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ABSTRACT: The outbreak of novel coronavirus SARS-CoV-2 has caused a worldwide threat to public health. COVID-19 patients
with SARS-CoV-2 infection can develop clinical symptoms that are often confused with the infections of other respiratory pathogens.
Sensitive and specific detection of SARS-CoV-2 with the ability to discriminate from other viruses is urgently needed for COVID-19
diagnosis. Herein, we streamlined a highly efficient CRISPR-Cas12a-based nucleic acid detection platform, termed Cas12a-linked
beam unlocking reaction (CALIBURN). We show that CALIBURN could detect SARS-CoV-2 and other coronaviruses and
influenza viruses with little cross-reactivity. Importantly, CALIBURN allowed accurate diagnosis of clinical samples with extremely
low viral loads, which is a major obstacle for the clinical applications of existing CRISPR diagnostic platforms. When tested on the
specimens from SARS-CoV-2-positive and negative donors, CALIBURN exhibited 73.0% positive and 19.0% presumptive positive
rates and 100% specificity. Moreover, unlike existing CRISPR detection methods that were mainly restricted to respiratory
specimens, CALIBURN displayed consistent performance across both respiratory and nonrespiratory specimens, suggesting its
broad specimen compatibility. Finally, using a mouse model of SARS-CoV-2 infection, we demonstrated that CALIBURN allowed
detection of coexisting pathogens without cross-reactivity from a single tissue specimen. Our results suggest that CALIBURN can
serve as a versatile platform for the diagnosis of COVID-19 and other respiratory infectious diseases.

Coronavirus disease 2019 (COVID-19)1,2 has become a
public health emergency of international concern3 since

late 2019. As of January 5, 2021, the World Health
Organization (WHO) has reported more than 84 million
cases of COVID-19 worldwide.3 Importantly, COVID-19
patients may have no evident clinical symptoms even when
diagnosed with advanced technologies such as chest computed
tomography (CT) or radiography.4,5 Furthermore, with cough
and fever being the most commonly recognized symptoms,6

COVID-19 can be confused with the infections of other
respiratory pathogens such as influenza viruses.7 Patients with
coinfecting SARS-CoV-2 and influenza viruses have also been
reported.8 The clinical complications of COVID-19 under-
score the importance of molecular diagnosis.

The pathogen that causes COVID-19 is a betacoronavirus,
known as severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2).9 Like other coronaviruses,10 SARS-CoV-2 is
single-stranded, positive-sense RNA virus. SARS-CoV-2 shares
79% and 50% nucleotide identity with SARS-CoV and Middle
East respiratory syndrome coronavirus (MERS-CoV), respec-
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tively.11,12 At present, reverse transcription PCR (RT-PCR)-
based technologies are the most widely used molecular
diagnosis methods for SARS-CoV-2.13,14 Genes E, N, and
ORF1ab of SARS-CoV-2 are commonly used targets for the
design of RT-PCR probes.15,16 High-throughput RT-PCR
platforms can be developed to facilitate large-scale17 or
pooled18 diagnosis.
Recent studies have highlighted clustered regularly inter-

spaced short palindromic repeats (CRISPR) as affordable and
field-deployable methods for the molecular diagnosis of viral
nucleic acids.19,20 CRISPR and CRISPR-associated genes
(Cas) are the bacterial immune system for defending viral
infections.21−23 The modular features make CRISPR a widely
used technology for genome engineering.24−28 CRISPR-based
nucleic acid detection such as SHERLOCK or DETECTR
relies on the RNA-20,29 or DNA-targeting30 activities of Cas
nucleases. Different CRISPR-Cas systems can be combined to
enable multiplexed viral detection.31 Specifically, CRISPR-
Cas12a-based methods have been harnessed for the rapid
detection of both nucleic acid30,32−34 and non-nucleic acid35,36

molecules. Cas12a-based detection technologies can facilitate
the diagnosis of emerging pathogens including African Swine
Fever virus (ASFV).37−40

During the outbreak of COVID-19, Cas12a-based SARS-
CoV-2 detection platforms have been developed.41−43

However, the efficiencies of CRISPR detection across different
respiratory pathogens have not been well characterized. In
addition, the effects of specimen types on detection are poorly
understood. In the present study, we developed a CRISPR-
Cas12a-based nucleic acid detection platform, which we
termed Cas12a-linked beam unlocking reaction (CALIBURN),
for the sensitive and specific detection of respiratory pathogens
including SARS-CoV-2. We evaluated the performance of
CALIBURN on SARS-CoV-2 and other coronaviruses and
influenza viruses with the consideration of specimen types.
Moreover, we investigated the ability of CALIBURN for the

parallel detection of multiple pathogens from tissue samples of
the SARS-CoV-2 mouse model.

■ RESULTS AND DISCUSSION

General Procedure of CALIBURN. The general procedure
of CALIBURN is shown in Figure 1a. Briefly, clinical samples
are inactivated and then extracted for viral RNA. The RNA is
reverse transcribed (RT) and then amplified by recombinase
polymerase amplification (RPA) into double-stranded DNA
(dsDNA).44 The RT-RPA products are subjected to Cas12a
cleavage reaction where CRISPR RNA (crRNA) guides the
nuclease to bind to the amplified dsDNA, unleashing its
indiscriminate single-stranded DNA (ssDNA) cleavage activity.
Cleavage of the ssDNA reporter by the collateral activity of
Cas12a unlocks the fluorescence of uncoupled fluorophore.
CALIBURN is different from previous CRISPR-based nucleic
acid detection platforms with three major improvements: first,
RT-RPA primers are optimized by determining their
efficiencies in generating RT-RPA product that yields optimal
fluorescence signal during Cas12a cleavage of ssDNA reporter;
second, selected RT-RPA primers and crRNA probes are
examined for their mutual specificity on the target pathogen
and other pathogens to ensure the orthogonality of the
reaction; third, the readout of CALIBURN is determined as
fluorescence intensity and reported positive or negative
according to threshold signal.

Normalizing the Efficiency of CALIBURN by the
Active Units of Purified Cas12a Proteins. We first
investigated the effects of Cas12a protein quality on the
efficiency of CALIBURN. We purified three batches of Cas12a
proteins with different procedures. These proteins had
homogeneity of more than 90% and different values of
OD260 over OD280 (Figure S1A). Using a dsDNA substrate as
the mimic for reverse transcribed ORF1ab gene of SARS-CoV-
2, we found that CALIBURN with equal molar concentrations
of different Cas12a preparations yielded notably different
fluorescence signal (Figure S1B). To normalize the Cas12a

Figure 1. Specific detection of SARS-CoV-2, IAV, and IBV. (A) Schematic illustration of CALIBURN and coupled RT-RPA reaction. F,
fluorophore. Q, quencher. (B) Investigation of the specificity of CALIBURN on each pathogen. For each virus, 5 μL of the extracted nucleic acids is
added to each reaction without dilution. The viral copies are in the range of 106−107 per reaction for different viruses. The RT-RPA primers are
SARSCoV2-S-FWD-1/SARSCoV2-S-REV-1 for SARS-CoV-2, IAV-M-FWD/IAV-M-REV for IAV, and IBV-HA-FWD/IBV-HA-REV for IBV,
respectively (Table S1). The crRNA probes are SARSCoV2-S-crRNA2 for SARS-CoV-2, IAV-M-crRNA3 for IAV, and IBV-HA-crRNA4 for IBV,
respectively (Table S2). The data from three biological replicates are shown as mean ± SD.
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activity in CALIBURN, we used an in vitro cleavage (IVC)
assay to determine the active units of purified Cas12a proteins
(Figure S1C). One activity unit of Cas12a was defined as the
amount of proteins required to completely cleave 1 pmol
dsDNA within 1 h in a 20 μL reaction at 37 °C. Detection of
ORF1ab dsDNA by CALIBURN with 0.07 units of Cas12a
from different preparations resulted in similar fluorescence
without significant difference (Figure S1D), thereby justifying
the use of Cas12a active unit for subsequent experiments.
Analyses of Experimental Factors Affecting the

Efficiency of CALIBURN. To optimize CALIBURN, we
examined the effects of dsDNA substrate, reaction time, and
Cas12a concentration on the fluorescence signal. These
experiments were carried out using ORF1ab dsDNA substrate
and all three preparations of Cas12a proteins. Under fixed
incubation time of 120 min and Cas12a concentration of 0.05
units, the fluorescence of CALIBURN displayed an S-shape
curve against dsDNA concentration, with the plateau achieved
at approximately 1 nM (Figure S2A). When Cas12a and
dsDNA are fixed to 0.05 units and 1 nM, respectively, the
fluorescence of CALIBURN exhibited time-dependent pro-

gression within the monitored time course of 120 min (Figure
S2B). Under 1 nM dsDNA and 120 min incubation time, the
CALIBURN fluorescence displayed a bell-shaped curve when
Cas12a protein ranged from 0.01 units to 0.3 units, with a peak
signal at 0.07 units (Figure S2C). Interestingly, a previous
study also reported the inhibition of activated fluorescence at
high Cas12a concentration.37 To confirm that the inhibited
CALIBURN fluorescence was due to excess ratio of Cas12a
over dsDNA substrate, we performed another assay where the
ratio of dsDNA substrate over Cas12a, rather than the absolute
dsDNA concentration, was kept constant. Under this
condition, the fluorescence increased with the increasing
amount of Cas12a and dsDNA (Figure S2D). These results
suggested that excess Cas12a could inhibit CALIBURN
fluorescence given limited dsDNA substrate. It was noted
that the three Cas12a protein preparations exhibited similar
performance with the above assays. Based on these results, all
the subsequent CALIBURN experiments were performed with
0.05 units of Cas12a and monitored over a course of 120 min.

Screening RT-RPA Primers and crRNA Probes for
SARS-CoV-2 Detection. Because the subgenomic RNA

Figure 2. LODs of different methods on detecting laboratory strains of SARS-CoV-2, IAV, and IBV. (A) RT-PCR. Positive signal is determined by
valid Ct values. (B) CALIBURN. Viral RNA of indicated copies is added to 5 μL RT-RPA reactions and the reaction product is directly transferred
to Cas12a reaction with a final volume of 20 μL. The threshold of positive signal is set as the mean plus 3-fold standard deviation (mean+3σ) of the
mock sample. (C) Fluorescent RT-RPA alone without CALIBURN reaction for detection of SARS-CoV-2. Arrows denote LOD, as defined by the
lowest input viral copies resulting in positive signal readouts with more than 95% confidence. The data are shown as mean ± SD (n = 3). The RT-
RPA primers and crRNA probes are identical to those in Figure 1.
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profile of SARS-CoV-2 is complex,45 we screened RT-RPA
primers for ORF1ab, S, E, M, and N genes to identify genomic
sites that could be efficiently reverse transcribed and amplified
into dsDNA for Cas12a targeting. For each gene target, we
designed four forward and four reverse primers and examined
all 16 combinations for RT-RPA reaction (Figure S3A and
Table S1). Importantly, the RT-RPA products of each gene
target were quantified by CALIBURN using a constant crRNA
such that the efficiency of RT-RPA primers could be directly
coupled with CALIBURN signal readout. It was found that
different primer combinations exhibited distinct efficiencies
across different gene targets or within each gene target (Figure
S3B). It was noted that for certain gene targets such as gene N
all primer combinations resulted in relatively high fluorescence
signal, while other gene targets such as S and M contained only
a couple of primer combinations that yielded a strong
fluorescence signal (Figure S3B).
To screen for optimum crRNA for SARS-CoV-2 detection,

each gene target was amplified with the RT-RPA primers as
described above and then subjected to CALIBURN with
different crRNA probes. Four crRNA probes were designed
and examined for each site. Similar to the RT-RPA primers,
these probes exhibited distinct efficiencies across different gene
targets or within each gene target (Figure S4A). Likewise,
screening on influenza A virus (IAV) M gene (Figure S4B) and
influenza B viruses (IBV) HA gene (Figure S4C) identified
optimum crRNA sequences. Interestingly, it was found that
IBV crRNA3 could specifically detect Yamagata strain of IBV
(Figure S4C).
Specific and Sensitive Detection of Coronaviruses

and Influenza Viruses Using CALIBURN. In order to
investigate the specificity of CALIBURN, we collected the
nucleic acid samples of a series of laboratory strains of
coronaviruses and influenza viruses. It was found that the
SARS-CoV-2 probe specifically detected SARS-CoV-2 nucleic
acids but not other coronaviruses or influenza viruses (Figure
1A). A universal IAV crRNA probe discriminated IAV strains
H1N1, H3N2, and H9N2 from coronaviruses and IBVs
(Figure 1A). Similarly, IBV strains Yamagata and Victoria

could be detected by a universal IBV crRNA probe (Figure
1B). Notably, the optimum combinations of RT-RPA primers
and crRNA probes for SARS-CoV-2, IAV, and IBV resulted in
fluorescence of comparable level.
We next determined the limit of detection (LOD), defined

by the lowest input viral copies resulting in positive signal
readouts with more than 95% confidence, of CALIBURN in
comparison with reverse transcription PCR (RT-PCR). It was
found that the LODs of RT-PCR on the selected gene targets
of SARS-CoV-2, IAV, or IBV were in the range 3−12 viral
copies per reaction (Figure 2A). In contrast, CALIBURN
exhibited LODs of less than 5 viral copies per reaction for the
examined viruses (Figure 2B), by comparing the signals under
each condition to the threshold of positive signal which was
equivalent to the mean plus 3-fold standard deviation (mean
+3σ) of the mock sample. In addition, it was found that
fluorescent RT-RPA, without coupled CALIBURN reaction,
could detect SARS-CoV-2 with viral copies of 15 or above
(Figure 2C). Despite a limited number of tested gene targets,
our results indicated that CALIBURN could be leveraged to
achieve a sensitivity similar to the conventional RT-PCR or
RT-RPA. Importantly, the similar LODs of CALIBURN on
detecting SARS-CoV-2, IAV, and IBV could minimize false
negative reports that resulted from the differential sensitivity.

CALIBURN Detection of Respiratory Pathogens in
Respiratory and Nonrespiratory Specimens. To inves-
tigate the compatibility of CALIBURN with different specimen
types, we collected 63 SARS-CoV-2 specimens from 6 different
forms of preparations including nasal swab, oropharyngeal
swab, anal swab, sputum, stool, and sputum supernatant
(Figure 3A). The nucleic acid samples were subjected to
CALIBURN as described above. For interpretation of the
results, the background fluorescence of CALIBURN was
subtracted from each sample, and the calibrated data were
normalized to that of the mock group, which contains the
nucleic acid samples from SARS-CoV-2-negative patients. The
threshold for positive signals was set as the mean value plus 3-
fold standard deviation (mean+3σ) of the mock. Under these
criteria, CALIBURN reported 73.0% (46/63) positive, 19.0%

Figure 3. Sensitivity and specificity of CALIBURN for SARS-CoV-2 detection. (A) Types of specimens. (B) Sensitivity of CALIBURN. Positive
groups are defined as those with all three CALIBURN replicates reporting a positive signal. Presumptive positive groups are defined as those with
one or two CALIBURN replicates reporting a positive signal. False negative groups are defined as those with no CALIBURN replicates reporting a
positive signal. (C) Composition of specimen types in the positive, presumptive positive, and false negative groups. (D) Specificity of CALIBURN.
The RT-RPA primers and crRNA probes for SARS-CoV-2 are identical to those in Figure 1.
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(12/63) presumptive positive where one or two replicates of
the samples were above the threshold, and 7.9% (5/63) false
negative rates (Figure 3B and Figure S5A). This result is
generally consistent with that in a previous study of Cas12a-
based SARS-CoV-2 detection.42 In comparison, conventional
RT-PCR reported 92.1% positive and 7.9% presumptive
positive rates (Figure S5B). The fluorescence signal of
CALIBURN was found to be negatively correlated with the
Ct values of RT-PCR (Figure S5A,B). Importantly, a
considerable fraction of the samples with low viral loads, as
defined by Ct values of greater than 35, could be accurately
diagnosed as presumptive positive (Figure S5A,B). By contrast,
previous CRISPR detection studies reported very limited
number of cases on SARS-CoV-2 samples with high Ct
values.42

Further analyses of the positive, presumptive positive, and
false negative groups as reported by CALIBURN revealed that
the compositions of specimen types in the positive and
presumptive positive groups (Figure 3C) were generally
consistent with the overall composition of specimen types
(Figure 3A). This indicated that specimen types did not have a
major impact on the outcome of CALIBURN though tests on
more specimens were necessary to draw a thorough
conclusion. To determine the specificity of CALIBURN, we
examined 57 oropharyngeal samples from SARS-CoV-2-
negative donors and found that none was tested positive by
CALIBURN, thus defining a specificity of 100% (Figure 3D
and Figure S5C). Similar to the results with SARS-CoV-2,
CALIBURN could detect IAV or IBV in oropharyngeal
specimens collected from IAV- or IBV-confirmed patients,
respectively (Figure S6A,B).
Detection of Coexisting Pathogens in SARS-CoV-2

Mouse Model. It has been reported that SARS-CoV-2
patients could be coinfected with other respiratory pathogens.8

Due to the limited clinical samples with coexisting pathogens,
we used a recently described SARS-CoV-2 mouse model46 to
evaluate CALIBURN for the parallel detection of multiple
pathogens in a single tissue specimen. In this model, an

engineered adenovirus serotype 5 (Ad5) carrying human
angiotensin-converting enzyme 2 (hACE2) was intranasally
administrated to BALB/c mice to support the following SARS-
CoV-2 infection. At day 5 post Ad5-hACE2 infection, SARS-
CoV-2 was intranasally administrated. Mouse lung tissues were
collected at day 1 to day 7 after SARS-CoV-2 infection and
then homogenized (Figure 4A). Live SARS-CoV-2 in the lung
homogenate was quantified using focus formation assay
(Figure 4B), and it was found that the viral loads decreased
during the monitored time course (Figure 4B). Viral RNA was
extracted from lung homogenate to detect SARS-CoV-2
genome RNA and Ad5 RNA transcripts. RT-PCR suggested
a peak of SARS-CoV-2 viral loads at day 2 post-inoculation
(Figure 4C). CALIBURN detection revealed time-dependent
SARS-CoV-2 viral loads that resembled those of FFU scores
and RT-PCR quantification (Figure 4D). To detect Ad5 RNA
transcript, we designed several crRNA targeted to the viral
capsid protein-encoding gene L3 and identified that crRNA2
exhibited optimum efficiency (Figure S7). CALIBURN
detection of Ad5 in the lung homogenate revealed a persistent
presence of L3 transcripts with notable variations between
samples within the same time points (Figure 4e). These results
collectively demonstrated that CALIBURN could sensitively
and specifically detect SARS-CoV-2 and Ad5 in parallel.

■ DISCUSSION

The emerging CRISPR-based nucleic acid diagnostics have
many advantages over conventional technologies, including
mild reaction conditions, rapid turnover time, single-nucleotide
resolution, and broad compatibility with downstream signal
readout. These advantages render CRISPR diagnostics the
ideal choice for point-of-care testing (POCT) of infectious
diseases. In the case of COVID-19, the pandemic has caused a
rapidly increasing burden to the conventional clinical
diagnostic laboratories. POCT using CRISPR diagnostics
may provide a compelling solution to the unmet medical
need and help establish airport, community, or even home-
based diagnostic strategies for COVID-19.

Figure 4. CALIBURN detection of multiple pathogens in SARS-CoV-2 mouse model. (A) Flowchart showing experimental design. (B) Focus
forming assay to determine SARS-CoV-2 titers at different time points. LOD, limit of detection. (C) RT-PCR quantification of SARS-CoV-2 viral
loads. (D,E) CALIBURN detection of SARS-CoV-2 (D) and Ad5 transcript (E). For the data in C−E, the results from three biological replicates of
infection are shown as mean ± SD (n = 3). Each data point represents the mean value of three replicates of detection. The RT-RPA primers and
crRNA probes for SARS-CoV-2 are identical to those in Figure 1.
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CRISPR-based detection of SARS-CoV-2 has been shown in
several proof-of-concept studies.41−43,47 These studies, how-
ever, reported very few cases of detection of SARS-CoV-2
samples with high Ct values. This limitation hampers the
widespread application of the CRISPR detection platforms on
COVID-19 diagnosis. In the present study, we developed a
streamlined nucleic acid detection platform CALIBURN.
Unlike other CRISPR detection reaction, the amount of Cas
nuclease in the CALIBURN reaction is determined using
active units of the proteins. Additionally, we found that excess
Cas12a protein over dsDNA substrate could compromise the
detection efficiency of CALIBURN. These results suggest that
purification of highly active Cas12a proteins is critical to the
success of CALIBURN detection. Despite the unclear
mechanism of inhibited CALIBURN signal, this observation
also indicates that the same formulation of CALIBURN may
have drastic performance in detecting clinical samples with
high and low viral loads. Importantly, under optimized reaction
conditions CALIBURN could successfully detect a large
fraction of specimens with low viral loads, thus paving the
way to the clinical applications of CRISPR-based pathogen
diagnosis.
Another interesting finding was that RT-RPA primers and

crRNA probes had unexpectedly large variations in generating
a CALIBURN signal. These variations could result from the
intrinsic difference in the amplification efficiency of primers or
substrate binding efficiency of crRNA. The poorly understood
relationship between RT-RPA primer or crRNA sequences and
detection efficiency requires that the optimal sequences must
be experimentally determined. Importantly, in the current
study we identified optimal RT-RPA primers by determining
the amplification product that yields maximum CALIBURN
fluorescence signal. It has to be noted that the RT-RPA
primers and crRNA probes in the present study do not reflect
an exhaustive list, and more thorough analyses may be required
for commercialization purposes. Engineered Cas variants with
altered or broadened protospacer adjacent motif (PAM)
sequences may also facilitate the design of RT-RPA primers
and crRNA probes.
Furthermore, another advantage of the present study over

previous studies lies in the comparative analyses of
CALIBURN for detecting SARS-CoV-2 and influenza viruses.
We showed that CALIBURN could be leveraged to
discriminate SARS-CoV-2, IAV, and IBV from each other
and even between the subtypes within each virus. Importantly,
unlike previous studies that were primarily focused on SARS-
CoV-2, we showed herein that CALIBURN could sensitively
detect not only SARS-CoV-2 but also IAV and IBV with LODs
similar to or better than conventional RT-PCR. The finding
that CALIBURN exhibited LODs of single-digit viral copies for
all examined pathogens is critical for the clinical applications of
CALIBURN when parallel diagnosis of respiratory viruses is
needed. Under clinical settings, CALIBURN can be combined
with fluorescence-enabling POCT device or lateral flow31 for
field visualization. In addition, by using the threshold
fluorescence signal as reference, CALIBURN allowed
quantitative or semiquantitative detection of each pathogen,
thus avoiding high rates of false positive or false negative
reports. It has been documented that a recently approved
CRISPR detection kit with FDA emergency use authorization
(EUA) adapts a similar strategy of threshold signal.48

Most importantly, our study investigated the effects of
specimen types on detection and concluded that CALIBURN

was broadly compatible with specimens from different
preparations. The FDA EUA CRISPR kit is designed to detect
SARS-CoV-2 in upper respiratory specimens.49 Our results
suggest that it would be appropriate to extend the use of
CRISPR diagnosis to other specimen types including non-
respiratory specimens. However, it must be cautioned that
different types of specimens may have distinct viral loads that
can affect the diagnostic outcome. One unaddressed issue in
our study is the procedure of nucleic acid extraction. It remains
unclear whether different reagents or procedures during
nucleic acid extraction could affect the detection efficiency of
CALIBURN.
It has been known that SARS-CoV-2 infection in human can

occur simultaneously with other respiratory viruses such as
influenza viruses. To examine whether CALIBURN could be
leveraged for the parallel detection of multiple pathogens in a
single specimen, we adopted a reported SARS-CoV-2 mouse
model where SARS-CoV-2 infection was enabled by the
expression of Ad5-delivered ACE2 protein. The genome of
Ad5 persists in host cells and is actively transcribed into viral
RNA.50,51 Indeed, we showed that CALIBURN could readily
detect both the RNA transcript of Ad5 and the genomic RNA
of SARS-CoV-2 in the mouse lung tissues. The consistent
results of FFA, RT-PCR, and CALIBURN for SARS-CoV-2
quantification highlight the potential of CALIBURN as a viable
technology for monitoring the in vivo dynamics of SARS-CoV-
2. To the best of our knowledge, our study represents the first
CRISPR-based detection of SARS-CoV-2 infection in an
animal model.

■ METHODS
Collection of Samples and Ethics Statement. A total of 63

SARS-CoV-2 samples including nasal swab, oropharyngeal swab, anal
swab, sputum, stool, and sputum supernatant specimens were
obtained from 18 laboratory-confirmed COVID-19 patients during
hospitalization. SARS-CoV-2 samples were collected by The First
Affiliated Hospital of Guangzhou Medical University with the consent
from patients and approved by the Ethics Committee of the hospital.
IAV, IBV and negative samples were collected by Ruijin Hospital with
approval from the Ethics Committees of Ruijin Hospital. The project
design was approved by the Ethics Committees of ShanghaiTech
University.

Preparation of Clinical Samples. SARS-CoV-2 samples were
prepared as follows. For nasal, oropharyngeal, and anal swabs, 3 mL of
viral transport medium (DMEM containing 2% bovine serum
albumin, 15 μg/mL amphotericin, 100 units/mL penicillin G, and
100 μg/mL streptomycin) was added to each collection tube, then
vortexed at 2500 rpm for 15 to 30 s, kept at RT for 15 to 30 min, and
the supernatant collected. For stool specimens, an equal volume of
viral transport medium was added into each tube, then vortexed at
2500 rpm for 15 to 30 s, and the supernatant collected. For sputum
supernatant specimens, 1 to 4 volumes of phosphate buffered saline
with 0.25 mM ethylenediaminetetraacetic acid (EDTA) was added to
each tube, then vortexed at 2500 rpm for 15 to 30 s, and the
supernatant collected. For sputum specimens, an equal volume of 2%
dithiothreitol (DTT) was added to the sputum precipitates, then
vortexed at 2500 rpm for 15 to 30 s, and the supernatant collected. All
the supernatant was transferred to lysis buffer for RNA extraction.
IAV, IBV, and negative samples were extracted using TIANamp Virus
DNA/RNA Kit (DP315, TIANGEN, Beijing, China) according to the
manufacturer’s instructions. The mock samples used for each
pathogen were collected from patients free of the corresponding
pathogens that contained relatively high concentration of nucleic
acids, which were expected to give a high level of nonspecific signals.

Expression and Purification of Cas12a. The expression and
purification of Cas12a were performed as previously described with
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modifications. Codon optimized gene encoding Cas12a protein from
Lachnospiraceae bacterium ND2006 (LbCas12a) was cloned into
pET28a vector to enable inducible protein expression under the
control of T7 promoter. A 6 × His-tag was added to the C-terminus
of LbCas12a with a TEV protease cleavage site inserted in between.
The recombinant plasmid, referred to as pET28a-LbCas12a, was
transformed into Escherichia coli BL21 (DE3). The next day a single
colony was picked and cultured in Luria−Bertani (LB) broth
supplemented with 50 μg/mL kanamycin at 37 °C with shaking. At
an OD600 of 0.8, 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG)
was added into the culture and protein expression was induced at 37
°C for 4 h. Cells were harvested by centrifugation at 5000 g for 10 min
at 4 °C.
Collected cells are resuspended in lysis buffer containing 20 mM

Tris-HCl, pH 8.0, 500 mM NaCl, 10% (v/v) glycerol, and 0.5 mM
phenylmethylsulfonyl fluoride (PMSF). Expressed Cas12a protein
was purified using Ni-NTA resin (Qiagen, Shanghai, China). Further
purification was performed using fast protein liquid chromatography
(FPLC) with Superdex200 filtration column (GE Healthcare Life
Sciences, Connecticut, USA). Purified proteins were concentrated,
exchanged to storage buffer containing 20 mM Tris-HCl, pH 7.5, 500
mM NaCl, 10% (v/v) glycerol, and 2 mM dithiolthreitol (DTT);
aliquoted; and stored at −80 °C. Protein concentration was
determined using BCA Protein Assay Kit (Thermo Fisher Scientific,
Massachusetts, USA).
Preparation of crRNA and DNA Substrate. crRNA probes

were synthesized by GenScript Biotech (Nanjing, Jiangsu, China).
The DNA encoding the ORF1ab gene of SARS-CoV-2, M gene of
IAV, and HA gene of IBV was synthesized by TSINGKE Biological
Technology (Shanghai, China) and cloned into a pUC57 vector. The
DNA substrate of Cas12a was prepared by PCR amplification using
RT-RPA primers.
Isothermal Amplification. Isothermal amplification was per-

formed using a commercial RT-RPA kit (Qitian Gene Biotech, Wuxi,
Jiangsu, China) according to the manufacturer’s instructions. Briefly, a
50 μL reaction containing 20 mM Tris-HCl, pH 7.0, 200 mM sodium
acetate, 10 mM DTT, 10 mM adenosine triphosphate, 500 μM
deoxyribonucleoside triphosphate, 10 mM creatine phosphate
disodium salt, 100 mM creatine kinase, 10% (v/v) trehalose, 50
ng/L mannitol, 200 ng/μL single-stranded DNA-binding protein, 500
ng/μL recombinase RecA, 400 ng/μL DNA polymerase, 20 U reverse
transcriptase, 4% (v/v) polyethylene glycol, 5 μL laboratory or clinical
samples, 0.4 μM each of forward and reverse RT-RPA primers (Table
S2), and 14 mM magnesium acetate was incubated at 42 °C for 30
min. Fluorescent RT-RPA was performed as described above with an
additional 50 ng/μL exonuclease, and the products were detected
with 50 nM Taqman probe (Table S2). The signal of fluorescent RT-
RPA was detected by SpectraMax iD3Multi-Mode Microplate Reader
(Molecular Devices, San Jose, USA) with an excitation wavelength of
485 nm and an emission wavelength of 520 nm.
RT-PCR. RNA samples of 2 μL were used for the reverse

transcription reaction using PrimeScript RT reagent Kit (TaKaRa,
Japan). PCR primers were designed according to WHO52 or Chinese
CDC’s instructions53 and are listed in Table S3. The RT-PCR was
performed in a 10 μL reaction containing 5 μL of PowerUp SYBR
Green Master Mix (Applied Biosystems, USA), 0.5 μL of each
forward and reverse primers with a stock concentration of 10 μM, and
0.5 μL of reverse transcribed cDNA products. The reaction was
incubated on QuantStudio 6 Flex System thermocycler (Applied
Biosystems, USA) using the following cycling conditions: 50 °C for 2
min, 95 °C for 2 min, and 40 cycles of 95 °C denaturation for 15 s
and 60 °C annealing extension for 1 min. Fluorescence signal was
collected at the 60 °C annealing extension step in each cycle.
Cas12a-Linked Beam Unlocking Reaction (CALIBURN).

Unless otherwise noted, CALIBURN was performed in a 20 μL
reaction containing 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM
MgCl2, 100 μg/mL bovine serum albumin (BSA), 0.05 unit of
purified LbCas12a, 1.25 μM ssDNA-FAM/BQ1 probe (General
Biosystems, Chuzhou, Anhui, China), 100 nM crRNA, and 5 μL RT-
RPA reaction products or dsDNA substrate of indicated amount. The

reaction was incubated at 37 °C and monitored over a course of 120
min. The end points of the reaction for detection applications were
set at 30 min unless noted otherwise. The fluorescence signal was
detected by SpectraMax iD3Multi-Mode Microplate Reader (Molec-
ular Devices, San Jose, USA) with an excitation wavelength of 485 nm
and an emission wavelength of 520 nm.

Mouse Model of SARS-CoV-2. The SARS-CoV-2 virus used in
this study was isolated from a COVID-19 patient in Guangzhou
(Accession numbers: MT123290) and passaged on African Green
monkey kidney-derived Vero E6 cells. Vero E6 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Thermo, Waltham,
USA) supplemented with 10% fetal bovine serum (FBS; Thermo,
Waltham, USA).

Specific pathogen-free BALB/c mice of 6−8 weeks old were
purchased from Hunan SJA Laboratory Animal Co. (Hunan, China)
and maintained in the Animal Care Facilities at the Guangzhou
Medical University. For SARS-CoV-2 infection model, mice were
lightly anesthetized with isoflurane and transduced intranasally with
2.5 × 108 focus forming units (FFU) of human serotype 5 adenoviral
vector (Ad5) expressing human ACE2 under the control of the CMV
promoter (Ad5-hACE2) or empty Ad5 vector (Ad5-Empty)50,51 in 75
μL DMEM. At day 5 post Ad5-hACE2 transduction, mice were
infected intranasally with 1 × 105 plaque forming units (PFU) of
SARS-CoV-2 in a total volume of 50 μL DMEM. Mice were
monitored and weighed daily. All work with SARS-CoV-2 was
conducted in the Biosafety Level 3 (BSL3) Laboratories of
Guangzhou Customs District Technology Center. All protocols
were approved by the Institutional Animal Care and Use Committees
of the Guangzhou Medical University.

Focus Forming Assay (FFA). SARS-CoV-2 virus was titrated
using FFA as a high-throughput assay. Briefly, Vero E6 cells were
seeded in 96-well plates 1 day before infection. Virus culture or lung
homogenate was serially diluted and used to inoculate Vero E6 cells at
37 °C for 1 h. Virus-containing medium was then removed, and 125
μL of 1.6% prewarmed carboxymethylcellulose was added to each
well. After 24 h after inoculation, cells were fixed with 4%
paraformaldehyde and permeabilized with 0.2% Triton X-100. Cells
were then incubated with a rabbit anti-SARS-CoV-2 nucleocapsid
protein polyclonal antibody (Cat. No.: 40143-T62, Sino Biological,
Inc. Beijing), followed by an HRP-labeled goat anti-rabbit secondary
antibody (Cat. No.: 109-035-088, Jackson ImmunoResearch Labo-
ratories, Inc. West Grove, PA). The foci were visualized by TrueBlue
Peroxidase Substrate (KPL, Gaithersburg, MD) and counted with an
ELISPOT reader (Cellular Technology Ltd. Cleveland, OH). Viral
titers were calculated as FFU per mL or per gram tissue.

Statistical Analyses. All data are the results from at least three
biological replicates and are shown as mean ± SD. Statistical analyses
were performed with one-way ANOVA with Tukey’s multiple
comparisons test or two-way ANOVA with Dunnett’s multiple
comparisons test unless otherwise noted.
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