ f,;,‘ o -
400 350 300 250  -200 450 -100
PC 1 (70.04%)
(©) 300} ' ' ' R
¢ 0‘. oc
LK
~ 0F 1
2 0o
n
N
“:_; D%C‘un i
~
0 |
o

PC 1 (76.98%)

Fig. 4. The results obtained by PCA-DA analysis for classification of patients,
healthy controls and cured participants. The results were provided after 4 min
incubation of sensor and saliva samples. The sensor was fabricated at the op-
timum conditions shown in Fig. 2.

They can be mixed with DWES and PBA additives. The former identifies
the aldehyde and ketone species [32], whereas the latter responds to
diols such as sugars [38]. The resulting interactions change the con-
centration of hydronium ions of the media, leading to discoloration of
the organic indicators. Metalloporphyrins participate in the electron
donor or acceptor reactions, so that their tendency to different analytes
depends on the hardness and chemical properties of the central metal
and the substituents of porphyrin cage [39,40]. The last group of re-
ceptors consists of metal ion complexes in which a metal ion is chelated
with a dye. If the metal ion tends to bind the ligand less than the
chemical marker, the ligand will be released, thereby forming a
metal-analyte complex. In some cases, the analyte can simultaneously
interact with the metal ion and functional groups in the ligand structure,
creating a ternary complex [41,42].
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Table 1
Classification parameters obtained by PCA-LDA analysis.
Parameters Patient vs Healthy Patient vs Cured Healthy vs Cured
Sensitivity (%) 83.3 83.3 85.4
Specificity (%) 85.4 86.6 86.6
Accuracy (%) 84.3 84.0 85.7
Error rate (%) 15.7 16.0 14.3

Each column of the proposed sensor array represents unique receptor
classes, including NPs, pH sensors, porphyrins, and metal ion complexes.
By exposing the origami-based sensor to saliva sample markers, one can
observe the color changes after 4 min. The visual observations and the
colorimetric pattern obtained from the image analysis are depicted in
Fig. 3.

Among NP-based receptors, the color of CA-AuNPs changes in the
presence of healthy saliva samples. Alternatively, other NPs have no
tendency to interact with the metabolites of both healthy and infected
saliva secretions. The metabolites of the infected samples change the
color of the two organic dyes mixed with DWES. The responses of por-
phyrins to the different studied groups strongly depend on the central
metal ion and constituents of porphyrin cage. The infected sample il-
luminates the sensing component containing Fe(III)TPPCl, whereas the
normal saliva species interact with Mn(III)T (4-OH)PP(OAc). The V(IV)-
Py complex participates in the indicator displacement reaction with the
chemical markers of healthy samples. All the studied groups can affect
the color of Fe(Il)-Py and Cu(Il)-Py complexes. Furthermore, no re-
sponses are recorded from Sn(II)TPP and bromocresol purple + PBA.

During the treatment process, the composition of the saliva of cured
samples shifted from the patient to healthy profiles. The detection pro-
cess was repeated for the cured people after a month. As clarified in
Fig. 3, the markers of saliva samples alter the color of S7 (among S4, S5,
and S7 as the specific receptors of infected samples) and S10 (from the
sensory elements (S2, S8 and S10) responding to healthy samples). The
results explain that the saliva metabolite profiles of the cured people are
different from the compounds of the healthy samples due to the body
disorders caused by the viral infections.

3.3. Evaluation of the discrimination ability

The potential of the sensor to detect COVID-19 disease was evaluated
for 60 patients, and 55 healthy and 15 cured samples. The corresponding
colorimetric responses are summarized in Fig. S1-S3. To determine the
accuracy of the method for the correct diagnosis of each group members,
the color difference data were collected in matrices with sizes of (115 x
36), (75 x 36), and (70 x 36) for patient-healthy, patient-cured, and
healthy-cured classes, respectively. These data were inserted into PCA-
DA algorithm for cluster statistical analysis.

The score plots depicted in Fig. 4 show that over 84% of the total data
variances are distributed in the space of the two first principal compo-
nents. The diagram indicates a good distinction between the two classes
of each matrix. However, the sensor misdiagnoses some members of
each studied group. By considering the results of the statistical analysis,
only 50 patients, 47 healthy individuals, and 13 cured samples can be
classified in their corresponding classes with sensitivities of 83.3%,
85.4%, and 86.6%, respectively. Among all the participants, 20 men are
incorrectly classified. The statistical parameters obtained from PCA-DA
analysis are presented in Table 1, indicating that the assay efficiency for
the discrimination of the studied population is equal to 84.3% for
patient-healthy, 84.0% for patient-cured, and 85.7% for healthy-cured
datasets.

3.4. Sensing observations of comorbidities

Saliva samples can contain the chemical markers associated with
other diseases. Therefore, the potential of the assay for screening the
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Fig. 5. (a) The visual observations and (b) the colorimetric difference pattern for patients infected only by COVID-19 (P) and the participants having viral infection
and the other disease consist of diabetes (DM), chronic kidney (KD) and who were smoker (SM). The results were provided after 4 min. The sensor was fabricated at

the optimum conditions shown in Fig. 2.

people with cardiovascular, chronic kidney, asthma, diabetes, chronic
obstructive pulmonary, chronic liver and hypertension diseases was
investigated. For each disease, the specific chemicals would appear in
the saliva secretions. As an example, a person with kidney disease can be
diagnosed by monitoring the amounts of urea, creatinine, and uric acid
[43]. The concentration of compounds such as glucose, 1,3-dihydroxy-
acetone, lactate, citrulline, ornithine, leucine, and ethanolamine varies
in the saliva composition of diabetic and healthy subjects [44]. The
difference between smokers and non-smokers is achieved by deter-
mining the amounts of some species such as thiocyanate, ionizable
iodine, OH-cotinine, tyramine and cadaverine [45,46].

By delving into the sensor results, it can be found that the chemical
composition of saliva samples obtained from the individuals with kidney
disease leads to the aggregation of BSA-AuNPs, while also changing the
NP color from red to purple. Furthermore, the bromocresol purple
combined with PBA turns blue in the presence of salivary metabolites of
diabetic patients. The response of Sn(II)TPP receptor is only visible for
smokers’ samples. The visual information and difference patterns from
this assay is clearly shown in Fig. 5. Based on the saliva marker analysis,
the performance of the sensor for detection of smokers, and people with
diabetes and kidney disease are calculated to be 70%, and 65% and
66.6%, respectively.

3.5. Statistical assessments

The metabolic profile of saliva samples can be affected by age and O,
saturation factors. Any changes in the type and concentration of
chemical markers would vary the color of the receptor, and the total
response of the sensor. Based on the data presented in Table S4, the weak
Pearson correlation coefficients and the P-value> 0.05 are indicative of
the lack of good and significant relationship between the sensor
response and age of participants in both healthy and patient groups. In
the case of the relation between the total sensor responses and O
saturation, the corresponding Pearson coefficient is obtained to be 0.050
(P-value = 0.715) for patients and 0.055 (P-value = 0.693) for healthy
individuals, indicating a weak correlation between them.

The viral load value (based on the N gene cycle threshold (CT) value)
obtained from PCR analysis is one of the criteria for determining the
disease severity, which can be divided into 4 groups: low, moderate,
high and very high. In this experiment, the response of the sensor array
(or any receptor) for each sample was compared with the respective
viral load value. Fig. S4 shows a positive and pronounced linear rela-
tionship between the color changes of receptor S5 and virus load value
with a Pearson correlation coefficient of 0.898 (P-value < 0.001). This
study helps estimate both the visually and numerically results of PCR
test.

4. Conclusions

The feasibility of a colorimetric sensor array with non-specific re-
ceptors for the diagnosis of COVID-19 disease was studied by analyzing

the metabolites of saliva samples. The sensor was developed by a
miniature template, and required a small amount of the analyte
collected through a non-invasive process. Unlike other screening
methods that report only positive or negative results, this sensor pro-
vided fingerprint colorimetric patterns for patient, healthy, and cured
samples. The color changes depended only on the type and amount of
metabolites, and were not influenced by other factors such as age or O,
saturation. Meanwhile, it could determine the severity of the disease by
estimating the amount of viral load associated with PCR analysis. The
salivary-based colorimetric electronic tongue provided a chance for
simultaneously screening the non-COVID-19 diseases. The findings of
our study suggested that the proposed sensor can be developed as a fast
and cost-effective method for on-site detection of various diseases
without the involvement of laboratory devices.
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