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ABSTRACT: We herein developed an ultrasensitive and rapid
strategy to identify genomic nucleic acids by integrating a clustered
regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 13a (Cas13a) into our recently
developed isothermal technique, nicking and extension chain
reaction system-based amplification (NESBA) reaction. In this
technique, named CESBA, the NESBA reaction isothermally
produces a large amount of RNA amplicons from the initial target
genomic RNA (gRNA). The RNA amplicons bind to the crispr
RNA (crRNA) and activate the collateral cleavage activity of
Cas13a, which would then cleave the reporter probe nearby,
consequently producing the final signals. Based on this design
principle, we successfully detected SARS-CoV-2 gRNA as a model target very sensitively down to even a single copy (0.05 copies/
μL) in both fluorescence- and lateral flow assay (LFA)-based modes with excellent specificity against other human coronaviruses (H-
CoVs). We further validated the clinical applicability of CESBA by testing the 20 clinical samples with 100% clinical sensitivity and
specificity. This work represents a potent and innovative strategy for the identification of genomic nucleic acids in molecular
diagnostics, delivering exceptional levels of sensitivity.
KEYWORDS: isothermal amplification, NESBA, CRISPR/Cas13a, lateral flow assay, COVID-19, SARS-CoV-2

Throughout human history, the detection and identification of
infectious pathogens, including viruses and bacteria, have played
a pivotal role in public health and medicine.1−3 The ability to
rapidly and accurately identify these microorganisms has been
instrumental in controlling epidemics and pandemics, prevent-
ing the spread of diseases, and saving countless lives.4,5 The
recent COVID-19 pandemic has highlighted the critical
importance of molecular diagnostics in the battle against
infectious diseases, underscoring the need for innovative and
efficient techniques to identify the nucleic acids of the
pathogens.6,7

Quantitative polymerase chain reaction (qPCR) is the current
gold standard for nucleic acid detection, providing high clinical
sensitivity and specificity.8−10 However, qPCR requires a
thermal cycler to precisely control the temperature, skilled
personnel, and centralized clinics or laboratories, which might
limit its widespread applications for point-of-care testing
(POCT) in resource-limited settings.11−14 As alternatives,
isothermal amplification methods have been developed,
including strand displacement amplification (SDA),15 loop-
mediated isothermal amplification (LAMP),16 rolling circle
amplification (RCA),17 recombinase polymerase amplification
(RPA),18 nucleic acid sequence-based amplification
(NASBA),19 nicking enzyme amplification reaction

(NEAR),20 and so on.21−23 They have advantages such as
being easy to miniaturize and having a relatively rapid reaction
time by eliminating a thermal cycler and denaturation step.
However, they also possess several limitations, such as poor
sensitivity, nonspecific amplification, and the complicated
reaction procedure.24−26

Meanwhile, the clustered regularly interspaced short palin-
dromic repeat (CRISPR)/CRISPR-associated protein (Cas)
technique has been effectively integrated into isothermal
amplification to enhance sensitivity and specificity.27 Repre-
sentatively, Cas12a and Cas13a have been applied to detect
target nucleic acids utilizing their collateral cleavage activity.28,29

Among them, the trans-cleavage activity of Cas13a is activated
through the recognition for the crRNA-complementary RNA
sequence, which would cleave nearby single-stranded RNA with
superior activity over Cas12a.30 Since Cas13a is activated by
single-stranded RNA targets, an additional transcription step is
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required to integrate the Cas13a system into the existing very
powerful isothermal amplification methods such as RPA and
LAMP.31,32

Upon this background, we integrated the Cas13a system into
our recent isothermal technique, nicking and extension chain
reaction system-based amplification (NESBA) system,33,34

capable of producing a large amount of RNA amplicons from
the initial target gRNA, and developed a new CRISPR/Cas13a-
based NESBA (CESBA) technique for detecting target nucleic
acids. In this technique, Cas13a was activated by recognizing
RNA amplicons produced by the NESBA reaction, and the
triggered collateral cleavage activity of Cas13a cleaved the RNA
reporter, which could produce the signals to identify target
nucleic acids. With the proposed strategy, we successfully
identified SARS-CoV-2 gRNA, yielding excellent sensitivity and
specificity in both fluorescence- and LFA-based modes.

■ METHODS
Materials. All DNA oligonucleotides employed in this study

were synthesized and purified with PAGE by Bioneer (Daejeon,
Korea). RNA oligonucleotides were synthesized and HPLC-
purified by Integrated DNA Technology, Inc. (IDT, Coralville,
LA, USA). All DNA and RNA sequences are listed in Table S1.
LwCas13a and 10X Cas13a Buffer (50 mM MgCl2, 1 mM
EDTA, 1 M NaCl, and 200 mM HEPES) were purchased from
MCLAB (San Francisco, USA). NASBA enzyme cocktail and 3X
NASBA buffer (36 mM MgCl2, 210 mM KCl, pH 8.5, 30 mM
DTT, 120 mM Tris-HCl, and 45% DMSO) were purchased
from Life Science Advanced Technologies Inc. (St Petersburg,
FL, USA). Nt. alwI, rNTPs, dNTPs, and 10XNEBuffer 2.1 (100
mMMgCl2, 1 mg/mL BSA, 100 mM Tris-HCl, 500 mM NaCl,
pH 7.9, and) were purchased from New England Biolabs Inc.
(Beverly, MA, USA). The gRNAs of HCoV-NL63, MERS-CoV,

and SARS-CoV-2 (BetaCoV/Korea/KCDC03/2020) were
supplied by the National Culture Collection for Pathogens
(Cheongju, Korea). The gRNAs of HCoV-OC43 and HCoV-
229E were purchased from the Korea Bank for Pathogenic
Viruses (Seoul, Korea), and SARS-CoV and HCoV-HKU-1
were purchased from IDT. The HybriDetect Universal Lateral
Flow Assay Kit was purchased from Milenia Biotec (Versailler
Str. 1, Giessen, Germany). Nuclease-free water was purchased
from Bioneer and used in all the experiments.

The CESBA Reaction for SARS-CoV-2 Detection.
Twenty μL of the reaction solution were prepared by mixing 1
μL of 10X NEBuffer 2.1, 6.7 μL of 3X NASBA buffer, 1.4 μL of
primer set (20 μM each), 1.4 μL of dNTPs (10 mM each), 2.8
μL of rNTPs (25 mM each), 0.2 μL of DW, 0.5 μL of Nt.AlwI
(10 U/μL), 5 μL of NASBA enzyme cocktail (4X), and 1 μL of
an analyte containing target nucleic acid. The solution was
incubated at 41 °C for 30 min.
Two μL of the NESBA reaction solution and 0.8 μL RNA

reporter were added to the Cas13a reaction solution containing
2 μL of Cas13a (1 μM), 2 μL of 10X Cas13a buffer, 2 μL of
crRNA (1 μM), and 11.2 μL of DW, which was preincubated at
37 °C for 15 min. Next, the solution mixture was incubated at 37
°C for 10 min and then subjected to the final detection step. In a
fluorescence-basedmode, we used an RNA reporter labeled with
FAM and quencher (F-Q reporter), and measured the
fluorescent signals from 500 to 600 nm with excitation
wavelength of 460 nm using 384-well Greiner Bio-One
microplates (ref. 781077, Courtaboeuf, France) and a Tecan
Infinite M200 pro microplate reader (Man̈nedorf, Switzerland).
In an LFA-based mode, an RNA reporter labeled with FAM and
biotin (F−B reporter) was used. The conjugation pad of the
HybriDetect dipstick was dipped into a mixture of the Cas13a
reaction solution and HybriDetect assay buffer for 1.5 min. The

Scheme 1. Overall Procedure to Identify Genomic Nucleic Acids by CESBA.a

aThe arrow indicates the 3′ end of the nucleic acid strand
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peak area of the test line was measured using ImageJ (National
Institutes of Health, Bethesda, MD, USA).
In the clinical applicability test, a total of 20 clinical samples

were collected from individuals suspected of having SARS-CoV-

2 infection and placed in universal transport medium. This study
was approved and reviewed by Severance hospital (IRB approval
number: 4−2020−0465; Seoul, Korea). The AdvanSureNucleic
Acid R kit (LG chem, Seoul, Korea) was used to extract the

Figure 1. CESBA reaction for nucleic acid detection. (a) Fluorescence emission spectra, (b) the fluorescence intensity at 520 nm (F520), (c)
photographic image of the LFA dipsticks, (d) band intensity graph of the test line, and (e) peak areas of the test line (PAtest) obtained from the samples
with andwithout target gRNA. The final concentrations of target gRNA, F-Q reporter, and F−B reporter are 107 copies/reaction, 200 nM, and 500 nM,
respectively. Error bars were estimated from triplicate tests.

Figure 2. Sensitivity of the fluorescence-based CESBA reaction. (a) Fluorescence emission spectra of the reaction products with SARS-CoV-2 gRNA
at various concentrations in the range from 1 copy to 107 copies/reaction. (b) The linear relationship between fluorescence intensity at 520 nm (F520)
and the logarithmic concentration of SARS-CoV-2 gRNA (CSARS‑CoV‑2). Error bars were estimated from triplicate tests.
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gRNAs from the clinical samples, and the gRNAs were subjected
to CESBA as described above.

Clinical Sample Testing with qRT-PCR. The same clinical
samples were also analyzed by the qRT-PCR method with the
Allplex 2019-nCoV assay kit (Seegene, Seoul, Korea). They
were reverse transcribed for 20 min at 50 °C, followed by initial
denaturation for 15 min at 95 °C. PCR was then performed with
45 cycles of 15 s at 94 °C and 30 s at 58 °C with the fluorescent
signal being measured every cycle using the CFX96 Real-Time
System (Bio-Rad).

■ RESULTS AND DISCUSSION
Overall Principle of the CESBA Reaction. As depicted in

Scheme 1, this strategy consists primarily of three steps: (i)
isothermal amplification of RNA amplicons through the NESBA
reaction; (ii) recognition of RNA amplicons by CRISPR/
Cas13a and reporter probe cutting by the activated Cas13a’s
collateral cleavage activity; and (iii) signaling by fluorescence or
LFA.
The NESBA reaction is an advanced version of nucleic acid

sequence-based amplification (NASBA) that employs a primer
set designed to contain an additional nicking enzyme
recognition site. Briefly, the presence of target gRNA leads to
the formation of T7 promoter-containing double-strandedDNA
(T7DNA) and produces a large number of RNA amplicons via
the following transcription-mediated amplification (Figure S1).

In this work, the RNA amplicons produced through the NESBA
reaction complementarily bind to the crRNA in the crRNA/
Cas13a complex and trigger the collateral cleavage activity of
Cas13a, which consequently cleaves the employed RNA
reporter. The FAM and quencher-labeled reporter (F-Q
reporter) and the FAM and biotin-labeled reporter (F−B
reporter) are used in the fluorescence-based and LFA-based
modes, respectively.
The LFA dipstick is composed of the conjugation pad, the

control line, and the test line in order, where the control line and
the test line have a biotin ligand (streptavidin) and antirabbit
antibodies, respectively. When the conjugation pad of the
dipstick is dipped in the LFA solution, FAM on the 5′ end of the
reporter binds to the gold-labeled anti-FAM antibody (Au-FAM
Ab) that is present on the conjugation pad. In the absence of
target gRNA, the intact reporter/Au-FAMAb complexes bind to
the biotin ligand via the reporter’s 3′ end biotin, resulting in a
red-colored band on the control line. There is no red-colored
band on the test line since the experimental settings were
designed so that the control line could accommodate all of the
complexes and none could reach it. On the other hand, the
presence of target gRNA cleaves the reporters, producing the
cleaved reporter fragments having only 5′ end FAM or 3′ end
biotin. The cleaved reporters with FAM are complexed with Au-
FAM Ab, which would bind to the antirabbit antibodies on the
test line, making a red-colored band. The experimental

Figure 3. Sensitivity of the LFA-based CESBA reaction. (a) Photographic image of the LFA dipsticks with SARS-CoV-2 gRNA at various
concentrations in the range from 1 copy to 107 copies/reaction. (b) Peak areas of the test line (PAtest). (c) The linear relationship between the PAtest
and the logarithmic CSARS‑CoV‑2. Error bars were estimated from triplicate tests.

Figure 4. Specificity of the fluorescence- and LFA-based CESBA reaction. (a) Fluorescence emission spectra, (b) photographic image of the LFA
dipsticks, and (c) peak areas of the test line (PAtest) obtained from the reaction products with SARS-CoV-2 gRNA and other types of HCoV such as
SARS-CoV, MERS-CoV, HCoV-HKU-1, HCoV-229E, HCoV-NL63, and HCoV-OC43. The final concentrations of SARS-CoV-2 gRNA, other viral
RNAs for all sevenHCoVs, F-Q reporter, and F−B reporter are 107 copies/reaction, 107 copies/reaction, 200 nM, and 500 nM, respectively. Error bars
were estimated from triplicate tests.
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conditions were set up so that not all of the reporters were
completely cleaved and that some uncleaved ones were trapped
by biotin ligands, resulting in a red band on the control line as
well.

Analytical Performance of the CESBA Reaction. To
maximize the CESBA reaction efficiency, we optimized several
reaction conditions by examining the fluorescence intensity at
520 nm (F520) obtained from the CESBA reaction solution in
the presence and absence of target gRNA. As described in Figure
S2−S3, 200 nMof crRNA/Cas13a and 10min of Cas13 reaction
time were selected as the optimal conditions. We also optimized
F−B reporter concentration by measuring the peak area of the
test line (PAtest) obtained from the dipstick in the absence and
presence of target gRNA. As presented in Figure S4, 500 nM of
F−B reporter was selected as the optimal concentration. Under
the optimized conditions, we successfully discriminated the
target gRNA in the two modes by producing the enhanced

fluorescence signal and the intense test line band in the presence
of target gRNA (Figure 1).
Next, we examined the fluorescence emission spectra and F520

acquired from the CEBSA reactions for the samples containing
target gRNA at different concentrations in the range of 1 copy to
107 copies. As shown in Figure 2(a), the fluorescence signal
exhibited a positive correlation with concentrations of SARS-
CoV-2 (CSARS‑CoV‑2). When the F520 was plotted against the
logarithm of the CSARS‑CoV‑2, it showed an excellent linear
relationship (F520 = 201.5 log (CSARS‑CoV‑2) + 391.61, R2 =
0.998) (Figure 2(b)). Remarkably, the limit of detection was
determined to be a single copy (0.05 copies/μL), offering much
superior levels of sensitivity over the previous alternative
techniques (Table S2).
To determine the sensitivity of the LFA-based mode, we also

tested the same sample solutions in the same range and
produced the final signals on the LFA strips. We acquired the

Figure 5. Diagnosis of COVID-19 using the CESBA reaction. (a) The fluorescence intensity at 520 nm (F520) and (b) the peak area of the test line
(PAtest) obtained from the reaction solution for clinical samples. The final diagnosis decision was determined based on diagnostic thresholds
(background +5SD) and error bars indicate the standard deviation of triplicate tests. (c) Heatmap of the F520 and the PAtest values obtained from the
reaction products.
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photographic images and measured the intensity of the red-
colored band on the test line, which showed a positive
correlation between the PAtest and the CSARS‑CoV‑2 (Figure
3(a), (b)). When the PAtest was plotted against the logarithm of
CSARS‑CoV‑2, an excellent linear relationship (PAtest = 177.23 log
(CSARS‑CoV‑2) + 161.24, R2 = 0.995) was obtained (Figure 3(c)).
As evidenced in Figure 3(a), even a single copy of SARS-CoV-2
gRNA was clearly identified in the LFA-based mode, which has
never been achieved before (Table S2).
Specificity of the CESBA reaction was assessed by employing

various human coronaviruses (HCoVs), including HCoV-
HKU-1, HCoV-NL63, HCoV-229E, HCoV-OC43, SARS-
CoV, and MERS-CoV. As shown in Figure 4, the highly
enhanced fluorescence signal and clear red-colored band on the
test line were observed only in the presence of SARS-CoV-2
gRNA, whereas negligible fluorescence enhancement and band
on the test line were detected from the other HCoVs. These
results clearly demonstrated the excellent specificity of the
CESBA reaction.

Clinical Applicability of the CESBA Reaction. The
clinical applicability of the CESBA reaction was demonstrated
by testing 20 clinical specimens in the two modes based on the
threshold values defined as the background signal plus five times
the standard deviation of the blank. As illustrated in Figure 5(a),
the fluorescence-based CESBA approach assessed ten samples
as positive and ten samples as negative. The LFA-based CESBA
approach tested the identical samples equally positive or
negative (Figure 5(b)). In order to visually compare the
diagnosis outcomes, we also displayed a heatmap based on the
F520 and PAtest (Figure 5(c)). It should be noted that the
fluorescence-based mode appears to be more discriminating
between positive and negative samples.We also performed qRT-
PCR on the same samples to validate the results, and the results
were completely consistent with the CESBA reaction (Table S3-
4). All of these findings indicate that the CESBA reaction can be
practically used to test clinical specimens with 100% clinical
sensitivity and specificity.

■ CONCLUSIONS
In this work, we developed an ultrasensitive and specific
technique to identify nucleic acids, named CESBA. The CESBA
reaction principally relies on our own isothermal NESBA
technique, integrated into the CRISPR/Cas13a system. Based
on this developed method, we successfully identified SARS-
CoV-2 gRNA down to even a single copy (0.05 copies/μL) in
both the fluorescence- and LFA-based modes with excellent
specificity very rapidly within 40 min. Very importantly, this is
the first report to achieve single-copy identification by LFA-
based methods. By delivering unparalleled sensitivity, the
developed CESBA system assumes a pivotal role in the timely
detection and effective control of infectious diseases, promising
to be a cornerstone in the field of diagnosis.
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