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o An optoelectronic tongue was fabricated
by non-specific receptors for detection

of serum metabolites. PATIENT
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ARTICLE INFO ABSTRACT
Keywords: This study aims to use a paper-based sensor array for point-of-care detection of COVID-19 diseases. Various
Array-based sensor chemical compounds such as nanoparticles, organic dyes and metal ion complexes were employed as sensing

Colorimetric detection

COVID-19 elements in the array fabrication, capturing the metabolites of human serum samples. The viral infection caused

Metabolomics the type and concentration of serum compositions to change, resulting in different color responses for the

Rapid detection infected and control samples. For this purpose, 118 serum samples of COVID-19 patients and non-COVID controls

Chemometrics both men and women with the age range of 14-88 years were collected. The serum samples were initially
subjected to the sensor, followed by monitoring the variation in the color of sensing elements for 5 min using a
scanner. By taking into consideration the statistical information, this method was capable of discriminating
COVID-19 patients and control samples with 83.0% accuracy. The variation of age did not influence the
colorimetric patterns. The desirable correlation was observed between the sensor responses and viral load values
calculated by the PCR test, proposing a rapid and facile way to estimate the disease severity. Compared to other
rapid detection methods, the developed assay is cost-effective and user-friendly, allowing for screening COVID-
19 diseases reliably.
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1. Introduction

As a new kind of respiratory infectious disease, COVID-19 virus has
infected and killed many people since 2019 [1]. The virus is highly
contagious, contaminating and disordering the lung function [2]. The
World Health Organization (WHO) has introduced effective ways such
as chest imaging and polymerase chain reaction (PCR) for the diagnosis
and control of the disease [3]. Although these methods provide reliable
information about the disease severity, they face serious limitations such
as the need of a specialized operator for imaging and sampling, expen-
sive devices, and a long delivery time of the results. Also, the patient
should attend the medical clinics. It is possible that a false negative
result is indicated by the PCR test due to the inappropriate sampling
process, contamination of the sample, errors in the extraction of bio-
logical materials and PCR inhibiting factors [4].

The sensing methods based on nucleic acid amplification or antigen
detection have been developed to detect COVID-19 [5,6]. These sensors
use optical and electrochemical transducers that digitize changes in the
properties of the sensing element bonded to a bioreceptor [7]. Compared
to PCR, the sensing methods have a shorter detection time, and show
higher sensitivity for the diagnosis of patients [8]. However, they suffer
from the costly and time-consuming fabrication process, and require
special storage conditions [9].

The viral infection disrupts the body’s immune system, leading to
changes in the body’s metabolites [10]. The chemical structure of me-
tabolites comprises aromatic or aliphatic hydrocarbons with acidic,
amino, aldehyde, ketone, and hydroxyl substitutions [11]. Since these
compounds are released into the bloodstream, metabolic changes caused
by a disorder can be monitored by analyzing this biofluid [12]. The
evaluation of the serum chemical profiles provides better information in
comparison to plasma. This is because the volume of the matrix con-
taining the small molecules decreases after the removal of coagulation
proteins, resulting in pre-concentration, and subsequently, more accu-
rate identification of metabolites [13].

The instrumental methods such as LC-MS, GC-MS and NMR spec-
troscopy provide useful information about differences in the serum
metabolites of healthy people and patients with COVID-19 [14-17].
Based on the published reports, the concentration of compounds such as
R-S lactoglutathione and glutamine, and other essential amino acids in
the patient decreases, whereas the amount of chemical species,
including hypoxanthine, inosine, acetone, acetoacetic acid, 3-hydroxy-
butyric acid, glucose, succinate and pyruvate, 2-hydroxybutyric acid,
lactic acid, ribonic acid, malic acid, pantothenic acid, and oxalic acid
increasingly correlate with disease severity [14-17]. The validity of
these traditional techniques is based on the unique responses for each
sample, thereby screening and discriminating patient and healthy
samples with high accuracy, and detecting significant markers related to
the disease along with their concentrations. However, the analysis
process requires specific laboratory conditions, and an operator to
collect, prepare and perform the experiment, and funds for purchasing
the complex devices, solvents, and reagents [18].

A short analysis time and possibility of on-site measurement are two
important parameters for the rapid diagnosis and evaluation of the
treatment process of COVID-19 disease [19]. Unlike the previous assays,
the optical sensing devices are portable tools, being capable of quanti-
fying the metabolites in a biological sample at an appropriate time [20].
As well, they are favorable due to their advantages such as their simple
and cost-effective design, easy sampling process, and naked-eye re-
sponses. Depending on the number of sensing elements in the sensor
structure, a specific species or a set of diverse chemical compounds can
be identified with high selectivity [21].

The evaluation of metabolites of biological samples can be carried
out using an array of sensing elements, providing high performance in
the detection of volatile and thermally stable chemical species in the
vapor phase (E-nose) [22], or low volatility materials in the liquid phase
(E-tongue) [23]. Compared to E-noses, the sample detection using
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E-tongue-based sensors is conducted without requiring thermal in-
struments (e.g., an oven or a heater) and carrier gas flow (N3). To
fabricate these sensors, the paper substrates has recently gained more
attention since they facilitate the fabrication of sensors with different
designs, and the immobilization of sensing elements on the paper sur-
face. Moreover, the analyte can flow on the paper substrate surface
without applying any external force [24].

Owing to the paper flexibility, these sensors can be fabricated in a 3D
configuration such as origami structure, thus reducing the analysis time
and consuming a low volume of the sample. Also, the color of biological
samples does not influence the color changes caused by the interaction
of sensing elements with chemical markers [25]. The performance of
arrays depends on the components of the detection zone, being
composed of selective cross-reactive sensing elements [26]. The optical
properties of these sensors are different before and after the interaction
with the analytes. Since changes can happen due to the release of hy-
dronium ions, replacement of analyte with a ligand in the complex
structure, nucleophilic and hydrophobic interactions, electrostatic
connection, and hydrogen bonding to an electronegative atom, it is
possible to employ pH-sensitive indicators, metal ion complexes, met-
alloporphyrins and nanoparticles as the sensing elements [27]. The use
of receptors with diverse intrinsic properties increases the sensor’s
ability to recognize the compounds with different structures and con-
centration ranges. This feature helps the sensor track minor changes of
the type and concentration of chemical species in a biological sample,
thereby diagnosing a disease.

Designing colorimetric sensors to diagnose diseases through metab-
olites released in biological samples has been one of the goals of our
research team in recent years. In the case of COVID 19, we proposed
various sensors to detect this disease by analysis of the metabolites of
saliva samples [28], exhaled breath [29] and urine samples [30]. In this
paper, a new approach is proposed based on designing an optical sensor
array with origami configuration, allowing for detection of the
COVID-19 disease and discrimination between COVID-19 patients and
non-COVID controls by the serum samples. To the best of our knowl-
edge, nevertheless, paper-based electronic tongues have not been re-
ported for the detection of viral infections by the monitoring of serum
sample metabolites. Twelve sensing elements are included in the array
structure, which may be discolored after interacting with the serum
materials. This provides a unique pattern for each COVID-19 patients
and non-COVID samples. The results obtained from the sensor are
explored visually and by image software. They are also proved via
multivariate statistical methods. On the other hand, the effects of some
parameters such as the concentration and composition of receptors, age
of participants, and disease severity on the sensor response are
investigated.

2. Experimental section
2.1. Materials and solution

The sensor substrate was fabricated by Whatman® Grade NO.2 filter
paper. The chemical solids such as iron(II) chloride tetrahydrate
(Fecly.4H0), gold (III) chloride trihydrate (HAuCl4.3H20), copper(Il)
nitrate trihydrate (Cu(NO3)5.3H50), boric acid (H3BO3), sodium boro-
hydride (NaBH4), bromocresol purple (R1), sodium hydroxide (NaOH),
and the solvents including ethanol (EtOH), sulfuric acid (H2SO4) were
obtained from Merck chemical company. The organic dyes (pyrocate-
chol violet (Py), 2, 4-dinitrophenylhydrazine and bromophenol red
(R2)), the reducing and stabilizing agents (sodium citrate, poly glutamic
acid (PGA), Bovine serum albumin (BSA), caffeic acid (CA)) and the
other materials (phenylboronic acid (PBA), vanadyl sulfate pentahy-
drate (VOSO4.5H30)) were provided from Sigma Aldrich. Porphyrin
structures were achieved from Sharghi’s laboratory, Shiraz, Iran. The
experimental procedures for providing these materials consisting of
meso-tetrakis(4-hydroxyphenyl) porphyrin-manganese (III) acetate (Mn
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(IIDT(4-OH)PP(OAC)) meso-tetraphenylporphyrin]Iron(IlI) chloride
(Fe(IIDTPPC]) and [meso-tetraphenylporphyrin]-Tin (II) (Sn(II)TPP)
were described in the previous studies [31-33].

The solution of organic dyes such as R1, R2 and porphyrin were
made by dissolving a certain amount of these materials in a specified
volume of EtOH. To prepare the solution of pyrocatechol violet and the
metal ion salts, the deionized water was used. DWES was a yellow so-
lution containing 0.4 g 2, 4-dinitrophenylhydrazine dissolved in the
mixing solvent including 10.0 mL EtOH and 3.0 mL deionized water.
The product was acidified by 2.0 mL HySO4 and homogenized on the
stirrer during 10 min. To remove the undissolved particles, the mixture
was filtered and the clear solution was used for further studies [34].

2.2. Apparatus and software

In this study, the devices such as Metrohm 632 pH-meter (Model 780
pH lab), micropipette (BRAND Transferpette® S, Germany), HP LaserJet
printer 1200 and canon scanner (CanoScan LiDE 220) were used to
adjust the pH of media, immobilize the sensing element on the surface of
filter paper, print the sensor structure on the paper and capture and save
the photos of sensor, respectively. The sensor structure were designed in
the AutoCAD 2016 environment. The image of sensor was evaluated by
Image J (1.51n, National Institutes of Health, USA) software. The results
of multivariate and bio statistical analysis were obtained by MATLAB
R2015 and SPSS (Version 22; Chicago, IL, USA) software, respectively.

2.3. Sensing element preparation

The opto electronic tongue was created by accumulation of four
different chemical structures as sensing elements such as gold nano-
particles (AuNPs), triaryl methane dyes, metalloporphyrins and metal
ion complexes. To prepare the AuNPs, three individual capping or
reducing agents including BSA, CA and PGA were used. BSA-AuNPs
were prepared by addition of 3.0 mL BSA solution with the concentra-
tion of 20.0 mg/mL to 100.0 mL of citrate reduced AuNPs solution. The
reaction was proceeded on the stirrer and complete after 20 h. The pure
BSA-AuNPs was provided by removing the extra BSA particles during
centrifuging (10000 rpm, 15 min) and re-dispersing the residue in the
deionized water [35]. To have CA-AuNPs, 60.0 pL of HAuCl4 (1.0 x
1072 mol/L) and 280.0 pL of CA (5.0 x 1072 mol/L) were combined
together and injected to a flask containing 3660.0 pL of deionized water.
The flask was homogeneously stirred for 4 h. During this time, the
experiment was performed under reflux condition and the reaction
temperature was adjusted at 50 °C. The red resulting solution was used
for further studies [36]. PGA-AuNPs were fabricated by mixing 5.0 x
1072 mol/L of HAucl4 (20.0 mL), 3.0 x 10~2 mol/L p-glucose (10.0 mL)
and 0.1% W/V PGA (1.0 mL) followed by dropwise addition of 0.5
mol/L NaOH solution (280.0 pL) [37,38]. The solutions of prepared NPs
were converted to dried particles using a laboratory freeze-dryer. The
products was homogenized in a mortar and kept in the sterile tubes
before usage. To provide the NPs based sensing elements, the aqueous
solution of each NPs powder was prepared at the optimum
concentration.

The second set of sensing elements were produced by addition of the
optimum volume of DWES or PBA (2.0 mol/L) solutions to triarylmethan
dyes solutions (R1 and R2) with the specified volume and concentration.
However, the optimal amount of porphyrins powders were dissolved in
the 1.0 mL of EtOH to form the third class of sensing elements. The last
colorimetric receptors in the array structure are the complexes obtained
by binding the Py (50.0 pL) to metal ions such as V (IV), Fe (II) and Cu
(ID) ions (50 pL). The reaction was performed in a borate buffer (100.0
pL, 0.1 mol/L and pH = 9.0) [39]. The concentrations of ligand and
metal ion should be optimized.
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Table 1
Demographic data of the studied samples.

Variable Non-COVID controls Patient with COVID-19
Number 56 62
Sex

Male 32 32

Female 24 30
Age (Mean + SD) 51.14 (+£16.94) 56.98 (+14.67)
RT-PCR* Negative Positive

N gene** 23.98 (13-34)

RdRp gene**
Total response***

24.08 (14-35)

219.63 (+41.62) 240.34 (+£37.10)

* RT-PCR: Reverse transcription polymerase chain reaction.
** Data are represented as median and interquartile range.
*#* P-yalue < 0.005.

2.4. Sample collection

This study was carried out on the residuals of serum samples of
COVID-19 patients and non-COVID patients with coded and unattrib-
utable information who admitted to Baqgiyatallah Hospital from 2020 to
2021. The serum samples obtained from clinical laboratory of hospital
before their final disposal. The total number of samples was 118 (62
patient and 56 control samples). The patient samples were selected who
did not take any medication before the appointment, and the results of
their chest imaging and rRT-PCR test had been confirmed by a pulmo-
nologist. The control samples were selected from non-COVID patients
[28-30]. The demographic information is summarized in Table 1.

2.5. Fabrication of opto-electronic tongue

The structure of the proposed sensor is shown schematically in
Fig. 1a. The pattern was drawn by the design software (AutoCAD). The
sensor is in the form of a rectangle with dimensions of 1.5 cm x 1 cm,
being divided into two parts: the injection zone (the white rectangle) for
subjecting the serum sample, and the detection zone (12 small circles)
for immobilizing the sensing elements. To make the black areas hydro-
phobic, the paper was heated at 200 °C for 45 min after printing the
proposed pattern on its surface [40]. By injecting 0.12 pL of sensing
elements on the circles of the detection zone, the desired sensor array
was fabricated (see Fig. 1).

2.6. Detection method

Scheme 1 summarized the all experimental procedures for this study.
As seen, the sensor was fabricated on filter paper with high flexibility
that could be folded from the middle of substrate. The sensor was sealed
between two holders, so that the injection zone completely covered all
the circles of the detection zone. The top layer of the holder had a hole
that helped add the serum sample (20.0 pL) of each participant to the
injection zone. Due to the capillary nature of the paper, the sample
spread well on the surface of the substrate. The interaction between the
serum sample and the sensing elements was allowed to be complete for
5 min. A scanner was used to collect images of the sensor after its
fabrication, and also after exposing it to the serum sample. The infor-
mation of each image, containing the mean values of red, green and blue
color components of each sensing element, was extracted with ImageJ
software. The difference in the RGB values of each sensing element was
calculated from the following relations:

AR = Rpinat — Riitial
AG = Grinat — Ghaitial

AB = Brinai — Bitiai

The data obtained from the image processing was collected in a data
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(2) (b)
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S1: BSA-AuNPs

S2: CA-AuNPs

S3: PGA-AuNPs

S4: Bromophenol red+DWES

$6: Bromocresol purple+PBA

000
000

S5: Bromocresol purple+tDWES

S7: Fe(II)TPPCL

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

$10: V(IV)-Py

S11: Fe(II)-Py

$12: Cu(ID)-Py

000

Fig. 1. (a) The proposed pattern of the sensor, (b) the list of sensing elements and (c) the fabricated paper based E-tongue.
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Scheme 1. The schematic diagram for designing, fabricating and ability of the
proposed paper based E-tongue.

vector comprised of 36 members (12 sensing elements x 3 color
components).

2.7. Data processing

Statistical analysis was performed in two (qualitative and quantita-
tive) sections. The qualitative section described the evaluation of the
sensor ability to discriminate between the two (healthy and patient)
studied groups. The quantitative section explained the procedure for
calculation of the sensor responses to all the studied serum samples, as
well as the correlation between the sensor responses and different pa-
rameters. Concerning the qualitative section, the data vectors made for
the analysis of 118 serum samples were placed in a data matrix with a
size of 118 x 36, and the distinction patterns were explored using the
principle component analysis-discriminate analysis (PCA-DA) method.

For the quantitative section, the total sensor response was obtained
by calculating the Euclidean norm of the data vector based on the
following equation:

Euclidean Norm = Z (x:%)

i=1

where x; is the ith component of the data vector for each serum sample.
To acquire the total response of each sensing element, the Euclidean

norm of its color component values was computed.

The two independent sample t-test, and Pearson correlation coeffi-
cient were used to compare between mean total sensor responses of the
COVID-19 patients and non-COVID control groups, and to find an
effective relationship between changes in the total sensor response (or
the total response of a sensing element) and the increase or decrease in
the numerical amounts of some parameters such as age, disease severity
and viral load value, respectively.

2.8. Discrimination ability function

As a mathematical function, the discrimination ability function
(DAF) was used to find the optimal value of effective parameters in this
experiment [41]. In fact, it is possible to achieve the best discrimination
between patients and control individuals through DAF. The following
equation is defined to calculate DAF:

NY.(Y: - Y)?
=5 (Y = Y)

where N is the number of groups (patients and control individuals)
participating in this study. Yj is the Euclidean norm for the jth sample in

DAF =

=

the ith group, Y; is the mean of all Euclidean norms obtained for samples

of the ith group, and Y is the average of Euclidean norms calculated for
all the samples studied in this experiment. Note that, the optimal value
of each parameter has the highest DAF value.

3. Results and discussion

Basically, COVID-19 infection decreases the concentration of amino
acids, and increases the accumulation of carboxylic acids, aldehydes,
sugars, alpha-keto acids and heterocyclic amines in the serum sample
[14-17and28-30]. Monitoring these changes with a reliable sensor can
help rapidly detect and treat the disease. The recognition of minor dif-
ferences between the metabolic profiles of patient and control samples
can be performed by an electronic tongue including a set of sensing el-
ements with different chemical structures [28-30]. Here, the efficiency
of the electronic tongue is investigated to detect and differentiate be-
tween the metabolites of serum samples collected from the COVID-19
patients and non-COVID individuals. The device contains AuNPs modi-
fied by BSA, CA and PGA, two organic dyes that mixed by DWES and
PBA, metalloporphyrins with the metal core of Fe, Mn and Sn and metal
ion complex fabricating by mixing Py with three ions of V (IV), Fe (II)
and Cu (II), individually.

The interaction of metabolites and NPs based sensing elements de-
pends on the metal core and coating agent properties causing NPs have
different electrical charge or covered by different functional groups
[42]. Due to this conditions, NPs can participate in different electro-
static, H-bonding, covalent or nucleophilic interactions [42]. Of course,
they are synthesized in the different size, therefore, the larger nano-
particles may not be able to bind with the massive metabolites because
of steric hindrance while smaller particles interact easily with the same
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(c)

Number of experiment Description

EX1 NPs (1.0 mg.mL"), Organic dyes” (1.5 mg.mL"), Porphyrins (3.0

mg.mL™"), Metal complexes™ (0.01 M)

EX2 NPs (1.5 mg.mL"?), Organic dyes” (2.0 mg.mL), Porphyrins (4.5

mg.mL"), Metal complexes™ (0.05 M)

EX3 NPs (2.0 mg.mL™?), Organic dyes” (2.5 mg.mL™?), Porphyrins (6.0

mg.mL"), Metal complexes™ (0.10 M)

N W A U1 N

DAF value

EX 4 NPs (2.5 mg.mL"), Organic dyes” (3.0 mg.mL"), Porphyrins (7.5 1
mg.mL™), Metal complexes™ (0.15 M)
0
EX1

" Organic dyes were combined with DWES and PBA with ratio of 1:1 V/V
™ Metal complexes were mixed in the borate buffer (0.1 M).

(b)

EX 4

Number of Experiment

(d)

Number of experiment

The volume ratio of (reagent: additive™)

EX1 1:1
EX2 2:1
EX3 31
EX4 4:1
EX5 3:1

8.0

DAF value

"Reagents are organic dyes.
* Additives are DWES and PBA.

(e)

DAF value
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1

1 3

5 7 9

Time (min)

EX2 EX3
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0
EX EX'S

1 EX2 EX3 EXA4
Number of Experiment

Fig. 2. The optimal conditions: (a) The guideline and (b) the respective DAF plot for providing sensing elements with a specified concentration, (c) The guideline and
(d) the respective DAF plot for the preparation of organic dyes-additives mixture, (e) the DAF plot for finding the response time for the proposed sensor.

materials [42]. In second set of sensing elements, the dyes R1 and R2 are
combined by two additives of DWES and PBA. The additives can trap
aldehyde and diol compounds, respectively [34,43], thus changing the
proton concentration in the environment. These variations can be
detected by organic dyes which are sensitive to hydronium ions. This
event cause the color of dyes turns proportional to pH changes. Metal-
loporphyrins are comprised of a heterocyclic macromolecule with a
central nucleus of various metal ions. They tends to have an acid-base
interaction with particular chemical species. The chemical hardness
and affinity of central nucleus and chemical species are important factor
for this interaction [44]. The complexes consisting of a triarylmethane

dye and metal ions are the final set of the proposed electronic tongue.
These materials are capable to detect the compounds with acidic and
amino groups [39,45]. Metal ions have a high affinity to a certain ana-
lyte and form a new complex of metal ion-analyte. It leads to release the
organic dye from the complex structure, thereby changing the color of
the sensing element. In the next hypothesis, the analyte may interact
simultaneously with the metal ions and functional groups of the dye,
forming a ternary configuration [28,29]. Each sensing elements are se-
lective cross-reactive materials that respond to all metabolites in a
typical biological sample with different intensity. Finally, a color pattern
is obtained for each sample which is unique and shows the variation in
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Fig. 3. (a) The responses of sensor and (b) the difference maps for patient infected by COVID-19 (P) and non-COVID control (H). The experiment performed in the

optimum conditions described in Fig. 2.

the metabolic profile of a specified sample [28,29].

The full information about the performance of proposed electronic
tongue, characterization of sensing elements, optimization, colorimetric
observations, quantitative measurements and statistical analysis are
described in the following subsections.

3.1. Characterization of synthesized NPs

To evaluate the synthesis process of AuNPs, the final product was
used to calculate the UV-Vis spectrum, surface electrical charge and
hydrodynamic size distribution. As shown in Fig. S1a, the absorption
peak of NPs has a maximum intensity at 530 nm for BSA-AuNPs, 558 nm
for CA-AuNPs and 520 nm for PGA-ANPs which is approximately similar
to previous reports. Also, Fig. S1b shows that the negative electrical
charge were distributed on the surface of all synthesized NPs, numeri-
cally were equal to —16, —35 and —34 mV for AuNPs prepared by BSA,
CA and PGA, respectively. The NPs were synthesized with the average
size of 30 nm (BSA-AuNPs), 25 nm (CA-AuNPs) and 25 nm (PGA-AuNPs)
as presented in Fig. Slc.

3.2. Optimization

To obtain an acceptable difference between the metabolites of the
patient and control serum samples, the sensor needs to be fabricated
based on the optimal concentration of sensing elements. Also, the
interaction of metabolite and the fabricated sensing elements should be
complete during a specified time. In this regard, five serum samples were
selected from both control and patient groups in order to optimize the
values of the effective parameters. 20.0 pL of each sample was added to
the sensor, and the experiment was repeated three times. For each
sample, the total sensor response was calculated based on the Euclidean
norm. The DAF equation was used to find the optimal value.

In the first step, each reagent was prepared in four different con-
centrations, as given in Fig. 2a. According to Fig. 2b, the distinction
between infected and control samples is improved by increasing the
reagent concentration. The highest DAF response is observed by the
sensor fabricated based on the EX 3 pattern. However, the discrimina-
tory performance of the sensor decreases at higher concentrations. At
the optimized value, the reagents contain sufficient active sites for
capturing the analyte, so that the initial color intensity of the receptors
does not prevent the observation of the color changes induced by the
interaction [46,47].

In the second step, DWES and PBA compounds were individually
mixed by pH indicators in the array structure. The components of the
resultant mixture were combined with five different volume ratios of (1:
1), (1: 2), (1: 3), (1: 4), and (1: 5) (see Fig. 2¢). It is found that the use of a
mixture of additives: pH indicator with the volume ratio of (1: 3) can
lead to a larger difference between the patient and control samples
(Fig. 2d). At other volume ratios, the change in the color of the pH in-
dicator is reduced. The two reasons for this observation are the blockage
of the functional groups of the indicators in the presence of additives
with higher concentrations, and the detection of the lower amounts of
metabolites containing aldehyde and diol groups due to the lower ad-
ditive concentrations in the environment.

To find the time needed for the complete interaction between serum

metabolites and sensing elements, the response of the sensor was eval-
uated within 1-9 min. Fig. 2e shows that the color changes of the sensing
elements increase up to 5 min, beyond which no significant changes are
observed in the sensor responses. This time was used as the optimal time
to receive the sensor’s information in the subsequent studies.

3.3. Sensor observations

The fabricated array was exposed to COVID-19 patient and non-
COVID serum samples, and the colorimetric responses obtained are
presented in Fig. 3a. As inferred, the results of sensing detection can be
divided into four categories. (1) Sensing elements do not tend to interact
with the serum metabolites of patients and control individuals. CA-
AuNPs, PGA-AuNPs, PBA + bromocresol purple, Sn (II) TPP and Fe
(ID)- Py receptors do not discolor after injecting the analyte. (2) Sensor
components such as BSA-AuNPs and Cu (II)- Py change color in the
presence of chemical species in the matrix of both healthy and infected
samples. (3) Chemical receptors such as DWES + bromophenol red,
DWES + bromocresol purple, and Fe (III) TPPCI react only with infected
specimens. (4) The response of sensing elements such as V (IV)-Py and
Mn (III) T (4-OH) PP (OAC) is observed after being exposed to metab-
olites of the healthy sample.

The color difference maps were created by processing the resulting
images of each sample using the image analysis software, providing
more detailed information about the interaction between the sensor
elements and analytes. The mono-color spots obtained by the difference
between the mean values of each receptor’s color component before and
after the interaction with the analyte are depicted in Fig. 3b, giving rise
to discrimination patterns with better clarity for the healthy and infected
samples. Also, the color changes of the sensing elements S8, S10 and S12
are significantly noticeable. In total, 118 serum samples were studied
using a diagnostic kit, and the respective colorimetric responses and
color difference maps are given in Fig. S2 and Fig. S3. The bar graphs
associated with the total responses (Euclidean norms) of the receptors
after the exposure to the serum sample are depicted in Fig. S4. Although
the sensors S1 and S12 respond to the chemical compositions of both
patients and control serum samples, BSA-AuNPs (S1) shows a higher
tendency to interact with infected serum metabolites. Moreover, Cu (II)
-Py (S12) has stronger binding with the chemical species of the healthy
serum samples. The comparison between responses of S8 and S10 in-
dicates that the compounds of the healthy sample tend to react more
with the porphyrin receptors than with metal ion complexes. This is
because the enthalpy of Lewis acid-base interactions is higher than that
of the indicator displacement assays [48]. Among the sensors sensitive
to the infected samples, the responses of S4 and S5 are more intense than
those of S7. Probably, the concentrations of aldehyde-functionalized
species are higher in the infected samples, which can be detected by a
specific receptor such as DWES. Moreover, bromophenol red out-
performed bromocresol purple in tracking the changes in the pH of
media.

During the implementation of the study, the most of the patients who
visited the hospital were infected with COVID-19, and people with other
respiratory viral diseases were approximately unavailable. However, to
evaluate the reliability of the method, the proposed sensor was exposed
to other viruses that are detectable through metabolites of serum sample
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Fig. 4. PCA score plot for discrimination of 118 patient and control samples.
The experiment performed in the optimum conditions described in Fig. 2.

Table 2
Statistical parameters for PCA-DA analysis.

Error rate: 17.0%
Accuracy: 83.0%

Sample Sensitivity (%) Specificity (%)
Patien 82.2 83.9
Control 83.9 82.2

such as cytomegalovirus (CMV) and BK virus (BKV) (see Fig. S5). As
illustrated, the sensing element of S4 responded to serum metabolites of
patients caused by all studied virus. On the other hands, the color of S5
and S7 changed in the presence of serum components infecting by only
COVID-19, S3 interacted with metabolites of BKV and S9 shows the
variation in the metabolic profile of a person with CMV. Therefore, the
other types of virus did not influence on the color pattern of the elec-
tronic tongue related to patients caused by COVID-19, indicating the
high selectivity of the proposed sensor.

3.4. Statistical pattern recognition

As a statistical multivariate method, PCA-DA was used to find the
discrimination pattern between patient and control samples. The PCA-
DA model was developed by a matrix made of 118 data vectors. The
PCA score plot drawn by the first two principle components (PCs) is
shown in Fig. 4, having an 85.8% distribution of the total explained
variance. While more than two PCs are needed to extract 95% of the
important information of the data matrix, this plot indicates that a good
distinction can be made between the two studied groups using the first
two PCs. As observed, the proposed sensor classifies 51 patients and 47
control samples in their native groups. However, 20 of the total samples
are not correctly detected. The sensitivity of the sensor for detection of
healthy individuals and those infected by COVID-19 is found to be
83.9% and 82.2%, respectively. In addition, the total accuracy for
discriminating the patients from the control samples is calculated to be
83.0%. The parameters provided by the classification analysis are
summarized in Table 2.

3.5. Total sensor response-based discrimination analysis

By calculating Euclidean norms of the data vector obtained for 62
infected and 56 healthy samples, the respective averages of the sensor
responses are found to be equal to 240.34 (£+37.10) and 219.63
(+41,62). For the 118 studied samples, the total mean value of the
determined Euclidean norms is 230.51 (+40.46). The average value of
the infected class is 20.71 units higher than that obtained for the healthy
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Response of S5

set. This difference with 95% confidence level is statistically significant
(P_value < 0.005) based on the two independent sample t-test. There-
fore, the Euclidean norms higher and lower than the total mean value
are attributed to the patient and control samples, respectively.

3.6. The effect of volunteers’ age on sensor responses

As mentioned earlier, the participants were selected from the male
and female groups with the age range of 14-88 years. To investigate the
effect of volunteers’ age on the results of the experiment, the relation-
ship between the parameter and the sensor responses was statistically
evaluated.

The Pearson coefficient (0.023) and P-value (0.803) obtained
confirm that no desirable and significant correlation is found between
these two variables. Therefore, the discoloration of the sensing elements
is solely due to metabolic changes caused by COVID-19 without being
affected by the age of the studied population.

3.7. Determination of disease severity

Depending on the severity of the disease, the studied patients were
divided into five categories: very mild, mild, moderate, severe and
highly severe. The disease severity was specified based on the patient’s
medical information, including the symptoms of the disease and the rate
of lung infection identified by chest imaging. The viral load values ob-
tained by the rRT-PCR test (based on the cycle threshold (CT) value
acquired for N gene) were also placed in the five ranges, consisting of
(26-30), (23-25), (21-22), (17-20) and (13-16) for the very mild, mild,
moderate, severe and highly severe groups, respectively. For each
category, the response of the sensing elements was calculated. It is found
that the color changes of receptor S5 (DWES + bromocresol purple) are
correlated with increasing the disease severity (Fig. 5). The Euclidean
norm values of sensor S5 are obtained to be 67, 89, 127, 144 and 184 for
very mild, mild, moderate, severe and highly severe groups, respec-
tively. The Pearson correlation coefficient for this relationship is 0.986
(P_value < 0.001). As a result, the proposed sensor can estimate the
severity of the viral infection based on the response of sensor S5.

3.8. Reproducibility

Reproducibility is one of the effective parameters by which to eval-
uate the sensor performance in the achievement of a reliable response.
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Table 3
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Comparison between the performance of different analytical methods for discrimination of patients caused by COVID-19 and Healthy individuals through analysis of

serum metabolites.

Analytical Method Machine learning method Sensitivity (%) Specificity (%) Accuracy (%) Ref
LC-MS PLS-DA 86.0-100.0 88.0-100.0 91.0-97.0 [49]
UPLC-MS/MS RF - - 93.5 [501
Raman spectroscopy LDA 87.0 100.0 93.3 [51]
UPLC-MS PLS-DA 97.0 97.0 97.0 [52]
GC/MS PLS-DA 94 83 89 [53]
Gas sensor array PLS-DA 94 80 89 [53]
Electronic tongue PCA-DA 82.2 83.9 83.0 This work

LC-MS: Liquid Chromatography-tandem mass spectrometry, PLS-DA: Partial least squares-discriminant analysis, UPLC-MS/MS: Ultra performance liquid chroma-
tography/tandem mass spectrometry, RF: Random forest, LDA: Linear discriminant analysis, GC/MS: Gas chromatography mass spectrometry.

To this end, a certain volume (20.0 pL) of a patient or control serum
sample was initially injected to five individual paper sensors, followed
by calculating the total sensor response. These response values are
shown with bar graphs in Fig. S6 for each sample, along with the relative
standard error percentage (RSD %). Accordingly, RSD values of the
infected and healthy samples are reported to be 2.53% and 3.30%,
respectively, indicating that the assay provides reproducible responses
for the detection of the serum metabolites, and subsequently, for the
diagnosis of COVID-19 diseases.

Table 3 represented the capability of the different analytical methods
such as liquid Chromatography-tandem mass spectrometry, gas chro-
matography mass spectrometry, Raman spectroscopy and electronic
nose including different gas sensors for detection of COVID-19 diseases
by monitoring the metabolites of serum samples. The statistical results
obtained by these assays were compared by those provided by the pro-
posed electronic tongue. As expected, the accurate information was
achieved using instrumental methods. In these studies, the statistical
analysis were performed by a machine learning algorithm such as PLS-
DA. However, the data of the proposed sensor can be comparable with
those obtained by traditional device while the sensor responses were
investigated by PCA-DA method. Also, the developed assay is more
efficient in terms of price, design and fabrication process, on-site anal-
ysis, time of detection and user-friendliness. Therefore, this method can
be consider as an appropriate device for rapid screening of disease
through tracking the changes of the type and concentration of metabo-
lites in the biological samples. Of course, the low specificity is a limiting
factor for this method. This problem can be solved using the array with
more number of sensing elements to detect the trace amount of chemical
compounds with different structures or employing a powerful machine
learning method to evaluate the sensor efficiency for discrimination of
the two studied groups.

4. Conclusions

Based on the results of this study, it has been possible to monitor the
serum metabolites of patients and control samples using a paper-based
electronic tongue as a simple and user-friendly method for diagnosing
COVID-19 diseases. The potential of the sensor to distinguish between
the studied participants was visually confirmed by the evaluation of the
colorimetric responses. The discrimination analysis also agreed with the
comparison between the total responses of patient and control classes.
Of course, the very mild severity of the disease in the patient or the
healthy person provides unaccepted responses, limiting the accuracy of
assay. The changes in the age of the participants had no effect on the
sensor sensitivity in diagnosing the disease. The severity of the disease
and the amount of viral load obtained from the PCR test could be esti-
mated by determining the Euclidean norm of the sensing element S5.
The statistical parameters of the classification analysis showed a good
convergence between the results of the proposed sensor and those given
by the standard clinical methods. The use of the portable paper-based
sensor, cost-effective and available sensing elements, and small vol-
umes of serum samples as well as the reproducible responses and on-site

sample analysis, are the characteristics of the method presented in this
study. So, colorimetric sensors and image analysis can be very useful for
the screening in the disease especially for in the pandemic situation that
we encounter with mass patients. However, for accurate detection, it
should be used with gold standard assay.
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