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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A rapid and visualized one-step detec
tion system of RPA-Cas12 was 
established. 

• The detection system gets rid of the 
limitation of PAM sequence. 

• The higher the activity of Cas12a, the 
more inhibited the one-step detection 
system. 

• The system can perform nucleic acid 
extraction and detection of pertussis 
clinical samples and SARS-COV-2 clin
ical samples within 30 min.  
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A B S T R A C T   

CRISPR-Cas12a (Cpf1) is widely used for pathogen detection. However, most Cas12a nucleic acid detection 
methods are limited by a PAM sequence requirement. Moreover, preamplification and Cas12a cleavage are 
separate. Here, we developed a one-step RPA-CRISPR detection (ORCD) system unrestricted by the PAM 
sequence with high sensitivity and specificity that offers one-tube, rapid, and visually observable detection of 
nucleic acids. In this system, Cas12a detection and RPA amplification are performed simultaneously, without 
separate preamplification and product transfer steps, and 0.2 copies/μL of DNA and 0.4 copies/μL of RNA can be 
detected. In the ORCD system, the activity of Cas12a is the key to the nucleic acid detection; specifically, 
reducing Cas12a activity increases the sensitivity of ORCD assay detection of the PAM target. Furthermore, by 
combining this detection technique with a nucleic acid extraction-free method, our ORCD system can be used to 
extract, amplify and detect samples within 30 min, as verified with tests of 82 Bordetella pertussis clinical samples 
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with a sensitivity and specificity of 97.30% and 100% compared with PCR. We also tested 13 SARS-CoV-2 
samples with RT-ORCD, and the results were consistent with RT–PCR.   

1. Introduction 

In recent decades, respiratory infectious diseases caused by the gram- 
negative bacterial pathogens Bordetella pertussis (B. pertussis) [1], influ
enza viruses [2,3], severe acute respiratory syndrome-coronavirus 
(SARS-CoV) [4], and SARS-CoV-2 (previously named 2019-nCoV) [5, 
6] have seriously threatened human health, especially the outbreak of 
coronavirus disease 2019 (COVID-19) in 2019 [7]. As of 1 April 2022, 
according to the World Health Organization (WHO) [8], a total of 486, 
761, 597 confirmed cases of COVID-19 had been reported worldwide, 
and 6,142,735 deaths have been attributed to COVID-19. Therefore, the 
rapid, early and accurate detection of nucleic acids is of great signifi
cance for the diagnosis of diseases, evaluation of treatment plans, 
formulation of preventive measures, assessment of drug resistance, etc., 
which in turn can prevent the risk of disease transmission. 

The traditional polymerase chain reaction (PCR) or reverse- 
transcription PCR (RT–PCR) method is the gold standard for nucleic 
acid detection [9,10], but it is not suitable for simple, rapid and im
mediate point of care (POC) molecular diagnosis because it usually de
pends on complex and precise instrumentation and specially trained 
personnel and involves a long reaction time (approximately 2 h) [11]. 
To circumvent the limitations of traditional PCR, many isothermal 
amplification methods, such as recombinase polymerase amplification 
(RPA) [12,13] and loop-mediated isothermal amplification (LAMP) 
[14], have been developed. However, these isothermal amplification 
methods are not suitable for molecular detection because their sensi
tivity is lower than traditional PCR and can render false-positive results 
[15–17]. 

The RNA-guided class 2 clustered regularly interspaced short palin
dromic repeats/CRISPR-associated proteins (CRISPR/Cas) systems are 
widely used for molecular diagnosis because of their high rate of 
collateral cleavage of single-strand DNA (ssDNA) [18,19], such as that 
induced by Cas12a (previously known as Cpf1) and Cas12 b (previously 
known as C2c1), which recognize ssDNA or double-stranded (dsDNA), 
and Cas13a (previously known as C2c2), which recognizes RNA 
[20–29]. After preamplification, Cas13 and Cas12 nucleases have been 
developed for use in a variety of nucleic acid detection systems with high 
specificity and sensitivity, respectively. For example, specific 
high-sensitivity enzymatic reporter unlocking (SHERLOCK) [30] com
bined with recombinase-mediated polymerase nucleic acid pre
amplification by the Cas13 nuclease for rapid detection of nucleic acids, 
DNA endonuclease-targeted CRISPR trans reporter (DETECTR) [31] 
combined with isothermal amplification of Cas12a nuclease for DNA 
detection, and one-HOur Low-cost Multipurpose highly Efficient System 
(HOLMES) [32] combined with PCR preamplification of Cas12a for fast 
detection of target DNA and target RNA. However, these 
CRISPR/Cas-based detection strategies, with CRISPR RNAs (crRNAs) 
that restricted by the protospacer adjacent motif site (PAM) sequence, 
usually need to be carried out step by step, requiring that first nucleic 
acid be pre-amplified followed by amplified products transfer to the 
CRISPR/Cas system for nucleic acid detection [33,34]. This multistep 
reaction method is not only cumbersome and time consuming but is also 
easily affected by aerosol contamination. HOLMES has been further 
developed into a one-step HOLMESv2 method based on Cas12 b and 
LAMP to address this issue. However, it is less sensitive than qPCR and 
requires a total reaction time of nearly 2 h [24]. Since the outbreak of 
SARS-CoV-2, Cas12a has developed rapidly in the field of nucleic acid 
detection. For example, a visual detection based on Cas12a, 
AIOD-CRISPR [35], a CRISPR-based point-of-care diagnosis assay, 
miSHERLOCK [36], an assay using suboptimal protospacer adjacent 
motifs for Cas12a, sPAMc [37]. 

In this study, we also propose a one-step RPA-CRISPR detection 
(ORCD) system unrestricted by the PAM sequence to achieve highly 
sensitive and specific one-tube, rapid (30 min), and visual detection of 
nucleic acids. In this ORCD system, the nucleic acid amplification and 
CRISPR/Cas12a cleavage of a ssDNA reporter are performed simulta
neously, which enables the detection of a few copies of the target nucleic 
acids (DNA or RNA). Furthermore, we reveal that the cis-cleavage ac
tivity of Cas12a is the key to the detection of nucleic acids by the ORCD 
system, and the limit of detection (LoD) of the ORCD system for tar
geting a PAM sequence is greatly improved by reducing the relative 
Cas12a activity. In addition, after using a nucleic acid-free extraction 
method, we applied the ORCD system to detect 82 DNA clinical samples 
of Bordetella pertussis with sensitivity and specificity of 97.30% and 
100% respectively. We also used the RT-ORCD system to detect 13 RNA 
clinical samples of SARS-CoV-2 and obtained results consistent with 
those of the PCR or RT–PCR methods. 

2. Materials and methods 

2.1. Materials 

All DNA templates and primers were synthesized by GENERAL BIOL 
(Anhui) Co., Ltd. (China). The ssDNA-FQ reporter was synthesized by 
Sangon Biotechnology Co., Ltd. (Shanghai, China). All sequences and 
plasmids used in this study are listed in Supplementary Tables 4 and 5 of 
the Supporting Information. A TwistAmp basic kit was purchased from 
TwistDx Inc. (Cambridge, UK). The dsDNAs were purified using a 
TIANprep Midi plasmid kit from Qiagen (Shanghai, China). The PCR 
amplification products were recovered, and RPA amplification products 
were extracted using a FastPure Gel DNA Extraction Mini Kit from 
Vazyme (Nanjing, China). A viral nucleic acid extraction-free release 
agent kit was provided by BioDetect (Xiamen, China). MutiScript II 
Reverse Transcriptase was ordered from Fapon Biotech Inc. (Shenzhen, 
China). A HiScribe T7 Quick High Yield RNA synthesis kit and DNase I 
(RNase-free) were purchased from New England Biolabs (Beijing, 
China). Ni sepharose was purchased from GE Healthcare. The B. pertussis 
nucleic acid detection kit (PCR-Fluorescence Probing) used to compare 
the results with those obtained by ORCD was purchased from Shenzhen 
YILIFANG Biological Co., Ltd. (Shenzhen, China). The novel coronavirus 
(2019-nCoV) nucleic acid diagnostic kit (PCR-Fluorescence Probing) 
used to compared the results with those obtained by RT-ORCD was 
purchased from Sansure Biotech (Changsha, China). The clinical sam
ples of B. pertussis were provided by Beijing Children’s Hospital Affili
ated to Capital Medical University, and the SARS-COV-2 swab samples 
were provided by Xiamen Centers for Disease Control and Prevention. 

2.2. Preparation of crRNAs 

First, the synthesized upstream and downstream oligonucleotides 
with the T7 promoter sequence, a spacer and a repeat sequence were 
annealed in 1x annealing buffer containing 50 mM HEPES (pH 7.4) and 
100 mM NaCl. Next, the annealed dsDNAs were used as templates for 
synthesizing crRNA overnight with the HiScribe T7 Quick High Yield 
RNA synthesis kit at 37 ◦C. Then, DNase I was added to the transcription 
system, incubated at 37 ◦C for 30 min to remove template DNA, and 
incubated at 85 ◦C for 10 min to denature it. Finally, the transcribed 
RNA was purified by a phenol chloroform extraction method and 
quantified with a NanoDrop 2000C spectrophotometer (Thermo Fisher). 
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2.3. Preparation of target DNAs and RNAs 

The 643-bp PAM-target sequence was inserted into a pUC-57 vector 
to form the plasmid template. On the basis of the PAM-target plasmid, 
three TTT bases were removed to obtain a 640-bp non-PAM-target 
sequence template. No PAM target was derived from IS1663 of Borde
tella pertussis (GenBank accession CP046995.1), and the PAM target 
was a mutant of IS1663. For the SARS-COV-2 target, the sequence 
containing the T7 promoter and 1260-bp N gene from 28,274 to 29,533 
in the SARS-CoV-2 genome (GenBank accession MT322424.1) was 
inserted into a pUC-57 vector. The target RNAs were transcribed from 
plasmids carrying T7-promoter-tagged sequences using a HiScribe T7 
Quick High Yield RNA synthesis kit. First, a PCR step was performed 
with a synthetic gene fragment containing a T7-promoter-tagged PCR 
forward primer and a reverse primer containing the corresponding 
target sequence. Next, the PCR products were used as templates for 
synthesizing target RNAs overnight through transcription reactions at 
37 ◦C after recovery with a FastPure Gel DNA Extraction Mini Kit. Then, 
DNase removal of DNA and phenol chloroform purification of RNA steps 
were performed to purify crRNA. 

2.4. Purification of the LbCas12a protein 

The sequence of the LbCas12a protein was optimized on the basis of 
its expression level and synthesized by General Biological Co., Ltd., and 
then cloned into the pET32a vector with a 6x His tag in the N-terminus. 
The recombinant LbCas12a protein was expressed in E. coli BL21 (DE3). 
The cells were grown at 37 ◦C to an optical density measured at 600 nm 
(OD600) of 0.6 before expression was induced with 1 mM IPTG treat
ment at 25 ◦C for 6 h. Cell pellets were resuspended in 80 mL of lysis 
buffer (50 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 5 mM DTT, 5% glycerol, 
and 0.1% Triton X-100). Once homogenized, the cells were lysed by 
sonication (40% kHz for 21 min) and then centrifuged (12,000 rpm for 
30 min at 4 ◦C), and the supernatant was retained. The supernatant was 
incubated with Ni sepharose (GE Healthcare), which was preequili
brated in lysis buffer. Then, the column was washed with washing buffer 
(50 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 5 mM DTT, 5% glycerol, 0.1% 
Triton X-100, and 50 mM imidazole), and the LbCas12a protein was 
eluted with elution buffer (50 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 5 mM 
DTT, 5% glycerol, 0.1% Triton X-100, and 250 mM imidazole). The 
eluted fractions containing LbCas12a were collected and dialyzed 
overnight into storage buffer (20 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 5 
mM DTT, and 1 mM EDTA). After dialysis, the fractions containing 
LbCas12a were concentrated to a final concentration of 2 mg/mL and 
stored at − 20 ◦C with the addition of 50% glycerol. 

2.5. Cis-cleavage assay 

Cis-cleavage was performed with the LbCas12a protein at 37 ◦C in 
cleavage buffer containing 50 mM Tris-HCl (pH 7.9), 100 mM NaCl, 10 
mM MgCl2 and 1 mM DTT. The cleavage reaction consumed 0.496 μM 
synthesized crRNA and 200 ng of target DNA in plasmids or PCR 
amplicons. The sample was then analyzed in a 1% agarose gel. ImageJ 
software was used to analyze the results. 

2.6. Trans-cleavage assay 

The trans-cleavage assay was carried out by cleaving the ssDNA-FQ 
reporter. The reaction mixture contained LbCas12a, 0.496 μM crRNA, 
2 μM ssDNA-FQ reporter and 200 ng of the target DNA and was carried 
out in a SLAN-96 P real-time PCR instrument (Shanghai Hongshi Med
ical Technology Co., Ltd.). The fluorescence intensity was measured 
every minute for 30 min. After 30 min, the sample was scanned image 
capture using a THBC-470 LED blue light (TUOHE) and Clinx Gel 
Documentation System (Clinx). 

2.7. ORCD assay 

The ORCD assay was performed simultaneously in one tube con
taining RPA amplification and Cas12a cleavage reaction mixtures. 
Specifically, the 25-μL one-tube reaction assay contained 6.25 μL of 
concentrated buffer A (25% PEG20000), 1.25 μL of buffer B (240 mM 
Magnesium acetate), 0.32 μM primer (for each primer), 0.8 μM dNTP, 
0.46 μM LbCas12a, 0.496 μM crRNA, 2 μM ssDNA-FQ reporter (5′-FAM- 
TCCCT-BHQ-3′) and 5 μL of the target DNA. Except that RT-ORCD sys
tem contains 0.32U/μL MutiScript II reverse transcriptase, the compo
nents of RT-ORCD were mostly consistent with those of ORCD. Real-time 
fluorescence detection was performed with a SLAN-96 P real-time PCR 
instrument. The fluorescence intensity was measured every 1 min for 30 
min while the PCR was running. After the ORCD reaction mixture was 
incubated for 30 min at 37 ◦C, the tube was inspected under LED blue 
light and UV light. 

2.8. The nucleic acid extraction-free release agent method 

The viral nucleic acid extraction-free release agent kit was used to 
extract DNA or RNA from clinical samples. Specifically, for DNA 
extraction, 20 μL of liquid samples was added to the same volume of 
nucleic acid extraction buffer. 5 U/μL RNase inhibitor was added after 
extracting the RNA samples. After shaking for 5 s, the lysed sample was 
used as the template for amplification. 

3. Results and discussion 

3.1. crRNA/LbCas12a showed weaker cis-cleavage activity and similar 
trans-cleavage activity with non-PAM target than with PAM targets 

We purified LbCas12a (Lachnospiraceae bacterium ND2006 Cas12a) 
and confirmed that LbCas12a had both cis-cleavage activity on dsDNA 
and collateral trans-cleavage activity on ssDNA (Supplementary Fig. 1). 
Consistent with previous findings, the PAM site of 5′-TTTN-3′ was 
required by LbCas12a to cleave target dsDNA [25,38]. To investigate the 
cleavage activity of Cas12a on dsDNA without strict PAM recognition 
restriction, we designed a crRNA with a 20-nucleotide (nt) sequence 
targeting a PAM and non-PAM dsDNA template. As shown in Fig. 1a, the 
non-PAM target sequence was derived from the IS1663 sequence of 
Bordetella pertussis, which differed from the 5′-TTT-3′ of PAM sequence 
in three bases. The two sequences were completely identical except for 
the PAM sequence and paired with crRNA targeting. 

To evaluate the performance of crRNA targeting of the non-PAM 
sequence, we first tested the cis-cleavage activity of crRNA/Cas12a. 
PAM-target and non-PAM-target plasmids were used as the templates. 
As shown in Fig. 1b, crRNA/Cas12a exhibited higher cis-cleavage ac
tivity with prolonged reaction time. However, the cis-cleavage activity 
of crRNA/Cas12a targeting the non-PAM sequence was weaker than that 
of the crRNA/Cas12a targeting the PAM sequence, but no significant 
increase in cleavage was observed after 30 min of incubation. Next, we 
tested the trans-cleavage activity of crRNA/Cas12a. The ssDNA- 
fluorophore quencher (FQ) reporter used for this experiment was a 5- 
nt ssDNA (5′-TCCCT-3′) labeled with a 5′-FAM (fluorescein) dye and 
3′-black hole quencher. After incubation at 37 ◦C for 30 min, the real- 
time fluorescence results showed high crRNA trans-cleavage activity 
when targeting either the PAM or non-PAM sequence, and the fluores
cence was saturated within 10 min (Fig. 1c). However, the trans-cleav
age activity of Cas12a targeted to the PAM sequence was higher, and the 
fluorescence was saturated in only approximately 3 min, while targeting 
the non-PAM sequence was achieved in approximately 7 min. In addi
tion, after 30 min of incubation, the fluorescence emitted by cleavage of 
the targeted PAM and non-PAM sequences was high and nearly identical 
(Fig. 1d) and was directly visualized under an LED blue or ultraviolet 
(UV) light illuminator (Fig. 1e). These results suggested that crRNA/ 
Cas12a recognizes non-PAM targets and shows weaker cis-cleavage and 
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similar trans-cleavage activity compared with its effect on dsDNA with 
PAM sequences. 

3.2. Non-PAM-targeted crRNA/LbCas12a enhanced one-step RPA- 
CRISPR detection (ORCD) assay 

Next, we combined crRNA/Cas12a targeting of non-PAM sequences 
with RPA for nucleic acid detection following the DETECTR method 
because similar trans-cleavage activity was found with the DETECTR 
method when both the PAM sequence and a non-PAM sequence was 
targeted. First, the target sequences were pre-amplified by RPA at 37 ◦C 
for 10 min, and then the amplified products were transferred to a Cas12a 
reaction system for fluorescence detection. The results are shown in 
Supplementary Fig. 2. Whether the PAM or a non-PAM sequence was 
targeted, 104 copies/μL of the target were detected with the DETECTR 
method; however, the detection efficiency of the targeted PAM sequence 
was better than that of the non-PAM sequence. 

To prevent cap opening, we integrated crRNA/Cas12a and RPA 
targeting PAM and non-PAM sequences into a single reaction system to 
establish the ORCD system. Specifically, we directly added the Cas12a 
system to the RPA reaction solution without preamplification and 
incubated the solution at 37 ◦C for 30 min before fluorescence detection. 
The workflow of the ORCD method is shown in Fig. 2a. All reagents, 
including the RPA mixture, crRNA/LbCas12a complex and ssDNA 
ssDNA-FQ reporter, were encapsulated in a single pellet. When Mg2+

was added to one pellet containing the ORCD system at 37 ◦C, RPA 
amplification was initiated. Then, when the crRNA/Cas12a complexes 
recognized and bound the target site, the Cas12a endonuclease was 
activated and cleaved the ssDNA-FQ reporters, generating an intense 
fluorescence signal, which was directly visualized under an LED blue or 
a UV light illuminator. 

To systematically evaluate our ORCD assay, we prepared and tested 
12 systems containing various components (Reactions 1–12) for tar
geting PAM and non-PAM sequences. A total of 104 copies/μL of plasmid 
containing a 643-bp PAM sequence target and a 640-bp non-PAM target 
sequence were used (Supplementary Table 4). The crRNA targeted both 
the PAM and non-PAM DNA templates. In addition, the ssDNA sequence 
(TCCCT) with the 5-terminus-labeled FAM fluorescent group and the 3- 
terminus-labeled BHQ1 quenching group was used as reporter mole
cules, and the change in fluorescence was monitored in real time at 
37 ◦C. As shown in Fig. 2b, surprisingly, only reaction 8, containing the 
non-PAM-target, reporter molecules, crRNA, LbCas12a, and the RPA 
reaction mixture, exhibited a significantly increased fluorescence signal, 
which reached a saturation point at 13 min. In addition, the fluorescence 
intensity at the end of the reaction for 30 min was directly observable to 
the naked eye under a LED blue light or ultraviolet radiation (Fig. 2c). In 
contrast, after incubation of RPA and Cas12a at 37 ◦C for 30 min, no 
significant fluorescent signals were observed for reaction 4 targeting the 
PAM sequence. To explore which types of preamble sequences were 
more advantageous in one-step method, we tested 64 PAM sequences 
covering 5′-NNN-3′ sequences by ORCD system. The results showed that 
the most preferred PAM sequence TTT and targets containing two T 
(TTN, NTT, TNT) showed poor performance in ORCD, while TCC, TCG, 
CCT, CTC, GTC and CTG showed excellent activity in ORCD (Supple
mentary Figs. 3 and 4). These results demonstrate that, in our ORCD 
assay system, the combination of crRNA/Cas12a not limited to PAM 
region targeting, and RPA is a simple, rapid and one-tube method for 
nucleic acid detection, but this outcome differed when the PAM 
sequence was targeted. 

Fig. 1. The cis and trans cleavage of LbCas12a/crRNA targeted to PAM and non-PAM sequences. a. Schematic of CRISPR RNA (crRNA) targeting a PAM and non-PAM 
sequence. The PAM sequence, 5′-TTTG-3′, is in red. b. The cis-cleavage of crRNA/LbCas12a targeting PAM- and non-PAM-containing plasmids at different times. c, d, 
e. The trans-cleavage activity of crRNA/LbCas12a targeting PAM- and non-PAM-containing plasmids after incubation for 30 min. The single-stranded DNA with a 
fluorophore quencher (ssDNA-FQ) was labeled with 5′ FAM (fluorescein) and 3′ BHQ1. NTC, nontemplate control reaction. Error bars represent the means ± S.D. of 
n = 3 replicates ns = not significant with p > 0.05, and asterisks (*, **, ***, and ****) denote significant differences based on the p values listed above. The source 
data are available in the source data file. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.3. Non-PAM-targeted crRNA/LbCas12a enhanced the sensitivity of the 
ORCD assay 

Next, to enhance the sensitivity of the ORCD assay system, we 
optimized the components of the system. The results showed that the 
optimal amounts of Cas12a protein, crRNA, ssDNA-FQ reporter and 
primer were 0.46 μM, 0.744 μM, 1.2 μM, and 0.64 μM, respectively 
(Supplementary Figs. 5, 6, 7, and 8). In addition, we found that when the 
optimal amount of Cas12a protein was exceeded, the concentration of 
the Cas12a nuclease was increased and the fluorescence signals pro
duced by cleavage of the ssDNA-FQ reporter was decreased (Supple
mentary Fig. 8). When the crRNA, ssDNA-FQ reporter and primers were 
added at certain concentration ranges, the fluorescence signals emitted 
after reporter cleavage was high and increased with increasing con
centrations until fluorescence saturation was reached (Supplementary 
Figs. 5, 6, 7). 

Under optimal conditions, the sensitivity of the ORCD assay system 
was evaluated. Seven 10-fold dilution gradients of DNA plasmids with 
and without the PAM region from Bordetella pertussis were used as 
templates, and each gradient was assayed 5 times using a crRNA that can 
target both templates. As shown in Fig. 3 and Supplementary Fig. 9, we 
found that the ORCD assay consistently detected non-PAM-target 
plasmid DNA when the input was as low as 0.2 copies/μL (Fig. 3a, b, 
3c), which indicated must higher sensitivity than that observed for PAM 
sequence detection, which required a minimum of 20,000 copies/μL of 

input (Fig. 3d, e, 3f). In addition, we compared the sensitivity of ORCD 
with that of DETECTR. The real-time fluorescence assay results revealed 
that the LoD of the DETECTR targeting PAM or non-PAM sequences was 
0.2 copies/μL of input (Supplementary Figs. 10 and 11). The sensitivity 
of our ORCD system targeting non-PAM sequences was equivalent to 
that of the DETECTR method, but the ORCD sensitivity of PAM target 
sequences was significantly worse than that of DETECTR. In addition to 
this high sensitivity, ORCD system showed high specificity in detecting 
Bordetella pertussis within 30 min (Supplementary Fig. 12). 

3.4. PAM-targeted crRNA/LbCas12a with lower cis-cleavage activity 
enhanced the sensitivity of ORCD 

We next sought to understand the potential mechanism for the 
insensitivity of the ORCD system in detecting the PAM sequence. With 
the ORCD system, the higher the concentration of Cas12a was, the lower 
the sensitivity of non-PAM sequence detection (Supplementary Fig. 8). 
We speculate that highly active Cas12a inhibits the RPA amplification. 
Therefore, we compared the activity of Cas12a targeting of PAM and 
non-PAM sequences. First, we tested the cis-cleavage activity of Cas12a 
at different concentrations. As shown in Fig. 4a, the cis-cleavage activity 
of crRNA/Cas12a targeting the PAM or non-PAM sequence was 
increased with increasing Cas12a concentration. In addition, the cis- 
cleavage activity of crRNA/Cas12a targeting the PAM sequence was 
superior to that targeting the non-PAM sequence at equivalent Cas12a 

Fig. 2. Workflow of the ORCD assay. a. Schematic showing the ORCD assay system for rapid and visual nucleic acid detection. All reagents were mixed into a single 
pellet. The reaction was assessed in real time by monitoring the fluorescence signal intensity, and the end-point fluorescence was observed with the naked eye 
through a LED blue light illuminator. b, c. Evaluation of the ORCD system targeting PAM and non-PAM plasmids by real-time fluorescence and endpoint imaging. 
The ORCD system contained 0.248 μM crRNA, 0.46 μM LbCas12a, 0.8 μM single-stranded DNA with a fluorophore quencher (ssDNA-FQ), 0.32 μM primers, 14 mM 
MgOAc and a recombinase polymerase amplification (RPA) mixture. The target plasmid concentration was 104 copies/μL. Each experiment was repeated three times, 
and similar results were obtained each time. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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concentrations. Then, we tested trans-cleavage of Cas12a at different 
concentrations, and the trans-cleavage activity of Cas12a was found to 
be increased when its concentration was increased (Fig. 4b and Sup
plementary Fig. 13). 

Next, we tested the effects of different Cas12a activity, as measured 
by concentration, on amplification by the ORCD system targeting the 
PAM region. Surprisingly, the ORCD system detected 104 copies/μL of 
input PAM target sequences when the Cas12a concentration (e.g., ac
tivity) was relatively low (0.23 μM), but when the Cas12a concentration 
was high, the ORCD system failed to detect the PAM sequence at the 104 

copies/μL level (Supplementary Fig. 14). Moreover, the sensitivity 
analysis also showed that the ORCD system consistently detected 20 
copies/μL of PAM target input when the Cas12a activity was relatively 
low (Fig. 4c, d, 4e and Supplementary Fig. 15), which was 103 folds 
higher than that obtained when Cas12a activity was relatively high 
activity (Fig. 3d, e, 3f). These results demonstrate that Cas12a activity is 
the key to the detection of nucleic acids by the ORCD system. Cas12a of 
the ORCD system with low activity exhibited reduced nucleic acid 
cleavage, which is conducive to greater amplification of RPA and more 
sensitive detection of low nucleic acid levels. 

3.5. Application of non-PAM-targeted ORCD systems for SARS-CoV-2 
detection 

Furthermore, to verify the applicability of the ORCD system, we 
designed a crRNA not limited to PAM sequence identification to detect 
the N gene of SARS-CoV-2 (Supplementary Fig. 16) and then used the 
ORCD system to detect ORCD sensitivity. The real-time fluorescence and 
endpoint imaging results showed that the LoD was also as low as 0.2 
copies/μL of target input (Fig. 5a, b, 5c and Supplementary Fig. 17). 

Next, to evaluate the target specificity of ORCD, we tested 
commercially synthesized plasmids containing the complete N gene in 

SARS-CoV (accession number NC_004718) and a bat SARS-like corona
virus (bat-SL-CoVZC45, accession number MG772933). The crRNA was 
designed with one base that did not match the SARS-CoV sequence and 
two bases that did not match the bat SARS-like coronavirus (Fig. 5d). As 
shown in Fig. 5e, f, 5g, our ORCD system produced an intense fluores
cence signal that was observed either during the real-time analysis or as 
UV and LED blue light detectable by the naked eye at the end of the 
experiment only when it was applied to the SARS-CoV-2 plasmid. These 
results indicate that our developed ORCD assay system exhibits high 
specificity and does not report cross-reactions with untargeted sequence 
fragments. 

In addition to DNA, RNA targets can be detected with our ORCD 
assay system, but RNA needs to be reverse transcribed into cDNA before 
it can be used as the detection template. Therefore, MutiScript II reverse 
transcriptase was added to the ORCD system to establish a reverse 
transcription–one-step RPA-CRISPR Detection (RT–ORCD) system to 
detect RNA. As shown in Supplementary Fig. 18, the PCR product of a 
SARS-COV-2 N gene fragment containing the T7 promoter was tran
scribed into RNA by T7 RNA transcriptase and used as the detection 
template, and our RT-ORCD system consistently detected as few as 0.4 
copies/μL of SARS-CoV-2 N RNA target, as determined through real-time 
fluorescence or naked eye observation (Fig. 5h, i, 5j and Supplementary 
Fig. 19). However, when detecting PAM target, the sensitivity of RT- 
ORCD system was 4000 copies/μL, which was far worse than that of 
non-PAM target (Supplementary Fig. 20). Also, the RT-ORCD assay 
showed a high specificity in the SARS-CoV-2 detection without any 
cross-interaction with other sequences (Supplementary Fig. 21). 

These results indicate that our ORCD assay method can be used to 
detect DNA and RNA at single-copy sensitivity. In addition to this high 
sensitivity, it exhibits specificity and rapid nucleic acid detection, 
yielding results in approximately 30 min. 

Fig. 3. Sensitivity of the ORCD assay system for the detection of PAM and non-PAM targets. a, b, c. Real-time fluorescence and endpoint imaging results showing the 
sensitivity of the ORCD system detecting non-PAM targets. The source data are available in the Source Data file. d, e, f. Real-time fluorescence and endpoint imaging 
showing the sensitivity of the ORCD system detecting PAM targets. The source data are available in the Source Data file. Error bars represent the mean ± S.D. with n 
= 5 replicates. ns = not significant with p > 0.05, and the asterisks (*, **, ***, and ****) denote significant differences with the p values listed above. 
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3.6. DNA and RNA clinical samples were rapidly detected by the ORCD 
(RT-ORCD) system 

To facilitate the detection of clinical samples, the ORCD assay system 
was combined with the nucleic acid extraction-free release agent 
method, and using this system, nucleic acids were extracted and 
detected within 30 min. The workflow for rapid nucleic acid extraction 
and detection is shown in Fig. 6a. Specifically, 20 μL of sample was 
added to the same volume of nucleic acid extraction buffer. Additional 
0.5 U/μL RNase inhibitor was added when RNA sample extraction. After 
shaking for 5 s, the 5 μL of this lysed sample was added to the ORCD or 
RT-ORCD system as the amplification target. The results were monitored 
in real time by fluorescence and with the naked eye by LED blue light 
and ultraviolet light. 

The ORCD assay performed with a nucleic acid extraction-free 
release agent was further applied to detect Bordetella pertussis (B. 
pertussis) in samples of patients with whooping cough. A total of 82 de- 
identified clinical swab samples (including five whooping cough- 
positive samples prepared in culture) were tested with our ORCD 
assay in combination with a nucleic acid extraction-free release agent. In 
addition, the extracted clinical samples were subjected to real-time 
fluorescence PCR. As shown in Fig. 6b and Supplementary Fig. 22, 23 
and 24, all 19 whooping cough-positive culture samples were identified 
to be B. pertussis-positive by our ORCD system with the nucleic acid 
extraction-free release agent in 30 min. In addition, 17 whooping cough 
culture-negative samples were identified as B. pertussis-positive with our 
method, and a total of 36 B. pertussis-positive and 46 B. pertussis-negative 

samples were tested. Furthermore, compared with real-time fluorescent 
PCR (Supplementary Tables 1–2), our ORCD sensitivity and specificity 
were 97.30% and 100%, respectively. These outcomes showed that our 
ORCD assay system detected B. pertussis with high sensitivity with 
samples assayed by the clinical gold standard method of isolation and 
culture and were highly consistent with those of the real-time fluores
cence PCR assays. In addition, we tested 13 SARS-COV-2 swab samples 
with RT-ORCD, including 5 SARS-COV-2-positive and 8 negative sam
ples. From the results of the real-time fluorescence and LED blue or UV 
light observations (Fig. 6c), the RT-ORCD identified all five positive 
samples, which were confirmed by RT–PCR to be positive, and corre
spondingly, the negative samples were confirmed to be negative by 
RT–PCR (Supplementary Table 3). 

4. Conclusion 

In this study, we presented a one-step RPA (or RT-RPA)-CRISPR 
detection strategy for the rapid and visual detection of DNA or RNA 
by crRNA without a PAM sequence (5′-TTTN-3′). A key advancement 
with this work is demonstrated by the use of a crRNA that is not strictly 
restricted by the PAM sequence and that shows similar trans-cleavage 
activity and lower cis-cleavage activity to that targeting the PAM 
sequence within 30 min. Moreover, the high trans-cleavage activity is 
observable with the naked eye through LED blue light or UV light im
aging, and therefore, no complex instruments are needed. 

The secondary key advance is that the ORCD is a rapid, one-step RPA 
(or RT-RPA)-CRISPR detection system that can be used to test DNA and 

Fig. 4. Cis and trans cleavage of LbCas12a at different concentrations and the sensitivity of LbCas12a at low concentrations in detecting PAM target sequences. a. The 
cis-cleavage activity of PAM- and non-PAM-targeting LbCas12a at different concentrations. b. The trans-cleavage efficiency of PAM- and non-PAM targeting LbCas12a 
at different concentrations. Three replicates were analyzed (n = 3). Each point represents the mean quantified percentage of sequences cleavage after 30 min at 37 ◦C, 
at which time the reaction was completed. The source data are available in the Source Data file. c, d, e. Real-time fluorescence and endpoint imaging showing the 
sensitivity of ORCD for detecting PAM targets when the concentration of LbCas12a was 0.23 μM. The source data are available in the Source Data file. Error bars 
represent the mean ± S.D. of n = 3 replicates. ns = not significant with p > 0.05, and the asterisks (*, **, ***, and ****) denote significant differences with the p 
values listed above. 
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RNA with sensitivity and specificity. In the ORCD system, all compo
nents, including the RPA (or RT-RPA) mixture and crRNA/LbCas12a 
mixture, were incubated in one test tube, and fluorescence was detected 
during amplification. According to recent reports, most COVID-19 
detection methods based on isothermal amplification and CRISPR 
detection require a two-step reaction because of interference caused by 
isothermal amplification and CRISPR detection performed in one step 

[33,34]. In this process, isothermal amplification or reverse transcrip
tion and isothermal amplification are performed first to amplify the 
product in a separate step, and then, the product is transferred to a 
CRISPR/Cas system for fluorescence detection. Moreover, this two-step 
process requires opening the amplification reaction tube, which in
creases the risk of cross-contamination and possible false-positive results 
when clinical samples are tested. In contrast, our ORCD (or RT-ORCD) 

Fig. 5. Specificity and sensitivity and of ORCD and RT-ORCD for the detection of SARS-CoV-2 N gene DNA and RNA sequences. a, b, c. Real-time fluorescence and 
endpoint imaging results showing the sensitivity of ORCD for detecting SARS-CoV-2 N gene DNA sequences. Three replicates were run (n = 3). The source data are 
available in the Source Data file. d. Alignment of crRNA-targeted sequences of SARS-COV-2 N gene, SARS-COV N and bat-SL-CoVZC45 N gene. e, f, g. After sequence 
alignment, the nucleotide sequences of similar pathogens in the coronavirus family containing SARS-CoV-2 was subjected to ORCD assay, and the real-time fluo
rescence and endpoint imaging results showing ORCD specificity is presented. The targets included a plasmid harboring the SARS-COV-2 N gene, a plasmid harboring 
the SARS-COV N gene and a plasmid harboring the bat-SL-CoVZC45 N gene. Three replicates were run (n = 3). h, i, j. Real-time fluorescence and endpoint imaging 
results showing the sensitivity of ORCD in detecting SARS-CoV-2 N gene RNA sequences. Four replicates were run (n = 4). The source data are available in the Source 
Data file. 
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Fig. 6. Detection of clinical swab samples by ORCD and RT-ORCD. a. Schematic showing the ORCD assay system with a nucleic acid extraction-free release agent for 
rapid and visual nucleic acid detection. The sample was mixed with extraction buffer for a few seconds to release the nucleic acids and used input for the ORCD or RT- 
ORCD system, which was monitored by real-time fluorescence PCR or naked eye observation of LED blue light. b. Real-time ORCD and endpoint images used for the 
visual detection of 21 Bordetella pertussis clinical samples. Positive control (PC), 200 copies/μL of plasmids containing the B. pertussis-1663 sequence; BPS01-BPS21, 
Bordetella pertussis clinical sample 1–21; NC, Bordetella pertussis negative control; and NTC, nontemplate control reaction. c. Real-time RT-ORCD and endpoint images 
for the visual detection of 13 13 SARS-CoV-2 clinical samples. Positive control (PC), 400 copies/μL of synthetic SARS-CoV-2 N RNA; NS01-NS13, SARS-CoV-2 sample 
1–13; NC, SARS-CoV-2 negative control; and NTC, nontemplate control reaction. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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system undergoes simultaneous for isothermal amplification and 
CRISPR/Cas12a detection, abrogating the risk of cross contamination. 
Additionally, the sensitivity of our system in detecting DNA and RNA 
was 0.2 copies/μL and 0.4 copies/μL, respectively, which is considered 
single-copy level sensitivity. 

The third key advancement of our ORCD system is related to the 
relatively low Cas12a activity for detecting of nucleic acids. Previous 
studies have shown that crRNA/LbCas12a targets the PAM sequence (5′- 
TTTN-3′) with high cis-cleavage and trans-cleavage efficiency [25,29]. 
This high cis-cleavage and trans-cleavage activity, however, likely 
cleaves all nucleic acids in the ORCD reaction system, inhibiting the 
reaction. Therefore, crRNA/Cas12a with relatively low activity is key to 
the successful use of ORCD method. We reduced the cis-cleavage and 
trans-cleavage activity of Cas12a by reducing its concentration, and 
when we used these low concentrations of Cas12a for nucleic acid 
detection, the sensitivity of the ORCD targeting PAM sequences was 
greatly improved. 

The final key advancement embodied in our ORCD system is per
formance of viral or bacterial nucleic acid extraction and clinical sample 
detection within 30 min when the nucleic acid extraction-free release 
agent method and ORCD (or RT-ORCD) system are used together. 
Moreover, the results of B. pertussis and SARS-CoV-2 detection tests were 
highly consistent with those obtained with real-time qPCR test results in 
the clinic, even when samples had very low nucleic acid loads. A recent 
national survey of more than 19,000 respondents showed that the 
average waiting time for qPCR test results based on nasal swabs was 4.1 
days, and 31% were available only after 4 days and 10% were available 
only after 10 or more days [39]. These findings clearly illustrate the 
need of rapid and immediate detection, and the strategy we provide can 
obtain the detection results within 30 min from sampling to detection. 
This test can be administered on demand in the clinic without a 
cumbersome nucleic acid extraction process, providing great conve
nience for real-time detection. 

We have demonstrated that our ORCD (or RT-ORCD) method 
without PAM limitation is a rapid, one-step, qualitative approach for the 
visualized detection of DNA or RNA that shows extreme sensitivity and 
single-base specificity. Furthermore, our simple method for time-saving 
and visualizing results exhibits great potential for use in the future 
development of POC molecular diagnostics in the post epidemic era. It 
can be widely used to quickly detect infectious diseases in unspecialized 
settings, such as small clinics, airports, fields and other places. 
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