
Synthetic and Systems Biotechnology 6 (2021) 283–291

Available online 15 September 2021
2405-805X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Integrating PCR-free amplification and synergistic sensing for ultrasensitive 
and rapid CRISPR/Cas12a-based SARS-CoV-2 antigen detection 

Xiangxiang Zhao a, Zhengduo Wang a, Bowen Yang a, Zilong Li b, Yaojun Tong c, Yuhai Bi d, 
Zhenghong Li b, Xuekui Xia e, Xiangyin Chen a, Lixin Zhang a, Weishan Wang b, Gao-Yi Tan a,* 

a State Key Laboratory of Bioreactor Engineering, and School of Biotechnology, East China University of Science and Technology (ECUST), Shanghai, 200237, China 
b State Key Laboratory of Microbial Resources, Institute of Microbiology, Chinese Academy of Sciences, Beijing, 100101, China 
c State Key Laboratory of Microbial Metabolism, and School of Life Sciences & Biotechnology, Shanghai Jiao Tong University, Shanghai, 200240, China 
d CAS Key Laboratory of Pathogenic Microbiology and Immunology, Institute of Microbiology, Center for Influenza Research and Early-warning (CASCIRE), CAS-TWAS 
Center of Excellence for Emerging Infectious Diseases (CEEID), Chinese Academy of Sciences, Beijing, 100101, China 
e Key Biosensor Laboratory of Shandong Province, Biology Institute, Qilu University of Technology (Shandong Academy of Sciences), Jinan, 250013, China   

A R T I C L E  I N F O   

Keywords: 
CRISPR/Cas12a 
Aptamer 
Antigen detection 
SARS-CoV-2 
PCR-Free amplification 
Synergistic sensing 

A B S T R A C T   

Antigen detection provides particularly valuable information for medical diagnoses; however, the current 
detection methods are less sensitive and accurate than nucleic acid analysis. The combination of CRISPR/Cas12a 
and aptamers provides a new detection paradigm, but sensitive sensing and stable amplification in antigen 
detection remain challenging. Here, we present a PCR-free multiple trigger dsDNA tandem-based signal ampli-
fication strategy and a de novo designed dual aptamer synergistic sensing strategy. Integration of these two 
strategies endowed the CRISPR/Cas12a and aptamer-based method with ultra-sensitive, fast, and stable antigen 
detection. In a demonstration of this method, the limit of detection was at the single virus level (0.17 fM, 
approximately two copies/μL) in SARS-CoV-2 antigen nucleocapsid protein analysis of saliva or serum samples. 
The entire procedure required only 20 min. Given our system’s simplicity and modular setup, we believe that it 
could be adapted reasonably easily for general applications in CRISPR/Cas12a-aptamer-based detection.   

1. Introduction 

Antigens have been used as diagnostic hallmarks for many diseases, 
particularly infection with viruses, for example, severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2), the cause of the current global 
coronavirus disease 2019 (COVID-19) pandemic [1]. Many methods 
have been developed for SARS-CoV-2 detection through nucleic acids, 
antigens, and antibodies. Although PCR-based nucleic acid detection is 
the most accepted and reliable approach, it is relatively slow and 
device-dependent, owing to the requirements of RNA extraction and 
reverse transcription. In addition, RNA is less stable than protein (an-
tigen) in laboratory conditions [2,3]. Moreover, antibody-based tests 
work well only in late stages of infection, after patients have mounted 
immune responses, and therefore are not suitable for early diagnosis 
[4–6]. In comparison, antigen-based SARS-CoV-2 detection has several 
unique merits in COVID-19 diagnosis. Given its robustness and 
simplicity, it provides an important addition to the toolbox for 

SARS-CoV-2 detection [3,7–9]. However, compared with mature nucleic 
acid detection approaches, recent state-of-the-art methods for 
SARS-CoV-2 antigen detection have some deficiencies in low abundance 
viral sample detection (e.g., early diagnosis) [3]. The underlying reason 
is that signal amplification of low amounts of antigen is not possible. In 
contrast, the amount of antibodies are already amplified in vivo after 
antigen stimulation, and nucleic acids can be amplified in vitro by PCR or 
LAMP (loop-mediated isothermal amplification) [10], thus boosting 
both signals. To address the challenge of signal amplification for antigen 
detection, we endeavor to develop a novel antigen detection system with 
high sensitivity and excellent performance by amplifying the sensing 
signals. 

CRISPR/Cas-based nucleic acid detection systems, such as SARS- 
CoV-2 DETECTR [11], SHEROLOCK [12], STOPCovid [13], and 
AIOD-CRISPR [14], have been developed and applied in rapid diag-
nostic tests for SARS-CoV-2. The advantages of CRISPR/Cas-based 
detection systems have been well demonstrated, and these methods 
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have shown great potential during the COVID-19 pandemic, owing to 
their superior speed, portability, low cost, and comparable sensitivity to 
that of the traditional gold standard of RT-qPCR assays (one copy/μL of 
viral RNA) [15–18]. However, the CRISPR/Cas-based detection para-
digm has not been expanded to SARS-CoV-2 antigen detection [19]. To 
fill this gap, we proposed that the abovementioned antigen detection 
challenges could be overcome by coupling CRISPR/Cas and a de novo 
designed highly efficient and stable signal amplification system. 

Aptamers as a general biosensing platform can be applied to bio-
sensing or detection of a broad range of analytes [20,21]. Previously, 
CRISPR/Cas12a and aptamer-mediated systems for detection of diverse 
analytes (e.g., proteins or small molecules) have been developed [15, 
22]. These platforms directly translate the signal of aptamer responsive 
target molecules into a CRISPR-mediated nucleic acid detection-based 
output signal. However, owing to the lack of stable amplification of 
the input signal, the detection sensitivity this method has been unable to 
meet the requirements for low abundance sample detection or early 
diagnosis of COVID-19, in which the viral titer is usually as low as 
several copies per microliter (e.g., in saliva) [23]. 

Here, to improve the sensitivity or sensing efficiency of the CRISPR/ 
Cas12a and aptamer-mediated method and achieve ultrasensitive 
detection, we innovated two aspects for the configuration of this new 
antigen detection platform. First, we developed a PCR-free amplification 
strategy to convert the aptamer-antigen recognition signal to more 
trigger dsDNA signal. Second, we undertook de novo design of a dual 
aptamer synergetic module to more sensitively sense the antigen inde-
pendently of the affinity between the aptamer and antigen. In a 
demonstration of this platform, we successfully identified two copies/μL 
SARS-CoV-2 in samples by using our newly established system of antigen 
detection; the LOD was comparable to that of the gold standard of PCR- 
based nucleic acid detection, but the detection was more rapid (~20 
min) and the costs were lower. 

2. Materials and methods 

2.1. Materials and reagents 

Aptamers and primers were chemically synthesized by Beijing 
Tsingke Biotech Co. Ltd (Beijing, China) (Table S1). Beaver Beads™ 
streptavidin (1 μm average diameter) was purchased from Beaver 
(Suzhou, China). SARS-CoV-2 Np was purchased from Sino Biological 
Inc (Beijing, China). Human serum and other chemicals for buffers and 
solvents were purchased from Sigma-Aldrich, Inc. (Shanghai, China). 
UltraPure DNase/RNase-free Distilled Water, HiScribe T7 Quick High 
Yield RNA Synthesis Kit, Taq 2 × Master Mix, standard Taq buffer and 
RNase inhibitor were purchased from New England BioLabs Inc. (Ips-
wich, UK). The TIANquick Maxi Purification Kit was purchased from 
Tiangen Biotech Co. Ltd (Beijing, China). The RNA Clean & Concen-
trator™-5 was purchased from Zymo Research (Irvine, CA). All chem-
icals and reagents used were of analytical grade and were prepared with 
deionized water (18 MΩ cm) from a Milli-Q® Water Purification System 
(Millipore, Billerica, MA, USA). The portable fluorometer was purchased 
from Thermo Fisher Scientific Inc. 

2.2. Cas12a protein expression and purification 

Cas12a (LbCas12a) from Lachnospiraceae bacterium ND2006 was 
expressed and purified as described in our previous study. Briefly, 
Escherichia coli BL21(DE3) was transformed with the pET28TEV- 
LbCas12a expression plasmid and grown overnight in Luria-Bertani 
medium at 37 ◦C with shaking at 150 rpm until the exponential 
growth phase. Protein expression was then induced with 100 μM iso-
propyl-β-D-thiogalactoside, and the cells were cultured at 16 ◦C for 12 h. 
The cells were harvested by centrifugation at 5000×g. For protein pu-
rification, the cell pellets were resuspended in lysis buffer (50 mM Tris- 
HCl [pH 7.4], 200 mM NaCl, 2 mM dithiothreitol, and 5% glycerol) 

supplemented with EDTA-free protease inhibitors (Sigma-Aldrich, 
Roche Diagnostics), and then lysed with ultrasonication. The lysate was 
loaded onto a HisTrap FF column (GE Healthcare) and washed with an 
imidazole concentration gradient. The peak fractions were collected and 
desalted with dialysis. The solution was then loaded onto a HiTrap Q HP 
column (GE Healthcare), and the peak fractions were collected, pooled, 
and concentrated. The concentrated solution was loaded onto a HiLoad 
16/600 Superdex 200 pg column for fast protein liquid chromatography 
(AKTA Explorer 100; GE Healthcare). The gel filtration fractions were 
analyzed with SDS-PAGE, and the protein concentrations were deter-
mined with the Bradford method. The purified product was dissolved in 
storage buffer (20 mM Tris-HCl [pH 7.5], 1 M NaCl, and 50% glycerol) 
and stored at − 80 ◦C until use. 

2.3. HyDNA, crRNA, and Y-DNA preparation 

The oligonucleotides used in this work are listed in Table S1. To 
prepare the template for HyDNA amplification, a DNA sequence with ten 
copies of Cas12a trigger dsDNA was synthesized. Then, C3 modified 
forward primers (com1F, com2F, com3F, com4F, com5F, com6F, 
com7F, com8F, com9F, com10F, com11F, com12F, com13F, com14F, 
com15F, com16F, com17F, com18F, com19F, and com20F) combined 
with reverse primers (dsDNA-R1, dsDNA-R2, dsDNA-R3, dsDNA-R4, 
dsDNA-R5, dsDNA-R6, dsDNA-R7, dsDNA-R8, dsDNA-R9, and dsDNA- 
R10) were amplified by using the synthesized template DNA to pro-
duce the HyDNAs containing Cas12a trigger dsDNA and different com- 
ssDNA sequences (ssDNA complementary to part of the sequence of 
the aptamer) [24]. The PCR products were generated with Taq 2 ×
Master Mix. The PCR conditions were 1 min at 95 ◦C for activation 
followed by 30 cycles at 95 ◦C for 30 s for denaturation, 55 ◦C for 30 s for 
annealing, 68 ◦C for 30 s for elongation, and a final cycle at 68 ◦C for 10 
min for final elongation. The HyDNAs were purified with a TIANquick 
Maxi Purification Kit. 

To prepare the template for crRNA (crRNA1, crRNA2, crRNA3, 
crRNA4, crRNA5, crRNA6, crRNA7, crRNA8, crRNA9, and crRNA10) 
synthesis, paired oligonucleotides containing a T7 priming site 
(Table S1) were synthesized and annealed in 1 × Taq DNA Polymerase 
PCR Buffer. The crRNAs were then transcribed with a HiScribe™ T7 
Quick High Yield RNA Synthesis Kit and purified with RNA Clean & 
Concentrator™-5. 

To obtain the Y-DNA, three oligonucleotides (Y1, Y2, and Y3) were 
designed. Each oligonucleotide sequence was complementary to the 
other two oligonucleotide sequencess. For the preparation of the Y-DNA 
based biosensor, the produced Y-DNA contained 25 bases as a sticky end 
on the two arms (Y1 and Y2) and a biotin labeled poly A end on the Y3 
arm. For construction of Y-DNA, the same molar amounts of Y1, Y2, and 
Y3 were mixed with Taq DNA Polymerase PCR buffer. Then the mixture 
was incubated at 95 ◦C for 2 min, quickly cooled to 65 ◦C, incubated at 
65 ◦C for 2 min, cooled to 60 ◦C at a rate of − 1 ◦C per min, incubated at 
60 ◦C for 2 min, cooled to 20 ◦C at a rate of − 0.1 ◦C per 30 s, and finally 
cooled to 16 ◦C [25]. The resulting HyDNAs and crRNAs were quantified 
with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). 
The HyDNAs and Y-DNA were stored at 4 ◦C. The crRNAs were stored at 
− 80 ◦C. Throughout all experiments, RNase-free materials and condi-
tions were used. 

2.4. Biosensor configuration and sensing 

To construct the one aptamer-based biosensor, MB, biotin labeled 
aptamer, and HyDNA were used. First, 20 μL of 10 mg/mL MB was 
washed with 1 × PBS containing Tween 20 (PBST) buffer to remove the 
residual NaN3 protection solution. Then 30 μL of 10 μM biotin labeled 
aptamer in 1 × PBST buffer was added to the MB solution and mixed 
well for 30 min at room temperature. The aptamer-coated MB were then 
washed twice with buffer to remove excess biotin labeled aptamer. Then 
the HyDNA (0.5 μM, 20 μL) was added to the solution and mixed well at 
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room temperature for 20 min. After the sample was washed three times 
with buffers to remove excess HyDNAs, the MB-aptamer-HyDNA com-
plex was dispersed in 1 mL of 1 × PBST buffer. The MB in each 20 μL 
aliquot of this solution were used in this work. 

To construct the dual aptamer-based biosensor, MB, biotin labeled Y- 
DNA, adapter1-A48, adapter2-A61, com10-HyDNA and com11-HyDNA 
were used. First, 20 μL of 10 mg/mL MB was washed with 1 × PBST 
buffer to remove the residual NaN3 protection solution. Then 300 μL of 
1 μM biotin labeled Y-DNA was added to the MB solution and mixed well 
for 30 min at room temperature. The MB were then washed twice with 
buffer to remove excess Y-DNA. The adapter1-A48 (10 μM, 30 μL) and 
adapter2-A61 (10 μM, 30 μL) were added to the solution and mixed well 
at room temperature for 20 min. The MB were washed twice with buffer 
to remove excess aptamers. The HyDNAs (0.5 μM, 10 μL) were added to 
the solution and mixed well at room temperature for 20 min. After the 
sample was washed three times with buffers to remove excess HyDNAs, 
the MB-YDNA-aptamer-HyDNA complex was dispersed in 1 mL of 1 ×
PBST buffer. The MB contained in each 20 μL aliquot of this solution 
were used in this work. 

To assess the feasibility of the platform, we incubated samples with 
different concentrations of Np with the biosensor at room temperature 
for 20 min. Each solution was then separated with a magnetic rack, and 
10 μL of supernatant was transferred into a new centrifuge tube for 
quantification with the Cas12a-based FQ-labeled reporter system. 

2.5. Quantification of HyDNA with the CRISPR-Cas12a reporting system 

In the CRISPR-Cas12a cutting system, NEB CutSmart® Buffer was 
used as the reaction buffer. For the collateral cleavage assay, an equi-
molar ratio of Cas12a and crRNA was premixed with the FQ-labeled 
reporter in NEB CutSmart® Buffer and then distributed in a 384-well 
plate for the subsequent experiment (Table S2). The diluted superna-
tant containing the HyDNA was added to the reporter system, and the 
fluorescence signal was detected every 1.5 min with an EnSpire™ 
Multimode Plate Reader (PerkinElmer, Inc., USA) at an excitation 
wavelength of 480 nm and an emission wavelength of 520 nm. 

2.6. Analysis of samples 

An inactivated SARS-CoV-2 sample (hCoV-19/China/CAS-B001/ 
2020, National Microbiology Data Center NMDCN0000102-3, GISAID 
databases EPI_ISL_514256–7) was obtained from Dr. Bi and was quan-
tified previously by using gene N primers (Fig. S12). To demonstrate the 
analytical reliability and practical application of the biosensing plat-
form, we tested swab samples spiked with different concentrations of 
inactivated SARS-CoV-2. First, 10 μL inactivated SARS-CoV-2 sample 
was incubated in 10 μL lysis buffer for 10 min and serially diluted in half 
to obtain different concentrations of lysed samples. Each diluted sample 
(2 μL) was added to 18 μL of the biosensor system and incubated for 20 
min. To construct the calibration curve, we detected the HyDNA in the 
supernatant with the Cas12a-based FQ-labeled reporter system. The 
changes in the fluorescence intensity over time were measured, and the 
slope of the fluorescence curve in the linear region between 0 and 25 
min (normally) represented the ssDNA trans-cleavage rate of CRISP-
R–Cas12a. The linear relationship between the trans-cleavage rate (or 
slope) and the SARS-CoV-2 standard concentration was obtained. 

To demonstrate that SARS-CoV-2 screening with our platform would 
be possible outside of laboratory settings, we used a portable fluorom-
eter (Qubit™ 4 Fluorometer) to quantify the fluorescence signal 
generated by the detection assay. The unactivated SARS-CoV-2 sample 
was diluted to three to five copies/μL, and Np was released with lysis 
buffer. The extracted Np sample (2 μL) was added to 20 μL of the 
biosensor system and incubated for 20 min. Then the HyDNA in the 
supernatant was detected with the Cas12a-based FQ-labeled reporter 
system. The fluorescence signal increased in 1 min was detected with the 
portable fluorometer at an excitation wavelength of 470 nm and an 

emission wavelength of 510–580 nm. 

2.7. Data analysis 

All experiments and assays were repeated at least three times. The 
data in all figures are expressed as means and standard deviation (SD). 
Microsoft Excel 2016, Origin 8, and GraphPad Prism version 6.0 were 
used for data analysis. 

3. Results 

3.1. Design and construction of a prototype CRISPR/Cas12a and 
aptamer-mediated platform for SARS-CoV-2 antigen detection 

The SARS-CoV-2 viral surface contains four types of proteins, i.e., 
spike (S), nucleocapsid (N), membrane (M), and envelope (E), of which S 
protein and N protein have been used in antigen detection [3,26,27]. In 
this study, to couple antigen recognition with a CRISPR-based detection 
system, we used a specific aptamer (A48, with an equilibrium dissoci-
ation constant (KD) of 0.49 nM) [27] of N protein as the recognition 
element to develop a SARS-CoV-2 antigen biosensor with our recently 
established CRISPR/Cas12a-based biosensing platform [15]. Our pro-
totype was denoted the antigen biosensing platform CaT-Smelor-Covid. 
v1 (CRISPR/Cas12a and aptamer-mediated detector of diverse analytes 
for COVID-19, version 1). The working principle of CaT-Smelor-Covid. 
v1 is illustrated in Fig. 1a. In brief, a hybrid DNA (HyDNA) containing 
the Cas12a triggering dsDNA and a single-stranded DNA (ssDNA) com-
plementary to parts of the aptamer A48 sequence was anchored to 
A48-coated magnetic beads (MB) (Fig. S1). SARS-CoV-2 nucleocapsid 
protein (Np), if present, interacts with A48 and releases the HyDNA. The 
released HyDNA then triggered Cas12a to cleave the fluorophore 
quencher (FQ)-labeled ssDNA probe, thus producing a readable fluo-
rescence signal output. After optimizing the reaction system and 
signal-to-noise (S/N) ratio (Figs. S2 and S3), we found that the linear 
detection range of Np was 0.19–781 pM (R2 > 0.99) (Fig. 1b, c, Fig. S4) 
with a LOD of 32 fM (approximately 193 copies/μL). For nucleic acid 
detection, the LOD of the gold-standard RT-qPCR and CRISPR-based 
methods reached up to one copy/μL of viral RNA [9]. Thus, this proto-
type did not meet the requirements for detection of SARS-CoV-2 in saliva 
samples or early diagnosis. Developing novel strategies for sensitive 
sensing and stable amplification is key for this CRISPR-based antigen 
detection paradigm. 

3.2. Introduction of a PCR-free strategy to amplify the CRISPR/Cas12a 
generated signal 

In the CRSIR/Cas12a and FQ-based signal output and display mod-
ules, the slopes of the fluorescence signal are proportional to the con-
centration of the released triggering dsDNA [15]. To increase or amplify 
the signal generated by the Cas12a triggering dsDNA, we designed a 
cluster of multiple triggering dsDNAs in tandem. Considering the 
trade-off between the S/N ratio and amplified signal, we kept the length 
of dsDNA below 600 bp, a length accommodating as many as 10 copies 
of the Cas12a triggering dsDNA with a 30 bp interval sequence (Fig. S5) 
[28]. Then the HyDNA containing different copy numbers (one to ten) of 
Cas12a triggering dsDNAs was anchored to A48-coated MB (Fig. S6). 
The slopes of the fluorescence signal were proportional to one to ten 
copies of Cas12a triggering dsDNA (HyDNA10; Fig. 2c and d, Fig. S7). 
Thus, we constructed CaT-Smelor-Covid.v2 (version 2) by using 
HyDNA10 instead of HyDNA01 in the CaT-Smelor-Covid.v1 (Fig. 2a and 
b). When detecting Np, we observed that the slope of the fluorescence 
intensity was linear (R2 > 0.99), and the detection range was 6–381 fM 
(Fig. 2e, f, Fig. S8) with a LOD of 3.48 fM (approximately 42 copies/μL), 
thus indicating that the introduction of clustered multi-copy Cas12a 
triggering dsDNA indeed boosted the signal. With the introduction of a 
PCR-free signal amplification procedure, CaT-Smelor-Covid.v2 showed 
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the expected characteristics of high stability and rapid detection. 
However, the LOD was inadequate for real-world detection in saliva 
samples or early diagnosis. 

3.3. Introduction of Y-shaped DNA-based aptamers to synergistically 
increase the sensing sensitivity 

To further improve the detection sensitivity of CaT-Smelor-Covid.v2, 
we pursued a de novo synergistic strategy in CaT-Smelor-Covid.v3 
(version 3) by applying two different aptamers recognizing different 
epitopes of Np to release two cognate tandem HyDNA10 molecules 
(Fig. 3a and b). When one aptamer binds the antigen and releases 
HyDNA, it promotes the response of the other aptamer to the same an-
tigen and the release HyDNA due to proximity, thus producing a syn-
ergistic effect. Here, we introduced a biotin labeled Y-shaped DNA to 
simultaneously anchor the aptamer (A48) and another previously 
characterized aptamer (A61, KD = 2.74 nM) [27] on the MB. Then the 
two optimized HyDNA10 molecules (Fig. S9) were anchored on MB via 
interaction with aptamers A48 and A61. With CaT-Smelor-Covid.v3, we 
achieved excellent Np detection. Trace amounts of Np at concentrations 
of 0.19–2.98 fM were unambiguously and readily detected, with an LOD 
of 0.17 fM (Fig. 3c, d, Fig. S11). The LOD of SARS-CoV-2 was approxi-
mately two copies/μL, the lowest value reported to date for SARS-CoV-2 
antigen detection through a CRISPR/Cas-based method [3,19]. As ex-
pected, the response signal of CaT-Smelor-Covid.v3 allowed us to 
calculate a Hill coefficient of approximately 1.5, thus indicating positive 

cooperativity. 

3.4. Rapid and sensitive detection of inactivated SARS-CoV-2 in clinical 
samples 

The LOD of CaT-Smelor-Covid.v3 for antigen detection was very 
close to that of the gold standard of RT-qPCR and CRISPR/Cas-based 
nucleic acid detection [11,13], thus indicating that this platform had 
great potential for real-life applications. We then tested the performance 
of our CaT-Smelor-Covid.v3 on authentic sample detection by using 
inactivated SARS-CoV-2 [29]. As shown in Fig. 4a, as few as two 
copies/μL SARS-CoV-2 could be efficiently detected (P < 0.05). More-
over, the entire process required only approximately 20 min with a 
commercially available portable fluorescence detector (Qubit 4 Fluo-
rometer, Thermo Fisher Scientific, US) (Fig. 5). To demonstrate the 
performance of our method, we spiked saliva and human serum samples 
with different concentrations of inactivated SARS-CoV-2 for Np detec-
tion. In one single-blind test, 30 virus-spiked and 30 virus-unspiked 
saliva samples were detected with a Qubit 4 Fluorometer, and all posi-
tive samples were detected (P < 0.001; Fig. 4b, Figs. S13–S15). In 
another single-blind test, our method correctly distinguished the 30 
positive and 30 negative samples in spiked human serum (P < 0.001; 
Fig. 4b). These results indicated that CaT-Smelor-COVID.v3 was ultra-
sensitive and stable for SARS-CoV-2 detection. 

Fig. 1. Detection of Np with the CaT-Smelor-Covid.v1 platform. (a) Schematic diagram of CaT-Smelor-Covid.v1. MB: streptavidin-coated magnetic bead. A48: 
aptamer targeting the SARS-CoV-2 nucleocapsid protein. HyDNA01: HyDNA containing a single Cas12a trigger dsDNA. Np: nucleocapsid protein. (b) Readout of the 
fluorescence signal by the CaT-Smelor-Covid.v1 platform in response to Np. The background signal (control) has been subtracted from the values displayed in the 
graph. (c) Relationship between the slope and Np concentration output with the prototype antigen biosensing platform. A48-HyDNA01: core component of the CaT- 
Smelor-Covid.v1 platform. The data are the means and SD of three independent replicates. 
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3.5. Perspectives on the state-of-the-art, signal amplifiable CRISPR/ 
Cas12a aptamer-mediated protein detection platform 

Comparison our new Cas12a-aptamer-based protein detection plat-
form with other previously reported SARS-CoV-2 virus detection 

methods indicated that CaT-Smelor-Covid.v3 was more sensitive and 
accurate in rapid antigen detection. The results of our method are 
comparable to those of the gold-standard RT-qPCR assays and other 
CRISPR-based nucleic acid detection approaches [11,13] (Table 1). In 
addition, our rational optimization procedures applied to the 

Fig. 2. Detection of Np with the A48-10 based CaT-Smelor-Covid.v2 platform. (a) Constructing schematic diagram of cluster of multiple triggering dsDNAs in 
tandem. HyDNA10: HyDNA containing ten Cas12a trigger dsDNAs. (b) Sensing schematic diagram of the CaT-Smelor-Covid.v2 platform. (c) Plot of the fluorescence 
level against the HyDNAs. (d) The slopes of the fluorescence signal are proportional to the copy numbers of Cas12a trigger dsDNA. (e) Readout of the fluorescence 
signal by the CaT-Smelor-Covid.v2 platform in response to Np. The background signal (control) has been subtracted from the values displayed in the graph. (f) 
Relationship between the slope and Np concentration output with the CaT-Smelor-Covid.v2 platform and the CaT-Smelor-Covid.v1 platform. In c and e, data are the 
means and SD of three independent replicates. 
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CaT-Smelor platform successfully boosted the signal about 200-fold. 
Given its rational and modular configuration, our system after optimi-
zation should be widely applicable in many protein detection-based 
applications. 

4. Discussion 

In parallel to the nucleic acid detection systems DETECTR, SHERO-
LOCK, and STOPCovid, the combination of CRISPR/Cas12a and 
aptamers represents a new detection paradigm for antigen detection 
[34–37]. Coupling with aptamers dramatically broadens the detection 
scope of CRISPR/Cas12a [15,22]. However, how to stably amplify the 
signals sensed by aptamers and then translate the amplified signal into 
Cas12a cleavage activity has been an unresolved problem. Because of 
the lack of stable amplification of the signal sensed by the aptamer, this 
new detection paradigm has been unable to match the sensitivity of 
DETECTR and SHEROLOCK. Similarly, the sensitivity of Np antigen 

detection through the combination of CRISPR/Cas12a and aptamer in 
this study (LOD of 32 fM; ca. 193 copies/μL; Fig. 1, Fig. S4) was much 
lower than the nucleic acid detection systems DETECTR, SHEROLOCK, 
and STOPCovid, although the performance of CaT-Smelor-Covid.v1 was 
comparable to those of the previously reported immunology-based 
methods (186 viral copies/μL) [33], Therefore, novel strategies were 
needed to dramatically enhance the sensitivity of this new detection 
paradigm. Furthermore, our results represent the general challenges of 
low sensing efficiency and detection sensitivity in the detection of target 
analytes through a combination of CRISPR/Cas12a and aptamers. 
Therefore, the main goal of this study was to address these problems and 
to provide a general solution for this detection paradigm. 

In this study, multiple CRISPR/Cas12a trigger dsDNAs (up to 10 
copies) were designed and constructed in tandem in a single DNA 
fragment (Fig. 2). The use of these trigger dsDNAs significantly ampli-
fied the output fluorophore signal. Of note, when the trigger-dsDNA 
copy number was increased from one (HyDNA) to 10 (HyDNA10), the 

Fig. 3. Detection of Np with the CaT-Smelor-Covid.v3 platform. (a) Design and construction of the dual aptamer synergetic module. Y1, Y2 and biotin labeled Y3 
oligonucleotides were complementary to one another. A mixture of the same molar amount of these oligonucleotide strands formed a biotin-labeled Y-shaped DNA. 
The MB-Y-A48 + A61 complex was constructed through mixture of Y-DNA, MB, Adapter1-A48, and Adapter2-A61. Assembly of the Y-A48 + A61-HyDNA10 complex 
was accomplished through mixture of MB-Y-A48 + A61, com10-HyDNA10, and com11-HyDNA10. (b) Sensing schematic diagram of the CaT-Smelor-Covid.v3 
platform. (c) Readout of the fluorescence signal by the CaT-Smelor-Covid.v3 platform in response to Np. The background signal (control) has been subtracted 
from the values displayed in the graph. (d) Relationship between the slope and Np concentration output of the biosensing platforms. The readout of the fluorescence 
signal by the A61-10 based CaT-Smelor-Covid.v2 platform is shown in Fig. S10. The data are the means and SD of three independent replicates. 
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detection sensitivity also linearly increased approximately 10-fold (from 
32 fM to 3.48 fM). Warranting the stabilized output signal and maxi-
mization of the S/N, we designed both the crRNA and trigger dsDNA 
sequences on the basis of the phage genome-derived prediction site [38], 
which ensure optimal and robust performance of our 
CRISPR/Cas12a-based signal output system. In addition, the interse-
quence region between each trigger dsDNA was optimized. On the basis 
of our results, we believe that this well-characterized multiple trigger 
dsDNA tandem element could be used as a general tool in other 
CRISPR/Cas12a and aptamer-based detection systems, such as 
CaT-Smelor [38], in applications beyond Np detection. 

For most aptamers, the affinity toward the corresponding target is 
usually at the nanomolar level (i.e., dissociation constant, KD), and 
further increasing the binding affinity by systematic evolution of ligands 
by exponential enrichment (SELEX) may be difficult [39]. However, the 
KD of the aptamer directly determines the sensing efficiency and 
consequently affects the detection sensitivity. Therefore, innovating the 

aptamer-based sensing module for a more sensitive response to antigen, 
independently of the affinity between aptamer and antigen, should be of 
general interest for all aptamer-based detection systems. In this study, 
we used a Y-shaped DNA and two aptamers, A48 and A61, recognizing 
different epitopes of the antigen, which were designed to sense the Np 
(Fig. 3). A significant synergistic sensing effect was observed, in which 
the binding of A48 to Np facilitated the binding of A61 and Np, and vice 
versa. According the response curve, the Hill coefficient reached 1.52, 
thus indicating a positive synergistic effect between A48 and A61 [40]. 
By combining the multiple trigger dsDNA and synergistic sensing stra-
tegies, our system achieved an LOD for Np detection of 0.17 fM 
(Fig. S10). Therefore, our dual aptamer synergistic sensing strategy, 
independently of binding affinity, not only increased the affinity limit of 
aptamers but also further improved the detection sensitivity (from 3.48 
fM to 0.17 fM). Moreover, the synergistic effects could be applied to the 
detection of any other antigen with two aptamers that recognize 
different epitopes of the antigen. 

Fig. 4. Detection of clinical inactivated SARS-CoV-2 virus. (a) Detection of clinical inactivated SARS-CoV-2 virus detected by CaT-Smelor-Covid.v3 platform. Data 
and SD are the means of three independent replicates. (b) Single blind test results of human saliva or serum samples spiked with or without inactivated SARS-CoV-2. 
ΔFI: fluorescence intensity increased in 1 min. The test results showed that the correct detection rate was 100%. 

Fig. 5. Workflow chart of sample detection. Swab samples and serum samples were collected and then treated to release the Np. Next, lysed solution was incubated 
with the biosensor system. Finally, the fluorescence intensity of released HyDNA was detected with a portable fluorometer or microplate reader. 
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The output of the ssDNA cleavage activity of Cas12a can detected 
through many convenient methods, e.g., lateral-flow [41,42]. Here, we 
used a commercially available portable fluorescence detector to 
demonstrate the merits and potential of our method in clinical diagnosis. 
Saliva and serum spiked with different concentrations of inactivated 
SARS-CoV-2 were used to mimic clinical samples, and the positive 
detection rate reached 100% (Fig. 4b). Despite the limitations of the 
experimental conditions, and the absence of clinical trials, we believe 
that our results confirmed the practicability of our detection approach. 
In addition, compared with the existing antigen detection methods, our 
method had significant advantages in that the sensitivity was greatly 
improved, and the testing is fast in time-spent and low in cost (Table 1). 
The abovementioned advantages of CRISPR/Cas-based detection sys-
tems also extended to any antigen detection with our strategy. 

Consequently, by focusing on the issues of signal amplification and 
sensing efficiency in the CRISPR/Cas12a and aptamer-based detection 
paradigm, we not only developed a PCR-free multiple trigger dsDNA 
tandem-based signal amplification strategy for high performance 
CRISPR/Cas-based detection but also designed a dual aptamer syner-
gistic sensing strategy for highly efficient sensing. Integrating these two 
aspects, we achieved the first reported ultrasensitive, fast, stable, high- 
performance antigen detection using a CRISPR/Cas12a and aptamer- 
based detection paradigm. Given that aptamers recognizing different 
fragments of variable proteins (for example, multiple epitopes of anti-
gens) can be generated by SELEX, we believe that the innovative strat-
egy used in this study may mark the beginning of a wide range of 
applications in the development of detection methods for antigens and 
other target molecules. 
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