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Abstract

A practical colorimetric assay was developed for the detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2). For this purpose, magnetic 'y Fe,O3 nanoparticles were synthesized and used as a peroxidase-like mimic activity molecule. In
the presence of 'y Fe,O5 nanoparticles, the color change of H,O, included 3,3',5,5-tetramethylbenzidine was monitored at the
wavelength of 654 nm when spike protein interacted with angiotensin-converting enzyme 2 receptor. This oxidation-reduction
reaction was examined both spectroscopically and by using electrochemical techniques. The experimental parameters were
optimized and the analytical characteristics investigated. The developed assay was applied to real SARS-CoV-2 samples, and
very good results that were in accordance with the real time polymerase chain reaction were obtained.
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Introduction

The latest coronavirus severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2) or COVID-19 is the seventh
member of the coronavirus family [1]. Like the other previous
two viruses in this family, namely, severe acute respiratory
syndrome coronavirus (SARS-CoV) and Middle East respira-
tory syndrome coronavirus (MERS-CoV), SARS-CoV-2 is a
positive-sense, non-segmented, and an enveloped RNA virus
[2]. It has single strands of RNA and crown-like spikes on the
outer surface [3]. Four types of main proteins, namely, spike
(S), membrane, envelope, and nucleocapsid [4], are the pro-
teins that are found in SARS-CoV-2. The glycoprotein, S-
protein of SARS-CoV-2, is made up of 2 subunits, namely,
S1 and S2. S1 has the receptor-binding domain (RBD) part
which provides the attachment of the virus to the receptor
while S2 facilitates the virus cell membrane fusion [3, 5-7].
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S1 subunit has a kind of open conformation which helps it to
interact with angiotensin-converting enzyme 2 (ACE2) [7-9].
ACE2 is found in the membranes of the lungs, arteries, heart,
kidney, and intestine cells [10, 11]. ACE2 also acts as an entry
point for some coronaviruses, such as SARS-CoV and SARS-
CoV-2[12].

Although SARS-CoV and MERS have higher fatality rates
compared to SARS-CoV-2 [13], since SARS-CoV-2 is more
infectious, the overall number of deaths is much higher than
SARS-CoV and MERS.

For this reason, early and effective detection of SARS-
CoV-2 becomes more important day by day. Currently, labo-
rious, time-consuming, and specialized personnel needed real-
time polymerase chain reaction (RT-PCR) technique is the
gold standard method for SARS-CoV-2 detection. Due to
the disadvantages mentioned above, accurate, rapid, and prac-
tical methods that have a point of care (POC) nature are ur-
gently needed [14]. Conducting the diagnostic test at home
without needing to leave the house and learning the result
rapidly, will allow a person to quarantine himself immediately
thus preventing the spread of the virus. Apart from these, it is
also stated that there are asymptomatic or paucysymptomatic
cases in the early stages of the infection, and such cases are the
cause of transmission [15—17]. In this context, for SARS-
CoV-2 detection, many attempts have been made in terms of
appropriate biosensor developments, which are usually based
on antigen-antibody interactions [4, 14, 18]. Also, suitable
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rapid tests have been developed and used for this purpose
[19]. The highly insufficient sensitivity value in rapid anti-
body tests, which was seen as a hope in active case detection,
also decreases the value of these tests [19].

Herein, we manage to develop a novel colorimetric assay
for SARS-CoV-2 detection. The interactions are based on the
infection mechanism of SARS-CoV-2 which we believe dif-
fers from the other antigen-based rapid tests or biosensors. For
this purpose, we used magnetic vy Fe,O3 nanoparticles as a
peroxidase-like mimic activity providing molecule [20] and
monitor 3,3',5,5-tetramethylbenzidine (TMB) colorimetric
reagent oxidation-reduction reactions [21, 22] when S-
protein interacted with ACE2 receptor. Lastly, developed as-
say was applied for real sample analysis where the validation
was done via RT-PCR method.

Experimental
Materials and instruments

All reagents were of analytical grade and used without any
purification. Sodium hydroxide (NaOH), hydrogen chloride
(HCI), nitric acid (HNO;), and potassium dihydrogen phos-
phate (KH,PO,4) were purchased from Merck (www.merck.
millipore.com). Iron(IlT)chloride hexahydrate (FeCl;.6H,0),
iron dichloride tetrahydrate (FeCl,.4H,0), and TMB liquid
substrate (Cat. No. T0440) were purchased from Sigma-
Aldrich (www.sigmaaldrich.com). Recombinant human
ACE2 was obtained from RayBiotech (www.raybiotech.
com). S-protein was purchased from Biovision (www.
biovision.com). Influenza viruses were obtained from
HyTest (www.hytestfi.com). All solutions were prepared
with double deionized ultrapure water.

T60UV modeled PG instruments limited UV-Vis spectro-
photometer was used to measure the absorbance of samples by
using 1 cm quartz cuvettes. Scanning electron microscopy
(SEM) image and energy dispersive X-ray spectroscopy
(EDS) measurements were obtained from JSM-7600 F FEG-
SEM at 15.0 kV. X-ray Powder Diffraction (XRD) measure-
ments were carried out with the Rigaku Smartlab XRD
apparatus.

For RT-PCR, “Bio-Speedy® SARS-CoV-2 +
VO0C202012/01 RT-qPCR” kit was used which was obtained
from Bioeksen R&D Technologies Istanbul-Turkey. The am-
plification was performed on a CFX96 Touch Real-Time PCR
Detection System Instrument (Bio-Rad Laboratories, Inc.,
USA). vNAT® tubes were also used from Bioeksen R&D
Technologies Istanbul-Turkey (extraction consumables of
vNAT® Viral Nucleic Acid Buffer Cat No BS-NA-510;
VNAT® Transfer Tube Cat No BS-NA-513-100-Bioeksen
R&D Technologies Istanbul-Turkey).
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The enzyme-mimicking activity of y Fe,03

Synthesis and characterization experiments of y Fe,O; mag-
netic nanoparticles are detailed in the supplementary file [23,
24].

The peroxidase-like mimic activity of magnetic v Fe,0;
nanoparticle in the presence of hydrogen peroxide (H,O,) was
well known [20, 25-27]. Herein, we used TMB (Cat. No.
T0440) that has already contained H,O,, a ready to use
Enzyme-Linked Immuno Sorbent Assay (ELISA) test [28,
29]. For this reason, in our assay, the oxidation of colorless
TMB solution to the blue color oxidized TMB o, solution
was obtained without adding any H,O, to the medium. For
clear observation of color change, 1 mL of TMB solution and
50 puL of magnetic 'y Fe,0O5 nanoparticle colloid were mixed
and waited for 1 h. During this process, the solution was
constantly in contact with air, and intermittent shaking was
carried out to prevent the magnetic vy Fe,O3 nanoparticles
from settling to the bottom. In the presence of magnetic y
Fe,O3 nanoparticles, the oxidation progress of TMB to
TMB o) Was monitored by measuring the absorbance of the
reaction mixture using a UV-visible spectrophotometer in a
range of 450-800 nm.

Colorimetric detection assay of S-protein

For determination of S-protein, the first blue-colored TMB
form was obtained by mixing 1 mL of TMB (optimized
amount, data not shown) and 50 uL (10 mg.mLfl) of mag-
netic Y Fe,O5 nanoparticles [24] in the Eppendorf tube for 1 h.
After TMB was completely transformed into TMB ox),
100 uL from 10 ng.mL ™" of ACE2 receptor (the optimal bind-
ing function concentration specified in the data sheet) was
added into the blue colored mixture. Then, different concen-
trations of S-protein solution were added to the blue colored
mixture and incubated constantly in contact with air and in-
termittent shaking for 30 min. For UV measurements, at the
end of the incubation time, a colorless or light blue colored
mixture was transferred to a 1 cm path length quartz cuvette,
and a magnet was placed under the cuvette to keep the mag-
netic v Fe,O3 nanoparticles at the bottom of the cuvette.
Magnetic separation was performed before each UV-vis mea-
surement to avoid scattering caused by magnetic nanoparticles
(Scheme 1). For the real sample analysis, after completing
ACE2 incubation, real samples were added to the medium
instead of S-protein.

Selectivity studies

Selectivity studies of the developed colorimetric SARS-CoV-
2 biosensor were performed with influenza A virus. H3N2
Brisbane virus and HIN1 New Caledonia virus were selected
as model influenza A viruses. In order to observe the influenza
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Scheme 1 The tentative mechanism of the developed sensing assay for
colorimetric determination of SARS-CoV-2 S-protein with TMB colori-
metric reagent. a A structure of SARS-CoV-2. b Oxidation procedure of

viruses interfering effects, 48.70 ng.mL ™" virus solutions and
S-protein solution were added to the solution that contained
1 mL of TMB, 50 puL of magnetic 'y Fe,O3 nanoparticles, and
100 uL ACE2 (from 10 ng.mL_1 ACE2 solution). After
waiting at 25 °C for 30 min, experiments were carried out in
triplicate.

Real sample application

Study design

Collection of specimens

Combined oropharyngeal and nasopharyngeal swab speci-
mens were collected from samples received at the microbiol-

ogy department of the Mugla Training and Research Hospital,
a tertiary hospital of more than 600 beds in Mugla. The

TMB (H,0, included) in the presence of magnetic 'y Fe,O3 nanoparticles.
¢ Working principle of developed sensing assay

samples included in the study were selected from those who
were requested to be tested in the routine COVID-19 diagnos-
tic procedure in the laboratory.

RT-PCR

The validity of our colorimetric biosensor was tested by ana-
lyzing real samples that were previously investigated by RT-
PCR. The threshold level was chosen as 200 RFU (relative
fluorescence units) to calculate the number of threshold cycle
(Cq) in accordance with the manufacturer’s recommenda-
tions. The samples were collected from 41 positive SARS-
CoV-2 patients for which Cq < 33 and 41 negative patients
(no Cq detection). Combined nasopharyngeal and throat sam-
ples in vNAT® tubes were admitted to the laboratory for
SARS Cov-2 PCR tests of 41 patients with positive PCR test
results and 41 healthcare personnel who were SARS Cov-2
PCR test negative in routine institution screening. Samples
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were stored at 2—8 °C approximately for 48 h until they were
tested. All samples were run on the same day of experiment.

Interpretation of colorimetric test results

The samples were evaluated with the naked eye according to
the degree of color change in the test wells (Fig. 5B). The
scoring system (that was used to evaluate the test results)
dependence to the level of color change is shown in Table 1.

Determination of sample size

Statistical power analysis was made by using the “G. Power-
3.1.9.4” program. The Chi-square Goodness-of Fit Test was
applied using the study rates of Ventura et al., and the stan-
dardized effect size (0.3667410) was calculated [30]. It has
been calculated that a minimum of 82 people will be recruited
to this study with type 1 error (alpha error) probability of 5%
and 80% power at a moderate effect size and 1 degree of
freedom.

Results and discussion

The importance of practical and effective assay for SARS-
CoV-2 detection is undeniable nowadays. For the fabrication
of our approach, first, we synthesized and characterized vy
Fe203 magnetic nanoparticles (Fig. S1). Then, we formed
our diagnostic assay step by step as described in the experi-
mental part (Scheme 1).

The tentative mechanism of the interaction

It is well known that iron oxides (y Fe,O5 and Fe;0,4) mimic
the peroxidase and catalyze activity in the presence of H,O,
[20, 25-27]. Herein, we prefer to use H,O, included TMB
solution to simplify the procedure. 'y Fe,O5 acts like a perox-
idase enzyme, and TMB is oxidized in the presence of H,O,
(Scheme 1). In order to investigate this situation further, cyclic
voltammograms for each step were monitored as presented in
Fig. 1A. As it can be seen from Fig. 1A, a, TMB has two well-
defined oxidation (0.41 V) and reduction peaks (0.34 V). On
the other hand, for y Fe,O3, an oxidation at 0 V and reduction

Table 1 Scoring system of colorimetric assay

Color change Degtees of fading scores Interpretation
Complete loss of color 1 Strong positive
Light color 2 Positive
Suspicious 3 Borderline

No color change 4 Negative
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peaks at more negative potential than —0.4 V are seen (Fig.
1A, b). When these two were mixed in the presence of H,O,,
the oxidation of TMB happens causing a blue color and more
significant anodic and cathodic peaks (Fig. 1A, c). ACE2
introduction to the above mixture causes a little bit decrease
at the peaks (Fig. 1A, d) while after the binding of S-protein,
drastic decrease especially at the oxidation peak but also at the
reduction peak is observed (Fig. 1A, d).

Besides these, we examined the UV absorbance spectra of
our colorimetric assay as demonstrated in Fig. 1B.
Figure 1B a, belongs to the TMB spectrum with almost zero
absorbance. The UV spectrum of 'y Fe,O3 could not be ob-
tained due to the scatterings (not shown in the UV spectra). On
the other hand, the highest absorbance was obtained for
TMB ) corresponding to blue color at the wavelength of
654 nm when y Fe,O5 and TMB were mixed in the presence
of H,O, (Fig. 1B, ¢). The addition of ACE2 and S-protein
separately did not change the absorbance too much (Fig. 1B,
d and f) while the simultaneous addition of these two mole-
cules in the same medium decreased the absorbance signifi-
cantly (Fig. 1B, g).

Based on the previous findings in the literature, it has been
known that there is a thiol—disulfide balance on the cell sur-
face [31]. On the other hand, when the RBD part of the S-
protein binds to the ACE2 receptor, the cysteine pair of S-
protein switches between disulfide classes upon binding of
the RBD to the receptor. Also, the two cysteine pairs are
located parallelly and closely together and may involve in
disulfide shuffling [9]. We believe that TMB here acts like
an oxidoreductase molecule and causes a reduction of disul-
fide bonds to thiols upon binding of RBD to the receptor. In
another study conducted by Xue et al., it is demonstrated that
the addition of cysteine in TMB (o, solution causes the reduc-
tion of the molecule [32]. At this point, we can not explain the
exact reason for color disappearance when the binding occurs,
but it might be due to the favorable alignment of cysteine
molecules as mentioned above. This may also explain the
reason of occurance of no color disappearance when only S-
protein or ACE2 presented in the medium.

Optimization of detection parameters

For obtaining the best results, the optimizations of reaction
temperature and incubation time have been performed and
given in Fig. 2. All optimization experiments were carried
out by using 1 mL of TMB, 50 pL ofy Fe,03, 100 uL from
10 ng.mL™" of ACE2 receptor, and 24.60 ng.mL™" of S-
protein in the Eppendorf tubes. It is important to have a
POC system that works at 25 °C considering its nature.
From Fig. 2a, it is clear that at 37 °C, we get better results.
However, at 25 °C, it is still possible to see the color difference
with the naked eye. For practicality, we used 25 °C as our
applied temperature and used this value for further studies.
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Fig. 1 Cyclic voltammograms and UV spectra with the color difference
photos of the developed system for each step. A a 1 mL of TMB; b 5 uL
of y Fe;03; ¢ 1 mL TMB + 50 uL y Fe,O;3;,d 1 mL TMB + 50 uL y
Fe,05/100 pL from 10 ng.mL71 of ACE2 receptor; e 1 mL TMB +
50 uL vy Fe»03/100 pL from 10 ng.mL™' of ACE2 receptor/
95.20 ng.mL™" of S-protein at a carbon paste electrode in 10 mL of
phosphate buffer, pH = 7.4, scan rate: 0.10 V.s — 1. Ba 1 mL of
TMB; b 50 uL of magnetic y Fe,O5 nanoparticle solution (no UV spectra

Meanwhile for the incubation time, apart from not being
the best value, since the drastic changes occurred at 30 min
and considering fast response of developed assay, we took
30 min as our optimized incubation time and used it for further
studies (Fig. 2b).

Analytical characteristics

Under the optimized working conditions, we examined
the analytical characteristics of our assay. As can be seen
from Fig. 3a, a decrease in the absorbance at the wave-
length of 654 nm of blue color occurs in proportion with
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because of scattering); ¢ 1 mL of TMB/50 uL of magnetic v Fe,O3
nanoparticles; d 1 mL of TMB/50 pL of magnetic v Fe,O3
nanoparticles/100 uL from 10 ng.mL™" of ACE2; ¢ 1 mL of TMB/
50 pL of magnetic y Fe,O3 nanoparticles/100 pL from 10 ng.mL71 of
ACE2/100 uL of 100 mmol.L™" pH:7.4 phosphate buffer; f 1 mL of
TMB/50 uL of magnetic vy Fe,O5 nanoparticles/95.20 ng.mL ™" of S-
protein; g 1 mL of TMB/50 pL of magnetic y Fe,O; nanoparticles/
100 uL from 10 ngmL ™" of ACE2/95.20 ng.mL™" of S-protein

the increase in the concentration of S-protein. By using
the decreasing absorbance values obtained due to the in-
crease in S-protein concentration, the linear response
range was determined between 4.98 ng.mL™' and
139.00 ng.mL ™' with an equation of y = —0.0115x +
1.8978, R*:0.99 (Fig. 3b). Limit of detection (LOD) value
was determined by taking the lowest concentration value
in the calibration graph which is 4.98 ng.mL™' [33].
Lastly, relative standard deviation (R.S.D) value was es-
timated as %3.16 + 0.04 for 24.60 ng.mL71 (n: 3 times).
On the other hand, analytical range of the method includ-
ing the UV spectrum of blank solution is given in Fig. 3c.
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Fig. 2 Experimental condition optimizations. Bar chart graphs showing the effect of a temperature and b incubation time on responses of colorimetric

COVID-19 biosensor by using TMB color reagent
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Fig. 3 Analytical characteristics experiments were performed under the
optimized working conditions. a UV spectra and color difference photos,
according to increasing concentrations of S-protein from 4.89 ng.mL " to

Selectivity studies

As shown in Fig. 4A, when S-protein and influenza A viruses
were mixed at the same concentrations, although a loss in the
blue color was observed for S-protein (Fig. 4, d), there was no
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Fig. 4 A UV spectra and color difference photos of a 1 mL TMB +
50 uL v Fe,O3 + 100 uL ACE2 from 10 ng.mL ™" of ACE2 receptor
solution, b 1 mL TMB + 50 uL y Fe,O3 + 100 pL from 10 ng.mL71 of
ACE2 receptor solution +48.70 ng.mL ' HIN1 virus, ¢ 1 mL TMB +
50 uL v Fe,O3 + 100 pL from 10 ng.mLﬂ of ACE2 receptor solution
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Concentration of spike protein (ng/mL)

139.00 ng.mL"". b Linear range. ¢ Analytical range of the developed
colorimetric sensor at the wavelength of 654 nm

significant color change for solutions containing influenza A
viruses (Fig. 4, b and c). This result is expected since the
Influenza virus is not a virus that interacts with the ACE2 recep-
tor. Also, this results demonstrate that our diagnostic system is
capable of discriminating COVID-19 from influenza viruses.
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+48.70 ng.mL71 H3N2 virus, d 1 mL TMB + 50 uLy Fe;,O3 + 100 uL
from 10 ng.mL ™" of ACE2 receptor solution +48.70 ng.mL ™' S-protein.
B Bar chart graphs showing the differences in absorbance values obtained
with influenza viruses and S-protein. All the selectivity experiments were
performed at 25°C for 30 min
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Table 2 Comparisons of the performances of the rapid colorimetric
assay against the gold standard RT-PCR
RT-PCR
Positive Negative
Rapid Test Positive 40 4
Negative 1 37

Real sample application
Determination of sample size

Since RT-PCR was accepted as the gold standard for this
assessment, positive and negative samples by molecular tech-
niques were accepted as true positive and true negative sam-
ples, successively (Table 2).

Overall, amongst 41 positive samples, our colorimetric as-
say detected 40 samples as definitive positive (Fig. 5A).
Amongst the 41 negative samples with RT-PCR test, our col-
orimetric biosensor detected 37 samples as definitive nega-
tive. Actually, when the results of the gold standard were
compared with the colorimetric method, positive reaction
was observed in 40 of 41 PCR positive patients, while the test
result of one PCR positive sample was recorded as borderline.
On the other hand, borderline results were observed in 2 of 41
PCR negative samples, and positive test results were found in
2 of 41 PCR negative samples with the colorimetric method.
While calculating the performance properties of our test, these
borderline results, that were determined with developed col-
orimetric biosensor, were accepted as false-negative results
for the PCR-positive sample group and also were accepted
as false-positive results for the PCR-negative sample group.

Meanwhile, alpha variant (in the lineage B.1.1.7), a variant
of SARS-CoV-2 that was first seen in Great Britain, was de-
tected in 34 of 41 RT-PCR positive samples. As it is well
known, because of huge number of mutations that are usually
found in its S-protein, this variant is more transmissible com-
pared to the other previously observed variants [34].

Overall, a similar positive reaction was seen for the results
that were obtained with colorimetric biosensor independent
from the presence of alpha variant. For this reason, it is obvi-
ous that the mutations that the virus has undergone over time
do not have any bad influence on our colorimetric responses.

Based on the parameters at Table 2, the performance char-
acteristics including sensitivity, accuracy, positive and nega-
tive predictive values, positive and negative likelihood ratios
(LRs), and selectivity of our colorimetric biosensors were cal-
culated and demonstrated in Table 3.

As it is well known, as LR values differ much more from
the value of 1.0, the possibility of their corporation with the
presence or absence of disease increases. Because of this, tests
with very high LR+ and very low LR— can be very discerning,
and as a result, tests with LRs >10 or < 0.1 helps us to con-
stitute or to eliminate a diagnosis [35].

Based on the receiver operating characteristic (ROC) anal-
ysis, area under curve (AUC) has been estimated as 0.939 (p
value = 0.000 < 0.05) while the confidence interval of the
area under curve is found as 95%CI = [0.88, 0.99].

Overall, the ability to distinguish the test is presented by the
area under the ROC curve. According to the ROC analysis
results that we obtained, it can be said that the discrimination
of our rapid colorimetric test method is very good. Also for
real samples, the color change began at 10th min and was
completed at 20th min on the contrary of 30 min that had been
seen in biosensor development procedure.

Conclusion

The need for effective, fast, and practical detection of SARS-
CoV-2 is very important nowadays. Herein, we manage to
develop a practical approach for SARS-CoV-2 diagnosis.
The ease and practicality of the method make it an important
candidate for becoming an effective diagnostic kits for SARS-
CoV-2 detection in future. On the other hand, considering the
mutations that happen until now, our detection assay will be
beneficial because there is no need to change antigens or any
other reagents like primer reagents, etc. The application of

Score Degree

1 2 3 4

Fig. 5 Picture of A the positive A
and negative sample colorimetric CoVID-19
analysis results. B Scoring system Negative
of developed colorimetric assay. samples
All the real sample experiments
were carried out by adding ' !
100 pL fresh sample to 100 pL of C - &
test solution including 1 mL of ;
TMB, 50 uL of magnetic y Fe,O3
nanoparticl]es, and 100 pL from 3
10 ngmL ng o'fACE2 at25°C COVID-19
waiting for 30 min Positi
ositive
samples
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Table3  The performance characteristics of the rapid colorimetric assay
Statistic Value 95% CI
Sensitivity 97.56% 87.14 t0 99.94%
Specifity 90.24% 76.87 to 97.28%
Positive likelihood ratio 10.00 3.94 to0 25.40
Negative likelihood ratio 0.03 0.00 to 0.19
Positive predictive value (PPV) 90.91% 79.74 10 96.21%
Negative predictive value (PPV) 97.37% 84.19 10 99.61%
Accuracy 93.90% 86.34 t0 97.99%

developed colorimetric assay to the real samples resulted with
very good agreement with PCR method. Also, the successful
detection of alpha variant of COVID-19 demonstrated that our
assay is capable to detect the variants because of its interaction
mechanism. Considering the performance characteristics of
the developed colorimetric assay, it can be concluded that
the system is a serious candidate to be a rapid screening test
in the diagnosis of suspected cases of COVID-19.
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