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The SARS-CoV-2 virus is known as the causal agent for the current

COVID-19 global pandemic. The majority of COVID-19 patients

develop acute respiratory distress syndrome (ARDS), while some

experience a cytokine storm effect, which is considered as one of

the leading causes of patient mortality. Lipids are known to be

involved in the various stages of the lifecycle of a virus functioning

as receptors or co-receptors that controls viral propagation inside

the host cell. Therefore, lipid-related metabolomics aims to

provide insight into the immune response of the novel coronavirus.

Our study has focused on determination of the potential metabo-

lomic biomarkers utilizing a Teslin® Substrate in paper spray mass

spectrometry (PS-MS) for the development of a rapid detection

test within 60 seconds of analysis time. In this study, results were

correlated with PCR tests to reflect that the systemic responses of

the cells were affected by the COVID-19 virus.

Multiple patients were diagnosed with a case of unexplained
pneumonia in December 2019 in Wuhan, China.1 After scienti-
fic research and analysis of the disease, it was concluded to be
caused by a virus that was identified as a new strain of beta
coronavirus and officially named as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2).2 One of the hallmark
characteristics of this disease is pulmonary inflammation.3

Another feature of this disease is hyper inflammation, which
is primarily caused by a mechanism called “cytokine storm”.
Cytokine storm is a pathological phenomenon which results in
the release of a plethora of pro-inflammatory cytokines (e.g.,
tumor necrosis factor-α, interferon-γ, interleukins like IL-1β,
IL-2, IL-6, IL-7, IL-8, granulocyte colony-stimulating factor,
monocyte chemoattractant protein-1 and macrophage inflam-

matory protein 1-α).2 A large majority of COVID-19 patients
develop a condition called acute respiratory distress syndrome
(ARDS) because of the cytokine storm and is considered one of
the main causes of patient mortality.4 Another under-recog-
nized symptom of the disease is haemophagocytic lymphohis-
tiocytosis (sHLH), which is characterized by a severe and lethal
hypercytokinaemia that eventually leads to multi-organ failure.
In adults, most viral infections activate the sHLH response by
the immune system.5 One of the significant factors in the acti-
vation of the cytokine storm is increased activation of IL-6,
which can result in vascular leakage, activation of the comp-
lement system, and induction of a coagulation cascade
pathway, which can cause symptoms such as diffuse intravas-
cular coagulation (DIC).6,7 IL-6 is also considered to be the
causative agent of the cardiac ailments in COVID-19 patients
by inducing myocardial dysfunction, a significant outcome of
the cytokine storm.8 Almost all primary immune system cells
can produce IL-6, like B lymphocytes, T lymphocytes, macro-
phages, monocytes, dendritic cells, mast cells. These com-
ponents can also be released by non-lymphocytic cells such as
fibroblasts, endothelial cells, and glomerular Mesangial cells.9

Moreover, IL-6 production is primarily induced by expressed
activators like IL-1β and TNF-α.9 Some other pathways that
promote the production of IL-6 involve Toll-like receptors,
prostaglandins, and adipokines.7

One of the commonalities in the mechanism of infection in
both the betacoronavirus SARS-CoV and SARS-CoV-2 is the util-
ization of an angiotensin-converting enzyme related carboxy-
peptidase (ACE2) receptor to gain entry into the cells.10

Cardiopulmonary and hematopoietic cells like macrophages
and monocytes have this receptor expressed in a large quan-
tity, which explains why these viruses have deleterious effects
in the lungs and other associated organs. Another essential
feature of this COVID-19 viral infection is a decreasing blood
lymphocyte count (lymphopenia), which has a linear corre-
lation with the severity of the disease.10 Apart from cytokines,
a large number of chemokines are also activated in SARS-CoV
infections such as CCL2, CCL-3, CCL-5, CCL-9, CCL-10, and
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IP-10. These chemokines in conjugation with reactive oxygen
species (ROS) lead to acute respiratory distress syndrome ARDS
and pulmonary fibrosis, ultimately leading to death.11 In a
recent study, biopsy examination and histological analysis of
tissue samples procured from a SARS-CoV-2 infected individ-
ual who died from the disease revealed an increased concen-
tration of pro-inflammatory molecules such as CCR4+, CCR6+,
Th17+, CD4 T-cells, indicating that hyperactivation of T-cells is
the probable cause of fatality.12 It has also been shown that
patients with viral infections who exhibit symptoms of hyper-
inflammation have elevated levels of C-Reactive Protein (CRP)
and hyperferritinaemia,13,14 which explains similar obser-
vations in COVID-19 patients.

In addition to the enzymes and proteins previously dis-
cussed, one of the major classes of biomolecules considered to
be involved in the various stages of the lifecycle of a virus is
the lipids. Lipids are known to function as receptors or co-
receptors that control the surface attachment and entry of the
virus inside the host cell or the endosomes.15 It was proposed
that heterogeneous classes of lipids such as cholesterol and
sphingolipids form discrete lipid domains known as micro-
domains. These domains referred to lipid rafts located on the
host plasma membrane, which can be utilized by the virus for
signal transduction, entry into the host by endocytosis, and
virion assembly and budding.16,17 The formation and function
of the viral replication complex involves various categories of
lipids, and lipid synthesis processes.18

Furthermore, viral replication requires a tremendous
amount of ATP expenditure, which is aided by lipid metab-
olism.19 Lastly, lipids can control the proper cellular distri-
bution of viral proteins, as well as the trafficking, assembly,
and release of virion particles, as shown in the case of the
Hepatitis C virus (HCV).20,21 Hence, it’s evident that host lipid
biogenesis pathways play crucial roles in guiding the viral
propagation. Like in the case of other viruses, lipids, and
small metabolites play a major role in the life cycle of envel-
oped, (+) sense, ssRNA viruses like SARS-CoV-2, the causal
agent for the COVID-19 global pandemic. Viruses produce
double-membrane vesicles (DMVs), by hijacking the intracellu-
lar membranes of the host cells. These vesicles not only
contain viral proteins but also include a plethora of confis-
cated host lipids and proteins which aid in viral
replication.22,23 In the case of most viral infections, modu-
lations in blood plasma metabolites and lipid levels are fre-
quently observed, which can manifest themselves in the form
of disease symptoms.

However, the higher emerging transmission rates and the
mortality rate of the COVID-19 has become a severe public
health concern worldwide. Due to the fact of the long incu-
bation period of the virus, prior to visualizing symptoms, has
made the diagnosis process more complicated. According to
the Centers for Disease Control and Prevention (CDC), two
major tests are considered for the identification of COVID-19.
One is the Polymerase Chain Reaction (PCR) test used for the
identification of current viral infected individuals and for the
detection of antibodies from the previous infection. However,

it is known that depending on the timing of the test from the
point infection, and the antibody test is not the best indicator
of a current viral infection since it would take up to 1 to 3
weeks for the body to produce the antibodies. Remarkably, the
negative identification for the antibody test primarily does not
provide a definite indication of the current infection and
requires additional follow-up testing with PCR analysis for the
confirmation of viral infection. Even though the PCR tests do
indicate the status of the currently infected individuals, com-
plexity, time, backlog of testing kits, and the cost of testing has
become more challenging in the diagnosis process.24,25 Apart
from the challenges mentioned above, some researchers have
pointed out an essential risk with considerable uncertainty
with PCR analysis by eliciting false-negative and false-positive
results.24–27 The main causatives for these risks may occur due
to the cross-contamination, carryover contamination, mutation
of the primer, and improper sampling procedures and
handling.24,25 Therefore, neither the PCR nor antibody tests
are considered to be perfect but reliable enough for the
current diagnosis process.

Recent studies have suggested that membrane cholesterol
controls the entering of pathogenic viruses into the host cell
by maintaining signaling, transporting, and adhesion by indu-
cing oligomerization of the fusion peptide of a virus. The
infection of cells leads to elevated amounts of cytokines in the
blood serum, which causes the systemic inflammation.28 It
has been found that systemic inflammation causes lipid oxi-
dation and becomes cellular dysfunctional on lipid profile
including phospholipids, free cholesterol, cholesteryl ester,
and triglycerides.28 Therefore, total cholesterol, including
high-density lipoproteins (HDL) and low-density lipoproteins
(LDL), was considered to be more responsive to the infection
as they are involved in the immunomodulation.28 Meanwhile,
if an individual is infected with this virus, the metabolomic
profile would indicate a marked difference in the lipid profile
of this person versus that of someone who is healthy, warrant-
ing further investigation. Therefore, it is permitted that a real-
time, rapid, sensitive, and specific method of analysis is
required in the diagnostic prosses during the recent
SARS-CoV-2 outbreak for faster identification of virally infected
individuals.

Paper spray mass spectrometry (PS-MS) is known as a quick
and convenient method that can be applied for detecting
various forms of compounds such as hormones, lipids,29 and
drugs,30,31 and many other small molecules. PS-MS is not only
applicable to the biofluids such as urine, serum, and entire
blood30–32 but also with the whole tissue biopsy for clinical
diagnosis within a short period of time.29 Furthermore, high-
quality analytical data have shown that the PS-MS can be a
feasible alternative for the monitoring of complex mixtures33

as a rapid and point-of care34 monitoring in many appli-
cations. Therefore, our method for using paper spray mass
spectrometry (PS-MS) with a Teslin® substrate,35 which
requires little or no sample preparation, is used as a novel
approach in this study. Teslin® is a single-layered, micro-
porous polyolefin-silica matrix that is a durable, waterproof,
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breathable, and lightweight, synthetic paper, which can be
used for direct, sensitive, selective, and fast analysis of the
sample using PS-MS.35 It has been proven previously that the
Teslin® substrate allowed the samples to have a longer acti-
vation time and, therefore, active signal, resulting in a higher
amount of ion formation, and with less interference of mole-
cules from the substrate in comparison to the cellulose
paper.35 For this analysis, COVID-19 positive and negative
samples were obtained from the Health TrackRx™ company
(Denton, TX) as a correlation to the PCR test results. Ten indi-
vidual samples for both COVID-19 positive and negative lysed
cell samples, previously identified from PCR tests, were
obtained. Subsequently, ten samples of blind results were
obtained and analyzed to validate the analytical method of
PS-MS. All the lysed samples, including COVID-positive, nega-
tive and blind test samples, were recieved from COVID-19
symptomatic individuals consisting of fever, cough, and
breathing difficulty. More representative samples for both
upper and lower respiratory tract infections were obtained by
mixing nasopharyngeal (NP), oropharyngeal (OP), and sputum
specimen swabs (Fig. 1). This research was approved by the
University of North Texas Institutional Biosafety Committee
(IBC) under IBC# 05-2020. Therefore, the safety protocols were
carried out in accordance with IBC regulations. Specifically,
preparation and handling of specimens were performed in a
biosafety level 2 (BSL-2), and appropriate personal protective
equipment (PPE) was worn by the personal during all tasks to
be performed from sample handling to the PS-MS testing. The
mixed swab specimens were suspended in 1mL of proprietary
collection medium created by the Health TrackRx™ company.
After that, 10 µL of the above samples were mixed into 10 µL
of optimum chloroform solution, and the cellular fluid was
extracted from the chloroform layer by vortexing at the speed
of 1500 rpm for 1 minute. Then the solution was left to settle
at 25 °C for 10 minutes, and 1 µL of the extracted chloroform
layer was placed on to the paper triangle for PS-MS analysis
(Fig. 1). Most importantly, all the 30 samples, including
COVID-19 positive, negative, and blind tests, were collected,

treated, and analyzed with the exact similar conditions to
avoid occurrences of any uncertain matrix effects in the final
test results. However, apart from the above method, no
additional time-related chemical treatment was done for the
sample preparation during this study. Here, the paper spray is
performed by mounting a sharp cut triangle (10 mm base,
20 mm height) on an applied high voltage (3.5 kV) to a copper
alligator clip, which is mounted on to an XYZ adjustable stage
in front of the heated mass spectrometer inlet with a tempera-
ture set point of 180 °C degrees. Fifteen microliters (15 µL) of
optima methanol to water 90 : 10 v/v ratios with 0.1% acetic
acid was used as the spray solvent for the analysis. Each
sample was analyzed for 60 seconds over an m/z 90–1000 mass
range in positive ionization mode on a Thermo LTQ XL Linear
Ion Trap Mass Spectrometer (Thermo Scientific™, Carlsbad,
CA). Resultant mass spectral data are shown in Fig. 2. Peak
values are determined based on the LIPID MAPS online search
tools for lipid research (http://www.lipidmaps.org/).

According to our analysis, it is proven that there were sig-
nificant differences between the positive and negative test
samples. As shown in Fig. 2, a comparison of summed mass

Fig. 1 Schematic representation of COVID-19 sample preparation for
PS-MS analysis.

Fig. 2 Comparison of summed mass spectral data for COVID-19 posi-
tive and negative samples. (A) Mass range m/z 90–350, (B) mass range
m/z 320–700. Each type of group is differently colored as indicated.
Upregulated and down regulated metabolites are indicated in different
colors. *Indicates metabolites used as the variable in the statistical ana-
lysis with SPSS software.
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spectral data for ten test samples of each category depicts nine
downregulated metabolites and twenty-two upregulated metab-
olites in COVID-19 infected samples. As shown in Table 1, the
expressions of each type of metabolites were determined by
comparing the normalized averaged peak intensities of the
COVID-19 positives and the negative samples. The normalized
peak intensities of positives higher than the average value for
both positives and the negatives are considered as an upregu-
lation expression, while lower than the average is considered
as a downregulation (Calculated log values are indicated in the
ESI 1; S1-Fig. 1†). The five metabolites L-Malic acid (m/z 135),
Carbamoyl phosphate (m/z 142), D-Xylulose 5-phosphate (m/z
173), Guanosine monophosphate (m/z 364), and Dihydrouracil
(m/z 115) were matched with the results of a recent publication
of downregulation in COVID-19 patient’s blood plasma levels
compared to healthy individual samples.36 Among the predo-
minant changes in the swab samples, seventeen lipids were
significantly elevated in the positive group. These lipid bio-
markers belonged primarily to Phosphatidyl Choline (PC),
Phosphatidyl Serine (PS), Phosphatidyl Ethanolamine (PE),

Sterol Lipids (ST) and Diglycerides (DG) as shown in Table 1
(Identification of each metabolite with ID numbers and MS/
MS mass spectral data are shown in the ESI: S1 and S2†).

It’s fascinating to note that most of the metabolites men-
tioned above are involved in the major biochemical processes
of an organism like the Krebs cycle, Pentose Phosphate
Pathway (PPP), and synthesis of Purines and Pyrimidines. This
is a clear indication of the fact that the virus effectively manip-
ulates the host to produce more of these molecules to aid in
its DNA replication and metabolism.36

All these findings indicate the crucial role played by lipids
and small metabolites in the proliferation and propagation of
these viruses inside the host cell. Furthermore, upregulation
of Glycerol-3-Phosphate + 2H (m/z 175), Linoleamide + 4H (m/z
284), Linoleamide + O (m/z 296), Arachidonic acid + 2H (m/z
307), LPE (0:0/20:2) + OOH (m/z 539) peak values demonstrate
that the COVID-19 infection causes an increase in lipid peroxi-
dation which are shown in Fig. 2 and Table 1 with 2, 4, 16, or
32 m/z mass shifts with respect to substitution of double
bonds with hydrogen and oxygen molecules. This mechanism
can cause, in turn, impaired assembly and secretion of very-
low-density lipoproteins(VLD), decreased export of cholesterol,
and increased intracellular accumulation of lipid droplets
(Steatosis).37,38 It has been shown that HCV infection has also
been linked to the activation of an innate pathway involving
IkB kinase-α (IKK-α), which regulates lipogenesis and viral
assembly. This intrinsic pathway helps to activate lipogenic
genes and promotes lipid droplet formation, which aids in
virion particle assembly.39 The key to the successful infection
of the majority of ssRNA viruses is linked to modulation of
lipid components in the various organelle membranes as well
as in the replication complex function.40

In addition to long-chain lipid molecules, free fatty acids
(FFA) are also shown to be altered by virus infection.
Upregulation in levels of oleamide (m/z 282), arachidonic acid
(AA) (m/z 305), and Palmitic acid (PA) (m/z 257) have also
agreed with a recent publication demonstration, which indi-
cated the Middle East Respiratory Syndrome Coronavirus
(MERS-CoV)-Infected and Human Coronavirus (HCoV-229E)-
Infected Huh-7 cells. It was also noted that coronavirus-
infected cells externally supplemented with additional LA and
AA inhibited viral proliferation of both HCoV-229E and
MERS-CoV.41 It has also been proposed that there is a crosstalk
between Type I interferon response and lipid homeostasis
during infection Flavivirus infection, which leads to the down-
regulation of intracellular production of fatty acids and chole-
sterol.42 omega-3 polyunsaturated fatty acid (PUFA)-derived
lipid mediator protectin D1 (PD1) (m/z 361) is also shown to be
a potent inhibitor of viral replication in the case of Influenza A
infection. A decrease in PD1 is noticed in the case of strong
pathogenicity.43

Each of the resultant mass spectral data for individual
samples was extracted and compiled with nominal m/z values
for a 1amu difference for statistical analysis. The absolute
intensity counts were normalized individually with respect to
the two peaks m/z 157 and m/z 330 that are nearly equal distri-

Table 1 The potential small metabolites and lipid alterations during
COVID-19 infection

Metabolite
m/z
[M + H]+

Expression during
COVID-19 infection

Aminooxyacetic acida 92 Downregulated
Hydroxyethyl methyl sulfidea 93 Upregulated
3-Hydroxypyridinea 96 Upregulated
N-Pyrrylcarbinola 98 Upregulated
Benzylaminea 108 Upregulated
Dihydrouracil 115 Downregulated
L-Malic acid 135 Downregulated
3-Hydroxypicolinic acida 140 Upregulated
Carbamoyl phosphate 142 Downregulated
Glycerol-3-phosphate 173 Downregulated
Glycerol-3-phosphate + 2Ha 175 Upregulated
D-Xylulose 5-phosphate 231 Downregulated
Palmitic acid 257 Upregulated
Oleamide 282 Upregulated
Linoleamide + 4Ha 284 Upregulated
Linoleamide + Oa 296 Upregulated
Arachidonic acid 305 Upregulated
Arachidonic acid + 2Ha 307 Upregulated
LipoxinB4 353 Upregulated
Protectin D1 361 Downregulated
Guanosine monophosphate 364 Downregulated
LPC (7:0) 371 Upregulated
ST (12β-hydroxy-24-norcholesta-
1,4,22E-trien-3-one)

383 Upregulated

LPC (12:0/0:0) 440 Upregulated
LPE (0:0/20:2) 506 Upregulated
LPC (36:3) 532 Upregulated
LPE (0:0/20:2) + OOHa 539 Upregulated
LPI (18:0) 601 Upregulated
DG (16:0/20:2/0:0) 622 Upregulated
PS (24:3; O2) 650 Downregulated
PG (29:1) 679 Upregulated

aMetabolites that expressed with oxidative degradation indicating 2, 4,
16, or 32 m/z mass shifts and used as the variables in the statistical
analysis. LPC – Lysophosphatidylcholines/lysoPC; ST – Sterol Lipids;
LPE – Lysophosphatidylethanolamine; LPI – Lysophosphatidylinositol;
PS – Phosphatidylserine; PG – Phosphatidylglycerol.
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bution for all the 20 test samples, and 10 blind samples, m/z
157 peaks for protonated unsaturated fatty acid and m/z 331
peak for protonated octadecanoid subclasses are used as
endogenous biomarkers for each sample. Normalized mass
spectral data were analyzed using statistical software, IBM
SPSS Statistics for Windows, Version 25.0 (Armonk, NY: IBM
Corp. Released 2017). There were 910 m/z values used as the
total number of variables in this analysis. Initially, a p-value
associated statistic (p < 0.05) test was performed in the evalu-
ation of the correlation of 910 variables. The output showed 11
m/z variable values that are significantly different among
COVID-19 positive and negative samples. The resulted peak
values of m/z 92, 93, 96, 98, 108, 140, 175, 257, 296, 307, and
539 were used as predictor variables in grouping each category
of samples (MS/MS identification for each peak values
are shown in the ESI: S2 and S3†). In here, Linear

Discriminant Function Analysis (LDA) was performed as a
multivariate test for the determination of categorical variables
(different m/z values) to separate COVID-19 positive and nega-
tive samples. This discriminant analysis was carried out with
two functions or dimensions for three group discriminant ana-
lysis for positive, negative, and ungrouped samples. According
to the Standardized canonical discriminant function coeffi-
cients, the function scores can be calculated using the follow-
ing equations for each case:

Discriminant function 1 ¼
1:5*ðm=z 92Þ � 2:66*ðm=z 93Þ � 1:94*ðm=z 96Þþ
2:07ðm=z 98Þ � 1:1ðm=z 108Þ þ 1:12ðm=z 140Þ�
2:22ðm=z 175Þ þ 2:77ðm=z 257Þ þ 6:41ðm=z 296Þþ
5:11ðm=z 307Þ � 0:14ðm=z 539Þ

Fig. 3 Linear discriminant analysis for (LDA) for best possible classification of metabolites between COVID-19 positive and negative samples. The
x-axis represents the prediction components function 2, and the y-axis represents the orthogonal component function 1 differences within the
group. Each dot represents an individual sample, and each patient group is differently colored (green – negative, red – positive, and blue – blind
samples). (A) LDA for COVID-19 positive and negative group classification. (B) LDA for COVID-19 positive and negative group classification with the
blind test samples indicating the function 2 mean values as the determining factor for positive and negative groups. (C) Indicate the summary of
classification using PS-Ms metabolite data set correlation to the PCR analysis.
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Discriminant function 2 ¼
0:12*ðm=z 92Þ þ 0:78ðm=z 93Þ � 1:24*ðm=z 96Þ�
0:76ðm=z 98Þ þ 0:74ðm=z 108Þ � 0:56ðm=z 140Þþ
0:10ðm=z 175Þ þ 0:36ðm=z 257Þ � 0:96ðm=z 296Þþ
1:05ðm=z 307Þ þ 0:76ðm=z 539Þ

After obtaining each score for all the 30 samples, results
were plotted on a graph of individuals on the discriminant
function 1 vs. function 2, as shown in Fig. 3. This distribution
indicated one false-negative classification of a positive sample
in PS-MS analysis versus the results of the PCR observations.
Furthermore, it is determined that this model was able to
predict higher scores above the mean value of 0.0707 in func-
tion 2 to be considered as COVID-19 positive samples. Overall,
one positive sample and one positive blind sample was classi-
fied as a negative sample. 28 samples out of 30 samples were
correctly classified with respect to the PCR analysis. Therefore,
based on 10 blind tests, it is possible to determine that the
PS-MS technique was able to correctly classify 93.3% of the
original identification of COVID-19 Positive from negative
samples. Even though our tests indicate only one false negative
sample based on 10 blind tests, a higher population of clinical
samples has to be recruited in order for further validation of
this method compared to the PCR identification.

Conclusions

The main purpose of this study was to develop an identifi-
cation methodology that could greatly aid in detecting viral
infection. It has been made clear that this method can be uti-
lized as a sensitive and rapid technique to obtain vastly
different lipid information for the chemical changes in lipid
metabolites and small molecules present in the human body
fluids with a minimum effort in sample preparation. Although
thirty-one metabolites were (nine downregulated, twenty-two
upregulated) detected with the PS-MS, only eleven of the
metabolites were eligible (m/z 92, 93, 96, 98, 108, 140, 175,
257, 296, 307, and 539) in implementing significant statistical
dataset with the integration of symptomatic PCR analysis. It is
because individuals may express a high degree of heterogen-
eity in metabolomic responses under different symptomatic
conditions. Overall, based on the statistical analysis PS-MS has
proved a 93.3% correlation to the PCR classification.
Nonetheless, consideration needs to be given to the potential
uncertainty with respect to the PCR study. Because the accu-
racy of the predictive PCR value depends on the patient’s
period of exposure and on the onset of symptoms, it has been
shown that 39% of false-negatives26 and 16.7% of false-posi-
tives25 can be reported with PCR analysis without any other
clinical support. Despite the current uncertainties, we had to
correlate our dataset with the PCR because it is the viral identi-
fication “gold standard” currently in operation.24 That being
said, considering follow up clinical and epidemiological char-
acter assays as standard confirmatory tests may minimize the
impact of false identity. Importantly, a combination of PCR

and external clinical features will make it easier to mitigate the
risk and the false impression of diagnosis. However, PS-MS is
not the ultimate method for the detection of COVID-19, but we
believe the demonstrative results urge new methodologies to
be implemented along with machine learning. This experi-
ment can be further beneficial for expanding and developing
for better and fast real-time monitoring of the diseased stage
using biofluid samples over time-consuming extensive labora-
tory testing methods.
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