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A B S T R A C T   

The outbreak of corona virus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) has led to a global pandemic. The high infectivity of SARS-CoV-2 highlights the need for sen
sitive, rapid and on-site diagnostic assays of SARS-CoV-2 with high-throughput testing capability for large-scale 
population screening. The current detection methods in clinical application need to operate in centralized labs. 
Though some on-site detection methods have been developed, few tests could be performed for high-throughput 
analysis. We here developed a gold nanoparticle-based visual assay that combines with CRISPR/Cas12a-assisted 
RT-LAMP, which is called Cas12a-assisted RT-LAMP/AuNP (CLAP) assay for rapid and sensitive detection of 
SARS-CoV-2. In optimal condition, we could detect down to 4 copies/μL of SARS-CoV-2 RNA in 40 min. by naked 
eye. The sequence-specific recognition character of CRISPR/Cas12a enables CLAP a superior specificity. More 
importantly, the CLAP is easy for operation that can be extended to high-throughput test by using a common 
microplate reader. The CLAP assay holds a great potential to be applied in airports, railway stations, or low- 
resource settings for screening of suspected people. To the best of our knowledge, this is the first AuNP-based 
colorimetric assay coupled with Cas12 and RT-LAMP for on-site diagnosis of COVID-19. We expect CLAP 
assay will improve the current COVID-19 screening efforts, and make contribution for control and mitigation of 
the pandemic.   
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quantitative PCR; POCT, point of care testing; LAMP, loop-mediated isothermal amplification; RPA, recombinase polymerase amplification; HCRs, hybridization 
chain reactions; NMPA, the Chinese National Medical Products Administration; FDA, American Food and Drug Administration; CRISPR, clustered regularly inter
spaced short palindromic repeats; AuNP, gold nanoparticle; TCEP, Tris(2-carboxyethyl) phosphine; DMEM, Dulbecco’s modified Eagle’s medium; TEM, transmission 
electron microscopy. 
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1. Introduction 

The outbreak of coronavirus disease 2019 (COVID-19) caused a 
significant public health concern. Developing a fast and reliable diag
nostic method is critical in tracking of pathogen (SARS-CoV-2, severe 
acute respiratory syndrome coronavirus) transmission, and then inter
rupt the spread [1]. Large-scale population screening is an effective way 
to control the pandemic [2]. Until now, reverse transcription-real time 
quantitative PCR (RT-qPCR) is the golden standard for the diagnosis of 
SARS-CoV-2 [3]. However, RT-qPCR requires thermal cycling with 
complicated equipment and trained personnel, and is always performed 
in the central lab, which is challenging to be applied for point of care 
testing (POCT). Thus, there is an urgent need for achieving detection of 
nucleic acid in a rapid, sensitive way based on decentralized diagnostic 
technologies for diagnosis of SARS-CoV-2. 

To meet this demand, isothermal amplification methods, such as 
loop-mediated isothermal amplification (LAMP) [4,5], recombinase 
polymerase amplification (RPA) [6], and hybridization chain reactions 
(HCRs) [7] have been applied to detect the SARS-CoV-2 RNA. Reverse 
transcription LAMP (RT-LAMP) is especially practical that COVID-19 
nucleic acid test kits based on RT-LAMP have been approved by the 
Chinese National Medical Products Administration (NMPA) and Amer
ican Food and Drug Administration (FDA). Especially, clustered regu
larly interspaced short palindromic repeats (CRISPR) and associated 
protein (CRISPR/Cas) system have been combined with RT-LAMP for 
molecular diagnosis of COVID-19, and was reported to improve the 
sensitivity and specificity [8–11]. Cas13a-based SHERLOCK system was 
first developed by Zhang’s group to detect the Zika virus. Cas12a-based 
DETECTR system and HOLMES system have also been reported and used 
to detect viral nucleic acid [12–14]. The nonspecific trans-cleavage ac
tivity of Cas12 or Cas13 nuclease can be activated after the recognition 
of specific target nucleic acids, and thus to cleave the reporter probe [13, 
15]. Most of these methods used fluorescent probes, which need a spe
cial instrument to monitor fluorescent signal [16,17]. 

Gold nanoparticle (AuNP) has been used for visual assay due to its 
strong molar absorption coefficient [18–22]. AuNP-based colorimetric 
method utilizes minimum lab instrument and is promising to be applied 
in POCT. Cas12a was first coupled with RPA for COVID-19 diagnosis, 
using AuNP probe for reading out [23]. Then, thermostable Cas12b was 
employed to combine with RT-LAMP to detect COVID-19 in one pot [8]. 
The Cas12-based methods relied on lateral flow assays [9,24], 
centrifuge-based method [25], or magnetic pull-down operation [23], 
which were difficult for high-throughput tests. 

Cas13a was also used for amplification-free detection of COVID-19. 
Though the fluorescent signal could be collected by a smartphone, this 
method needs to keep recording the signal for 30 min, which is not 
suitable for high-throughput screening [26]. A number of other 
CRISPR/Cas-based detection methods for COVID-19 based on micro
fluidic chip [27] and fluorescence [28] have also been developed. 
However, each of them still has its shortcomings including complicated 
manipulation and time-consuming procedures, or requirement for 
elaborate instruments. Thus, it is still an unmet need for developing a 
rapid, sensitive, and cost-effective method, which is capable of 
high-throughput tests for large-scale population screening. 

Here, we have developed an AuNP-based visual assay that combines 
with Cas12a-assisted RT-LAMP amplification, which is called Cas12a- 
assisted RT-LAMP/AuNP (CLAP) assay for rapid and sensitive detection 
of SARS-CoV-2 RNA. The CLAP assay is convenient for operation, which 
could be extended to high-throughput testing. In our strategy, two AuNP 
probes which were modified with different DNA (DNA1 and DNA2) 
could be crosslinked by a linker-ssDNA, resulting in color change 
(Fig. 1). In the presence of the virus RNA, the specific sequence of viral N 
gene is reverse-transcribed and amplified by RT-LAMP. The resulting 
amplicon is sequence-specific recognized by predesigned Cas12a/gRNA. 
Then the trans-cleavage activity of the Cas12a enzyme could be acti
vated, resulting in the cleavage of linker-ssDNA. Therefore, the AuNP 
probes could not be cross-linked and the color of AuNPs is still red. While 
in the absence of virus RNA, the linker-ssDNA, which is designed to 
complementarily hybridize with AuNP-DNA, will crosslink the AuNP- 
DNA1/2 mixture and the color will change from red to purple, that 
can be observed by naked eye or measured by UV–vis spectrum. As far as 
we know, this is the first AuNP-based colorimetric assay coupled with 
Cas12 and RT-LAMP for on-site diagnosis of COVID-19. 

2. Materials and methods 

2.1. Materials 

AuNP was obtained from Suzhou Tanfeng Graphene Technology Co., 
Ltd (Jiangsu, China). Nucleic acid sequences (Table S1) were ordered 
from Sangon Biotech (Shanghai, China). WarmStart® LAMP Kit (DNA & 
RNA), Bst 3.0 DNA Polymerase, EnGen® Lba Cas12a (Cpf1) and 
NEBuffer™ 2.1 were obtained from New England Biolabs (Beijing, 
China). Tris(2-carboxyethyl) phosphine (TCEP) was obtained from 
Aladdin (Shanghai, China). SYBR Green I was purchased from Solarbio 
(Beijing, China). BM2000 + DNA Marker was obtained from Biomed 

Fig. 1. Schematic of the CLAP assay for detecting SARS-CoV-2 by the naked-eye readout.  
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(Beijing, China). DEPC water (DNase/RNase free) was obtained from 
Beyotime (Shanghai, China). TE Buffer and GeneJET RNA Purification 
Kit were obtained from Thermo Fisher Scientific (Shanghai, China). 
COVID-19 (Corona Virus Disease 2019) RNA reference material (high 
concentration) was obtained from the National Institute of Metrology of 
China. 

2.2. Bioconjugation of DNA on AuNPs 

DNA functionalized AuNPs were prepared by salt aging method: first, 
the sulfhydryl DNA1 and DNA2 were reduced by mixing with TCEP at 
the ratio of 1:100 for 30 min at room temperature, respectively. The 
AuNPs were incubated with pretreated sulfhydryl DNA at the ratio of 
1:200 overnight at room temperature, 2 M of sodium phosphate buffer 
(2 M of NaCl, 200 mM of Na2HPO4 and NaH2PO4, pH 7.4) was added to 
the mixture (a total of four salting steps and each time interval is not less 
than 1 h) to reach a final concentration of 0.2 M. The mixture was 
incubated overnight at room temperature. Then, the mixture was 
washed 3 times with 0.01 M Tris-HCl buffer (pH 7.4) through centrifu
gation (12,000 rpm, 20 min) to remove excess DNA, and the precipita
tion was dispersed in 0.01 M sodium phosphate buffer (pH 7.4), stored at 
4℃. 

The AuNP/DNA ratio was calculated using the following method: 
The UV–vis spectrum of the naked AuNPs and functionalized AuNPs 
were measured using a Microvolume UV–vis Spectrophotometer 
(Thermo Fisher, Nanodrop one, China). The extinction coefficients of 
DNA strands at 260 nm and the AuNPs at 520 nm were used to calculate 
the ratio. The calculated loading corresponded to ≈75 v-DNAs per 
AuNP. 

2.3. Crosslink of AuNPs by linker-ssDNA 

The length of linker-ssDNA was optimized for better AuNP-based 
visual detection. The assay was performed with 5 nM AuNP-DNA1, 5 

nM AuNP-DNA2 and 250 nM linker-ssDNA of different lengths, linker- 
ssDNA1, linker-ssDNA2, linker-ssDNA3 in a 50 μL reaction system. 5 
μL of saturated NaCl solution was added to the reaction to accelerate the 
combination of AuNP-DNA1/2 and linker-ssDNA. After incubation at 
room temperature for 5 min, the absorbance of the mixture was 
measured from 190 nm to 850 nm using a spectrophotometer. Trans
mission Electron Microscope (Hitachi-HT7800, Japan) was used to 
confirm whether AuNP was crosslinked by linker-ssDNA. 

2.4. Activation of Cas12a/gRNA by targeting DNA 

In order to evaluate how much DNA can activate the Cas12a/gRNA, a 
section of dsDNA and ssDNA of the N gene of SARS-CoV-2 was selected 
for Cas12a/gRNA fluorescence and visual detection. The reaction was 
divided into two groups: (1) fluorescence group, in which reporter DNA 
was added to the reaction system to monitor the reaction dynamics by 
fluorescence signal; (2) visual detection group, in which linker-ssDNA2 
was added to the reaction system to observe the color change by naked 
eyes. The remaining reaction conditions of the two groups were 
consistent. 400 nM Cas12a was pre-assembled with 500 nM gRNA in 1×
NEBuffer 2.1 for 10 min. at 37 ◦C. The assays were performed with 
different concentrations of dsDNA and ssDNA, 500 nM reporter DNA/ 
linker-ssDNA2, 1× NeBuffer 2.1, 50 nM Cas12a and 62.5 nM gRNA in a 
25 μL volume. The reaction condition was set at 37℃, and fluorescence 
was measured every 1.5 min in the fluorescence group, the experiment 
was repeated three times. The vision detection group was finally mixed 
with the pre-mixed AuNP-DNA1/2 solution and then colorimetric 
detection was performed as described above. 

2.5. Real-time RT-LAMP 

Reverse transcription amplification reactions were based on the 
WarmStart® LAMP kit (DNA & RNA) to convert viral RNA into DNA, 
which has an optimal temperature of 65℃. RNA sequences derived from 

Fig. 2. The optimal length of linker-ssDNA for visual detection. (A) Schematic illustration of visual color changes. (B) The UV–vis spectrum of the AuNP-DNA1/2 
mixture before and after the crosslinking. (C) Visual color changes of the samples in (B). (D) TEM images of the samples in (B) (scale bars =100 nm). 
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influenza virus (Flu-HA gene) were used as the negative control. RT- 
LAMP was prepared as suggested by New England Biolabs with Warm
Start LAMP 1× Master Mix, 1× primer mixture (0.2 μM for F3 and B3, 
1.6 μM for forward inner and backward inner primers, 0.8 μM for loop 
forward and loop backward primers), 0.5 × SYBR Green I and RNA in a 
25 μL volume. RT-LAMP reactions were performed at 65℃ on a Real- 
time PCR machine (Bio-Rad, CFX96™ Real-Time System, America) 
with fluorescent measurements every 1.5 min. 2.5 μL product was used 
for fluorescence and visual detection of Cas12a/gRNA, and the reaction 
was performed as described above. The RT-LAMP was optimized by 
adding Bst3.0 DNA polymerase. 

2.6. Gel electrophoresi 

The products of RT-LAMP were analyzed by gel electrophoresis on a 
2% agarose gel in 1x TBE buffer for 30 min. Images were taken using an 
Imaging System (Bio-Rad, GelDoc Go, America). 

2.7. High-throughput CLAP assay 

The method can be applied directly in 96-well plate. For high- 
throughput detection screening, the visual detection reactions were 
performed in 96-well plate. The RT-LAMP was performed in line 1–3 in 
96-well plate at 65 ℃ for 10 min., then 2.5 μL product was used for 
activation of Cas12a/gRNA in line 4–6 at 37 ℃ for 15 min.. The pre- 
mixed AuNP-DNA1/2 solution was added and then colorimetric detec
tion was performed at room temperature for 5− 10 min.. The color 
changes could be observed, and the absorbance of the mixture could be 
scanned at 520 nm and 560 nm using a microplate reader (Bio-Tek, 
Epoch 2, America). 

2.8. Cell culture and RNA extraction 

The 293 T cells (a human renal epithelial cell line, from the American 
Type Culture Collection, No CRL-11268) were transfected with pEF 
plasmid with N gene of SARS-CoV-2 at a ratio of 2 μg/3 × 105 cells. 
Infected cells were incubated for 48 h in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented 10 % fetal bovine serum, 0.1 mg 
streptomycin and 100 units penicillin per mL at 37℃ in a CO2 incubator. 
Then the RNA was extracted using GeneJET RNA Purification Kit and 
the concentration was measured using a NanoDrop. 

3. Results and discussion 

3.1. Visual assay platform based on AuNP probes 

To demonstrate the utility of this approach, we first prepared thio
lated DNAs modified AuNPs according to a reported procedure. The 

calculated surface coverage of the AuNP-DNA1/2 indicated an average 
loading of 75 DNAs per AuNP. We next evaluated if the length of linker- 
ssDNA would affect the crosslinking of AuNP-DNA1/2 (Fig. 2A). We 
tested three different lengths of linker-ssDNA. In all groups, the color 
turns from red to purple in 5 min. (Fig. S1B). At the same time, the 
maximum absorption peaks were red-shifted from 520 nm to 560 nm 
(Fig. S1A). We selected medium-length linker-ssDNA to crosslink AuNP- 
DNA1/2 mixture at a ratio of 250:5:5 for the following experiments. 
Under this condition, the UV–vis spectrum showed the characteristic 
redshift (Fig. 2B) and a concomitant color change (Fig. 2C). The phe
nomenon was further confirmed by transmission electron microscopy 
(TEM) (Fig. 2D), which showed that the AuNPs were monomeric in the 
absence of the linker-ssDNA, and agglomerated significantly in the 
presence of the linker-ssDNA. In general, we demonstrated that the 
linker-ssDNA can crosslink AuNPs together in 5 min. and the length of 
linker-ssDNA has little effect on crosslinking. 

3.2. Trans-cleavage activity of CRISPR/Cas12a 

Since the trans-cleavage mechanism of CRISPR/Cas12a has been 
discovered, it has been widely used to detect DNA or RNA. In our assay, 
Cas12a/gRNA was designed to recognize the specific sequence of LAMP 
product. Then the trans-cleavage activity of Cas12a/gRNA is activated 
and the nearby fluorescent probes can be cleaved nonspecifically 
(Fig. 3A). To evaluate and optimize the trans-cleavage activity of 
Cas12a, we used 10-fold sequential dilutions dsDNA and ssDNA con
taining viral targets with specific sequences to activate the Cas12a/ 
gRNA. We used fluorescent probes or linker-ssDNA induced color 
change of AuNPs to characterize the activation of Cas12a/gRNA. 
Obvious fluorescent signals could be observed in 15 min. when the 
concentration of the dsDNA target was more than 1 nM, indicating 1 nM 
of dsDNA could effectively activate the Cas12a/gRNA (Fig. 3B). Simi
larly, when linker-ssDNA was used and mixed with AuNP-DNA1/2, the 
mixture remained a stable red color for groups with concentrations of 
more than 1 nM (Fig. 3C), indicating the linker-ssDNA were totally 
cleaved, which was consistent with the fluorescence analysis. In addi
tion, ssDNA containing viral targets was also used to activate the 
Cas12a/gRNA (Fig. S2). Fluorescence values of the reaction were 
measured at 10 min, 20 min and 30 min. Extremely high fluorescence (P 
< 0.001) was generated when the concentration of ssDNA was as low as 
1 nM at 30 min, while 10 nM at 10 min (P < 0.001). These results 
indicated that about 1 nM of ssDNA or dsDNA could activate the trans- 
cleavage activity of Cas12a, and Cas12a can cleave all linker-ssDNA in 
15 min. in the presence of 1 nM of dsDNA. 

3.3. Cas12a assisted RT-LAMP 

RT-LAMP primer targeting the N gene was used to amplify the 

Fig. 3. The trans-cleavage activity of the Cas12a/gRNA system. (A) Schematic diagram of the Cas12a/gRNA system. The activity of the Cas12a/gRNA system using 
fluorescence detection (B) and visual detection (C) for different concentrations of dsDNA containing viral targets. NTC, no-template control. 
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Fig. 4. Optimization of RT-LAMP amplification. Real-time RT-LAMP amplification curves with different concentrations of SARS-CoV-2 N gene before optimization 
(A) and after optimization (B). (C) Time to positive (TTP) for RT-LAMP amplification before (left) and after (right) optimization (lower value and lighter colors 
indicate faster amplification). TTP is defined as the time when the fluorescent intensity passes 3000. (D) The time needed for the CLAP assay with different con
centrations of SARS-CoV-2. (E) Visual detection of SARS-CoV-2 by CLAP after optimization. NTC, no-template control, Flu, Flu-HA gene. 

Fig. 5. (A) Schematic of the high-throughput testing. (B) The measured ratio value of A520/A560 using a microplate reader. Data points represent replicates from 
three independent experiments, and the error bars indicate the mean ± S.E.M., ***P < 0.001 (C) Photograph of visual detection of SARS-CoV-2 with CLAP, which was 
performed in 96-well plate. (D) The minimum equipment needed to run the CLAP assay. NTC, no-template control, Flu, Flu-HA gene. 
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specific sequence RNA of SARS-CoV-2. Serially diluted COVID-19 RNA 
reference materials were used as the template. Amplification curves 
were observed in all positive groups in about 50 min. (Fig. 4A). We next 
tested if the Cas12a/gRNA could be activated by the products of RT- 
LAMP by using the fluorescent probes. Extremely high fluorescence 
was generated after a 15-min reaction when the viral loads were as low 
as 40 copies/μL (Fig. S4A). The results of visual detection were consis
tent (Fig. S4B). The whole experiment took about 80 min., which was 
too long to be applied in POCT. 

To accelerate the reaction, Bst 3.0 DNA polymerase, which can 
improve the LAMP amplification performance, was added to the 

reaction system. The optimal concentration of Bst 3.0 was about 160 U/ 
mL, which significantly improved the amplification efficiency (Fig. S3). 
Under the optimal reaction conditions, the RT-LAMP could be 
completed within 15 min., even at 4 copies/μL (Fig. 4B), which was 
confirmed by gel electrophoresis results (Fig. S5). As shown in Fig. 4C, 
Bst 3.0 DNA polymerase greatly shortens the reaction time. The fluo
rescence monitoring experiment showed that cleavage by Cas12a/gRNA 
could be completed within 15 min. (Fig. S4C). By combining with AuNP- 
based visual assay, the CLAP assay could complete the detection of virus 
RNA in 30− 40 min. (Fig. 4D, E). 

Fig. 6. CLAP for detection of SARS-CoV-2 in 
extracted total RNA from transfected cells. (A) 
Heat map analysis of SARS-CoV-2 N gene 
detection results based on Cas12a assisted RT- 
LAMP with fluorescent signal. (B) Visual 
detection of the samples using the CLAP assay. 
CLAP assay in 96-well plate for visual detection 
(C) of SARS-CoV-2 in diluted extracted total 
RNA, and the corresponding A520/A560 (D). 
Each sample was performed with three repli
cates. The error bars indicate the mean ± S.E. 
M., *P < 0.05, **P < 0.01, ***P < 0.001. NTC, 
no-template control.   

Fig. 7. (A) Time to positive for RT-LAMP amplification in samples spiked with different concentrations of cell lysate and saliva matrixes. (B) Visual detection results 
of (A). (C) The photograph of visual detection using a 96-well plate. (D) The heatmap showing the A520/A560 read by a microplate reader. The values of A520/A560 
are between 0.65-0.95. NTC, no-template control. 
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3.4. High-throughput CLAP assay 

The CLAP assay is fast and easy for operation, and can be developed 
in a high-throughput form (Fig. 5A). To demonstrate the feasibility of 
CLAP for high-throughput assay, we carried out the whole reaction in a 
96-well plate, and measured the photometric results using a microplate 
reader. The A520/A560 of the positive group was obviously higher than 
that of blank control group and the negative group (P < 0.001) (Fig. 5B), 
which is consistent with visual detection (Fig. 5C). This indicated that 
the method had the potential to be used extensively for on-site detection 
of SARS-CoV-2 with high-throughput capability. Fig. 5D showed the 
minimum equipment needed for CLAP assay, including tubes, metal 
bath (37 ◦C and 65 ◦C), pipettes, nuclease-free water, and AuNP-DNA1/ 
2 mixture. 

3.5. Detection of the viral gene in transfected cells 

To test whether the CLAP assay could accurately detect the presence 
of SARS-CoV-2 in real settings, we used cells transfected by SARS-CoV-2 
to simulate the infected cells in clinical samples. The total RNA from the 
transfected cells were extracted and serially diluted. Fig. S6 showed that 
all positive groups could be amplified by RT-LAMP. Our assay could 
detect SARS-CoV-2 in all positive samples, but not in the negative 
sample and bank (Fig. 6A, B), indicating the specificity. By using the 
CLAP assay, 10− 9 ng/μL of total RNA could be detected by naked eye, 
demonstrating the excellent sensitivity of this method. We also per
formed the CLAP assay in a 96-well plate to further confirm the high- 
throughput capability for screening in large quantities, and the results 
were consistent with those in tubes (Fig. 6C, D). 

To further explore the possibility of our method in clinical diagnosis, 
the robustness of our method in complex biosamples (cell lysate and 
saliva) was tested. The biosamples were spiked in different concentra
tions of total RNA. As shown in Fig. 7A, though the group with more 
biological samples took more time, all the samples could complete the 
amplification within half an hour. In the subsequent visual detection, 
the result did not show any differences (Fig. 7B, S7). We also performed 
the CLAP assay in a 96-well plate, and the results were consistent with 
those of visual detection (Fig. 7C, D). These results indicated that CLAP 
could be applied in real samples, and had great potential for high- 
throughput testing with superior sensitivity and specificity. 

4. Conclusions 

In summary, we have developed an AuNP-based visual assay that 
combined with Cas12a-assisted RT-LAMP (CLAP). Under the optimal 
condition, 4 copies/μL of SARS-CoV-2 RNA could be detected in less 
than 40 min by naked eye. The innate character of CRISPR/Cas12a 
enables the CLAP an excellent sensitivity and specificity. The operation 
of CLAP is highly simplified, which is suitable for POCT application. 
More importantly, the CLAP could be performed in 96 well plate as a 
high-throughput test, which has potential to be extended to automatic 
platform. Given many studies reported that LAMP was compatible with 
a simple operation of cell lysis for viral nucleic acid extraction, the CLAP 
assay was very promising for on-site diagnosis of COVID-19 in airports 
and railway stations in cities, or low-resource settings like rural areas for 
rapid large-scale population screening. We expect the CLAP assay could 
be used in both developed countries and rural areas, that will have a 
significant impact for the control and mitigation of the pandemic. 
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