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Fast and sensitive CRISPR detection 
by minimized interference of target 
amplification

Xiaohan Tong    1,2,8, Kun Zhang1,2,8, Yang Han3,8, Tianle Li1,2, Min Duan1,2, Ruijin Ji1,2, 
Xianguang Wang3, Xi Zhou4, Ying Zhang    1,5 & Hao Yin    1,2,6,7 

Despite the great potential of CRISPR-based detection, it has not been 
competitive with other market diagnostics for on-site and in-home testing. 
Here we dissect the rate-limiting factors that undermine the performance 
of Cas12b- and Cas13a-mediated detection. In one-pot testing, Cas12b 
interferes with loop-mediated isothermal amplification by binding to 
and cleaving the amplicon, while Cas13a directly degrades the viral RNA, 
reducing its amplification. We found that the protospacer-adjacent 
motif-interacting domain engineered Cas12b accelerated one-pot testing 
with 10–10,000-fold improved sensitivity, and detected 85 out of 85 
SARS-CoV-2 clinical samples with a sensitivity of 0.5 cp μl−1, making it 
superior to wild-type Cas12b. In parallel, by diminishing the interference 
of Cas13a with viral RNA, the optimized Cas13a-based assay detected 86 
out of 87 SARS-CoV-2 clinical samples at room temperature in 30 min 
with a sensitivity of 0.5 cp μl−1. The relaxed reaction conditions and 
improved performance of CRISPR-based assays make them competitive for 
widespread use in pathogen detection.

The outbreak of infectious diseases has resulted in substantial mor-
bidity and mortality, as well as social and economic disruption1–7. The 
coronavirus disease 2019 (COVID-19) pandemic has led to at least 6 mil-
lion deaths and over 600 million infections worldwide8–10. Surveillance 
systems play a crucial role in mitigating disease transmission, although 
the centralized diagnostic laboratory model has its limitations11. Quan-
titative polymerase chain reaction (qPCR), the primary test used in labo-
ratories, demands skilled operators and expensive infrastructure12–15. 
Additionally, the sample-to-answer time for qPCR typically ranges 
from 4 to 24 h (refs. 12–15). Aspects such as sample transportation and 
data reporting can also contribute to the overall turnaround time of 

centralized molecular testing. Developing a point-of-care detection 
method that is sensitive, rapid, straightforward and cost-effective 
could facilitate early detection, an imperative factor in controlling 
disease transmission.

The antigen test has found widespread use at home for diagnosing 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tions. This kind of point-of-care kit is cost-effective and rapid, produc-
ing results within 15–30 min at room temperature16–19. Nevertheless, its 
sensitivity falls markedly short of that of qPCR, resulting in a relatively 
elevated false-negative rate18,19. Point-of-care nucleic acid detection 
assays using isothermal amplification methods such as recombinase 
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In this study, we explored the factors constraining the per-
formance of Cas12b- and Cas13a-mediated nucleic acid detection. 
Both Cas12b and Cas13a compromised the amplification of target 
sequences, resulting in reduced sensitivity and speed of one-pot test-
ing. We identified a universal approach through protein engineering of 
protospacer-adjacent motif (PAM)-interacting domains to enhance the 
performance of one-pot testing for Cas12 orthologs. The engineered 
Cas12b mutant demonstrated the capability to detect SARS-CoV-2 at 
levels as low as 0.5 cp μl−1 within 15 min, and its performance is much 
superior than STOPCovid. Furthermore, our investigation revealed 
that Cas13a directly degraded viral RNA in SHINE. By devising an ampli-
fication process that strategically avoids such degradation, we nota-
bly improved the efficacy of viral RNA detection. This advancement 
enabled the detection of SARS-CoV-2 samples in just 30 min at room 
temperature (20 °C), yielding sensitivity levels comparable to those of 
qPCR with reverse transcription (RT–qPCR). These assays developed 
in our study fulfill the inherent potential of CRISPR-based detection, 
presenting substantial advantages over other widely used tools for 
rapid detection.

Results
One-pot testing using suboptimal PAMs of Cas12b
In a previous study, we discovered that in one-pot testing Cas12a 
cleavage could interfere with isothermal amplification, and by tun-
ing the kinetics of cleavage through suboptimal PAM for Cas12a could 
greatly enhance the sensitivity and reproducibility of the detection42. 
To determine whether this suboptimal PAM approach could be 
extended to other Cas12 orthologs for one-pot testing, we compared 
the performance of canonical PAM sequences and suboptimal PAMs 
for AapCas12b. We evaluated 18 suboptimal PAMs using three spacers 
targeting the N gene of SARS-CoV-2. Unlike the outcomes observed with 
Cas12a, the fluorescence curves obtained from spacers using subopti-
mal PAMs for AapCas12b did not demonstrate superior performance 
compared to those using canonical PAMs. This was the case regard-
less of whether LAMP or RPA was used as the isothermal amplification 
method (Extended Data Fig. 1a–f). We speculated that adjusting the 
PAM sequence for AapCas12b (TTN) might not be as adaptable as it 
is for LbCas12a (TTTV), and even a single nucleotide mutation within 
AapCas12b’s PAM could severely impair its activity.

Structure-guided Cas12b mutations for one-pot testing
We hypothesized that by substituting residues within the 
PAM-interacting domain of Cas12b, we could tune its activity to 
improve one-pot testing. To enhance the sensitivity and speed 
of Cas12b-mediated CRISPR detection, we used a known Aac-
Cas12b-single-guide (sg) RNA-dsDNA ternary structure as a guide 
for engineering AapCas12b, given their substantial conservation  
(Fig. 1a,b)47. AapCas12b’s amino acids that have hydrogen bonds with 
the substrates were mutated to alanine, and mutants that outper-
formed the wild-type (WT) were selected based on their performance 
in LAMP-mediated one-pot testing (Fig. 1c,d and Extended Data Fig. 2).  
Among the mutants that exhibited stronger fluorescent signals than 
the WT, a common G478A mutation was identified and a mutant  
with double mutations G478A/K396A generated the strongest signal 

polymerase amplification (RPA) and loop-mediated isothermal amplifi-
cation (LAMP) exhibit higher sensitivity than the antigen test. However, 
they often come with substantial false-positive rates20–23.

The CRISPR–Cas (clustered regularly interspaced short palindro-
mic repeats-CRISPR-associated proteins) system has been adopted in 
various applications, including recently developed pathogen detec-
tion24–28. On recognition of nucleic acid sequences through guide RNA 
(gRNA), Cas13 or Cas12 nucleases exhibit nonspecific nuclease activ-
ity, cleaving single-stranded (ss) RNA or ssDNA, respectively, a phe-
nomenon known as trans-cleavage29–34. The trans-cleavage of a caged 
reporter molecule generates signals that can be detected by a fluores-
cence reader29–34. Despite the high specificity of CRISPR, it takes hours 
for Cas13 nucleases alone to reach attomolar sensitivity32,33,35. Using 
unrelated CRISPR nucleases in tandem can expedite RNA detection, 
but its sensitivity remains lower than that of isothermal amplification 
or PCR26. Consequently, viral samples undergo isothermal amplifica-
tion and the resultant amplicon can then be used for CRISPR-based 
detection29,36–43. Cas12-based DNA endonuclease-targeted CRISPR trans 
reporter (DETECTR) and Cas13-based specific high sensitivity enzy-
matic reporter unlocking (SHERLOCK) bifurcate the amplification and 
detection into two distinct steps, resulting in substantially enhanced 
sensitivity compared to using only Cas12 or Cas13. However, the incor-
poration of multiple steps leads to increased complexity, extended 
reaction time, and an elevated risk of cross-contamination29,36,38,39. 
Isothermal amplification and CRISPR detection were subsequently 
integrated into a single step, leading to the creation of methods such as 
SHINE (streamlined highlighting of infections to navigate epidemics) 
and STOPCovid (specific high sensitivity enzymatic reporter unlocking 
testing in one pot)40,41,44. SHINEv2 improved on SHINE by consolidating 
multiple heating steps into a single 90-min heating phase and elimi-
nating the necessity for cold temperature storage of the reagents44. 
Despite their straightforward operational process and reduced risk 
of cross-contamination, the sensitivities of one-pot testing methods 
are often lower than those of two-step approaches. Additionally, these 
one-pot tests often require a longer reaction time40,41. It is of great need 
to develop a robust, rapid and uncomplicated CRISPR-based detection 
method for on-site testing.

Isothermal amplification assays compatible with a portable device 
are popular in clinics for rapid testing. A well-developed isothermal 
amplification assay using LAMP for detecting the influenza virus can 
achieve a sensitivity of approximately 4 cp μl−1 within 30 min, along 
with an approximately 10% false-positive rate45,46. By contrast, the 
recently developed CRISPR detection assays STOPCovid and DISCoVER 
attain sensitivities of approximately 10 or 40 cp μl−1 within 40 min 
(refs. 41,43). Despite the high specificity of CRISPR-based detection, 
these assays have not demonstrated notable advantages over isother-
mal amplification assays. For in-home testing, antigen test kits are 
widely used. While the sensitivity of most CRISPR-based detection 
methods greatly surpasses that of antigen test kits, the substantial 
cost associated with CRISPR-based detection hinders its widespread 
adoption. A key cost factor for CRISPR-based assays is the require-
ment for customers to purchase temperature-control equipment for 
in-homing testing. By contrast, antigen test kits can be conducted at 
room temperature16–19.

Fig. 1 | Mutants of AapCas12b enable faster and more sensitive one-pot 
testing than WT. a, Schematic depiction of the isothermal amplification and 
cleavage process in AapCas12b-WT and AapCas12b mutant-mediated one-pot 
testing. F and Q indicate fluorophore and quencher, respectively. b, Illustration 
of residues interacting with PAM and DNA in AacCas12b. The structure of 
AapCas12b is highly conserved with AacCas12b. c,d, Fluorescence profiles of 
AapCas12b-WT and mutants in LAMP-mediated one step testing. Single mutation 
(c) and double mutations (d) were tested using N gene spacer 1. The red arrows 
point to AapCas12b mutant G478A and G478A/K396A (AapCas12b-2M, 2M 
indicates double-point mutations). For N gene spacer 1, 20 fg dsDNA substrates 

was used. e–g, Fluorescence signals of WT and AapCas12b-2M using N gene 
spacer 1 (e), spacer 2 (f) or spacer 3 (g) in LAMP-mediated one-pot testing. The 
fluorescence values were determined using a qPCR instrument. The substrates 
for N gene spacer 1, 2, 3 were 20, 2,000 and 2 fg dsDNA, respectively. NC indicates 
the negative control. h–j, Comparison of sensitivity in one-pot testing using WT 
or AapCas12b-2M. Fluorescence values were determined using the SpectraMax 
i3x. The dsDNA substrates were N gene spacer 1 (h), spacer 2 (i) and spacer 3 (j). 
The black dashed lines signify the threshold value, defined as three times the 
value of the negative controls. Mean ± s.d. of n = 3 technical replicates for c–j. 
a.u., arbitrary units.
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(Fig. 1c,d and Extended Data Fig. 2). We designated this modified Aap-
Cas12b as ‘Cas12b-2M’ and evaluated its performance using various 
spacers in LAMP-mediated one-pot testing. Across all three tested 
spacers, Cas12b-2M displayed accelerated kinetics compared to the WT 

(Fig. 1e–g), resulting in a sensitivity improvement ranging from 10- to 
10,000-fold, along with a substantially enhanced signal-to-noise ratio 
(Fig. 1h–j). Notably, glycine 478 is conserved within the Cas12b family 
across multiple species, and lysine 396 exhibits conservation between 
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AapCas12b and AacCas12b, suggesting that these mutations could 
potentially be applied to other Cas12b orthologs (Extended Data Fig. 2).

To explore how Cas12-2M improved one-pot testing, we con-
ducted a comparison of the cleavage activities between Cas12b-WT 
and Cas12b-2M. As controls, an enzymatically dead Cas12b-WT and a 
dead Cas12b-2M were engineered and expressed, and their cis-cleavage 
activities were verified to be eliminated (Extended Data Figs. 2 and 3 and  
Fig. 2a–d). Quantification of the uncleaved substrate through qPCR 
was carried out after 1 min of incubation with Cas12b. Notably, within 
this 1-min period, the uncleaved products in Cas12b-2M-treated sam-
ples exhibited 7.4–44.4 times greater quantity compared to Cas12b- 
WT-treated samples, suggesting Cas12b-2M exerts reduced inter-
ference on the initial step of isothermal amplification (Fig. 2a–d).  
Furthermore, we quantified the amplicons generated during a one-pot 
testing. The Cas12b-2M group displayed an average of a 6.8-fold 
reduction in amplicon quantity compared to LAMP alone, while the 

Cas12b-WT group exhibited a substantial decrease with amplicon 
quantities ranging from 46 to 4,420-fold fewer than in the LAMP alone 
(Fig. 2e–h). This observation indicates that Cas12b-2M substantially 
reduced interference with the LAMP process. The enzymatically dead 
Cas12b-WT displayed a minor effect on hindering amplification, likely 
stemming from its ability to bind to the substrate and impede the 
amplification process. This hindering effect was further diminished 
in the case of the enzymatically dead Cas12b-2M group (Fig. 2f–h).

Detection of SARS-CoV-2 samples using Cas12b-2M
To further enhance the efficiency of one-pot testing, we screened sev-
eral commercially available Bst DNA polymerase, the solo enzyme used 
in the LAMP reaction. Cas12b-2M, in conjunction with the optimal poly-
merase selection, detected pseudo-SARS-CoV-2 RNA within 15 min with 
a limit of detection (LOD) as low as 0.5 cp μl−1 (Extended Data Fig. 4a,b). 
In the assessment of SARS-CoV-2 clinical samples, Cas12b-2M detected 
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all 85 samples, achieving a sensitivity of 100% (Fig. 2i,j). By contrast, 
Cas12b-WT exhibited a sensitivity of 77.6%, detecting 66 out of the 85 
samples (Fig. 2i,j). LAMP alone exhibited substantial false positives and 
negatives (Extended Data Fig. 4c). The signal generated in the one-pot 
assay using Cas12b-2M did not exhibit a strong inverse correlation with 
the RT–qPCR Ct values for clinical sample detection (Fig. 2i). To mitigate 
potential cross-contamination, we incorporated dUTP and uracil-DNA 
N-glycosylase (UNG) into one-pot testing. In clinical settings, UNG is 
commonly preferred to enhance detection accuracy48,49. We observed 
that UNG exhibited varying degrees of interference with the one-pot 
testing in different clinical samples (Extended Data Fig. 5a,b). This dif-
ferential inhibition likely contributed to the weak inverse correlation 
mentioned earlier. Taken together, these data demonstrated Cas12b-2M 
outperformed Cas12b-WT in one-pot testing.

Development of REVERSE assay based on Cas13a
We aimed to develop a CRISPR-based detection method without the 
need for a temperature-control device, making it competitive with 
the widely used antigen assay for in-home testing. Given that Cas13a 
displays stronger trans-cleavage activity compared to Cas12 orthologs, 

it suggested the potential for CRISPR detection using Cas13a even at 
lower than optimal temperatures43. One-pot detection combining RPA 
and LwaCas13a was developed to detect SARS-CoV-2 (ref. 40). This 
method, named SHINE, involves the reverse transcription of viral RNA to 
complementary DNA (cDNA) using the RPA reverse primer, followed by 
cDNA amplification using a forward primer that includes a T7 promoter 
sequence (Fig. 3a)40. The amplified DNA is then in vitro transcribed 
into RNA, which is subsequently recognized by LwaCas13a to trigger 
its trans-cleavage activity40. The sensitivity of SHINE was reported to 
be in the range of 100–1,000 cp μl−1 for nasopharyngeal swab samples, 
with a reaction time of 40 min at 37 °C (ref. 40).

We noticed that the RNA synthesized during in vitro transcription 
(IVT) shared the same sequence as the viral RNA in SHINE (Fig. 3a).  
We reasoned that viral RNA could also be recognized and cleaved by 
Cas13a, and the sequential sequence amplification could be inter-
fered. Indeed, we found the reverse transcription and RPA process 
was severely compromised by Cas13a-mediated cleavage in one-pot 
testing (Fig. 3b,c). To diminish the interference with amplification 
while preserving Cas13a’s trans-cleavage activity, we developed a 
new method (REVERSE). In REVERSE, cDNA was reverse transcribed 
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SHINE. a, Schematic representation of the reverse transcription, RPA, IVT and 
CRISPR-mediated detection processes. b, Amplicon accumulation in REVERSE 
and SHINE. The RPA reaction and LwaCas13a–crRNA were incubated at 37 °C for 
0, 5, 10, 15, 20, 25 and 30 min. The resulting amplicons were analyzed through 
TAE-Gel electrophoresis. Arrows indicate 140 and 103 bp amplicon products for 
REVERSE and SHINE, respectively. c, Competition between reverse transcription 
(RT) and LwaCas13a cleavage on Orf1ab IVT RNA. Orf1ab IVT RNA, reverse 
transcriptase and Cas13a–crRNA were incubated at 37 °C for 5 min, following 

which the generated cDNA was quantified using qPCR. The levels of cDNA were 
normalized to the level in the ‘No crRNA’ group. d, Fluorescence profiles of 
REVERSE and SHINE. e, Sensitivity comparison between REVERSE and SHINE. 
Fluorescence values from one-pot testing were measured after incubating for 
30 min at 42 °C. Mean ± s.d. of n = 3–6 technical replicates for c–e. f, Fluorescence 
values obtained by REVERSE for detecting SARS-CoV-2 clinical samples were 
assessed using the SpectraMax i3x at 42 °C. The black dashed lines represent  
the threshold, determined as three times the negative control fluorescence 
values for e and f.
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from the viral RNA using a short primer. Subsequently, amplification 
was carried out using a reverse primer incorporating a T7 promoter 
sequence. This arrangement ensured that the RNA transcribed from 
the DNA amplicons was reverse-complementary to the viral RNA, 
thereby providing sequence specificity to Cas13a-mediated cleavage 
(Fig. 3a). In support, the amplicon became evident within 5 min and 
subsequently accumulated in REVERSE, while the amplicon in SHINE 
was observed at 10 min and displayed minimal amplification overtime 
(Fig. 3b). When mixing the reverse transcription reaction and Cas13a 
in a single tube, and the abundance of cDNA was tracked using qPCR, 
the quantities of cDNA in REVERSE group were comparable to the no 
crispr-RNA (crRNA) control. This amounted to levels approximately 
ten times higher than that achieved in SHINE (Fig. 3c). Taken together, 
these data demonstrated that Cas13a did not interfere with the reverse 
transcription of the substrate in REVERSE.

We proceeded to assess the efficacy of both REVERSE and SHINE 
for SARS-CoV-2 detection. Notably, REVERSE was 10 min faster than 
SHINE to reach the maximum fluorescence value, and its signal value 
was 2.5 times higher than that of SHINE (Fig. 3d). For a direct compari-
son of the LOD between REVERSE and SHINE, both one-pot assays were 
conducted under identical conditions involving the same input volume, 
sample concentration, reaction volume and reaction times. REVERSE 
was able to consistently detect 1 cp μl−1 RNA samples from IVT, which 
is 100–1,000 times more sensitive than SHINE (100–1,000 cp μl−1) 
(Fig. 3e). A similar trend was observed when using pseudo-virus of 
SARS-CoV-2 as the substrate (Extended Data Fig. 6a). On applying 
REVERSE to detect clinical samples of SARS-CoV-2, it faithfully detected 
all 17 SARS-CoV-2 RNA samples, particularly those with relatively high 
Ct values ranging from 29.1 to 35.9 (Fig. 3f).

Optimizing REVERSE for room temperature reaction
CRISPR-based detection assays typically necessitate elevated reac-
tion temperatures ranging from 37–60 °C, whereas antigen-based 
detection operates at room temperature16–19. Despite the rapidity and 
sensitivity of CRISPR-based one-pot testing, the requirement for a 
heating device introduces higher cost and hampers its widespread 
use in a manner comparable to antigen tests. To assess the feasibil-
ity of REVERSE functioning at lower temperatures, we conducted 
REVERSE from 23 to 37 °C. REVERSE could detect pseudo-SARS-CoV-2 
RNA under blue light at 23 °C within 45 min (Fig. 4a). Subsequently, we 
optimized REVERSE, aiming to detect viral RNA at room temperature 
within 30 min. To achieve this, we adjusted the concentrations of primer 
sets and fluorescence-quencher (Fig. 4b,c). The combination of these 
modifications notably accelerated the reaction rate of REVERSE, result-
ing in a robust signal within 30 min at 20 °C (Fig. 4d). The modified 
version of REVERSE, referred to as REVERSE-2, effectively detected 
low concentrations of pseudo-SARS-CoV-2 RNA (0.5–5 cp μl−1) within 
30 min at 20 °C (Extended Data Fig. 6b,c).

Detection of SARS-CoV-2 samples using REVERSE-2
To assess the applicability of REVERSE-2 for the detection of clinical 
SARS-CoV-2 samples at 20 °C, we tested 87 SARS-CoV-2 positive naso-
pharyngeal swab samples with Ct values ranging from 22.2 to 37.6, 
along with 20 negative samples. REVERSE-2 exhibited a sensitivity of 
98.9% and a specificity of 100%, and it was capable to detect SARS-CoV-2 
samples with Ct value 37.6 (corresponding to 0.5 cp μl−1) within 30 min 
at room temperature (Fig. 4e–i). Notably, positive signals could be 
captured by a blue light and the camera on a smart phone, a feature 
that renders REVERSE-2 applicable as a straightforward self-testing 
kit for use at home (Fig. 4e,f).

We tested the optimized CRISPR detection mediated by Cas13a, 
Cas12a and Cas12b at 20 or 25 °C. While REVERSE-2 yielded detectable 
signals within 30 min at 20 °C, Cas12a exhibited a very weak signal at 
25 °C, and Cas12b did not generate any signals (Extended Data Fig. 
6d). This observation suggests that the diverse enzyme activities of 

Cas effectors also contribute to the detection outcome at lower than 
optimal temperatures.

Last, we conducted a direct comparison of the speed, LOD and 
specificity between REVERSE-2 and a commercially available antigen 
test for SARS-CoV-2, both performed at room temperature. The antigen 
test, with a turnaround time of 15 min, exhibited an LOD equivalent 
to a Ct value of 27.5 in RT–qPCR. By contrast, REVERSE-2’s LOD cor-
responded to a Ct value of 37.3 in RT–qPCR, showcasing a sensitiv-
ity that was approximately 500–1,000 times higher than that of the 
antigen test (Extended Data Fig. 7a,b). Neither of the assays exhibited 
cross-reactivity with two other viruses, herpes simplex type 1 and 
human cytomegalovirus, suggesting their high specificity (Extended 
Data Fig. 7c,d).

Discussion
Our previous study demonstrated that targeting substrates with sub-
optimal PAMs accelerated one-pot testing and improved LOD and reli-
ability42. Cas12a hinders the amplification process by swiftly degrading 
the amplicons during one-pot testing. Conversely, when using sub-
optimal PAM to lessen cis-cleavage, there is a rapid accumulation of 
amplicons, consequently triggering the trans-cleavage ability of the 
Cas12a (ref. 42). Although suboptimal PAMs effectively function with 
Cas12a, they are unsuitable for Cas12b and Cas13, which has simpler 
PAM or no PAM requirement (Extended Data Fig. 1). By protein engineer-
ing of PAM-interacting domains for Cas12b, a rebalancing of isother-
mal amplification and substrate cleavage and/or binding is achieved, 
thereby facilitating LAMP-mediated one-pot testing (Figs. 1 and 2 and 
Extended Data Figs. 2–5). This approach holds the potential for appli-
cation across various Cas effectors for enhancing CRISPR-mediated 
nucleic acid detection capabilities.

CRISPR-based detection holds potential for point-of-care diag-
nosis in clinics24,25. For such applications, LAMP is more suitable than 
RPA when paired with CRISPR, owing to its single-enzyme composition, 
whereas RPA necessitates three enzymes, rendering LAMP a simpler 
choice in terms of manufacturability50. LAMP operates optimally at 
60 °C and necessitates a thermophilic Cas protein, such as AapCas12b, 
for conducting nucleic acid detection within a one-pot testing41,51. 
Enhancing the sensitivity and speed of LAMP-based CRISPR detection 
is crucial for facilitating seamless translation into real-world usage52. In 
comparison to both Cas12b-WT and standalone LAMP, our Cas12b-2M 
exhibited superior performance, rendering it a competitive candidate 
for clinical applications (Fig. 2).

We have developed a heating-free CRISPR-based method for 
ultra-sensitive and rapid detecting SARS-CoV-2. In this approach, we 
have diminished the interference of Cas13a with the target RNA ampli-
fication process in one-pot testing (Fig. 3). This strategic design effec-
tively capitalizes the robust trans-cleavage activity of Cas13a, enabling 
the realization of room temperature CRISPR-based detection for viral 
samples within a short time frame. The REVERSE-2 assay can detect 
viral samples with concentrations as low as 0.5 cp μl−1 across a range 
of room temperatures (20–37 °C) within a 30 min time frame (Fig. 4 
and Extended Data Fig. 6). The remarkable sensitivity and accuracy 
exhibited by RT–qPCR set the gold standard for diagnosing various 
viruses, including SARS-CoV-2 (refs. 12–15). It is notable that threshold 
outlined in Centers for Disease Control and Prevention guidelines 
for qPCR falls within the range of 0.5–1 cp µl−1 (ref. 15). REVERSE-2 has 
achieved a detection sensitivity of 0.5 cp µl−1, which aligns with the 
performance of the top-performing RT–qPCR kits. While the RT–qPCR 
assay demands specialized expertise, expensive infrastructure and 
an extended sample-to-answer duration, REVERSE-2 offers the same 
level of sensitivity without such complexities. The high sensitivity of 
REVERSE-2 is in part due to interference-free of Cas13 with amplifica-
tion of the RNA substrates, as well as the streamlined design of the 
reverse transcription process (Fig. 4). We compared N gene sequences 
of several human coronavirus with reverse transcription primers, 
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amplification primers and the Cas13a–crRNA targeting sequence for 
SARS-CoV-2. It is evident that these sequences, especially the crRNA 
targeting sequence, exhibit relatively low homology, suggesting the 
high specificity of the REVERSE method.

Antigen-based COVID-19 kits have gained widespread popularity 
because of their rapid and self-testing capabilities16–19. While these 
kits offer convenience and affordability, their sensitivity is notably 
lower, ranging from 100 to 1,000 times less sensitive than the RT–qPCR 
test16–19. This limitation leads to a substantial number of asymptomatic 
and symptomatic carriers receiving false-negative results. Various 
self-testing kits designed for nucleic acid detection of SARS-CoV-2 
have gained approval from the US Food and Drug Administration and 

other governmental authorities53. Despite their heightened sensitivity, 
nucleic acid detection kits’ use remains much lower than that of antigen 
tests, in part due to their considerably elevated cost. The necessity for 
heating and temperature-control equipment, typically powered by 
USB adapters, contributes to the increased manufacturing expense 
of these kits. While coupling an engineered Cas13a with an electro-
chemical sensor has the potential to shorten reaction times to 30 min 
or less while enhancing sensitivity, the substantial cost associated with 
electrochemical sensor production and scaling up has restricted its 
widespread adoption54,55. Furthermore, a crucial application of CRISPR 
lies in the field detection of pathogens, wherein consistent power sup-
plies are not always assured37. Notably, REVERSE-2 circumvents the 
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Fig. 4 | REVERSE-2 enables nucleic acids detection at room temperature. 
 a, REVERSE at various temperatures. Reactions incubated at 23, 25, 30 and 37 °C 
for 25, 35, 45 and 55 min were analyzed using simple blue light device. The input 
substrates consisted of 3 cp μl−1 pseudo-SARS-CoV-2 RNA containing N gene of 
SARS-CoV-2. b–d, Optimizing of REVERSE at 20 °C by increasing primer dosage  
(b) and fluorescence-quencher concentration (c). b, The notation 1×, 2×, 3× and  
4× represents fold changes in primer concentrations with 1× ssRNA reporter.  
c, The notation 1×, 2×, 3× and 4× represents fold changes in fluorescence-quencher 
concentrations with 1× primer dosage. d, Examination of the optimized condition. 

For b–d, the input substrates comprised 4 cp μl−1 pseudo- SARS-CoV-2 RNA 
containing N gene of SARS-CoV-2. e–h, The results using REVERSE-2 for 87 positive 
SARS-CoV-2 nasopharyngeal swab samples, including 63 extracted RNA and 24 
unextracted samples (e,g) and 20 SARS-CoV-2 RNA negative samples (f,h). Blue light 
images (e,f) and fluorescence readouts (g,h) were captured at 20 °C after 30 min 
of incubation. The black dashed lines denote the threshold, set at three times the 
negative control fluorescence values for g and h. Samples with a Ct value of RT–
qPCR over 38 were classified as negative sample. i, Concordance table comparing 
RT–qPCR and REVERSE-2 results for 107 samples.
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need for heating and temperature-control devices, and its sensitivity 
remarkably surpasses that of antigen tests while maintaining compa-
rable detection speed (Extended Data Fig. 7).

The flexibility of CRISPR-mediated assays, coupled with their 
benefits of simplicity, accuracy, ultrahigh sensitivity, speed and inde-
pendence from temperature control, enables diagnostics for diverse 
pathogen detection for field application and in-home testing. Further-
more, we believe that the enhanced LAMP-mediated CRISPR detection 
is poised to outperform standalone isothermal amplification in clinical 
settings, given its superior levels of sensitivity and specificity.
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Methods
Substrates preparation
The dsDNA substrates for the Orf1ab and N gene were obtained through 
RT–PCR (Supplementary Tables 1 and 2). The extracted SARS-CoV-2 RNA 
and unextracted SARS-CoV-2 samples were quantified by RT–qPCR kits 
(EDIAGNOSIS). Human cytomegalovirus and herpes simplex type 1 were 
quantified through qPCR and a plaque forming unit assay, respectively. 
The primers used in this study were generated by Sangon Biotech.

Preparation of crRNA and sgRNA
DNA templates that include the T7 promoter sequence were generated 
using PCR (Vazyme, catalog no. P505-d1) (Supplementary Tables 3 and 4).  
The DNA templates, along with T7 RNA polymerase and IVT buffer, 
were incubated at 37 °C for 2 h. Subsequently, the DNA templates were 
degraded using DNaseI (Promega Corporation, catalog no. M6101) 
and the resulting RNA products were purified using the Monarch RNA 
Cleanup Kit (New England Biolabs, catalog no. T2040L).

Protein expression and purification
The pET-based protein expression vector containing the protein coding 
sequence with a C-terminal 6× His-tag was transformed into Escheri-
chia. coli strain BL21 (DE3) (WeiDibio, catalog no. EC1002). Isopropyl 
β-d-1-thiogalactopyranoside (Sangon Biotech, catalog no. 367-93-1) 
was supplemented to a final concentration of 0.5 mM once the culture 
density (OD600) reached 0.6–0.8, and then the cultures were grown 
at 18 °C for an additional 16 h for AapCas12b and LwaCas13a. Subse-
quently, the cell lysate was collected and purified via Ni-NTA resin, with 
elution achieved using an elution buffer (20 mM Tris-HCl, 500 mM NaCl 
and 500 mM imidazole, pH 7.4). The eluted protein was collected and 
further purified using a gel filtration column (Superdex 200 Increase 
10/300 GL), using an elution buffer consisting of 20 mM Tris-HCl and 
200 mM NaCl at pH 7.4 (refs. 56,57).

Cis-cleavage
To facilitate quantification through qPCR after cis-cleavage, the N 
gene dsDNA substrate at concentrations ranging from 0.5 to 2.5 nM 
was subjected to incubation with 75 nM of AapCas12b-sgRNA RNP in a 
20 μl reaction volume. The reaction mixture comprised a 1× reaction 
buffer (comprising 20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM Mg2SO4 
and 0.1% Tween 20), and the incubation was conducted at 60 °C for 
1 min. Subsequently, the reactions were terminated by introducing pro-
teinase K at 50 °C for 10 min, followed by 10 min of incubation at 95 °C 
to inactive proteinase K. The diluted products were quantified using 
qPCR. In instances where samples were destined for TAE-Gel analysis, 
a reaction mixture comprising 75 nM AapCas12b-sgRNA RNP and 5 nM 
N gene dsDNA substrates in a 20 μl volume was incubated at 60 °C for 
various time points and stopped by proteinase K. For the purpose of 
quantifying amplicons in one-pot testing, reactions incorporating 1 fM 
N gene dsDNA substrate were terminated by incubating the mixture at 
95 °C for 10 min, followed by proteinase K digestion.

AapCas12b and LAMP-mediated one-pot testing
The LAMP-Cas12b one-pot testing was conducted in a 25 μl reaction 
volume with 60 nM AapCas12b RNP, 250 nM FQ ssDNA reporter, 1.4 mM 
of each dNTP, 8 mM MgSO4, 50 mM taurine, 0.32 U μl−1 Bst 2.0 WarmStart 
DNA polymerase (New England Biolabs, catalog no. M0538), 1× primer 
(0.2 μM F3/B3 primers, 0.4 μM Loop F/Loop B primers and 1.6 μM FIP/BIP 
primers). Additionally, 1× reaction buffer composed of 20 mM Tris-HCl, 
10 mM (NH4)2SO4, 2 mM Mg2SO4 and 0.1% Tween 20 was included, 
along with 2 μl of substrates (Supplementary Table 5). The optimized 
one-pot testing designed for SARS-CoV-2 samples used 1.6 U μl−1 Bst II 
plus DNA polymerase (YEASEN, catalog no. 14402ES97), 4 U μl−1 reverse 
transcriptase, 0.025 U μl−1 UNG enzyme (Biori, catalog no. E04), 40 mM 
KCl and 1.4 mM of each dNTP (with dTTP:dUTP ratio of 2:1). Fluorescence 
values were monitored using a qPCR instrument (BioRad) at 61 °C for 

30 min. Alternatively, the fluorescence values were measured using the 
SpectraMax i3x platform following incubation in the qPCR instrument.

RPA-mediated one-pot testing using Cas12b
To prepare RPA mixture, 29.4 μl of buffer A, 1 μl of 20 μM RPA forward 
primer, 1 μl of 20 μM RPA reverse primer and 16.1 μl of water were added 
into one tube of RPA lyophilized reagent42. In a 30 μl reaction volume, 
the components included 18 μl of RPA mixture, 60 nM AapCas12b RNP, 
250 nM FQ ssDNA reporter and 1 fM dsDNA substrates of N gene spacer 
1, 2 or 3. The assay was conducted at 42 °C (Supplementary Table 6).

Reverse
A 30 μl volume for the REVERSE assay contained 50 nM LwaCas13a, 
22.5 nM crRNA, 1 U µl−1 murine RNase inhibitor (Promega Corporation, 
catalog no. N2111), 1.5–2.5 U µl−1 reverse transcriptase (Thermo Fisher 
Scientific, catalog no. 18090010 or Lucigen, catalog no. ERT12925K), 
0.05 U µl−1 RNase H (New England Biolabs, catalog no. M0297), 2 mM 
of each rNTP (Sigma), 90 ng µl−1 T7 RNA polymerase, 140 nM ssRNA 
reporter (FAM-UUUUUU-BHQ1, Takara Bio), 62.5 nM RPA reverse 
primer, 250 nM RPA forward primer, 185 nM reverse transcription 
primer, 11.3 µl of Buffer A, 2 µl of Buffer B (magnesium acetate) and 2 µl 
of RNA substrates, using RPA DNA basic kits (AMP future). In the case 
of REVERSE-2, the reaction used 125 nM RPA reverse primer, 500 nM 
RPA forward primer, 370 nM reverse transcription primer and 420 nM 
ssRNA reporter (FAM-UUUUUU-BHQ1, Takara Bio). Fluorescence val-
ues were measured after a 30-min incubation at either 42 or 20 °C 
using the SpectraMax i3x. Additionally, the assays were visualized 
under blue light. The clinical samples examined in this study were 
approved by the Wuhan Jinyintan Hospital Ethics Committee (KY-
2021-01). The unextracted samples were mixed at equal ratio with lysis 
buffer (QuickExtract DNA extraction solution), supplemented with 
250 μM tris-2-chloroethyl phosphate (Aladdin), 0.02 μg μl−1 Chelex-100 
(BioRad Laboratories) and 1 U μl−1 RNasin Plus (Promega Corporation, 
catalog no. N2111), and were boiled for 10 min. The extracted samples 
were obtained using kits from Liferiver (Shanghai)42.

Competition between LwaCas13a cleavage and reverse 
transcription
The REVERSE reaction, lacking the RPA component as well as the for-
ward and reverse primers, was incubated at 37 °C for 5 min, followed 
by 95 °C for 5 min to terminate the reaction. Orf1ab gene IVT RNA (2 ng) 
and 370 nM reverse transcription primer were used. The targeting sites 
of the crRNAs are within the qPCR region. The resulting cDNA was sub-
sequently quantified through qPCR using 10 µl of 2× SYBR Green mix 
(Vazyme, catalog no. Q111-02), 100 nM forward and reverse primers 
and 2 µl of the transcription products.

Antigen test
For the antigen test, 5 µl of SARS-CoV-2 samples was mixed with the 
buffer provided in the COVID-19 kit (Szybio), resulting in a concentra-
tion of SARS-CoV-2 equivalent to that used in REVERSE-2. This mixture 
was then applied onto the sample pad of a lateral flow device, and 
images were captured at different time points.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.
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Extended Data Fig. 1 | Comparison of Cas12b-mediated one-pot testing using canonical PAM or suboptimal PAMs. (a–f) The fluorescence curves of one-pot 
testing using canonical PAM or suboptimal PAMs of Cas12b. For a-c, the one-pot testing was mediated by LAMP. For d-f, the one-pot testing was mediated by RPA. 
Mean ± s.d. for 3 technical replicates.
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Extended Data Fig. 2 | Sequences of AapCas12b. Conservative analysis of residues 478 and 396 between Cas12b orthologs.
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Extended Data Fig. 3 | Cis-cleavage of Cas12b variants. Cis-cleavage of Cas12b-
WT, Cas12b-2M, enzymatically dead Cas12b-WT, and enzymatically dead Cas12b-
2M. Enzymatically dead indicates E848A (ref. 45). Proteinase K was introduced 

to stop reaction at various time points. The experiment was repeated twice 
with similar results. S, 1241 bp substrate; P1 and P2, 927 bp product 1 and 314 bp 
product 2.
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Extended Data Fig. 4 | Optimization of one-pot testing. (a) The performance of 
commercially available bst enzymes were determined in one-pot testing at 60 °C. 
Bst1-7 represent bst 2.0 DNA polymerase (NEB), bst 3.0 DNA polymerase (NEB), 
bst DNA polymerase from Vazyme, Beyotime, FAPON-BIOTECH, YEASEN and 

bst DNA polymerase Plus from YEASEN. (b) The optimized one-pot testing using 
Cas12b-2M or WT. ‘cp/µL’ indicates the copy number per microliter in one-pot 
testing. For a & b, mean ± s.d. for 3 technical replicates. (c) LAMP alone tests of 
SARS-CoV-2 clinical samples.
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Extended Data Fig. 5 | The fluorescence curves in one-pot testing with or without UNG. (a-b) The fluorescence curves of one-pot testing with or without UNG were 
identified. The Ct values of clinical samples 1-6 were 23.8, 23.5, 22.6, 27.0, 33.5, and 29.0, respectively. Mean ± s.d. of n = 3 technical replicates.
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Extended Data Fig. 6 | Performance of REVERSE in detecting SARS-CoV-2. 
(a) Sensitivity comparison between REVERSE and SHINE. The black dotted line 
represents the threshold, which was determined as three times the negative 
control fluorescence value. (b, c) Evaluation of REVERSE-2 performance at 
20 °C using a fluorescence reader (b) and blue light (c). (d) Comparison of 

Cas13a-, Cas12a- and Cas12b-mediated one-pot testing at 20 °C and 25 °C. The 
input substrates comprised pseudo-SARS-CoV-2 RNA of 1 cp/μL. Results were 
captured using blue light at 30, 40, 50, and 60 minutes. Mean ± s.d. for 4 technical 
replicates for a; 3 technical replicates for b.
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Extended Data Fig. 7 | Sensitivity and specificity comparison between REVERSE-2 and antigen test at room temperature. (a, b) Sensitivity assessment of 
REVERSE-2 (a) and the antigen test (b). (c, d) Determination of the specificity of REVERSE-2 and the antigen test.
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