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A B S T R A C T   

Developing highly accurate and simple approaches to rapidly identify and isolate SARS-CoV-2 infected patients is 
important for the control of the COVID-19 pandemic. We, herein, reported the performance of a Cas12a-assisted 
RTF-EXPAR strategy for the identification of SARS-CoV-2 RNA. This assay combined the advantages of RTF- 
EXPAR with CRISPR-Cas12a can detect SARS-CoV-2 within 40 min, requiring only isothermal control. Particu-
larly, the simultaneous use of EXPAR amplification and CRISPR improved the detection sensitivity, thereby 
realizing ultrasensitive SARS-CoV-2 RNA detection with a detection limit of 3.77 aM (~2 copies/μL) in an end- 
point fluorescence read-out fashion, and at 4.81 aM (~3 copies/μL) level via a smartphone-assisted analysis 
system (RGB analysis). Moreover, Cas12a increases the specificity by intrinsic sequence-specific template 
recognition. Overall, this method is fast, sensitive, and accurate, needing minimal equipment, which holds great 
promise to meet the requirements of point-of-care molecular detection of SARS-CoV-2.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a 
novel coronavirus, has caused the pandemic of coronavirus disease 2019 
(COVID-19), threatening all aspects of human life (Anderson et al., 
2021; Gorbalenya et al., 2020; Hanna et al., 2020; Matheson and Lehner, 
2020). Mass screening of symptomatic and asymptomatic viral in-
fections may allow for rapid intervention, and is helpful to slow down 
the fast spread of SARS-CoV-2 (Derakhshan et al., 2021; Kevadiya et al., 
2021; Service, 2020). 

Nucleic-acid detection is the most robust and accurate method for 
pathogen diagnostic, and PCR-based nucleic acid assay is considered the 
gold standard of COVID-19 confirmation (Broughton et al., 2020; Cor-
man et al., 2020). However, PCR-based approaches need specialized 
equipment, expensive reagents, trained personnel, and a long turn-
around time (>2 h) (Wang et al., 2022), which has been limited in 
resource-limited areas (Corman et al., 2020; Lee et al., 2021; Udugama 
et al., 2020). Therefore, developing rapid, portable, and easy-to-deploy 
point-of-care (POC) molecular diagnostics is a pressing need for frequent 
testing in lacking vaccines and effective therapeutics for COVID-19 
(Derakhshan et al., 2021; Pokhrel et al., 2020; Song et al., 2021). 

Compared with PCR methods, isothermal amplification has the ad-
vantages of short reaction time and no need for qualified personnel or 
sophisticated equipment, and is a suitable candidate for POC application 
(Glökler et al., 2021; Li and Macdonald, 2015). The common isothermal 
methods include loop-mediated isothermal amplification (LAMP) and 
recombinase polymerase amplification (RPA) (Notomi et al., 2000; 
Piepenburg et al., 2006). They have been established for SARS-CoV-2 
diagnosis outside of complex laboratories and can produce rapid re-
sults (<1 h) (Dao Thi et al., 2020; Feng et al., 2021; Pang et al., 2020; Xia 
and Chen, 2020). Another typical test in this category is Abbott’s ID 
NOW COVID-19 which can obtain positive results within 5 min and 
negative results in 13 min based on a nicking endonuclease isothermal 
amplification reaction (NEAR) (Tauh et al., 2021; Tu et al., 2021). 
Notably, Carter et al. recently described a new isothermal method 
(called RTF-EXPAR) by combining exponential amplification reaction 
(EXPAR) with reverse transcription-free (RTF) step to convert RNA to 
DNA to achieve indirectly detection of the Orf1ab gene, allowing com-
plete test within 10 min (Carter et al., 2021). Despite great progress, 
these isothermal amplification diagnostics often suffer from problems 
associated with nonspecific DNA amplification, followed by high rates of 
false-positive diagnosis (Chen et al., 2021b; Feng et al., 2021; Reid et al., 
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2018; Schneider et al., 2019; Tomita et al., 2008). Moreover, they are 
much less sensitive than RT-qPCR (Glökler et al., 2021). In addition, 
although these isothermal methods can avoid complicated thermal 
cycling, some of them still require complex readout instruments that are 
challenging for personal use (De Felice et al., 2022). 

Consequently, many recent research efforts are focused on over-
coming these drawbacks. One of the most effective and attractive stra-
tegies is to use RNA-guided CRISPR-Cas detection modalities following 
the isothermal amplification step (Li et al., 2019b; Wu et al., 2021). 
CRISPR-Cas system, a form of the prokaryotic adaptive immune system, 
has emerged as a powerful, easy-to-use, and field-deployable diagnostic 
technology for nucleic acid detection, in addition to successful gene 
editing (Liu et al., 2021; van Dongen et al., 2020; Wei et al., 2018; Zhao 
et al., 2021). A crucial feature of CRISPR-Cas processes is that their 
recognition interactions highly depend on the sequence of the template 
(Li et al., 2019b). Such sequence-specific recognition enabled the 
CRISPR-Cas to correct the possible Error-amplification. Besides, upon 
binding of targets, some Cas proteins, such as Cas12 and Cas13, unleash 
trans-cleavage (also called collateral cleavage) to degrade non-specific 
single-stranded nucleic acids, endowing Cas-based methods with 
improved sensitivity (Chen et al., 2018; Cox et al., 2017; Gootenberg 
et al., 2018; Li et al., 2018). In addition, such CRISPR-based tools could 
provide an easy-to-use readout using minimal instrumentation (Chen 
et al., 2021a; de Puig et al., 2021; Hang et al., 2022; Liang et al., 2019). 
Both RT-LAMP and RPA have been combined with CRISPR-Cas for 
clinical detection of SARS-CoV-2 (i.e. HOLMESv2, SHERLOCK, and 
DETECTR) (Chen et al., 2018; Gootenberg et al., 2017; Li et al., 2019a). 
The simplicity of these methods makes them attractive for POC testing 
(Chen et al., 2020; Zhou et al., 2022). However, they still require a total 
reaction time of approximately 1 h. Newly developed RT-EXPAR is ul-
trarapid (Carter et al., 2021), but thus far has not been found use in 
combination with CRISPR for accurate, sensitive, and simple 
SARS-CoV-2 detection. 

Here, we show that RTF-EXPAR can be combined with CRISPR- 
Cas12a (named Cas12a-assisted RTF-EXPAR) for diagnostic of SARS- 
CoV-2 in 40 min using end-point fluorescence signal output, with 
detection limit as low as 3.77 aM (~2 copies/μL). To further simplify the 
assay and provide a user-friendly diagnostic platform, we use the 
smartphone in combination with a mobile app for fluorescence results 
readout that allows detection of virus RNA down to 4.81 aM (~3 copies/ 
μL). This method needs minimal equipment, and is fast, sensitive, and 
accurate, expecting to meet the needs of POC detection of virus RNA. 

2. Experimental section 

2.1. Reagents and materials 

Bst DNA polymerase (Large Fragment) derived from Bacillus stear-
othermophilus and 10 × thermoPol buffer were obtained from Nanjing 
Vazyme Biotech Co., Ltd. (Nanjing, China). Nt.BstNBI, BstNI, and 10 ×
NEBuffer 3.1 were purchased from New England Biolabs (NEB). 
LbCas12a (cpf1) was provided by Tolo Biotech Co., Ltd (Shanghai, 
China). Diethyl pyrocarbonate (DEPC)-treated water, deoxynucleotide 
triphosphates (dNTPs), 4S GelRed, DNA Marker, and all the DNA oli-
gonucleotides were ordered from Sangon Biotechnology Co., Ltd. 
(Shanghai, China). SARS-CoV-2 RNA transcribed in vitro standard ma-
terial was provided by National Institute of Metrology, China, while the 
gene composition and quantitative concentration were shown in 
Table S3. SARS-CoV-2 RNA, MERS-CoV RNA, SARS-CoV RNA, and 
crRNA were synthesized by Gene Pharma (Shanghai, China) and puri-
fied by HPLC. The corresponding sequences of the above-mentioned 
oligonucleotides were displayed in supporting information (SI, 
Tables S1 and S2). 

2.2. Apparatus and instruments 

Polyacrylamide gel electrophoresis (PAGE) was carried out on an 
electrophoresis analyzer (DYY-6C, Beijing, China) and gel images were 
performed on an imaging system (Tanon 5200Multi, Shanghai, China). 
In the benchtop detection, fluorescence signals were recorded on a 
multifunctional microplate reader (Synergy H4, BioTek, USA). In the 
smartphone-assisted detection, the samples were irradiated with a 302 
nm UV lamp in a UV transmission reflectance analyzer (ZF-90, 
Shanghai, China), and photographed and analyzed with iPhone 12. 

2.3. Optimization of crRNAs 

The detailed process of activity comparison of crRNAs was provided 
in SI. 

2.4. RTF reaction 

RTF reaction is the first step in the overall assay, which converts viral 
RNA into short DNA via selective cleavage of DNA in RNA/DNA het-
eroduplexes by BstNI. For reaction, a total volume of 10 μL mixture of 
RTF reaction reagents was incubated at 50 ◦C for 5 min. This mixture 
was composed of SARS-CoV-2 RNA (4 μL, different concentrations), 
convertor DNA (2 μL, 10 nM), DEPC-treated water (2.2 μL), NEBuffer 3.1 
(1 μL, 10 × ) and BstNI (0.8 μL, 10 U/μL). 

2.5. EXPAR amplification 

The product of RTF was used as the primer to trigger the EXPAR 
amplification, and 8 μL product was transferred into a test tube before 
the next operation. The preparation of the other EXPAR reagents (Parts 
A and B) was performed separately on ice. Part A was composed of 
template X′-X′-Y′ (2 μL, 100 nM), dNTPs (2 μL, 10 mM), thermoPol 
buffer (1 μL, 10 × ), MgSO4 (1.2 μL, 100 mM), and DEPC-treated water 
(0.8 μL). Part B consisted of NEBuffer 3.1 (0.2 μL, 10 × ), DEPC-treated 
water (3.8 μL), Nt.BstNBI (0.4 μL, 10 U/μL) and Bst DNA polymerase 
(0.6 μL, 1 U/μL). EXPAR amplification was conducted by immediately 
adding Parts A and B to the primer-containing test tube and incubating 
at 50 ◦C for 4 min, then stopped by heat treatment (95 ◦C for 10 min). 
The viability of RTF reaction and EXPAR amplification was demon-
strated by PAGE, and the detailed procedure was placed in SI. 

2.6. Cas12a-mediated assay 

CRISPR-Cas12a cleavage was performed in the 30 μL reaction solu-
tion including 50 nM Cas12a-crRNA complex, 0.3 μM reporter DNA, 1 ×
TOLO Buffer 3, and 18 μL of RTF-EXPAR product. The above solution 
was allowed to incubate at 45 ◦C for 20 min. Subsequently, the volume 
was replenished to 110 μL with DEPC-treated deionized water, the final 
product was transferred to a multifunctional microplate reader for end- 
point fluorescence analysis. In addition, for simple visualization, the 
completed Cas12a-assisted RTF-EXPAR reaction tubes were irradiated 
with UV light (302 nm), followed by the fluorescence signal captured 
with a smartphone camera, and finally analyzed by app (Palette Cam). 
The complete operating procedure of this app (Fig. S5) and its specific 
information were presented in SI. 

3. Results and discussion 

3.1. Detection mechanism 

As shown in Scheme 1, the procedures of the assay consisted of three 
steps: RTF transformation, EXPAR amplification, and CRISPR-Cas12a 
signal output. In this proof-of-principle work, an RTF convertor DNA 
was elaborately designed with the capability of partially hybridizing 
with the Orf1ab gene of SARS-CoV-2 RNA to form RNA/DNA 
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heteroduplexes, which contains an endonuclease recognition site of 
BstNI (Table S4); an EXPAR amplification template oligonucleotide was 
designed including two repeat X′ sequences and one Y′ sequence, where 
X′ is complementary to initiator X, Y′ serves as the bridge for exponential 

amplification and CRISPR-Cas12a signal readout. In detail, once 
convertor DNA binds to the target RNA, it will be cut by BstNI, thus a 
short DNA (X) was released. This short X will hybridize with the tem-
plate X′-X′-Y′ and experience a chain extension along the template with 

Scheme 1. Reaction mechanism of SARS-CoV-2 RNA detection based upon Cas12a-assisted RTF-EXPAR reaction.  

Fig. 1. Viability analysis. (A) PAGE analysis of the RTF feasibility. (B) PAGE analysis of the EXPAR feasibility. (C) End-point fluorescence assay of the SARS-CoV-2 
RNA detection strategy. The target product band was circled in the red box. 
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the assistance of Bst polymerase with strand displacement activity, 
generating a double-stranded DNA (dsDNA) containing two nicking sites 
(Table S4). The Nt.BstNBI thus cut this dsDNA in these nicking sites, 
producing a new X sequence and a new Y sequence. Newly formed X can 
be utilized as a primer to initiate new cycles of amplification reactions. 
The hybridization of X with X′-X′-Y′, under the collaboration of Bst po-
lymerase and Nt.BstNBI, causes the repeated production of X and Y in 
this way, and finally amplifies plentiful X and Y to realize exponential 
amplification. Thereafter, generated activator Y binds to Cas12a-crRNA 
complexes and activates the trans-cleavage capability of Cas12a on 
random single-stranded DNA (ssDNA). Ultimately, the activated Cas12a 
cleaves the reporter DNA (FAM-TTATT-BHQ1) in a high-speed manner, 
thereby restoring the quenched fluorescence and producing a fluores-
cence signal. As a result, the target RNA can be quantified by monitoring 
the fluorescence signal. 

Notably, EXPAR-based assays are prone to false-positive results due 
to non-specific amplification. In our strategy, in addition to introducing 
phosphate groups at the ends of the convertor and template DNAs, the 
specific recognition RTF-EXPAR product by CRISPR-Cas12a can effec-
tively reduce false-positive signal resulting from non-specific 
amplification. 

3.2. Viability analysis 

To investigate the viability of the proposed SARS-CoV-2 RNA 
detection strategy, both PAGE and end-point fluorescence assay were 
adopted. We first validated the restriction enzyme BstNI-induced release 
of initiator X. As shown in Fig. 1A, lanes 1 and 2 were the monomer of 
convertor DNA and target SARS-CoV-2 RNA, respectively. A band with 
slower migration appeared when incubated the monomer of convertor 
DNA and target SARS-CoV-2 RNA for an indicated period of time (lane 
3), demonstrating the generation of RNA/DNA heteroduplex. As ex-
pected, in the presence of the target RNA, a new band corresponding to 
initiator X generated in lane 5 due to BstNI’s unique capability that can 
cleavage DNA at a specified location within RNA/DNA heteroduplex. On 
the contrary, BstNI was unable to cleave the monomer of convertor DNA 
and no X generated (lane 4). Subsequently, the generation of Y sequence 
induced by EXPAR was investigated and the corresponding results were 
depicted in Fig. 1B. The monomer of activator Y, template X′-X′-Y′, and 
initiator X could be seen in lanes 1, 2, and 3, while duplex formed by 
initiator X and template X′-X′-Y′ (with the molar ratio of 1:1) could be 
respectively observed in lane 4. As expected, a new band corresponding 
to activator Y appeared obviously in lane 8, which was attributed to the 
function of the nicking endonuclease Nt.BstNBI and Bst DNA polymer-
ase. However, no new band of activator Y generated upon the absence of 
template X′-X′-Y′ (lane 5), initiator X (lane 6), or nicking endonuclease 
Nt.BstNBI (lane 7). 

To further demonstrate the feasibility of our assay, we verified it by 
means of end-point fluorescence analysis. The results were presented in 
Fig. 1C. In the presence of the target RNA, a strong fluorescence signal 
was observed. On the contrary, the absence of any of the components led 
to a low fluorescence signal. These results together with the PAGE 
analysis demonstrated our assay is a feasible strategy for SARS-CoV-2 
RNA detection. 

3.3. Optimization of experimental conditions 

The crRNA sequence affects the trans-cleavage activity of CRISPR- 
Cas12a (Creutzburg et al., 2020), therefore we first optimized the 
sequence of crRNA. According to the crRNA design principle (Chen 
et al., 2018; Dai et al., 2019), we designed five crRNAs (Table S1) and 
explored them. As shown in Fig. S1, the trans-cleavage activities of 
CRISPR-Cas12a guided by different crRNAs were distinguishing, which 
was consistent with previous reports. To obtain efficient trans-cleavage 
efficiency, crRNA 2 with the highest activity was selected. 

We then optimized the amounts of BstNI endonuclease, polymerase, 

Nt.BstNBI nicking enzyme and EXPAR reaction time those factors 
related to the performance of the amplification. As seen in Fig. S2, 0.8 U/ 
μL of BstNI endonuclease, 0.03 U/μL of polymerase, 0.2 U/μL of Nt. 
BstNBI nicking enzyme had the best performance, respectively, ac-
cording to the end-point background-subtracted fluorescence intensities 
(Δ FL). It was noted that the background fluorescence of the assay 
increased significantly upon the amplification time since that more re-
action time will lead to more non-specific amplification products. This 
limitation could be overcome by careful optimization of the amplifica-
tion time. The results were shown in Fig. 2, an observed background- 
subtracted fluorescence intensity enabled clear detection of the 100 
fM target at 4 min EXPAR time, which was thus selected for the 
following experiments. 

We finally optimized the factors related to CRISPR-Cas12a. The re-
action temperature makes a significant impact on the cleavage activity 
of Cas12a, therefore was explored. Compared with conventional reac-
tion temperature (37 ◦C), a higher temperature setting at 45 ◦C exhibited 
a better cleavage activity on reporter DNA, which was chosen as an 
appropriate cleavage temperature (Fig. S3A). The concentration of 
Cas12a is highly correlated with the efficiency of the Cas12a-assisted 
amplification procedure and was examined. As seen in Fig. S3B, as the 
concentration of Cas12a increases, the signal experienced a sharp ascent 
trend before 50 nM, followed by a slight increase. Therefore, 50 nM was 
chosen as an applicable concentration. Subsequently, the cleavage time 
was optimized in the range from 10 min to 30 min. Fig. S3C showed that 
the signal kept in a steady state after the reaction time prolonged to 20 
min, and 20 min was fixed as an appropriate condition. 

3.4. Analytical performance 

After the establishment of the optimized conditions, the detection 
performance of the Cas12a-assisted RTF-EXPAR strategy was evaluated. 
The overall operation of the assay for the detection of SARS-CoV-2 RNA 
was displayed in Fig. 3A. As seen in Fig. 3B, the end-point fluorescence 
was increased in a target SARS-CoV-2 RNA concentration-dependent 
manner. A linear relationship (R2 = 0.9974) was obtained over the 
range from 10 aM to 100 fM (Fig. 3C). The corresponding linear 
regression equation was determined as Δ FL = 2070.0 lgC +37273.3. 
Based on 3σ/k (where σ is the standard deviation of the blank sample 
and k is the slope of the calibration curve), the detection limit can be 
calculated as low as 3.77 aM (~2 copies/μL), which is superior to most 
reported SARS-CoV-2 detection methods (Table S5). The fly in the 
ointment is that the detection time is longer than the work of Carter et al. 
(2021). 

For POC detection, it is better to easily give results by a simple 
method. For this purpose, we used a smartphone-assisted analysis 

Fig. 2. Optimization of experimental condition. Amplification time of EXPAR. 
The concentration of SARS-CoV-2 RNA: 100 fM. Error bar means SD (n = 3). 
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method for detecting the target RNA. Images of all samples under UV light are recorded by a smartphone camera and analyzed in RGB (Red, 
Green, Blue) values using the free “Palette Cam” app (Fig. 4, Fig. S4). 
Compared with the Δ Red and Δ Blue, Δ Green exhibited a better linear 
relationship (Δ Green = 38.1 lgC + 688.0, R2 = 0.9966) and a wider 
linear range (10 aM–100 fM) between the logarithm of target concen-
tration, so Δ Green was preferred as the reference signal. The detection 
limit can be calculated as low as 4.81 aM (~3 copies/μL) using 3σ/k. 
Thus, it is very promising for the POC detection of viruses without 
complex instruments. 

3.5. Specificity and practicability evaluation 

To validate the specificity of our method for SARS-CoV-2 RNA 
detection, we tested our protocol against two coronaviruses, which 
possess a certain similarity in sequence compared with SARS-CoV-2 
(SARS-CoV, MERS-CoV). As expected, the addition of other coronavi-
rus sequences did not cause an increase in fluorescence intensity, and 
the method could specifically detect SARS-CoV-2 RNA (Fig. 5A). 

The above investigations used synthetic short RNA fragment as the 
target, however, in practical applications, the target is the RNA of the 
whole genome. Ultimately, to further demonstrate that the proposed 
detection method can be applied to COVID-19 detection, the SARS-CoV- 
2 RNA transcribed in vitro standard material was utilized as the detec-
tion target. Both the fluorescence (Fig. 5B) and smartphone (Fig. 5C) 
results showed that the signals of the standard material and the synthetic 
target RNA were comparable, demonstrating that the proposed strategy 
possesses the promise of being applied to the actual sample detection. 
Unfortunately, no clinical trials of the proposed method have been 
realized. In the days to come, we will always be looking for clinical 
samples to test this strategy. 

Fig. 3. Analytical performance. (A) The overall operation of the strategy for SARS-CoV-2 RNA detection. (B) Evaluation of end-point fluorescence intensity in the 
presence of different concentrations of SARS-CoV-2 RNA (1 nM, 100 pM, 10 pM, 1 pM, 100 fM, 10 fM, 1 fM, 100 aM, 10 aM, 1 aM and blank). (C) The linear 
relationship between Δ FL and the logarithm of the target concentration. Error bar means SD (n = 3). 

Fig. 4. Analytical performance (using “Palette Cam” app). The linear rela-
tionship between Δ Green intensity and the logarithm of the target concen-
tration. Inset: Visual fluorescence intensity of SARS-CoV-2 RNA (different 
concentrations) involved in Cas12a-assisted RTF-EXPAR reaction under UV 
light irradiation. Error bar means SD (n = 3). 
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4. Conclusion 

In summary, we developed a new Cas12a-assisted RTF-EXPAR assay 
that enables the fast, sensitive, simple, and accurate detection of SARS- 
CoV-2. It was demonstrated that the assay can be performed within 40 
min, requiring only isothermal control. The detection limit can be even 
3.77 aM (~2 copies/μL) when using endpoint fluorescence output and 
even 4.81 aM (~3 copies/μL) when using the smartphone-assisted 
analysis method (RGB analysis). Cas12a-assisted also improves detec-
tion accuracy. These features support the future practicability of Cas12a- 
assisted RTF-EXPAR in POC molecular detection. While the method we 
constructed enables ultrasensitive detection, it does require multiple 
manual steps. However, we believe that in future work, we can solve the 
interference of multi-step manual operations on detection by building an 
integrated device for automatic distributed injection and detection. In 
addition, pfAgo capable of high-temperature resistance can be intro-
duced, which is expected to realize one-step operation. 
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