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The development of reliable, sensitive, and fast devices for the diagnosis of COVID-19 is of great importance in
the pandemic of the new coronavirus. Here, we proposed a new principle of analysis based on a combination of
reverse transcription and isothermal amplification of a fragment of the gene encoding the S protein of the SARS-
CoV-2 and the CRISPR/Cas13a reaction for cleavage of the specific probe. As a result, the destroyed probe cannot
be detected on an immunochromatographic strip using quantum fluorescent dots. Besides, the results can be

obtained by an available and inexpensive portable device. By detecting SARS-CoV-2 negative (n = 25) and
positive (n = 62) clinical samples including throat swabs, sputum and anal swabs, the assay showed good
sensitivity and specificity of the method and could be completed within 1 h without complicated operation and
expensive equipment. These superiorities showed its potential for fast point-of-care screening of SARS-CoV-2
during the outbreak, especially in remote and underdeveloped areas with limited equipment and resources.

1. Introduction

Coronavirus disease 2019 (COVID-19), the disease associated with
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), first
reported in December 2019, in Wuhan, China, has caused a severe
pandemic worldwide in the past two years (Wang et al., 2020b; Zhu
et al., 2020). To this day, the pandemic has not been effectively con-
tained and continues to place a huge burden on global public health and
social welfare (Laborde et al., 2020; Nicola et al., 2020; WHO, 2021).
SARS-CoV-2 is a cunning virus that infects the body with the common
symptoms of upper respiratory tract infection, including fever, cough
and fatigue, making it difficult to distinguish it from other seasonal
respiratory diseases (Huang et al., 2020; Nicholson, 1992; Wang et al.,
2020d). In some cases, there were even no clinical signs and symptoms
after infection, such individuals were called asymptomatic carriers (Bai
et al., 2020; Meyerowitz et al., 2021; Rothe et al., 2020). However,
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particles shed from them can hang around in the air and inadvertently
spread to people with underlying diseases or the elderly (Kevadiya et al.,
2021; Wang et al., 2020a; Williamson et al., 2020). Therefore, early
detection of infectors helps CDC to carry out epidemiological in-
vestigations, track the source of transmission and take effective
measures.

The widespread development and promotion of multiple tests for
effective and rapid testing in the event of an outbreak remain a key point
in the fight against the COVID-19 pandemic (Pinheiro et al., 2021).
Antibodies and antigen tests based on lateral flow type assays are
commonly used (Hou et al., 2020a; Mak et al., 2020; Yuce et al., 2021).
However, antibodies are the result of the body’s response to the virus
and cannot be used as a direct indicator of infection diagnosis. More-
over, the body needs enough time to produce antibodies at detectable
levels and this pervasive delayed response leads to false negatives (Yuce
et al., 2021). Antigen tests lack specificity due to antigens
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well-conserved among different coronavirus species (Kevadiya et al.,
2021). The rapid spread of viruses in human populations poses a chal-
lenge to rapidly developing molecular diagnostic methods in clinical
diagnostic laboratories. Real-time reverse transcription-polymerase
chain reaction (RT-PCR), droplet digital polymerase chain reaction
(ddPCR), next-generation sequencing (NGS), reverse transcription
loop-mediated isothermal amplification (RT-LAMP), clustered regularly
interspaced  short  palindromic  repeats (CRISPR)/Cas-based
point-of-care testing techniques and other detection methods have been
successively developed and applied to SARS-CoV-2 detection to facili-
tate the early identification of infected persons (Broughton et al., 2020;
CDC, 2020; Chaibun et al., 2021; Chiara et al., 2021; Corman et al.,
2020; Deiana et al., 2020; Fozouni et al., 2021; Kevadiya et al., 2021; Thi
et al., 2020). RT-PCR, based on viral gene fragments and recommended
by the World Health Organization (WHO) and the American CDC, is
currently the most widespread method for COVID-19 detection (CDC,
2020; WHO, 2020). However, the special need for sophisticated in-
struments and professionals, as well as the high cost, make it difficult to
popularize RT-PCR in remote and underdeveloped areas like Africa
(Kevadiya et al., 2021). Similar limitations exist for ddPCR and NGS
applied and popularized in remote regions (Chiara et al., 2021; Deiana
etal., 2020). In response to the limitations posed by the abovementioned
methods and the shortage of RT-PCR reagents, new platforms and
diagnosis methods are actively being pursued. Biosensor-based detec-
tion methods are also being developed, in which the electronic signals
generated by the combination of biological receptors and analytes are
used to identify viruses and other analytes (Karkan et al., 2022; Pinheiro
et al., 2021). However, these biosensor methods still suffer from low
sensitivity (Karkan et al., 2022).

Here, we report a CRISPR/Casl3a-based fluorescent nanoparticle
SARS-CoV-2 (CFNS) assay and perform a coincidence rate experiment

(A)

SARS-Cov-2 genome
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with a commercial RT-PCR kit. To our knowledge, this is the first study
combining a Casl3a-based nucleic acid test strip with quantum dot
microspheres (QDMg) for assaying SARS-CoV-2, as shown in Fig. 1A and
B. During the whole experiment, in Fig. 1A and B, the extracted nucleic
acids were firstly amplified by reverse-transcription recombinase-aided
amplification (RT-RAA) at 39 °C for 25min. By RT-RAA reaction, RNA
was reversely transcribed into cDNA and then amplified to obtain suf-
ficient target nucleic acid. Then, the amplified products were specif-
ically recognized and cleaved through the CRISPR/Casl3 reaction.
Moreover, the cleavage products and sheep anti-FITC IgG antibody-
labeled QDM (QDM-anti-FITC antibody) were mixed and added to the
test strip for 15 min. Finally, the fluorescence intensity values of the T-
line and the C-line could be obtained to calculate the fluorescence ratio
by using the miniature intelligent fluorescence detector (Fig. 1C). It is
worth noting that all clinical samples used in this study were treated in
strict accordance with the standard operation for SARS-CoV-2 by the
standard diagnostic pipeline of the hospital laboratory in Fig. 1D. In
summary, our proposed detection method has good specificity, sensi-
tivity, and repeatability, and can be used for epidemiologic surveys.

2. Materials and methods
2.1. DNA/RNA in the assay preparation

The nucleic acid sequence for the RT-RAA and Casl3a cleavage re-
action was designed by Zhang et al. against the S genes. We chose the
conserved area of S genes, and the selected sequence was not in the
range of S protein key mutation sites D614G, T478K, P681R, and L452R.
RT-RAA primers (F and R), positive standard DNA template, sgRNA and
reporter probe were obtained from Sangon Biotech (Shanghai, China).
Standard positive synthetic RNA was transcribed with positive standard
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Fig. 1. Schematic and characterization of CFNS sensor. (A) Amplification and cleavage reaction target of the CFNS detection method. (B) Ultrasensitive
Immunochromatographic assay of SARS-CoV-2 with QDMs. (C) Miniaturized intelligent fluorescence reader. (D) CFNS assay in a front-line hospital in Nanjing.
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DNA as a template using an In Vitro Transcription T7 Kit (Takara Bio
Inc., China) and purified and recovered with a Spin Column RNA
Cleanup & Concentration Kit (Sangon Biotech, Shanghai, China) ac-
cording to the manufacturer’s instructions. All the obtained RNA frag-
ments were aliquoted and stored at —80 °C until use. All DNA/RNA
sequences used in this assay are listed in Table S1. RT-RAA kit was ob-
tained from Qitian Biotech (Jiangsu, China). Streptavidin was obtained
from Sigma-Aldrich (USA), and anti-FITC antibody was obtained from
Abcam (UK). QDMs were obtained from Kundao Biotech (Shanghai,
China).

2.2. Collection of clinical samples

This study was approved by the medical ethics committee of the
Second Hospital of Nanjing (2020-LS-ky014). Clinical positive samples
(throat swabs, n = 37; sputum, n = 20; anal swabs, n = 5) were from
patients with SARS-CoV-2-positive infection based on clinical symptoms
and signs, chest imaging, serological tests and epidemiological evidence.
In addition, clinical negative (throat swabs, n = 25) and interfering
samples (n = 85), viruses including those with adenovirus (ADV),
rhinovirus (HRV), respiratory syncytial virus (RSV), Epstein-Barr virus (EB),
cytomegalovirus (CMV), varicella-zoster virus (VZV), influenza A (H7N9)
virus (AIV-H7N9), hepatitis B virus (HBV), hepatitis C virus (HCV), human
immunodeficiency virus (HIV), New Bunia virus (SFTSV), and bacteria
including Mycobacterium tuberculosis (MTB) and nontuberculous myco-
bacteria (NTM), Klebsiella pneumoniae (KP), Acinetobacter baumannii
(ABA), Mycoplasma pneumoniae (MP), and Pseudomonas aeruginosa (PA)
were collected by the Second Hospital of Nanjing (Detailed information
were provided as shown in Tables S2 and S3).

2.3. Validation of the collected clinical samples

Clinical positive samples (throat swabs, sputum and anal swabs)
were first inactivated in a water bath at 56 °C for 30 min for biosecurity
reasons, and then nucleic acid extraction was performed on a fully
automatic nucleic acid extractor (Jiangsu perBiotechnology Co., Ltd.).
For sputum samples, equal volume of sputum digestive juice (0.78 g
NaCl and 0.1 g DTT in100 mL PBS) was added, working for 10-20 min to
liquefy sputum. For thick sputum, more DTT could be added as appro-
priate to make the sputum fully liquefied. Finally, RT-PCR assays for
SARS-CoV-2 were performed using a clinically validated kit approved by
the Chinese National Medical Products Administration, Food and Drug
Administration (FDA) and Conformite European certification (Sansure
Biotech, Changsha, China and BGI.Dx, Shenzhen, China) on an ABI-7500
Real-Time PCR System (Thermo Fisher Scientific, Carlsbad, CA) ac-
cording to the instructions, with Ct values below 40 considered positive.
Other interfering samples (ADV, HRV, RSV, EB, CMV, VZV, AIV-H7N9,
HBV, HCV, HIV, SFTSV, MTB, NTM, KP, ABA, MP and PA) were deter-
mined through laboratory standard testing and analysis methods.

2.4. Preparation of QDM-anti-FITC antibody conjugates

A QDM-anti-FITC antibody was fabricated based on procedures
described in previous literature, with slight modification. In brief, QDMg
(50 pL) were activated first in 1-(3-Dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (10 mg/mL) and N-Hydroxysuccinimide
(10 mg/mL) in 2-morpholinoethanethanesulfonic acid (MES) (100 pL,
0.01 M, pH = 6.0) at 37 °C with continuous shaking for 30 min. Then,
QDMs were separated by centrifugation, and the supernatant was dis-
carded. Afterward, they were dispersed in MES (100 pL, 0.02 M, pH =
7.2) to react with anti-FITC antibody (10 pg) for approximately 4 h at
room temperature. After that, the QDM-anti-FITC antibody conjugates
were blocked with 10% BSA PBS buffer solution (2 pL, 0.01 M, pH = 7.0)
at room temperature with gentle agitation for 20 min. After the end of
the blocking, the mixture was centrifuged at 10,000 rpm for 15 min, and
the precipitate was resuspended in phosphate buffer (100 pL, 10 mM PB,
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pH = 7.0) at 4 °C until use.
2.5. Fabrication of fluorescence immunochromatographic strips

Lateral flow biosensors were assembled using our group’s previous
work, with some modifications, as shown in Fig. 1B, C and S4. A
streptavidin (2.5 mg/mL) solution and rabbit anti-sheep IgG polyclonal
antibody (0.8 mg/mL) solution were sprayed on a nitrocellulose mem-
brane as the T-line and C-line, respectively. Each immunochromato-
graphic strip was cut into 5 mm wide sections using a cutting machine
(JinBio, Shanghai, China), followed by drying in a vacuum drying oven
at room temperature overnight.

2.6. RT-RAA and Cas13a cleavage reaction

CFNS assays were achieved using RT-RAA for preamplification of
viral RNA targets and Cas13a for the trans-cleavage assay. Additionally,
the detection results were obtained on a test strip and miniaturized
intelligent instrument. RT-RAA reactions were performed according to
the instructions of the RT-RAA nucleic acid amplification kit, with slight
modification. Firstly, each reaction containing RT-RAA buffer (6 pL),
reverse transcriptase (0.2 pL, 100,000 U/mL), forward and reverse
primers (0.5 pL), target RNA (1 pL) and magnesium acetate (2.5 pL) was
incubated in a conventional water bath at 39 °C for 25 min. Then, each
CRISPR/Casl13a cleavage assay consisting of RT-RAA product (1 pL), 10
x detection buffer (2 pL), sgRNA (1 pL, 10 ng/uL), Casl3a (2 pL), each
NTP (0.2 pL), ddH20 (4.6 pL), T7 RNA polymerase (New England Bio-
labs) (0.6 pL), RNase inhibitor (1 pL), magnesium chloride (6 pL, 20
mM) and reporter probe (1 pL, 20 pM) was also incubated in a con-
ventional water bath at 37 °C for 30 min. After that, PBS (72 pL, 0.01 M,
pH = 8.2) and QDM-anti-FITC antibody conjugates (8 pL) were added to
the abovementioned cleavage reaction tube and mixed. Finally, the
mixture was dropped on the assembled nucleic acid test strip, and the T/
C fluorescence ratio was read after 15 min using a miniaturized intelli-
gent fluorescence reader (Fig. 54).

2.7. Evaluation of diagnostic performance and clinical validation

First, the concentration of S gene RNA fragments transcribed in vitro
was determined by an ultramicro spectrophotometer (NanoDrop One,
Thermo Fisher, USA), and the copy number concentration was then
calculated based on the weight and length of the fragment. Serial di-
lutions with DEPC-treated water were used as templates. Note that to
test the accuracy and selectivity of our proposed detection strategy,
SARS-CoV-2 clinical samples and interference samples were also tested.
In addition, the Ct values of all clinical samples used in this study were
determined using real-time fluorescence quantitative PCR.

3. Results

3.1. Characterization of the QDMs and QDM-anti-FITC antibody
conjugates

First, high-resolution transmission electron microscopy (TEM, JEOL,
Japan) (Fig. 2A and B) images showed that multiple QDMs were suc-
cessfully encapsulated in the polymer shells and that the QDMs had a
relatively uniform size distribution with an average diameter of 100 nm.
Then, to characterize the coupling efficiency between QDMs and anti-
FITC antibodies, a laser particle size analyzer (Malvern, UK) and TEM
were utilized, as shown in Fig. 2C and D. The differences between the
edges of the QDMs before and after conjugation were observed by TEM
(Fig. 2C and D). As shown in Figs. S1A and S1B, changes in the average
hydrodynamic diameter and zeta potential between the QDMs and the
conjugated QDMs were observed. The hydrated particle size of antibody
coupled QDM increased, and the zeta potential on the surface of QDMs
decreased. The above results proved that the monoclonal antibody was
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Fig. 2. Verification of CFNS sensor detection performance. (A) SEM images of QDMs. (B) Size distribution histogram of the QDMs. (C) TEM image of the QDMs.
(D) TEM image of the QDMs conjugation with anti-FITC antibody. (E) SEM image of the nitrocellulose membrane surface after the modification of streptavidin as well
as the addition of 10'® Copies per ml SARS-CoV-2 RNA. (F) SEM image of the nitrocellulose membrane surface after the modification of streptavidin as well as the
addition of SARS-CoV-2 RNA (Ct = 26). (G) SEM image of the nitrocellulose membrane surface after the modification of streptavidin as well as the addition of SARS-
CoV-2 RNA (Ct = 34). (H) SEM image of the nitrocellulose membrane surface after the modification of streptavidin as well as the addition of SARS-CoV-2 negative

sample. Arrows indicate QDM-anti-FITC complexes.

successfully assembled on the surface of the QDMs. Additionally, the
emission fluorescence spectra of QDMs before and after coupling were
measured by a multilabel counter (Tecan, Switzerland), as shown in
Fig. S1C. Although the emission intensity of QDM-anti-FITC antibody
conjugates was slightly decreased compared with that of QDMs, it is still
believed that monoclonal antibody modification did not significantly
affect the fluorescence emission performance.

3.2. Development and verification of CFNS sensor

Under optimal experimental conditions, the RT-RAA products were
analyzed by 1.5% agarose gel and 2000bp DNA lane was used as marker.
The size of the specific band was 121 bp in Fig. S2A, which was
consistent with the expected target band size. This indicated that the
target RNA was successfully amplified by RT-RAA technology. In addi-
tion, after the amplified target RNA was cleaved by the Casl3a enzyme,
the cleavage products were analyzed by non-denaturing polyacrylamide
gel electrophoresis. Compared with those of the negative control group,
the RNA probes of the positive experimental group were cleaved, as
shown in Fig. S2B. This result further suggested that sgRNA could spe-
cifically recognize the target, thereby activating the “collateral cleav-
age” function of Casl3a.

According to the principle of the CFNS assays shown in Fig. 1A and B,
when the sample under detection contains SARS-CoV-2 nucleic acid,
Casl3a binds to the target nucleic acid in the presence of sgRNA and
activates the lateral cleavage activity to cleave RNA probes and sepa-
rates the biotin from FITC. As a result, biotin could not bind to FITC-

labeled microspheres after addition. In the capillary migration pro-
cess, the streptavidin on the T-line could not capture the anti-FITC
QDMg, while the rabbit anti-sheep IgG polyclonal antibody (secondary
antibody) on the C-line would combine with the anti-FITC QDMs to form
complexes. On the contrary, when the sample does not contain the target
nucleic acid, the RNA probes would not be cleaved, the anti-FITC QDMg
are first bound to the T-line and connected by the RNA probes. Then, the
remaining anti-FITC QDMg are combined with the C-line. Since the
content of anti-FITC QDMg is certain, there is competition between
them.

To directly observe the interaction between biotin after sgRNA and
Casl3a cleavage, anti-FITC QDMg and streptavidin on the T-line, the
reacted test strips were dried and imaged by scanning electron micro-
scopy (SEM, Hitachi, Japan). According to the previous literature, the
surface of the nitrocellulose membrane had a three-dimensional porous
network structure, which was convenient for more fully binding with the
reporter probe and QDM-anti-FITC complexes. Moreover, as shown in
Fig. 2E, F, 2G and 2H, as the number of target nucleic acid copies
decreased, more and more reporter probes and QDM-anti-FITC com-
plexes remained on the T-line, resulting in an enhancement of the
fluorescence intensity of the T-line and the increase of the T/C fluores-
cence ratio. The yellow arrow indicated QDM-anti-FITC complexes
(similar to spherical shape) in Fig. 2F, G, 2H. The direct observation
using SEM showed that the designed test strip has the potential for
quantitative SARS-CoV-2 detection.

In this study, we determined the analytical sensitivity of the CRISPR-
COVID detection method by performing serial dilutions at various
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concentrations. Fig. 3A listed the T/C ratios of standard positive RNA at
different concentrations from 10'° copies/mL to 1 copy/mL, repeated 5
times for each concentration. The results showed that the CFNS sensor
could reach the detection limit of 1 copy/mL according to the cut-off
value (0.91) of the proposed detection method. The determination of
the cut-off value was the mean and 3SD obtained by measuring 25
clinical negative samples. Additionally, the detection limit was also
proven by t-test: the p value between the T/C fluorescence ratio with the
standard positive RNA concentration of 1 copy/mL and those without
standard positive RNA was lower than 0.05. In addition, the standard
positive RNA of the same copy number was amplified by the RT-RAA
reaction and cut by Cas13a, and the color reaction was performed by
a commercial colloidal gold test strip. When the standard positive RNA
copy number was 10* copies per ml, compared with the negative con-
trol, no difference could be observed with the naked eye in Fig. S3.
Therefore, we proposed the fluorescence nucleic acid test strips based-
QDMs had better stronger signal-to-noise ratio, which could further
amplify the detection signal.

Biosensors and Bioelectronics 202 (2022) 113978
3.3. Evaluation of the specificity of CFNS sensors

To confirm the specificity of CFNS sensors in clinical samples, a large
number of human pathogens were tested, including (1) common viruses
of respiratory infections: ADV, HRV, RSV, EB, CMV, VZV, and AIV-H7N9;
(2) common bacteria of respiratory infections: MTB and NTM, KP, ABA,
MP, and PA; and (3) other viruses: HBV, HCV, HIV, and SFTSV. Based on
the detection of 85 interference samples during the experiment, a color
map was made by comparing the results obtained with those of positive
samples. The histogram on the right showed the change of color as the
T/C fluorescence ratio increased. As shown in Fig. 3B, except for the
SARS-CoV-2-positive clinical samples, all other pathogen samples were
above the detection threshold line, indicating that none of the above-
mentioned interfering samples triggered a false positive reaction. In
brief, the above experiments suggested that the CFNS sensor we pro-
posed has high specificity and anti-interference ability and could
distinguish SARS-CoV-2 from other pathogens of respiratory infections.
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Fig. 3. Evaluation of CFNS sensor detection of clinical samples. (A) Sensitivity analysis of the novel CFNS assay. (B) Specificity evaluation of the proposed CFNS
assay method. SARS-CoV-2; Healthy; NTM; MTB; VZV; HRV; RSV; SFTSV; AIV; MP; ADV; PA; ABA; CMV; EB; HCV; HBV; KP; HIV. (C) The correlation analysis of
SARS-CoV-2 detection results generated with CFNS assay method and commercial RT-PCR kit. The same sample detection Ct value of commercial RT-PCR kit and the
fluorescence ratio of the lateral flow strip were co-analyzed. (D) SARS-CoV-2 positive samples (n = 62) were confirmed through the commercial RT-PCR kit. (E)
SARS-CoV-2 positive samples (n = 62) were tested through our proposed CFNS assay method. (F) SARS-CoV-2 negative samples (n = 25) were detected through our
proposed CFNS assay method; SARS-COV-2 negative samples were previously determined through commercial RT-PCR kit. (G) Stability test of the CFNS assay in
SARS-CoV-2 positive samples at different storage times (1month, 2month, 3month). (H) Verify the stability of the proposed CFNS assay differences between batches

(1 batch, 2batch, 3batch) in SARS-CoV-2 positive samples.
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3.4. Diagnostic performance of CFNS sensor

After evaluating the analytical performance of the CFNS sensor, the
accuracy of the proposed SARS-CoV-2 testing technique in clinical ap-
plications was further evaluated. 62 clinically positive samples were
tested using the gold standard RT-PCR, and then these samples were also
tested using a CFNS sensor. Fig. 3C compared the detection results of
clinical positive samples measured by both RT-PCR and the CFNS sensor:
all the detection results were located around the line with r = 0.89 (p <
0.05), indicating the quantified signals at the T/C fluorescence ratio of
fluorescence test strips were well correlated with the Ct values from the
RT-PCR results.

Moreover, 87 clinical samples including 62 positive samples and 25
negative samples were tested by RT-PCR, and then these samples were
also tested by our proposed SARS-CoV-2 testing technique. As the gold
standard detection method for the detection of SARS-CoV-2, the RNA
extracted from clinical samples was tested in parallel using RT-PCR. A
blind taste tests our CFNS sensor could also correctly identify and
distinguish 62 positive samples and 25 negative samples in Fig. 3D, E,
3F. Compared with the RT-PCR results shown in Table 1, our proposed
CFNS sensor has 100% specificity and 100% sensitivity, and its kappa
value is 1.

Next, we performed stability test of the CFNS assay in SARS-CoV-2
positive samples at different storage times (1month, 2month, 3month).
As shown in Fig. 3G, these T/C fluorescence ratios were quite close
under the same SARS-CoV-2 concentration conditions. This result indi-
cated that the CFNS sensor we proposed could be maintained for 3
months at room temperature and proved that the CFNS assay method
had stable detection performance. Finally, to verify the stability of the
proposed CFENS test in different batches of strips, these calibrated clinical
positive samples were measured by 45 fluorescent test strips from three
batches. According to Fig. 3H, the T/C fluorescence ratios corresponding
to positive samples with different Ct values 10, 13, and 26, proved its
good stability and reproducibility.

4. Discussion

SARS-CoV-2 has ravaged the world for two years and shows no signs
of stopping, continuing to place a burden on human lives and the social
economy. A variety of laboratory tests based on virus characteristics
have been developed and applied in the hospitals, the CDC and the third-
party detection institutions. Currently, tests for COVID-19 divide into
two main categories: serological and molecular. The former is mainly
detected by immunological method of antigen and antibody, while the
latter is mainly detected by RT-PCR method of viral nucleic acid (Behera
et al., 2021). These methods play an important role in large-scale pop-
ulation screening, differential diagnosis of suspected cases, and evalu-
ation of the treatment effect of patients. Due to the sensitivity and
cross-reaction problems, serological tests can only be used as an auxil-
iary diagnostic means rather than directly for the diagnosis of virus
infection. Therefore, nucleic acid detection is still a preferred tactic for
SARS-CoV-2 testing, and many nucleic acid-based detection methods
have been developed. The American CDC and the European Union rec-
ommended the use of real-time quantitative PCR for nucleic acid
detection, because of its sensitivity and accuracy, it has become the
current mainstream nucleic acid detection method. However,

Table 1
Concordance between RT-PCR and our proposed CFNS assay method of SARS-
CoV-2 RNA among real clinical samples.

Methods RT-PCR Total Kappa
Positive Negative
CENS sensor Positive 62 0 62
Negative 0 25 25 1
Total 62 25 87
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considering the complexity of operation and the shortage of reagents,
new rapid and sensitive molecular diagnostic methods are still needed.

To achieve sensitive and simple molecular detection in any labora-
tory using ready-made chemical reagents and common equipment, the
introduction and availability of CRISPR-based detection technology
would accelerate the development of next-generation viral nucleic acid
detection technology (Wang et al., 2020f). Broughton et al. developed a
CRISPR/Cas12-based lateral flow assay combined with RT-LAMP for
detection of SARS-CoV-2 from respiratory swab RNA extracts
(Broughton et al., 2020). Fozouni et al. reported the development of an
amplification-free CRISPR/Casl3a assay for detecting SARS-CoV-2
directly from nasal swab RNA that can be read with a mobile phone
microscope (Fozouni et al., 2021). Zhang et al. combined the Specific
High-sensitivity Enzymatic Reporter unlocking (SHERLOCK) system
based on CRISPR/Cas13 with colloidal gold test strips recognized by the
naked eye for the first time to detect SARS-CoV-2 (Zhang et al., 2020).
Next, on the basis of the original detection technology, they further
increased the amount of initial RNA in the sample by adding magnetic
beads during nucleic acid extraction, thereby improving the detection
sensitivity. At the same time, the FDA urgently granted approval to the
Sherlock CRISPR SARS-CoV-2 kit, which is the first CRISPR
technology-based COVID-19 test approved by the FDA. Since then, an
increasing number of research groups have focused on the detection of
SARS-CoV-2 based on Cas12a/Cas13a detection technology, as shown in
Table 2. Ding et al. developed the All-In-One-Dual CRISPR/Casl2a
method to visually detect SARS-CoV-2 and verified its accuracy by
testing 28 clinical samples (Ding et al., 2020). Hou et al. established a
CRISPR/Cas13a-based isothermal diagnosis method for COVID-19 (Hou
et al., 2020b). Most of these methods use colloidal gold test strips for
naked-eye color reaction or fluorescence signal reading instruments to
collect and analyze fluorescent dyes on RNA/DNA probes.

The application potential of rapid diagnostic technology based on
CRISPR/Casl2a/13a is tremendous. With the emergence of quantum
dot nanomaterials and miniaturized intelligent sensors, their application
potential has increased. Nanomaterial contributes to developing sensi-
tive, rapid and effective diagnostics, providing a viable alternative to
RT-PCR for virus detection, which could play a role in a pandemic
(Kevadiya et al., 2021). QDMs have the advantages of narrow fluores-
cence emission spectrum, wide UV excitation, large molar extinction
coefficient, high quantum yield and photochemical stability as well as
they can be easily functionalized with a series of biological molecules,
which make them one of the ideal fluorescent markers (Bruchez et al.,
1998; Michalet et al., 2005; Resch-Genger et al., 2008). The combination
of QDMs and immunochromatographic test strip can amplify the
detectable signal increasing the sensitivity of immunochromatography.
In this article, we first extracted viral RNA with a magnetic bead
extraction kit in an automatic nucleic acid extraction instrument; then,
viral nucleic acids were amplified through RT-RAA and CRISPR/Cas13a
cleavage reactions. Second, QDM-anti-FITC antibody conjugates were
employed as fluorescent nanoprobes. Compared with ordinary colloidal
gold and the fluorescent dye FITC, our fluorescent probe has a higher
signal-to-noise ratio, which further amplifies the detection signal.
Finally, with a miniaturized intelligent fluorescence analyzer to collect
and analyze the amplified fluorescent signal, the detection of a single
copy of the SARS-CoV-2 nucleic acid could be achieved within 1 h.
Importantly, QDMs combined with RT-RAA and CRISPR/Casl3a
amplify the detection signal and improve analytical sensitivity with the
help of precise recognition of sgRNA and lateral cleavage activity of
Cas13a. We explored the analytical sensitivity by continuous dilution,
which could reach 1 copy per ml, and demonstrated that this method
could specifically distinguish SARS-CoV-2 from other pathogens. In the
whole experiment, apart from the extraction process, devices such as an
intelligent miniature testing instrument (~3000 RMB, <500 USD) and a
heater (~300 RMB, <50 USD) are still required. Compared to the so-
phisticated instruments required for RT-PCR and sequencing, the de-
vices we used were simple, inexpensive and easily available.
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Table 2
Comparison of the Proposed Sensor with the Reported Methods for SARS-CoV-2 RNA detection.
Detection device Amplification LOD Time Reference
Sensing principle
Amplification-free CRISPR/Cas13a Mobile phone microscope NO 100 copies/mL 30 min (Fozouni et al., 2021)
CRISPR/Cas13a test combines RT-RPA ABI-7500 Real-Time PCR System RT-RPA 7.5 copies/reaction 40 min Hou et al. (2020b)
Amplification-free nucleic acid immunoassay The supporting fluorescence analysis device NO 1000 TU/ml less than 1 h (Wang et al., 2020c)
All-In-One Dual CRISPR/Cas12a Naked eye under LED light RT-RPA 5 copies 20 min (Ding et al., 2020)
SHERLOCK assay using Cas13a CFX96 Touch Real-Time PCR System RT-RPA 42 copies/reaction 1h (Patchsung et al., 2020)
Cas12-based Lateral flow visual readout RT-LAMP 10 copies/ul less than 40 min (Broughton et al., 2020)
DETECTR
CRISPR/Cas12a-NER Naked eye readout RT-RAA 10 copies 45 min (Wang et al., 2020g)
Two-color RT-LAMP assay Plate scanner RT-LAMP Ct < 30 30min (Thi et al., 2020)
Single-tube assay based-Cas12a visualized using handheld UV lamp RT-LAMP 30 copies/uL 40 min (Pang et al., 2020)
Nanopore targeted sequencing Oxford Nanopore MinION or GridION RT-PCR 10 copies per reaction 6-10 h (Wang et al., 2020e)
Sensitive splint-based one-pot isothermal Hidex Sense 425-301 microplate reader NO 0.1 aM 30-50 min (Woo et al., 2020)
RNA detection
Our sensor Miniaturized smart device RT-RAA 1 copies/mL 40 min Zhang et al. (2020)

Nonetheless, our proposed technique still has a few drawbacks.
There are two main problems in our system at present. First, high-
throughput detection cannot be carried out. Second, nucleic acid
extraction, amplification and other steps cannot be integrated into the
detection. However, considering the cost effect and storage time, the
material cost for single detection of SARS-CoV-2 was less than 1.5 US
dollars; the storage period of fluorescent nanoprobes and nucleic acid
test strips could be maintained for at least 3 months at room tempera-
ture. Meanwhile, the simplicity and quickness of immunochromatog-
raphy made this assay has the potential to be used in point-of-care
detection. This finding showed that the CFNS assay method we proposed
was a competitive substitute not only in technology but also in economy
and practice, and it has the potential to be applied to point-of-care
testing through continuous optimization in the future.

5. Conclusion

In this work we demonstrated that the QDMs labeled with FITC-
antibody could act as a fluorescent signal that effectively detected
SARS-CoV-2, resulting in a fast, sensitive, and specific biosensor for
nucleic acid detection. The detection of different batches and placed for
different periods confirmed that the fluorescent strip had a certain sta-
bility and could be placed at room temperature for 3 months. Through
the detection of nucleic acids with different Ct values of RT-PCR, it is not
difficult to find that our assay has a linear relationship with the Ct values
measured by the gold standard, indicating that our detection system has
the potential of quantitative detection. Moreover, the detection of a
single copy of the SARS-CoV-2 nucleic acid could be achieved within 1 h
(the detection limit of the RT-qPCR cycle threshold of clinical samples is
up to 39). In summary, we successfully develop an immunochroma-
tography technique based on QDMs and CRISPR/Cas13a for the detec-
tion of SARS-CoV-2, which is fast, sensitive, and specific with no need for
complicated instruments as well as easy to operate.
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