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A B S T R A C T   

The early diagnosis of coronavirus disease 2019 (COVID-19) is dependent on the specific and sensitive detection 
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA. Herein, we develop a highly sensitive 
and specific electrochemical biosensor for SARS-CoV-2 target RNA detection based on the integration of pro
tospacer adjacent motif (PAM)-free cascaded toehold-mediated strand displacement reaction (TSDR) and 
CRISPR-Cas12a (PfTSDR-CRISPR). In this study, each target is transformed into multiple DNA substrates with 
bubble structure in the seed region by the cascaded TSDR, which can directly hybridize with guide RNA (gRNA) 
without PAM requirement and then activate CRISPR-Cas12a′s trans-cleavage activity. Subsequently, the hairpin 
DNA modified with methylene blue (MB-HP) is cleaved by activated CRISPR-Cas12a. Therefore, as MB leaves the 
electrode surface, a decreased current signal is obtained. With the involvement of PAM-free cascaded TSDRs and 
CRISPR-Cas12a amplification strategy, the PfTSDR-CRISPR-based electrochemical biosensor achieves the 
detection of target RNA as low as 40 aM. The biosensor has high sequence specificity, reliability and robustness. 
Thanks to the PAM-free cascaded TSDR, the biosensor can achieve universal detection of different target RNA 
without redesigning gRNA sequence of CRISPR-Cas12a. In addition, this biosensor successfully detects SARS- 
CoV-2 target RNA in complex samples, which highlights its potential for diagnosing COVID-19.   

1. Introduction 

Since 2019, coronavirus disease (COVID-19) caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread world
wide with a lot of deaths and significant economic impact [1,2]. 
Although the COVID-19 vaccine has been developed, specific and sen
sitive detection of SARS-CoV-2 remains an effective way to control the 
spread of COVID-19 and monitor treatment, given the effectiveness of 
the vaccine and the rapid mutation of SARS-CoV-2 (termed as Omi
cron/Delta/Alpha) [3,4]. Therefore, the development of specific and 
sensitive detection methods for COVID-19 has always been the focus of 
research. 

The RNA genome of SARS-CoV-2 consists of the open reading frame 
1 ab (ORF1ab), the RNA-dependent RNA polymerase (RdRp), spike S 
nucleocapsid (N) and envelope (E) fragment, with a total length of about 
30 KB [5]. Compared with antibody and antigen tests, nucleic 

acid-based test is highly sensitive and not easy to cause false-negative 
diagnosis [6]. Therefore, nucleic acid detection can provide more 
effective information for the diagnosis of COVID-19. The gold-standard 
method for detecting SARS-CoV-2 is called real-time reverse transcrip
tion polymerase chain reaction (qRT-PCR), which directly quantifies the 
SARS-CoV-2 target RNA [7]. However, qRT-PCR requires thermocy
cling, complex protocols and expensive instrument, not applicable to 
small clinics or community health facilities. Recently, the clustered 
regularly interspaced short palindromic repeats (CRISPR)-associated 
(Cas) technology has led to a technological revolution in the construc
tion of isothermal nucleic acid diagnostic systems [8,9]. In the 
CRISPR/Cas-based systems, most of them rely on the trans-cleavage 
activity of protein, such as SHERLOCK (Cas13a), DETECTR (Cas12a), 
Cas14-DETECTR (Cas14) and etc [10–12]. The Cas12a protein is able to 
specifically cis-cleave a double-strand DNA (dsDNA) substrate or a 
single-strand DNA (ssDNA) substrate and then trans-cleave any single 
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stranded DNA (ssDNA) with the assistance of guide RNA (gRNA) [11, 
13]. Due to Cas12a activated by dsDNA substrate has a more efficient 
trans-cleavage activity than ssDNA substrate, most researchers employ 
dsDNA as activation substrates [11]. However, the recognition of dsDNA 
substrate by CRISPR-Cas12a system depends on protospacer adjacent 
motif (PAM) sequence. 

To avoid the dependence of dsDNA substrate on PAM sequence, Nie’s 
group reported a PAM-free CRISPR-Cas12a system for biosensing in live- 
cells. In this system, a dsDNA substrate was designed, which has a 
bubble structure in the seed region of CRISPR-Cas12a [14]. The dsDNA 
substrate can directly hybridize with the guide RNA (gRNA) of 
CRISPR-Cas12a system without the help of PAM sequence, and then 
activate the Cas12a′s trans-cleavage activity. The advantage of no PAM 
requirement and the bubble structure is to distinguish the strand 
replacement region of the DNA substrate from the gRNA recognition 
region. However, whether this method can be applied to electrochemical 
biosensors and coupled with isothermal signal amplification to construct 
a highly sensitive, specific and universal detection system remains to be 
explored. 

The toehold-mediated strand displacement reaction (TSDR) occurs 
when the shorter single-stranded DNA or RNA in a double strand is 
invaded with the assistance of an unpaired region (toehold) [15]. By 
designing cascaded TSDRs, capable of achieving target recycling 
amplification without any enzymes, avoiding the issues of rigorous 
experimental conditions and high-cost. Thus, the cascaded TSDRs as 
isothermal signal amplification technology shows tremendous potential 
in biosensing [16–18]. Based on regulating PAM sequence, Yan’s group 
reported a dual signal amplification strategy coupled with cascade TSDR 
and Cas12a for miRNA detection with high sensitivity and specificity 
[19]. While, this biosensor’s strand displacement region intersects with 
the recognition region of Cas12a/gRNA complex. This makes it neces
sary to redesign the gRNA of CRISPR-Cas12a for the developed 
biosensor to detect different targets, which limits universality and in
creases the cost of the biosensor. The electrochemical biosensors possess 
great prospects due to its simplicity, high sensitivity, cost-effective and 
portability [20]. Therefore, it is urgent to develop an electrochemical 
biosensor based on PAM-free cascaded TSDRs and CRISPR-Cas12a for 
SARS-CoV-2 target RNA detection. 

Herein, we develop a PAM-free cascaded TSDR coupled with 
CRISPR-Cas12a electrochemical biosensor system (PfTSDR-CRISPR) to 
detect SARS-CoV-2 with specificity and sensitivity. To verify the 

performance of the PfTSDR-CRISPR, we choose RdRp fragment of SARS- 
CoV-2 RNA as the model target. The target RNA is able to initiate two 
cascaded TSDRs, resulting in recycling of target and forming numerous 
dsDNA substrates. The dsDNA substrate is designed to contain a 6-nt 
bubble in the seed region, which activated CRISPR-Cas12a′s trans- 
cleavage activity without the help of PAM sequence. The hairpin DNA 
(MB-HP) modified by methylene blue on the sensing surface is cleaved 
by activated CRISPR-Cas12a, which led to disassociate MB from the 
surface, resulting in a significantly amplified electrochemical current 
signal. In such design, the PfTSDR-CRISPR system achieves specific, 
sensitive and universal detection of SARS-CoV-2 target RNA in complex 
samples, which provides a promising method for diagnosing COVID-19. 

2. Results and discussion 

2.1. Principle of the PfTSDR-CRISPR system 

In PfTSDR-CRISPR system, the effective coupling between PAM-free 
TSDR and CRISPR-Cas12A is used to construct the PfTSDR-CRISPR 
system by recognizing the dsDNA with bubble structure output in 
TSDR (Scheme 1). The PfTSDR-CRISPR consists of three parts: a target 
RNA recycling isothermal amplification system, a CRISPR-Cas12a trans- 
cleavage activation system and a detection sensing system. In the 
absence of the target RNA, CRISPR-Cas12a′s trans-cleavage activity is 
not activated due to DNA3 partially hybridized with DNA1/DNA2 probe 
to produce a DNA1/DNA2/DNA3 complex. When the target RNA is 
added, it first hybridizes with the toehold region at the 5′-terminus of 
DNA3 and release DNA1/DNA2 substrate from DNA1/DNA2/DNA3 
complex through the first TSDR. Next, the fuel probe hybridizes with the 
exposed toehold region at the 3′-terminus of DNA3 and trigger the 
second TSDR to form a DNA3/fuel probe, leading to the recycling of 
target RNA. After many cycles, a large amount of DNA1/DNA2 substrate 
is formed due to two cascaded TSDRs. In particular, an artificial bubble 
structure is ingeniously designed into the DNA1/DNA2 substrate, which 
can directly hybridize with gRNA without PAM requirement and then be 
cleaved by the CRISPR-Cas12a′s cis-cleavage activity. After that, the 
trans-cleavage activity of Cas12a is effectively activated. To realize the 
coupling of the above activated CRISPR-Cas12a and electrode interface 
to construct electrochemical biosensor, a nonspecific hairpin DNA 
modified with methylene blue (MB) (MB-HP) is assembled on electrode 
via the Au-S interaction. When activated Cas12a appears on the sensing 

Scheme 1. Schematic illustration of the PfTSDR-CRISPR system for SARS-CoV-2 target RNA detection.  
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surface, the loop of MB-HP is cleaved into many small segments. 
Meanwhile, MB is detached from the electrode surface due to thermo
dynamic instability. Finally, the obtained current signal decreases. 
Because of target recycling and Cas12a′s trans-cleavage activity, the 
PfTSDR-CRISPR system has successfully realized the detection of target 
RNA. 

2.2. Application of PAM-free CRISPR-Cas12a system in electrochemistry 

To construct the PfTSDR-CRISPR system by coupling PAM-free TSDR 
and CRISPR-Cas12a, we firstly explored the application of PAM-free 
CRISPR-Cas12a system in electrochemistry. Compared to an unmodi
fied electrode, the electrode shows a high SWV signal near − 0.25 V 
without the presence of PAM-free dsDNA substrates (DNA1/DNA2 
complexes) after the MB-HP probe is assembled on the electrode. When 
PAM-free dsDNA substrates are added (10 nM), a significant decrease in 
SWV signal is observed (Fig. S1), which implies that DNA1/DNA2 
complexes can activate the CRISPR-Cas12a′s trans-cleavage to construct 
electrochemical biosensors. Then, DNA3 was employed to partially hy
bridize with DNA1/DNA2 to form DNA1/DNA2/DNA3 complexes. The 
significantly enhanced SWV signal is obtained without target RNA, 
suggesting that the DNA1/DNA2/DNA3 complex can’t activate Cas12a′s 
trans-cleavage. While, the significantly decreased SWV signal is obtained 
with the presence of RdRp RNA, due to the TSDR between RdRp RNA 
and the DNA1/DNA2/DNA3 complex, which releases PAM-free dsDNA 
substrates and target/DNA3 complexes. Hence, we confirm that PAM- 
free CRISPR-Cas12a system can be applied to electrochemistry (see 
Fig. 1). 

2.3. Feasibility investigation of target RNA detection by PfTSDR-CRISPR 
system 

We then investigated the modification procedures of PfTSDR-CRISPR 

system through EIS measurements. The semicircle in the Nyquist dia
gram is proportional to the resistance of electron transfer (Ret). As shown 
in Fig. 2B, a small semicircle of unmodified electrode is observed (118.8 
Ω, curve a), indicating low impedance and good conductivity of the 
unmodified electrode. However, the modification of the MB-HP and 
MCH on the AuE surface, the Ret is significantly increased (2508 Ω, 
curve b) due to that the negatively charged phosphate backbones of the 
MB-HP inhibited the charge transfer. After the incubation of the MCH/ 
MB-HP/AuE with activated Cas12a, numerous MB-HPs are trans- 
cleaved, leading to significantly decrease in Ret (1401 Ω, curve c). Thus, 
these EIS results demonstrate that the biosensor is successfully 
constructed. 

After testify the successful fabrication of the biosensor, SWV mea
surements were also employed to test the feasibility of PfTSDR-CRISPR 
for target RNA detection (Fig. 2B). Dropping the fuel probe onto the MB- 
HP-modified electrode generates a high SWV signal (curve a), demon
strating that the PAM-free cascaded TSDR cannot be triggered without 
the target RNA. In the presence of the RNA (10 pM), a strong current 
signal is still observed (curve b), owing to the lack of fuel probe resulting 
in a low concentration of DNA1/DNA2 complexes. By prolonging TSDR 
and CRISPR-Cas12a reaction times to 24 h, we observe a slightly 
decreased current signal (curve c). However, when the MCH/MB-HP/ 
electrode is reacted with the target RNA and fuel probes, about a 90% 
rate of SWV signal change (represented by ΔI%, the calculation formula 
is ΔI% = [(I0-I)/I0] × 100%, where I and I0 represent the presence or 
absence of target RNA, respectively.) can be observed (curve d). This is 
owing to a large number of DNA1/DNA2 substrate with bubble structure 
is produced and then activated Cas12a′s trans-cleavage. The trans- 
cleavage activity of Cas12a degrades MB-HP reporter, making MB away 
from the electrode surface. Therefore, these experimental results show 
the excellent feasibility of the PfTSDR-CRISPR system for target RNA 
detection. 

Fig. 1. (A) Schematic showing application of PAM-free CRISPR-Cas12a system in electrochemistry. (B) Typical square wave voltammetry (SWV) responses with or 
without target RNA (10 nM). 

Fig. 2. (A) Typical electrochemical impedance spec
troscopy (EIS) responses for the modification pro
cedures of PfTSDR-CRISPR system: (a) unmodified 
electrode, (b) MCH/MB-HP/electrode, (c) (b) after 
trans-cleavage in test solution containing 0.1 M KCl 
and 5.0 mM [Fe(CN)6]3-/4-. Rct, Rs, Zw, and CPE rep
resents the resistance of electron-transfer, the resis
tance of solution, the Warburg impedance and the 
constant phase element, respectively. (B) SWV signal 
response to explore the feasibility of PfTSDR-CRISPR 
system.   
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2.4. Optimization of experimental conditions 

To obtain ideal analytical performance of PfTSDR-CRISPR system, 
three experimental parameters: the reaction time of TSDR, the cleavage 
time of CRISPR-Cas12a and the concentration of MB-HP probes were 
optimized. Reaction time as an important parameter of TSDR was first 
optimized. Fig. 3A displays the ΔI% increases with the TSDR reaction 
time until it stabilized at 90 min. Therefore, we choose 90 min as the 
best time for TSDR reaction. Another key factor for PfTSDR-CRISPR 
performance is the cleavage time of CRISPR-Cas12a. The ΔI% in
creases from ranging 10 min–40 min and will not increase after 40 min 
(Fig. 3B). Considering the time cost factor, we choose 40 min as the best 
cleavage time for CRISPR-Cas12a. The efficiency of Cas12a cutting the 
MB probe on the electrode surface also needs to be considered. Hence, 
we finally optimized the concentration of MB-HP probes. As long as the 
incubated MB concentration does not exceed 0.3 μM, the ΔI% increases 
with the increase of MB-HP concentration. Incubation of MB probes with 
concentrations greater than 0.3 μM may increase the cleavage hindrance 
of Cas12a, resulting in ΔI% reduction (Fig. 3C). Therefore, the concen
tration of MB-HP at 0.3 μM is chosen for the following experiments. 

2.5. Sensitivity, reproducibility and robustness of the PfTSDR-CRISPR 
system 

Under optimized conditions, the analytical performance of PfTSDR- 
CRISPR system for target RNA detection was evaluated. The SWV 

signal decreases by degrees with the concentration of RNA arising from 
0 to 10.0 pM (Fig. 4A). Fig. 4B shows that the ΔI% is linearly related to 
the logarithm of target RNA concentration in the range from 100.0 aM to 
10.0 pM. The regression equation is △I% = 16.417lg C + 271.931 (C is 
the concentration of the RdRp RNA, R2 = 0.997). The detection limit is 
calculated based on the ΔI% value generated by 40 aM is higher than the 
ΔI% value produced in the background plus 3 times of the standard 
deviation. Therefore, the detection limit is estimated to be 40 aM. 
Compared with previous reported methods, the PfTSDR-CRISPR system 
shown comparable or more sensitive detection limits (Table 1), which 
contribute to the two-stage signal amplification by the TSDR and 
Cas12a′s trans-cleavage activity and electrochemical signal output 
excellent performance. Six repeated experiments with target RNA con
centration at 1.0 pM were employed to verify the reproducibility of the 
PfTSDR-CRISPR. Fig. S3 shows that the experimental results produce a 
relative standard deviation (RSD) of 2.3%, demonstrating a suitable 
reproducibility of the PfTSDR-CRISPR system. Moreover, to evaluate the 
robustness of the PfTSDR-CRISPR system, we constructed three different 
biosensors and then employed to quantify the target (1.0 fM) on three 
different days. Table S2 exhibits that the average target RNA obtained 
was 1.03 fM with an RSD of 4.3%, suggesting the robustness of the 
PfTSDR-CRISPR system. 

2.6. Selectivity and universality of the PfTSDR-CRISPR system 

Specific detection of target RNA is another major challenge in 
achieving accurate analysis of target RNA. Herein, the RdRp RNA and 
the interfering sequences, including the random sequence (ORF1ab 
fragment) and single to four-base mismatched RdRp RNA, were inves
tigated by the PfTSDR-CRISPR system. As displayed in Fig. 5A, single- 
base mismatched sequence shows a significant decrease in the ΔI% 

Fig. 3. The effects of (A) the reaction time of TSDR, (B) the cleavage time of 
CRISPR-Cas12a, (C) the concentration of MB-HP. (Error bars: SD, n = 3). 

Fig. 4. (A) SWV signals of the target RNA at different concentrations (0 aM–10.0 pM). (B) Calibration curve of lg c vs. ΔI% for target RNA in the concentration range 
from 100.0 aM to 10.0 pM. (Error bars: SD, n = 3). 

Table 1 
Comparison of different methods for SARS-CoV-2 detection.  

Amplification 
strategy 

Method Linearity LOD Ref 

CHA and TdT Electrochemical 0.1 
pM–1000 
pM 

26 fM [21] 

Exo III and 
CRISPR- 
Cas12a 

Electrochemiluminescence 10 aM-10 
pM 

43.7 
aM 

[22] 

EDA and 
CRISPR-12a 

Electrochemiluminescence 0 aM-1 fM 32.8 
aM 

[23] 

DSN Electrochemical 50 aM–400 
aM 

21.69 
aM 

[24] 

TSDR and 
CRISPR- 
Cas12a 

Electrochemical 100 aM-10 
pM 

40 aM This 
work  
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value (2.5 fold) compared to the target sequence. With the increasing of 
the number of mismatched bases, the ΔI% value also decreases. When 
four-base mismatched occurs in the target RNA, the ΔI% value is similar 
to random sequence. These results indicate that the high selectivity of 
the PfTSDR-CRISPR system, which is related to the Watson-Crick base 
pair of TSDR. Moreover, we chose three different SARS-CoV-2 target 
fragments (RdRp, ORF1ab and N) to validate the universality of the 
PfTSDR-CRISPR system. As shown in Fig. 5A, almost no cross-response is 
obtained in the non-target tests. The result suggest that the developed 
biosensor can achieve universal detection of different RNA fragments of 
SARS-CoV-2 without redesigning gRNA sequence, owing to the separa
tion of TSDR and gRNA recognition region. 

2.7. Complex sample analysis and detection of SARS-CoV-2 genome 

To further investigate the PfTSDR-CRISPR system for target RNA 
detection in complex samples, 1.0 fM, 10 fM and 100 fM target RNA was 
separately spiked in wastewater and saliva samples to perform recovery 
tests. As shown in Table 2, the recovery of wastewater is between 99.1% 
and 101% with the RSD ranging from 2.8 to 4.2. And the recovery of 
saliva is between 98.6% and 102% with the RSD ranging from 2.9 to 4.0. 
This result provides that the PfTSDR-CRISPR system has the excellent 
application value for SARS-CoV-2 RNA detection in complex samples. In 
addition, Fig. S4 exhibits that the PfTSDR-CRISPR system can detect the 
actual SARS-CoV-2 genomic RNA. The above results demonstrate that 
the PfTSDR-CRISPR system possesses significant practicability. 

3. Conclusions 

We have developed a dual-amplified electrochemical biosensor, 
termed as PfTSDR-CRISPR, for the sensitive and specific electrochemical 
detection of the SARS-CoV-2 target RNA. This biosensor features three 
major advantages. First, an electrochemical biosensor based on the 
ability of the dsDNA substrate with bubble structure in the seed region to 
activate CRISPR-Cas12a′s trans-cleavage activity without PAM require
ment is successfully constructed. Second, due to the effective combina
tion of PAM-free cascaded TSDR and CRISPR-Cas12a, the dual-amplified 

electrochemical biosensor exhibits high sensitivity detection SARS-CoV- 
2 RdRp RNA as low as 40 aM and shows high specificity detection of 
even target with a single-base mismatch. Third, the strand displacement 
region can be separated from the Cas12a/gRNA complex recognition 
region by combining PAM-free cascade displacement reaction and 
CRISPR-Cas12a, making it possible to generically detect different targets 
without the need to redesign gRNA sequence. The developed biosensor 
successfully monitors the spread of SARS-CoV-2 in complex samples, 
which exhibits a great potential for early diagnosing COVID-19. 
Consequently, our study extends a new avenue for biomarkers analysis 
by the integration of PAM-free DNA circuit and CRISPR-Cas12a. 
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Fig. 5. (A) Specificity investigation of the biosensor for the RdRp RNA sequence, single to four-base mismatched RdRp and random sequence at the concentrations of 
10.0 pM. (B) Heat map of multiplex detection of SARS-CoV-2 RNA fragment. The concentration of each target RNA and nonspecific RNA were 10 pM. (Error bars: SD, 
n = 3). 

Table 2 
Recovery tests for target in wastewater and saliva (n = 6).  

Sample 
numbers 

Samples Added 
(fM) 

Found 
(fM) 

Recovery 
(%) 

RSD 
(%) 

1 Wastewater 1.0 0.991 99.1 3.7 
2 Wastewater 10 10.1 101 4.2 
3 Wastewater 100 99.6 99.6 2.8 
4 Saliva 1.0 0.986 98.6 4.0 
5 Saliva 10 10.2 102 2.9 
6 Saliva 100 100.3 100.3 3.9  
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