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ARTICLE INFO ABSTRACT

Keywords: In this work, we designed an ECL ratiometric biosensor with a three-stranded Y-type DNA (Y-DNA) probe and
SARS-CoV-2 RdRp gene induced a hybridization chain reaction (HCR) for the highly sensitive detection of SARS-CoV-2 nucleic acid. The
HCR important component of this system is the self-assembled Y-Shaped probe based on three nucleic acids. Y1, Y2,
X;Dglé N and Y3 can be linked by complementary base pairing to Hairpinl (H1), Hairpin2 (H2), and Ru modified DNA
ECL i (Rul), respectively. H1 and H2 can trigger the HCR reaction when activated by the SARS-CoV-2 RdRp gene and

the 5 end of Rul. The 5 end of Rul is modified with the Ru complex, which can produce a strong electro-
chemiluminescence luminescence signal at 620 nm under an applied voltage. Through the amplification of Y-
DNA-induced HCR reaction, Rul on the electrode surface gradually increased, the ECL signal at 460 nm was
gradually quenched, and the signal at 620 nm was steadily generated. The SARS-CoV-2 RdRp gene can be
quantified according to the degree of decrease of ECL signal at 460 nm and the increase of ECL signal at 620 nm.
Combining the two signal amplification strategies, this ratiometric ECL biosensor can accurately and efficiently
detect the target gene with a detection limit of 59 aM.

1. Introduction

Coronavirus Disease 2019 (COVID-19) detection methods mainly
contain several nucleic acid detection methods, antibody detection, and
antigen detection methods [1]. The current COVID-19 test mainly fo-
cuses on antibody and nucleic acid detection. Nucleic acid testing is
currently the “standard” for COVID-19 detection, with early diagnosis,
high sensitivity, and specificity [2]. However, the antibody test is
convenient and rapid and can be used to supplement nucleic acid
diagnosis. It is also not suitable for epidemiological investigation in low
prevalence areas. Therefore, nucleic acid testing is still an effective tool
for rapid and extensive screening of SARS-CoV-2 patients [3]. There are
two commonly used nucleic acid diagnostic methods for COVID-19: viral
nucleic acid-specific gene testing and viral genome sequencing. The
most common method for detecting COVID-19-specific nucleic acid se-
quences is fluorescent quantitative PCR (polymerase chain reaction) [4,
5]. Since COVID-19 is an RNA virus, the kits basically use reverse
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transcription plus real-time polymerase chain reaction (RT-PCR) to
amplify the nucleic acid (RNA) of the pathogen while detecting the
amplification products in real-time by fluorescent probes [6].

The PCR system contains a pair of specific primers and a Tagman
probe, a particular oligonucleotide sequence labeled with a fluorescent
reporter group, and a quenched fluorescent group at each end. If the
target sequence is present in the reaction system, the probe binds to the
template during the PCR, DNA polymerase degrades the probe enzy-
matically along the template using the exonuclease activity of the
enzyme [7]. The reporter group separates from the quenched group and
emits fluorescence. For each DNA strand amplified, a fluorescent
molecule is produced. A fluorescent quantitative PCR instrument can
monitor the number of cycles in which the fluorescence reaches a pre-
determined threshold (CT value) is related to the viral nucleic acid
concentration; the higher the viral nucleic acid concentration, the
smaller the Cr value [8]. However, the method is cumbersome to
operate and requires specialized technicians and expensive
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experimental instruments. Therefore, the search for novel assays to
compensate for the shortcomings of PCR in this area continues.

In recent years, isothermal nucleic acid amplification technology has
developed rapidly, and several isothermal amplification methods are
highly sensitive, and some have successfully moved to commercializa-
tion [9-12]. Depending on the reaction principle, isothermal amplifi-
cation can be divided into loop-mediated isothermal amplification
(LAMP), nucleic acid sequence-based amplification (NASBA), nucleic
acid sequence-independent amplification, helicase-dependent amplifi-
cation (HDA), strand displacement amplification (SDA), and
cross-priming amplification (CPA) [7,13-15]. These techniques have
advantages and disadvantages and have different applications in nucleic
acid detection.

The detection of LAMP amplification products can be done by
various methods, including agarose gel electrophoresis, turbidity
detection, and color determination [13]. The coloring agents used in the
color determination are divided into two categories: one is metal ion
indicator, such as calcium xanthophyll, hydroxyl LAMP has the
following advantages compared with previous nucleic acid amplifica-
tion methods: A). The product detection can be judged by visual
observation or turbidimeter to detect the turbidity of the precipitate [7].
For RNA amplification, only reverse transcriptase needs to be added to
the reaction system, and it can be performed simultaneously (RT-LAMP),
no special reagents and instruments are required. B). In most cases, the
amplification products can be detected within 20-30 min. The product
can be amplified up to 10° times, up to 0.5 mg/mL, and quantified in
real-time using a special turbidimeter. C). high specificity, because the
four specific primers are designed for the six regions of the target
sequence, any region in the six regions that do not match the primers
cannot be amplified, so its specificity is extremely high. D). high sensi-
tivity, for viral amplification template can reach several copies, which is
orders of magnitude higher than PCR. Although LAMP has been widely
used in nucleic acid detection and has a tendency to replace PCR, LAMP
technology still requires heating and temperature control (65 °C).
Therefore, there is still a need to further search for a reaction method
that can perform isothermal amplification at room temperature.

On the other hand, electrochemiluminescence (ECL) based sensors
have been rapidly developed due to their advantages of low background
interference and high sensitivity [1,16,17].ECL sensors have shown
potential for ultra-sensitive and real-time analysis. In the ECL process, a
substance near the electrode is triggered by an electrochemical method
to produce an excited state and generate light emissions. In contrast to
photoluminescence, ECL without an excitation source is not affected by
autofluorescence background noise and scattered light interference. In
addition, the ECL signal is initiated and modulated by the potential with
high reproducibility and accuracy. Therefore, ECL sensing shows a
reliable sensing process and excellent sensitivity in detection
applications.

In this work, we designed an ECL ratiometric biosensor with a three-
stranded Y-shaped DNA (Y-DNA) probe and induced a hybridization
chain reaction (HCR) for the highly sensitive detection of SARS-CoV-2
nucleic acid. There are three advantages of using a Y-DNA structure.
One is that the Y-DNA provides a nucleic acid scaffold for the amplifi-
cation of nucleic acid on the electrode surface, allowing the HCR
amplification product to be firmly anchored on the electrode surface.
Second, it induces the HCR reaction, which makes the HCR reaction
more efficient. Third, this method does not use the amplification enzyme
in the standard amplification system RT-PCR as an essential factor for
signal amplification, so it is not necessary to consider false-negative
results caused by amplification enzyme inactivation during trans-
portation, storage, and detection. Using this Y-DNA-induced HCR reac-
tion, we achieved detection of SARS-CoV-2 nucleic acid in the
pharyngeal swabs with a detection limit of 59 aM.
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2. Experimental section
2.1. Chemicals and materials

Gold chloride trihydrate (HAuCly4-xH50), sodium citrate, and potas-
sium persulfate (K2S20g) were obtained from Aladdin Biochemical
Technology Co. Ltd. (Shanghai, China). g-C3N4 were obtained from
Jiangsu XFNANO Materials Tech, Co. Ltd. (Nanjing, China). Tris (4,4'-
dicarboxylic acid-2,2'-bipyridyl) ruthenium (II) dicbloride (Ru
(dcbpy)3Cly) was obtained from Suna Tech Inc. (Suzhou, China). Tris (2-
carboxyethyl) phosphine hydrochloride (TCEP) and 6-mercaptohexanol
(MCH) were obtained from Sigma-Aldrich (St Louis, MO, USA). The
purified DNA sequences (Table S1) were synthesized from Genscript Bio-
technology Co. Ltd. (Nanjing, China).

2.2. Preparation of the Au-g-C3Ny4

We successfully synthesized Au-g-C3N4 with reference to our previ-
ous work [16]. In simple terms, 40 pL of HAuCly-xH30 (0.01 M) solution
and 4 mL g-C3Ny4 ethanol-water dispersion (15 mg L™!) were mixed and
sonicated for 10 min, followed by stirring at room temperature for 4 h to
get a mixture solution of g-CsN4 and HAuCly. Then, 30 pL of fresh NaBHy4
(0.2 M) solution was injected into the mixed solution and treated in an
ice bath condition and retained stirring for 20 min. Continuously, 50 pL
of sodium citrate solution was added to the above-mixed solution, and
the mixed solution was continuously stirred at 25 °C for 20 min and
further continued stirring for another 30 min. Finally, to remove the
excess AuNPs, sodium citrate, and NaBHj,, the above-mixed solution was
washed by ultrapure water and sonicated three times to get the pure
Au-g-C3Ny, which was redispersed in 1 mL of H,O and stored at 4 °Cin a
refrigerator for further use.

2.3. Preparation of Y-type DNA

Y-type DNA was prepared by hybridizing three ssDNA, Y1, Y1, and
Y3, with concentrations of 4 uM each, mixed in TAE-Mg?" buffer (40
mM Tris buffer, 2 mM EDTA, and 12.5 mM MgAcy). Then, 4 pM of
hairpin probes: Hairpinl (H1), Hairpin2 (H2), and Ru modified DNA
(Rul) were added to the TAE—Mg2+ buffer by further incubation at room
temperature, resulting in the formation of Ru-DNA complex nanoprobes.
Next, the obtained Ru-DNA complex nanoprobes (4 pM) were stored at
—20 °C for the following experiments.

2.4. Fabrication of the ratiometric ECL biosensor and target DNA assay

Before starting, the glassy carbon electrode (GCE) was cleaned ac-
cording to the previous method [18]. 10 pL of Au-g-C3N4 was impris-
oned on GCE to obtain Au-g-C3N4/GCE, and dried at room temperature
for about 50 min in the clean air. Subsequently, the prepared
Au-g-C3N4/GCE was submerged into DNA1 solution containing 10 mM
TCEP for 8 h to reduce the S-S bond, thus successfully generating DNA1
modified Au-g-C3N4/GCE through Au-S bond formation. Immediately
afterward, the above electrode was submerged into 2 mM MCH phos-
phate (pH 7.4) solution for 40 min at room temperature to passivate the
unoccupied sites on the Au particle surface. The sample containing the
RdRp gene of a given concentration was mixed with a 100 nM Ru-DNA
complex probe in the TAE-Mg?* buffer. The mixture was incubated with
DNA1 modified Au-g-C3N4/GCE at 37 °C for 3 h to complete the reac-
tion. ECL measurements were carried out at the potential scan of —1.6 -
0V in phosphate (pH 7.4) solution containing 0.1 M K3S204. Of note, the
biosensor was essential to be cleaned by phosphate (pH 7.4) solution for
every step of electrode modification.
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Scheme 1. Schematic illustration of the Y-DNA-induced HCR reaction for the assay of SARS-CoV-2 RdRp gene.

3. Results and discussion
3.1. The working principle of ratiometric ECL biosensor

Based on the amplification strategy of the Y-DNA-induced HCR re-
action, we synthesized a ratiometric ECL biosensor to detect the SARS-
CoV-2 RdRp gene. The Y-DNA-induced HCR reaction-based amplifica-
tion strategy principle is shown in Scheme 1. Au-g-C3N4/GCE is uni-
formly modified on the electrode surface, and DNA1 is immobilized on
the electrode surface by reacting with Au on the surface of Au-g-C3N4/
GCE through the —SH group. Another essential component of the system
is the Y-Shaped probe, where three DNAs: Y1, Y2, and Y3, can be self-
assembled to form a Y-type DNA composite object. Moreover, Y1, Y2,
and Y3 can be linked-to H1, H2, and Rul, respectively, by comple-
mentary base pairing. The SARS-CoV-2 RdRp gene activates H1 and H2
to trigger the HCR reaction, and Rul is modified with Ru complex at the
5’ end, producing strong electrochemiluminescence at 620 nm with an
applied voltage. One part of the SARS-CoV-2 RdRp gene can form a
double-stranded DNA1 by complementary pairing with the DNA1 on the
electrode surface, and the other part can pair with the H1 in the Y-type
probe and open the hairpin structure, and then the activated nucleic acid

structural domain in H1 can pair with H2 and open the hairpin and
expose the structural trigger domain for the next round of HCR reaction.
The activated nucleic acid domain in H1 can then complementarily pair
with H2 and open the hairpin to expose the trigger domain for the next
round of HCR reaction. Through the amplification of the Y-DNA-induced
HCR reaction, Rul on the electrode surface gradually increases, and the
ECL signal at 460 nm is gradually quenched, and the signal at 620 nm is
gradually generated. The SARS-CoV RdRp gene can be quantified ac-
cording to the degree of reduction of ECL signal at 460 nm and the de-
gree of increase of ECL signal at 620 nm. This ratiometric ECL biosensor
can accurately and efficiently detect the SARS-CoV-2 RdRp gene by
combining the two signal amplification strategies.

3.2. Possible luminescence mechanism about ECL biosensor

The electrochemiluminescence signal of g-C3Ny4 is obtained when a
one-way negative voltage is applied to the system containing the strong
oxidant S;0g%". Firstly, g-C3Ny4 is reduced to g-C3N4~ on the electrode
surface, which can generate the intermediate SO4e” from 52082_. SO4e”
is a strong oxidant, and this strong oxidant oxidizes g-C3N4~ to g-C3N4*
excited state. g-C3N4* produces the ECL signal when it transitions to the
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Fig. 1. Elemental mapping data of the Au-g-C3Ny4. (A)-(F) Electron Image, merge image and C, N, O, Au elements, respectively. (G) EDX elemental mapping to show

the elemental composites and distribution of the Au-g-C3Ny.

ground state. The reaction mechanism is as follows.

g— C3N,+e —»g—C3N,~ (@)
g — CiNy~ + 8,047 =g — C3N; + S-040~ + 50,2~ ()]
g — C3Ny~ + SO0 —>g — CN,~ + SO, 3)
g — C3N, =g — C3Ny + hv (460 nm) ()]

As previous literature reported [19,20], the UV-Vis spectrum of the
g-C3N4/Au hybrid has a matching spectral overlap with the ECL

emission spectrum of Ru centered at 460 nm, indicating that energy
transfer from the g-C3N4/Au donor to the Ru acceptor can occur.
Therefore, in the construction of the present sensor, only the emission
peak of the ECL of g-C3N4 (460 nm) needs to be excited, which excites
the emission peak of Ru at 620 nm can be obtained using a filter.

3.3. Characterization of Au-g-C3N4

Besides, the elemental mapping data (Fig. 1A to Fig. 1F) successfully
characterize the elemental distribution of Au-g-C3N4. We further per-
formed elemental analysis using energy dispersive X-rays (EDX),
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Fig. 2. Characterize the construction of the biosensor
by using cyclic voltammetry (A) and EIS (B). Bare GCE
electrode (curve a), Au-g-C3N4 modified GCE (curve
b), GCE modified with Au-g-C3N4, DNA1 (curve c),
GCE modified with Au-g-C3N4, DNA1l, and MCH
(curve d). GCE modified with Au-g-C3N,4, DNAI,
MCH, the test concentration of RARp gene (3000 aM),
and Ru-DNA complex (curve e). (C) The ECL-Time (D)
and the ECL-Potential curves of Bare GCE electrode
(curve a), Au-g-C3N4 modified GCE (curve b), GCE
modified with Au-g-C3N4, DNA1l (curve c), GCE
modified with Au-g-C3N4, DNA1, and MCH (curve d).

202 0.0 02 04 0.6

0 200 400 600 8001000
Z' (ohm)

GCE modified with Au-g-CsN4, DNA1, MCH, 1000 aM
SARS-CoV-2 RdRp gene, and amplification product
(curve e).

Potential (V)
~18000! ~180001"
3160001 . = 160001
< 140001 = 140007
2 {30 Zi000! o
28000/ £ 80001 .
2 6000 £ 06000
£ 40001 = 40001
3 2008- s 20083 i
= 2000t " 2000
0 5 10152025 30 35
Time (s)

depicted in Fig. 1G. The results showed that elemental peaks of C, N, and
Au were present in the EDX spectrum of Au-g-CsN4. All these elemental
characterizations together verify the successful synthesis of Au-g-C3Ng.

3.4. Characterization of the stepwise fabrication of the ECL biosensor

The cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) plot in Fig. 2A and B depicts the construction process of
the biosensor. The impedance value of the naked gold electrode (curve
a) is the smallest, indicating that the naked gold electrode has good
electrical conductivity. When continuing to modify Au-g-C3sNy4 on the
electrode surface and forming a uniform film, the impedance of the
modified electrode increases significantly (curve b). When the nucleic
acid was modified on the gold nanoparticles, the impedance of the
sensor increased significantly (curve c), indicating that the nucleic acid
hindered the electron transfer. Subsequently, the assembly of MCH onto
the electrode surface similarly increased the impedance value of the
sensor (curve d). Finally, the impedance values measured with the test
RdRp gene and amplification product modified on the electrode surface
are shown in Fig. 2A and B (curve e), and the semicircle of impedance
continues to increase. Because the amplification product may further
hinder the electron transfer. Therefore, this data indicates the successful
assembly of the sensor.

Fig. 2C and D demonstrate the ECL signal intensity during the
biosensor construction. The bare GCE showed a very low ECL signal
intensity, while the strongest signal was obtained when the GCE was
modified by Au-g-C3N4 nanocomposite (curve b). Subsequently, DNA1
(curve c¢) and MCH (curve d) were sequentially modified onto the
electrode, corresponding to a successive decrease in ECL signal intensity.
When the electrode was incubated with SARS-CoV-2 RdRp gene with
amplification product, the ECL signal intensity decreased. These results
are consistent with CV and EIS data and successfully demonstrate the
synthesis of the biosensor.

1.6-1.2-0.8 -0.4 0.0
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Fig. 3. Ratiometric ECL biosensor at different concentrations (0 aM, 200 aM,
1000 aM, and 2000 aM) of SARS CoV-2 RdRp gene was tested using a series of
filters spaced 20 nm apart, measured in 0.1 M PBS (pH = 7.4) containing 0.1
M S,042".

3.5. ECL-RET mechanism of the ratiometric biosensor

The occurrence of ECL-RET was further verified using filters to
collect the maximum spectra. The ECL spectra of SARS CoV-2 RdRp gene
at different concentrations were passed through a series of optical filters
and were acquired (Fig. 3). When no SARS CoV-2 RdRp gene was present
in the detection system, only the emission peak of Au-g-C3N4 at 460 nm
was detected (black curve). However, as the concentration of SARS CoV-
2 RdRp gene increases, the emission peak of Ru at 620 nm continues to
increase, which is accompanied by a significant and continuous decrease
in the ECL intensity of Au-g-C3N4 due to ECL RET (curves b to e). Thus,
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this experiment demonstrates the successful construction of the ratio-
metric biosensor.

3.6. Optimization of analytical conditions

In order to obtain the best performance of the biosensor, some
experimental parameters were optimized, including the concentrations
of H1, and H2. Fig. 4 shows that the ECL (620 nm) signal intensity
gradually increased, and the ECL (460 nm) signal gradually decreased
stabilized. Also, the ratio of ECL (620 nm)/ECL (460 nm) increased
simultaneously with the increase in H1 and H2 concentrations and
reached stability at the concentration of 100 nM for both H1 and H2
concentrations. So, the H1 and H2 concentrations were selected as 100
nM in this study.

3.7. Detection of SARS-CoV-2 RdRp gene in buffer solution

Under the optimized conditions after the previous validation, we
used our well-designed ratiometric ECL biosensor to detect the SARS-
CoV-2 RdRp gene in the buffer solution. Fig. 5A illustrates the ECL
signal changes in the detection system as the concentration of SARS-
CoV-2 RdRp increases from 0 aM to 30 fM. The ECL signal intensity
gradually decreases at 460 nm and gradually increases at 620 nm.
Fig. 5A also depicts the change in ECL signal intensity at 460 nm and an
excellent linear relationship between the ECL signal value and the
concentration of the SARS-CoV-2 RdRp gene: y = —2.13X+10,516 (R2 =
0.9879). The change in ECL signal intensity at 620 nm and the con-
centration of SARS-CoV-2 RdRp gene concentration also showed a good
linear relationship: Y = 1.92X+1524, (R2 = 0.9755). To make the
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Fig. 6. Selectivity assay by using the biosensor.

obtained experimental results more reliable, we further evaluated the
change in ECL (620 nm)/ECL (460 nm) values with increasing SARS-
CoV-2 RdRp gene concentration: Y = 4.72 x 10~* X+0.03934 (R2
0.9730), as shown in Fig. 5B. Based on the limit of detection (LOD) =
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Fig. 7. Stability validation of the biosensor used to detect RdRp gene (A) ECL signal intensity change at 460 nm and (B) ECL signal change at 620 nm. All spectral
intensities were repeatedly scanned 10 times after the biosensor detected 1 fM SARS-CoV-2 RdRp gene.

Table 1
Recovery results for the assay of SARS-CoV-2 RdRp in human pharyngeal swabs.

Sample number  Added (aM) Found (aM) Recovery (%) RSD (%, n = 3)
1 50 49.39 98.78 3.84
2 80 79.63 99.54 4.67
3 100 98.35 98.35 3.24
4 200 201.35 100.68 2.56
5 500 505.67 101.13 4.35
6 1000 1012.37 101.24 3.98

30/k, the value of LOD was calculated as 59 aM. Our method has a lower
detection limit than other methods, as shown in Table S2. The low limit
of detection may be due to the fact that we used HCR circuit signal
amplification as well as the ratiometric method to process the data.

3.8. Selectivity and stability of the ratio biosensor

To further investigate the selectivity of the ratiometric biosensor, we
designed a comparative experiment: some nucleic acids with similar
sequences were introduced for control experiments. The ratio sensors
prepared under the same experimental conditions were incubated with
different targets: 1 fM of SARS-CoV-2 RdRp (Target), 100 fM of Random
DNA1 (R DNAL1), 100 fM of random DNA2 (R DNA2), and blank samples
(Control). As shown in Fig. 6, the ratiometric biosensor incubated with
the SARS-CoV-2 RdRp gene exhibited a stronger ECL-RET than the
biosensor incubated with other nucleic acid analogs. Thus, the con-
structed ratiometric biosensor had excellent selectivity. The results
indicate that this ratiometric electrochemiluminescent biosensor has
good selectivity.

Further to evaluate the stability of the ratiometric biosensor, the
modified electrode was incubated with 1 fM SARS-CoV-2 RdRp and
subjected to the HCR amplification reaction, and the electrode was
scanned continuously for 10 cycles after 320 s of reaction. As seen in
Fig. 7, the ECL signal maintained high stability at 460 nm (Figs. 7A) and
620 nm (Fig. 7B) with the relative standard deviation (RSD) of 2.98%
and 3.55% when treated with 1 fM SARS-CoV-2 RdRp gene, respec-
tively. The results indicate that the ratiometric biosensor has high
stability.

3.9. Detection of SARS-CoV-2 RdRp gene samples in the pharyngeal
swabs

To further investigate the resistance of the biosensor for SARS-CoV-2
RdRp gene detection to complex environments, we applied the biosensor
to detect the SARS-CoV-2 RdRp gene in normal human pharyngeal
swabs. First, we added different doses of the SARS-CoV-2 RdRp gene to

pharyngeal swabs by the incorporation method, and then the prepared
pharyngeal swab samples were used instead of the standard samples and
acted on the biosensor. The biosensor was used to detect the concen-
tration of the SARS-CoV-2 RdRp gene in different pharyngeal swab
samples to obtain the signal ratio values corresponding to different
concentrations of the SARS-CoV-2 RdRp gene, and the concentration of
the SARS-CoV-2 RdRp gene was further calculated based on the ratio
values. The recovery results of SARS-CoV-2 RdRp gene detection in
normal human pharyngeal swabs are shown in Table 1 as shown in
Table 1, the recoveries were all in the range of 98.35%-101.24%, and
this result indicates that our designed biosensor can be applied to detect
SARS-CoV-2 RdRp gene in human pharyngeal swabs. Therefore, this
detection strategy we propose has the potential to be widely used in
clinical applications and for the detection of COVID-19-related nucleic
acid markers in complex biological samples.

4. Conclusions

In conclusion, we designed an amplification system based on Y-DNA-
induced HCR reaction and without amplification enzymes to detect
SARS-CoV-2 gene in the pharyngeal swabs. We achieved highly sensitive
detection of the SARS-CoV-2 RdRp gene using this method. In this
method, we designed a ratiometric ECL-based biosensor to detect the
SARS-CoV-2 RdRp gene based on the ECL-RET principle between Au-g-
C3N4 and Ru. The ratiometric method makes the calculation of the
detection limit more accurate and reliable. Since the method does not
use the amplification enzyme in the RT-PCR system as an essential factor
for signal amplification, it is unnecessary to consider the false-negative
results caused by the inactivation of the amplification enzyme during
the transportation storage, and detection process. We believe that this
method will be more favorable for large-scale screening of COVID-19 in
remote areas.
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