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COVID-19 pandemic outbreak is the most astounding scene ever experienced in the 21st century. It has been
determined to be caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). With the global
pandemic, the lack of efficient rapid and accurate molecular diagnostic testing tools has hindered the public
opportunely response to the emerging viral threat. Herein, a DNA nanoscaffold hybrid chain reaction (DNHCR)-
based nucleic acid assay strategy is reported for rapid detection of SARS-CoV-2 RNA. In this method, the DNA
nanoscaffolds have been first constructed by the self-assembly of long DNA strands and self-quenching probes
(H1). Then, the SARS-CoV-2 RNA will initiate the hybridization of H1 and free H2 DNA probes along the
nanoscaffold, and an illuminated DNA nanostring is instantly obtained. By taking advantages of the localization
design of the H1 probes and the temperature tolerance of the isothermal amplification, the proposed DNHCR
method can detect target at short responding time (within 10 min) and mild condition (15 °C-35 °C). Moreover,
the reliability of DNHCR method in serum and saliva samples have also been validated. Therefore, DNHCR-based

method is expected to provide a simple and faster alternative to the traditional SARS-CoV-2 qRT-PCR assay.

1. Introduction

In December 2019, a novel coronavirus (SARS-CoV-2) has caused an
outbreak severe pneumonia disease COVID-19, and rapidly spread to
produce a global pandemic (Wang et al., 2020). As of May, 150 000
people have died among the more than 2.2 million confirmed cases. A
novel coronavirus, designated as SARS-CoV-2, has been implicated as
the causative agent (Zhu et al., 2020). With the outbreak of COVID-19,
the World Health Organization (WHO) has been urging the international
community to perform massive diagnostic testing to fight against the
transmission of the virus and decrease the number of undetected cases.
Because detection tools can help researchers understand the epidemi-
ology of this disease. And the screening of COVID-19 in the primary
stage will block the larger-scale spread of pathogen and promote pa-
tients to receive treatment as soon as possible, improving the cure rate
(Narvaeza and Dincer, 2020; Cui and Zhou, 2020; Corman et al., 2020).
Therefore, rapid detection technology has shown great application value
in the clinical diagnosis of COVID-19 patients.

Assays using diagnostic quantitative real-time PCR (qRT-PCR) to
detect SARS-CoV-2 virus have been played an important role in pre-
venting and controlling COVID-19 outbreak (Read Online, 2020).
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QRT-PCR is also an emergency use authorization (EUA) approaches
approved by the US Centers for Disease Control and Prevention (CDC)
(Centers for Disease Control and Prevention, 2020; Chu et al., 2020;
Shortage, 2020). However, qRT-PCR technology relies on expensive
reagents and sophisticated instruments, and the steps are complicated
and time-consuming. So it cannot meet the rapidly growing demand of
suspected patients and asymptomatic infected patients (Bo-gyung, 2020;
Bachman, 2013). For the COVID-19 testing, apart from the aforemen-
tioned viral RNA, the detection methods based on immunoglobulin
(IgM/IgG) antibodies have expected to detect SARS-CoV-2 quickly and
easily. But IgM antibodies are produced between 4 and 10 days after
infection, while IgG response is produced around 2 weeks. Thus, in the
early stage of infection, low-abundance antibodies in the sample will
lead to false negative results (Grifoni et al., 2020; Zhang et al., 2020).
However, with the occurrence of the asymptomatic infection and its
transmission potential, the number of people who need to screen is
greatly increase. And the SARS-CoV-2 RNA detection of COVID-19 pa-
tients can timely evaluate the patients’ treatment effect and prognosis
(World Health Organization, 2020a; Bai et al., 2020). Therefore, there is
an urgent need for diagnostic methods that can rapidly and conveniently
detect SARS-CoV-2 infection.
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Scheme 1. A DNA nanoscaffold hybrid chain reaction (DNHCR)-based method for the detection of SARS-CoV-2 RNA. a, The synthesis of DNA nanoscaffolds based on
the hybridization of H1 probes with long DNA strands produced by RCA. b, The procedure of DNHCR triggered by the SARS-CoV-2 RNA. ¢, The detection of the target

SARS-CoV-2 RNA in the mixed solution of DNA nanoscaffolds and H2 probes.

To satisfy this need, currently, researchers have developed
isothermal amplification methods for SARS-CoV-2 RNA analysis, such as
recombinase polymerase amplification (RPA) and loop-mediated
isothermal amplification (LAMP) (Craw and Balachandran, 2012;
Notomi et al., 2000; Zaghloul and El-Shahat, 2014). Although these
methods have been reported to rapidly and accurately detection of
SARS-CoV-2, there are still some deficiencies in the cost and operability.
For example, RPA amplification requires the participation of three en-
zymes, and the appropriate temperature of LAMP is about 63 °C.

Here, we present the development of a DNA nanoscaffold-based
hybrid chain reaction (DNHCR) method for assay of SARS-CoV-2 RNA.
Compared with previously reported techniques, this method has the
following advantages: (1) high signal gain; (2) short reaction time with
high specificity; (3) room temperature response and easily accessibility;
(4) cost-effectiveness and readily available reagents. In addition, we
have also verified the reliability of our method in complex samples, and
thus we believe that this DNHCR-based technology may be of great
potential in routine clinical diagnosis.

2. Experimental section
2.1. Chemicals and reagents

The DNA oligonucleotides used in this work (Table S1) were syn-
thesized and purified (HPLC) by Sangon Biotech. Co. Ltd. (Shanghai,
China). The RNA sequence was synthesized by Takara Bio. (Dalian
China). T4 DNA ligase, exonuclease I (Exo I), exonuclease III (Exo III),
phi29 DNA polymerase and RiboLock RNase Inhibitor were bought from
Thermo Fisher Scientific (Waltham, USA). Deoxyribonucleoside 5'-
triphosphate mixture (dNTPs) was bought from New England Biolabs
(Beijing, China). Cell lysis solution were purchased from Sangon. Solu-
tions used in all experiments were obtained from ultra-pure water pu-
rified with a Millipore system (> 18.0 MQ). The human normal serum
was obtained from First Affiliated Hospital of Nanjing Medical Univer-
sity. All other chemical agents were purchased from Sigma (St. Louis,
MO, USA) unless otherwise indicated. The sequence that can trigger the
reaction is the conserved regions of artificially synthesized SARS-CoV-2
RNA published by the Centers for Disease Control (CDC) (World Health
Organization, 2020b; James et al., 2020).
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Fig. 1. Feasibility of this method for the SARS-CoV-2 RNA detection. (A) AFM phase image of DNA nanoscaffold. (B) The agarose gel electrophoresis of the syn-
thesized DNA nanoscaffolds and the DNHCR response to the target. (C) Left: fluorescence spectra of the DNHCR and HCR in the absence and presence of the target
(Excitation, 494 nm). Right: UV imaging of the DNHCR and HCR in the absence and presence of the target.

2.2. Electrophoresis analysis

2% agarose gel electrophoresis was prepared using 1 x TBE buffer.
The loading sample was prepared by mixing 1 pL nucleic acid sample,
1.5 puL 6 x loading buffer, 1 uL GelRed dye, and 6.5 pL. H20, then placed
the mixture for 3 min before injected into agarose gel electrophoresis.
The agarose gel electrophoresis was run at 110 V for 60 min in 1 x TBE
buffer and visualized via a Molecular Imager Gel Doc XR.

2.3. Synthesis of long DNA strands by RCA

Firstly, 10 pL ultrapure water, 30 pL DNA ligation buffer (2 x), 10 pL
phosphorylated template (10 pM) and 50 pL primer (10 pM) were mixed
in centrifuge tube to synthesize the circular DNA template. Then the
mixture was heated at 95 °C for 5min, and the solution was cooled
slowly to room temperature. After adding T4 DNA ligase (5 pL, 40 000
U/mL) to the above solution and mixing well, it was left at room tem-
perature for 30 min. We used Exonuclease I and Exonuclease III to digest
linear nucleic acid, and further purified the circular DNA template with
PCR product purification. The 10 pL circular DNA template was added to
20 pL of the RCA reaction mixture containing: 2 pL Phi29 DNA poly-
merase (10 x) reaction buffer, 4 pL dNTPs (10 mM), 2 pL BSA (10 x), 1
pL DEPC water and 1 pL phi29 DNA polymerase (1 000 U/ml) incubating
at 35 °C for 40 min and heating treated at 65 °C for 10 min to stop the
reaction. Finally, the concentration of the RCA product treated with PCR

purification kit was measured by Thermo NanoDrop 2000).
2.4. Design of DNA nanoscaffold for DNHCR

The DNA nanoscaffold consists of a long DNA single strand (RCA
product) and some H1 probes. First, heating the long DNA strand and H1
probes were heated in Thermo Cell at 95 °C for 5 min respectively, and
then slowly cooled down to room temperature (> 30 min). 25 pL H1 (10
uM), 25 pL long DNA strand (0.6 pM) and 125 pL Tris-MgCl2 buffer (500
mM, pH = 8.0) were mixed thoroughly in a 200 pL centrifuge tube to
prepare the DNA nanoscaffolds. The mixture was incubated at room
temperature for 30 min, and H1 probes were fully hybridized with long
DNA strands to synthesis DNA nanoscaffolds.

2.5. Target RNA-initiated DNHCR reaction

First, a volume of 60 pL reaction mixture containing 6 pL DNA
nanoscaffold (0.6 pM), 6 pL target RNA, 1 uL H2 probes (1 pM) and 37 pL
Tris-MgCl2 buffer were mixed incubating in a thermal cycler. Here, we
have verified the reaction efficiency under the different total volume
and selected 50 pL as the appropriate volume (Fig. S1). The reaction
mixture was then transferred to a black 384 well microplate (Fluotrac
200, Greiner, Germany) to fluorescence measurements. The measure-
ment settings were excitation at 488 nm for FAM dye. The fluorescence
emission spectra were measured with a fluorescence microplate reader
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(BioTek Instrument, Winooski, VT, USA) at different excitation
wavelength.

3. Results and discussion
3.1. Principle of the method

The designed principle for the rapid detection of SARS-CoV-2 RNA is
displayed in Scheme 1. Firstly, a long DNA strand containing repetitive
fragments has been generated by RCA, which contains multiple H1
installation footholds, and the spacing distance of H1 can be pro-
grammed by changing the template sequence of RCA. RCA is an
isothermal enzymatic process in which circular DNA templates are
amplified using DNA or RNA primers to form long tandem repeats of
single-stranded DNA or RNA. RCA technology is widely used in
biomedical research and nanobiology research because of its simplicity
and versatility (Ali et al., 2014; Tian et al., 2020; Michael et al., 2016).
Then, the nanoscaffold is constructed by hybridizing the DNA hairpin
probes (H1) with the long DNA strand (Scheme 1a). The DNA nano-
scaffolds can be conveniently prepared in large quantities for subsequent
detection. H1 is composed of foothold sequence F1 (anchored to DNA
long strand), hairpin structure S’C1S and a tail T1, which is labeled with
5-carboxyfluorescein (FAM) dye and its black hole quencher (BHQ1)
molecule to form a self-quenching probe and the fluorescence will
recover upon hairpin opening. H2 is a hairpin structure (S’C2S) with a
tail T2. Tail T1 in H1 is complementary to C2 in H2, and tail T2 in H2 is
complementary to C1 in H1. When the target SARS-CoV-2 RNA is pre-
sent, it triggers the cascade reaction along the DNA nanoscaffold
(Scheme 1b). Firstly, the target RNA will hybridize with T1 and S,
causing H1 to unfold to restore fluorescence (Scheme 1b II), and then H2
will hybridize with C1 and S', causing H2 to unfold (Scheme 1b III) and
continue to hybridize with adjacent H1 along the DNA nanoscaffold
(Scheme 1b IV). Meanwhile, due to the compact arrangement of H1 on
the DNA nanoscaffold, one target RNA can instantly light up the whole
nanoscaffold with highly amplified signal gain (Scheme 1c).

Temperature (

30
C)

3.2. Feasibility of target SARS-CoV-2 RNA triggered DNHCR

The elongation of template to form DNA long strand through RCA
has been confirmed by 2% agarose gel electrophoresis experiment
(Fig. S2). The successful formation of the nanoscaffold can be directly
seen in the AFM phase image (Fig. 1A). The result shows the long leaner
structure with dispersed dots arranged along the side which is consistent
with the leaner structure of the RCA product and the binding of large
number of H1 probes. Then, the reaction process of proposed DNHCR-
based system has been studied by gel electrophoresis. As can be seen
in Fig. 1B, the mixture of H1 and H2 resulted in two bands in lane 2,
which indicated the independent existence of the two probes in solution.
After the addition of the nanowire formed via RCA to the mixture of H1
and H2, the band corresponding to H1 almost disappeared while the
band of nanowire became brighter, which verified that the H1 has
successfully assembled on the nanowire to form a nanoscaffold. Finally,
the DNHCR reaction triggered by the target caused the consuming of H2
and the formation of an extra double helix leading to the darker of the
H2 band and the brighter of the nanoscaffold band (lane 5). Meanwhile,
the feasibility of the method has also confirmed by the result of flores-
cent spectrophotometer (Fig. 1C). Without the addition of the target,
both H1 and the nanoscalfold show low background fluorescence
(purple and blue line). In the presence of the target, free H1 and H2 is
capable of hybridizing to each other to trigger HCR, which led to the
recovery of the fluorescence (green line). As we expected, with the help
of the nanoscalffold, much stronger fluorescence intensity can be
observed with the same concentration of the target. These results indi-
cate that the DNHCR-based method could significantly improve the
signal gain compared to the conventional HCR.

3.3. Optimization of experimental conditions

Some important variants of DNHCR method have been optimized for
the better performance. Firstly, we have studied the effect of the stem
length of the H1 probe and the length of H1 hybridization with DNA long
strand (i.e. foothold) on background signal of DNHCR-based method. As
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Fig. 3. Time-dependent fluorescence spectra of DNHCR in response to 50 nM
target RNA, respectively. The data error bars indicate mean + SD (n = 3).

shown in Fig. S3, the largest signal-to-noise ratio has generated in 14
bases stem length, and with the foothold length increases, the intensity
of the background signal enhanced. Considering the background signal
and the stability of the nanoscaffold, the stem with 14 bases and foot-
hold with 12 base pairs are used in the subsequent research. We have
optimized the distance between different H1 probes along the RCA
products as well, 25 bases suggested to be the most proper distance due
to the maximum fluorescent intensity (Fig. 2B). RCA time may affect the
efficiency of the DNHCR method by affecting the length of DNA scaf-
folds. As shown, the signal intensity increases as the RCA time increases
from O to 30 min and then reduce when the time is prolonged from 40 to
100 min (Fig. 2C). Thus, 30 min has been selected as the best RCA time.

0 1&

520 540 560 580 600 620 640

Wavelength (nm)

@)

©
<3
S
i

)

~

y (a.u

6000+

FL.intensit
8
3

0

520 540 560 580
Wavelength (nm)

600 620 640

Biosensors and Bioelectronics 167 (2020) 112479

Finally, the effect of detection temperature has been investigated by
incubating target RNA with DNHCR at different temperatures. As shown
in Fig. 2D, the florescent intensity is relatively stable at the temperature
ranging from 15 °C to 35 °C. Therefore, compared with qRT-PCR, our
method can be performed efficiently at room temperature without
resorting to temperature change equipment.

3.4. Kinetic analysis of accelerated response in DNHCR

Under optimized conditions, the kinetic curve has been utilized to
monitoring the whole process of the detection in homogeneous solution.
As shown in Fig. 3, in the absence of the target, almost no fluorescence
signal is detected in both DNHCR and HCR systems. With the intro-
duction of the target, in DNHCR-based method, the fluorescence in-
tensity increased rapidly and reached a plateau at about 7 min. In
comparison, it took more than 30 min for the conventional method to
complete the detection. These results suggest that the nanoscalffold
could distinctly reduce the response time, which is required for the rapid
detection of the SARS-CoV-2. In addition, by quantitative analysis, the
initial rate of DNHCR is 15.6 fold higher than HCR (Fig. S4). The reason
may be that the hybridizing of large number of H1 to the nanowire in
DNHCR increased the local concentration of H1 accelerating the random
collision of H1 and H2.

3.5. Analytical performance of DNHCR method

The amplification efficiency of the proposed method in quantitative
analysis of target RNA has been studied by recording the fluorescence
intensity. Fig. 4A illustrates the changes in fluorescence intensity in
responding to the different target RNA concentrations, it increased
gradually upon enhancement of the concentration of the target. To
obtain a leaner relationship between the FL intensity and the concen-
tration, the peak value is selected. As shown in Fig. 4B, for DNHCR
method, the fluorescence intensity is linearly dependent on the RNA
concentration with a correlation equation of y = 2705 X + 1150 (R? =

B
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Fig. 4. The sensitivity analysis of DNHCR method and traditional HCR method. (A), (C) Fluorescence spectra upon addition of target SARS-CoV-2 RNA with various
concentrations in DNHCR and HCR. Inset: Fluorescence responses to target at low concentrations. (B), (D) Scatter plot of fluorescence intensity as a function of the
SARS-CoV-2 RNA concentrations. Inset: Linear relationship between the fluorescence intensity and the concentrations of SARS-CoV-2 RNA.
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Fig. 5. (A) Selectivity response of this method against mutation probes (M1~M4 refer to 1, 2, 3 and 4 base mutation) and the random sequence miR-21. The
concentration of the SARS-CoV-2 RNA is 10 nM, the concentrations of mutation probes and random sequence miR-21 are 100 nM. The data error bars indicate mean
+ SD (n = 3). (B) Detection results in TM buffer, 10% serum and 10% saliva sample by our method, respectively. The data error bars indicate mean + SD (n = 3).

0.985). The limit of detection (LOD) is approximately 0.96 pM. In
addition, the LOD of HCR method is about at 232 pM with a correlation
equation of y = 431 X + 1242 (R? = 0.992) (Fig. 4D). Comparing with
the conventional HCR method the fluorescence intensity of DNHCR
increased about 2-fold at the same concentration of the target (Fig. 4C).

3.6. Specificity and stability of DNHCR method

A significant challenge for SARS-CoV-2 RNA analysis is the speci-
ficity, which is of great importance in accurately detecting target and
avoiding false positives. Here, the specificity has been investigated by
the comparison with the control RNA, miR-21 and single to four bases
mismatched target RNA. As shown in Fig. 5A, the sample fluorescence
intensity dropped dramatically (2.4 fold) upon the addition of the
sequence with 1 mismatched base. With the increasing of the number of
mismatched bases, the fluorescence reduced rapidly. It decreases to be
similar to that of the sample at the present of random sequence when 4
mismatched bases occurred in the sequence. This result indicates the
ability of this method to discriminate the mismatched sequences. As can
be seen in Fig. 5B, tests in serum and saliva samples have verified the
practical ability of our method. In addition, the precision and accuracy
of DNHCR method have been studied. As shown in Table S2, for SARS-
CoV-2 RNA, the coefficient of variation (CV) at intra-assay level and
inter-assay level range from 0.09% to 0.8% and 1%-4%, respectively.
Furthermore, the recovery values range from 89% to 108.7%. The re-
sults demonstrated good repeatability and stability of the DNHCR
method at different environments and target concentrations, which in-
dicates that our method has the good propensity for clinical application.

4. Conclusion

In summary, a DNHCR method has been successfully developed for
rapid detection of COVID-19 based on SARS-CoV-2 RNA triggered
isothermal amplification. Due to the localized acceleration of the DNA
probes, the reaction time reduced to within about 10 min. And high
signal gain is obtained in wide temperature range of 15 °C-35 °C.
Compared to previously reported biosensors for SARS-CoV-2 RNA
detection, the proposed approach achieves a significantly simplified
operation and saves the cost. However, in our method, the output of the
fluorescent signal also requires the assistance of the equipment, so
further efforts need to be made in point of care testing to meet the more
convenient self-test requirements. We are currently investigating the
potential to constructing a lateral flow assay device to achieve a portable
and intuitive detection of SARS-CoV-2.
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