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A B S T R A C T   

COVID-19 has erupted and quickly swept across the globe, causing huge losses to human health and wealth. It is 
of great value to develop a quick, accurate, visual, and high-throughput detection of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2). Here, we developed a biosensor based on CRISPR/Cas13a combined with 
recombinase polymerase amplification (RPA) to detect S and Orf1ab genes of SARS-CoV-2 within 30 min. Most 
important of all, we developed an automated, portable, and high-throughput fluorescence analyzer (APHF- 
analyzer) with a 3D-printed microfluidic chip for sensitively detecting SARS-CoV-2, which addressed aerosol 
contamination issue and provided a more accurate and high-throughput detection during the on-site detection 
process. The detection limits of S gene and Orf1ab gene were as low as 0.68 fM and 4.16 fM. Furthermore, we 
used the lateral flow strip to realize visualization and point of care testing (POCT) of SARS-CoV-2. Therefore, 
profit from the efficient amplification of RPA and the high specificity of CRISPR/Cas13a, APHF-analyzer and the 
lateral flow strip to simultaneous detection of S gene and Orf1ab gene would be applied as a promising tool in the 
field of SARS-CoV-2 detection.   
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1. Introduction 

COVID-19 caused by severe acute respiratory syndrome-coronavirus 
2 (SARS-CoV-2) has brought great disaster to the whole world. SARS- 
CoV-2 spreads quickly [1,2], even it has been found in wastewater [3, 
4]. And the symptoms caused by SARS-CoV-2 are so similar to other 
pneumonia that it is hard to tell apart [5]. Therefore, a specific 
SARS-CoV-2 detection method with simple operation, high throughput, 
sensitivity, and accuracy is urgently needed to effectively cope with the 
crisis. Common SARS-CoV-2 detection methods include immunoassay 
[6] and nucleic acid assay [7]. Immunoassay is accurate, but it suffers 
from some disadvantages in low sensitivity and certain hysteresis [8,9], 
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which limit its wide application. On the contrary, nucleic acid detection 
is more sensitive and timely. The gold standard of nucleic acid testing is 
real-time quantitative PCR [10,11]. But it requires trained operators, 
expensive equipment, and certified laboratories, which still has great 
difficulties in remote areas where lack of resources and medical facil-
ities. Hence, it is of great value to invent a portable and high-throughput 
method to suit to point of care test (POCT). 

SARS-CoV-2 gene is a positive single-stranded RNA [12,13]. Though 
the virus escapes from the immune system with a high mutation in the 
process of human-to-human transmission [14], SARS-CoV-2 has some 
highly conserved domains, such as S gene, Orf1ab gene. To avoid 
false-positive or false-negative for only testing one gene, we decided to 
test the S gene and Orf1ab gene at the same time to increase specificity 
and accuracy. Amplified areas and sequences were shown in Fig. S5 
(Supporting information). Because the content of the SARS-CoV-2 gene 
is very few after gene extraction from the samples collected, some 
amplification methods are needed to augment the concentration to 
adjust to existing detection methods. For example, rolling circle ampli-
fication (RCA) [15], loop-mediated isothermal amplification (LAMP) 
[16,17], strand displacement amplification (SDA) [18], polymerase 
chain reaction (PCR) [7,19], Nucleic acid sequence-based amplification 
(NASBA) [20], recombinase polymerase amplification (RPA) [21,22]. 
Among them, RPA is a relatively mature isothermal amplification 
technology with high amplification efficiency and high specificity. It can 
be amplified a million times in 5–20 min. 

With the advent of the clustered regularly interspaced short palin-
dromic repeats (CRISPR)/associated protein (Cas) system, the detection 
industry ushered in new development due to its rapid and precise cutting 
capability. So far, CRISPR/Cas9 [23], CRISPR/Cas12 [24,25], 
CRISPR/Cas13 [26,27], and CRISPR/Cas14 [28] system have been 
discovered. For instance, James P developed a strategy based on 
RT-LAMP and CRISPR/Cas12a to detect the E and N gene of SARS-CoV-2 
in 40 min, with a limit of detection (LOD) of 1 copy per sample [29]. Lu 
exploited the CASdetec (CRISPRassisted detection) platform combining 
recombinase-assisted amplification (RAA) with Cas12 b to detect the 
RdRp gene of SARS-CoV-2, with the LOD as low as 1 × 104 copies⋅mL− 1 

[30]. Yong invented a cascade CRISPR/Cas (casCRISPR) system by the 
trans-cleavage activity of Cas13a and Cas14a to detect miRNA with a 
LOD of 1.33 fM [31]. Among them, CRISPR/Cas13a system has attracted 
extensive attention in biochemical sensing, especially RNA detection, 
owing to its high specificity and trans-cleavage activity to RNA. To be 
specific, it specifically identifies and combines the RNA target by hy-
bridization with the crRNA. After that, the trans-cleavage activity of 
Cas13a is activated by RNA to discretionarily cut nonspecific RNA [32]. 
Huang made full use of the high efficiency of hyper-branching rolling 
circle amplification as well as robust collateral cleavage activity of 
Cas13a to build a HyperCas platform for microRNA-17. It achieved a 
LOD of 200 aM [33]. Parinaz designed multiple crRNA to bind to RNA of 
SARS-CoV-2 to rapidly activate the trans-cleavage activity of Cas13a for 
generating fluorescent signals. This method did not require nucleic acid 
amplification and had a LOD of 100 copies⋅mL− 1 by mobile phone mi-
croscopy [34]. In conclusion, the CRISPR/Cas13a system is suitable for 
specific and sensitive detection. 

Currently, many portable instruments have been developed to ach-
ieve POCT. For example, portable devices used a simple fluorescent 
lamp in conjunction with a smartphone based on isothermal amplifi-
cation to test DNA or RNA [35,36], but they still required additional 
heating devices. In addition, judging negative or positive by simple 
fluorescence brightness will lead to false negative phenomenon due to 
environmental factors. They can be for preliminary screening because 
they are not accurate enough. Other precision devices include temper-
ature control systems and signal detection systems, but they were 
cumbersome and high-cost [37]. 

In this paper, we developed an automatic, portable, and high- 
throughput fluorescence analyzer (APHF-analyzer) with a microfluidic 
chip and lateral flow strip based on CRISPR/Cas13a technology with 

RPA strategy for sensitively and specifically detecting S gene and Orf1ab 
gene of SARS-CoV-2. Through taking full advantage of two technologies 
by APHF-analyzer, it was satisfactory that LOD of the S gene was 0.68 fM 
and Orf1ab gene as 4.16 fM in 30 min. In comparison, by LS-55 spec-
trophoto fluorometer (commercially available fluorescence meter), the 
LOD of the S gene and Orf1ab gene were 9.2 fM and 17.2 fM, illustrating 
that APHF-analyzer has greater potential to be applied in the actual 
detection of SARS-CoV-2. And the APHF-analyzer with a microfluidic 
chip was designed to realize high-throughput detection of SARS-CoV-2 
for POCT. In addition, in order to achieve visual detection, we used 
lateral flow strips to detect the S gene and Orf1ab gene. And the LOD 
reached 2 fM and 20 fM, respectively. In conclusion, it is no exaggera-
tion to say that the biosensor based on CRISPR/Cas13a technology and 
RPA strategy, detected by lateral flow strip and the APHF-analyzer, will 
have great potential in coping with COVID-19. 

2. Materials and methods 

2.1. Reagents and instrumentations 

All oligonucleotides sequences were shown in Table S1 (Supporting 
information). Template oligonucleotide sequences and the plasmid of 
SARS-CoV, human RPP30 (Hs-RPP30), and Middle East respiratory 
syndrome coronavirus (MERS-CoV) were purchased from Sangon 
Biotech (Shanghai, China), and other oligonucleotide sequences were 
synthesized by ourselves. MiRcute miRNA Isolation Kit (DP501) and 
DNase/RNase-free water were purchased from TIANGEN Biotechnology 
Co. The T7 Mix (MAXI 100), Taq DNA polymerase (5000 U⋅mL− 1), 
DNase I (2000 U⋅mL− 1), 10 × DNase I buffer, 10 × NEB buffer 2.1, 
ProtoScript® II Reverse Transcriptase (10 000 U⋅mL− 1), T7 RNA poly-
merase (50 000 U⋅mL− 1), and RNA inhibitor (40 000 U⋅mL− 1) were 
ordered from New England Biotechnology Co., Ltd (Beijing, China). The 
RPA kit was supplied by TwistDx (Cambridge, UK). LwCas13a (100 μM) 
protein was ordered from Beijing Kesin Biotechnology Co., LTD. Uni-
versal lateral flow dipstick for detection of biotin- and FITC-labeled 
analytes was bought from Milenia Biotec (Germany). 

2.2. Synthesis RNA targets of S gene and Orf1ab gene 

Because long RNA was difficult to synthesize, we used PCR combined 
with in vitro transcription method to synthesize RNA of the S gene and 
Orf1ab gene. The principle of synthesis could be seen in Fig. S1 (Sup-
porting information). The 20 μL reaction solution containing 10 μM 
forward primer T7-S gene-F or T7-Orf1ab gene-F, 10 μM reverse primer 
S gene-R or Orf1ab gene-R, 25 mM dNTP and 5000 U Taq DNA poly-
merase was conducted 30 thermal cycles, 95 ◦C for 20 s, 52 ◦C for 30 s, 
72 ◦C for 25 s to produce double-strand DNA (dsDNA). Next, the T7 RNA 
transcription kit was used to produce the RNA target with the dsDNA as 
the template. Finally, the dsDNA was degraded by DNase I at 37 ◦C for 1 
h. And then the transcriptional products were purified by MiRcute 
miRNA Isolation Kit (DP501, Tiangen) and stored at − 20 ◦C. And 2% 
Agarose gel was used to testify the results, shown in Fig. S2 (Supporting 
information). 

2.3. Synthesis of crRNA 

CrRNA was synthesized and purified according to previously re-
ported methods [38]. The principle and results of crRNA were shown in 
Fig. S3 and Fig. S4 (Supporting information). 

2.4. Construction of the biosensor 

The reaction reagent of the whole biosensor was divided into reagent 
A and B. Reagent A was responsible for the RT-RPA reaction, containing 
5.9 μL Resuspended RPA solution, 0.5 μL 10 μM Orf1ab-RPA-Forward or 
S-RPA-Forward, 0.5 μL 10 μM Orf1ab-RPA-Reverse or S-RPA-Reverse, 1 
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μL ProtoScript® II Reverse Transcriptase, 0.4 μL RNase-Free H2O, 2.5 μL 
MgAc. Reagent B consisted of 2 μL NEB Buffer 2.1, 8.6 μL RNase-Free 
H2O, 2 μL 1 μM LwCas13a, 1 μL 2 μM S-crRNA or Orf1ab-crRNA, 1 μL 
10 μM RNA probes, 1 μL RNase inhibitor, 0.6 μL T7 polymerase, 0.8 μL 
Ribonucleotide solution and 1 μL MgAc (280 mM), which was respon-
sible for the transcription and the CRISPR/Cas13a system. One micro-
liter sample was added to reagent A and incubated at 37 ◦C for 10 min. 
Then, reagent B was added to reagent A and incubated at 37 ◦C for 20 
min. 

2.5. Determination of SARS-CoV-2 by lateral flow strip 

After the reaction of RT-RPA and CRISPR/Cas13a, 80 μL double 
distilled water was added for detection of the lateral flow strip. A lateral 
flow strip was inserted into the reaction solution for 2 min. What was 
noteworthy was that positive samples should show two lines, while 
negative samples should show only a C line. Moreover, each sample 
needed to be checked whether the S and Orf1ab genes all appear in two 
lines, which can increase the detection accuracy of SARS-CoV-2. 

2.6. Design and development of APHF-analyzer 

To facilitate rapid and accurate detection of SARS-CoV-2, we 
developed an automatic, portable, and high-throughput fluorescence 
analyzer (APHF-analyzer). It was mainly composed of five parts: liquid 
circuit detection subsystem, optical signal detection subsystem, me-
chanical transmission subsystem, circuit control subsystem, and 
temperature-controlled subsystem. The 3D-printed microfluidic chip, 
made by polylactic acid (PLA), was served as the basic unit of the liquid 
circuit detection system for detection. The parameters of the micro-
fluidic chip were in Table S2 (Supporting information). The optical 
sensing subsystem was divided into two parts: the excitation light source 
module including a cost-effective white light-emitting diode (LED) and 
the laser with wavelengths of 488 nm, and a micro-spectrometer pur-
chased from Ocean Insight Inc. (Florida, USA) with necessary optical 
support structure design for capturing the emission spectrum. The cir-
cuit control subsystem integrated a single-chip Microcontroller 
(STM32F103 MCU, designed by STMicroelectronics company) and its 
peripheral circuits. This subsystem not only received commands from 
the host computer embedded ARM11 (designed by Texas Instruments 
company) to control the peripherally functional modules but also was 
responsible for the resources distribution to ensure the operation of the 
entire system smoothly. And all actions were controlled by the me-
chanical transmission system. The mechanical transmission subsystem 
consisted of the motor, guide rail, positioning device, and displacement 
device. Dual drive guide rail (upper, lower) was designed to meet the 
requirements of positioning, multi-displacement, and low detection 
error. There were two types available switch of excitation light source in 
the upper tracks, and the lower guide rail can realize the switch of each 
working position including initializing working position, placing chip 
working position, detecting the working position, and pop-up chip po-
sition. In addition, a K-type thermocouple was selected as the temper-
ature sensor and saw Supporting Information for details. 

The APHF-analyzer was employed as a powerful instrument to detect 
SARS-CoV-2. The sample and reagent A were added into storage 
chamber 1, and reagent B was added in chamber 2 of the microfluidic 
chip, respectively. After RT-RPA reaction in chamber 1, the liquid 
entered chamber 3 mixing with reagent B via the motor rotating to carry 
out the transcription and the CRISPR/Cas13a reaction. Finally, the op-
tical fiber spectrometer recognized and recorded the fluorescence signal 
under the laser with the excitation of 488 nm. 

2.7. Determination of SARS-CoV-2 in real sample 

The nucleic acids samples were provided by the Chongqing Univer-
sity Cancer Hospital, 2 μL of which were carried out RT-RPA, 

transcription, and the CRISPR/Cas13a detection. Finally, the signal 
was performed by APHF-analyzer and lateral flow strip. 

3. Results and discussion 

3.1. Principle of the biosensor to detect SARS-CoV-2 

Scheme 1 illustrates the principle of CRISPR/Cas13a-based biosensor 
coupled with RT-RPA for SARS-CoV-2 assay. Firstly, the S gene and 
Orf1ab gene as targets, trigger the process of reverse transcription 
recombinase polymerase amplification (RT-RPA) and transcription, 
producing a large number of RNA targets. Then, the trans-cleavage ac-
tivity of Cas13a is activated via recognizing and combining the tran-
scripts by complementation between the transcripts and crRNAs, 
meaning that large amounts of non-specific RNA probes can be arbi-
trarily cut. This is a specific signal amplification of the biosensor. Among 
them, transcription, as the second signal amplification technology of the 
biosensor based RT-RPA, is a method to prevent pollution. Since the 
amplification efficiency of RPA is very high, causing aerosol pollution 
and increasing the risk of background signal for subsequent detection. 
Through transcription, DNA products are turned into RNA, which is 
recognized by CRISPR/Cas13a, which can further improve specificity 
and avoid contamination. Hence, in contrast to the method based 
CRISPR-Cas12a combined with RT-RPA, Cas13a with transcription is a 
good method to eliminate false positives and improves accuracy. As a 
result, with three signal amplification, the biosensor could detect low 
concentrations of SARS-CoV-2 in a short time. 

To achieve visual and point of care detection, we built the biosensor 
on a lateral flow strip. FAM and biotin are attached to both ends of the 
RNA probes. The probes attached the FAM can bind to gold nano-
particles with an anti-FAM antibody. As the liquid flows, the streptavi-
din on the C line captures the probe with the biotin. As a consequence, 
the complete RNA probes are intercepted on the C line. While, Cas13a is 
activated to cleave the RNA probes in the presence of targets. The sev-
ered probes with FAM will bind with gold nanoparticles with anti-FAM 
antibody, which are intercepted by the capture antibody of the T line 
due to the fact that the severed probes without biotin cannot be inter-
cepted by the C line. Hence, the lateral flow strip will show only a T line 
or two lines when the RNA target is present. And there is only a C line in 
the case of no target. 

Moreover, aiming to achieve high throughput and rapid detection in 
response to the COVID-19 outbreak, an APHF-analyzer [39] with a 
microfluidic chip was developed to accurately detect SARS-CoV-2. Its 
components are described in Section 2.6. The sample is added to a 
microfluidic chip where all the reactions take place. And the micro-
fluidic chip is placed in the APHF-analyzer to quickly collect signals. By 
exquisitely designed, a chip can simultaneously detect two samples, 
which saves time and cost. What’s more, the airtightness of the chip is 
excellent, which can reduce cross pollution and aerosol pollution that 
are the most common and serious problems in SARS-CoV-2 detection. 
And chips can be mass produced due to the fact that they are easy to 
operate and cost-effective, which can greatly reduce the pressure on the 
medical staff. APHF-analyzer realized automated and high-throughput 
detection through an accurate temperature control system, liquid cir-
cuit detection subsystem, optical signal detection subsystem, mechani-
cal transmission subsystem, and circuit control subsystem. As a result, 
APHF-analyzer with the microfluidic chip would serve as a funda-
mental detecting tool. 

3.2. The development of the APHF-analyzer 

The ability to high throughput detect for SARS-CoV-2 would serve as 
a fundamental element in combating the outbreak. We developed an 
APHF-analyzer for rapid and sensitive detection of SARS-CoV-2. The 
system detected SARS-CoV-2 in the liquid phase. Fig. 1(a) exhibited a 
physical picture of the APHF-analyzer. It consisted of the liquid circuit 
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detection subsystem, optical signal detection subsystem, mechanical 
transmission subsystem, circuit control subsystem, and temperature- 
controlled subsystem. The microfluidic chip can be embedded in the 
disk reaction chamber and can be rotated freely after receiving the 
transmission instruction. After accomplishing all reactions by the pre-
cise temperature control system and mechanical transmission subsys-
tem, the APHF-analyzer can acquire fluorescence signals through the 
optical signal detector and sensor array optical signal responding to 
monitor signals before and after the reaction. And it outputted the date 
with the aid of subsequent signal processing and feature extraction al-
gorithm. It realized automatic, micro-trace, high-throughput, and ac-
curate detection samples through the linkage and coordination among 
subsystems. As shown in Fig. 1(b), the microfluidic chip was made up of 
four layers. Among them, the first layer and the third layer were made by 
medically grade Polypropylene film (PP film) for optical detection. The 
second layer included a parallel detection chamber, control chamber, 
analytically mixed chamber, centrifugal chamber, and valve and micro- 
channel structure. The fourth layer was connected to the fixed layer to 
facilitate the installation of the chip on the rotating shaft of the gas 
chamber. All the processes of the biosensor take place on the chip, which 
avoids aerosol contamination and makes the detection more accurate 
and easy to operate. And its symmetrical detection areas can detect two 
samples at the same time. 

3.2.1. Performance of the APHF-analyzer for SARS-CoV-2 detection 
In the presence of SARS-CoV-2, the amplified process of RT-RPA and 

transcription and trans-cleavage of CRISPR/Cas13a could be taken 
place, resulting in large amounts of fluorescence signal. As described in 
Fig. 2(a), the fluorescence intensity of the S gene was collected by the 
APHF-analyzer. The collected spectral signals were smoothed to obtain 
smooth fluorescence signals with good symmetry in Fig. 2(b). Obvi-
ously, the fluorescence intensity of the test group was significantly 
higher than that of the control group. In the presence of the S gene, the 

chip displayed green fluorescence under laser irradiation in Fig. 2(c). In 
contrast, the chip was just blue, which was the color of the light itself 
without targets (Fig. 2(d)). These indicated that the APHF-analyzer has 
great potential to detect SARS-CoV-2. 

3.2.2. The performance of the APHF-analyzer 
To verify the performance of the APHF-analyzer, different concen-

trations of the S gene and Orf1ab gene were detected by the APHF- 
analyzer. As shown in Fig. 3(b) and (e), after smoothing, data showed 
that fluorescence intensity gradually increased with the increase of 
concentration of the S gene and Orf1ab gene. There was a good linear 
relation between Δ F (Δ F refers to the difference of fluorescence in-
tensity between the test and control group) and the logarithmic of the 
concentration of the S gene from 10 fM to 10 nM. The linear equation 
was Δ F = 298.2 × lgC-233.6 (R2 = 0.9914), and the LOD was 0.68 fM 
according to the 3σ rule. In addition, the linear equation between 
fluorescence intensity and the logarithm of the Orf1ab gene concentra-
tion was Δ F = 302.08 × lgC-159.7 (R2 = 0.9923), with LOD as 4.16 fM. 
This demonstrated that the APHF-analyzer can highly sensitively detect 
SARS-CoV-2. 

In addition, to demonstrate the capability of the APHF-analyzer, a 
comparison was made with a commercial LS-55 spectrophoto fluorom-
eter. As shown in Fig. 4(a), as the concentration of the S gene increased 
from 20 fM to 2 nM, the fluorescence intensity increased continuously. 
This indicated that the increase of target can generate more amplifica-
tion products and activate more Cas13a to shear RNA probes to generate 
signals. As Fig. 4(b) displayed a good linear dependence between the Δ F 
and the logarithm of the concentration of the S gene from 20 fM to 200 
pM with the linear regression equation of Δ F = − 280.434 + 289.694 ×
lgC (R2 = 0.9949). According to the 3σ rule, the LOD was as low as 9.2 
fM. Similarly, different concentrations of the Orf1ab gene were detected. 
It was found that the fluorescence intensity increased with elevated 
concentration from 20 fM to 2 nM in Fig. 4(c). There was a linear 

Scheme 1. Schematic illustration of the detecting SARS-CoV-2 strategy combined CRISPR/Cas13a with RPA by LS-55 spectrophoto fluorometer, lateral flow strip, 
and APHF-analyzer. 
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Fig. 1. Structure of the APHF-analyzer. (a) Showed a physical picture of the APHF-analyzer. (b) Depicted view of the device showing the four layers: top and third 
disks are PP layer; the second disk with 12 sample holes and channel structures; the bottom layer for the installation. (c) The actual test results of dye. 

Fig. 2. S gene of SARS-CoV-2 detected by the APHF-analyzer. (a) Showed the collected spectral signals of the test and the control group. (b) Described the signals 
after smoothed. (c) and (d) showed the chip images of the test and control groups. 
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relation between Δ F and logarithm of the concentration of the Orf1ab 
gene from 20 fM to 2 nM in Fig. 4(d). The linear equation was Δ F =
144.7 × lgC-177.0, (R2 = 0.9829), and the LOD was as low as 17.25 fM. 

The above results indicated that the APHF-analyzer has higher 
sensitivity than the commercial LS-55 spectrophoto fluorometer, which 
proved that the APHF-analyzer was on a par with a large fluorescence 
spectrophotometer. In addition, with the use of a microfluidic chip, the 
APHF-analyzer achieved high throughput and automatic detection, 
which was of great help to the detection of SARS-CoV-2. Therefore, the 
APHF-analyzer is a promising tool for high-throughput, sensitive, and 
automated detection of SARS-CoV-2. In contrast to other methods uti-
lizing the CRISPR/Cas system in Table S3, the APHF-analyzer coupled 
with the biosensor has strong sensitivity in a short detection time. This 
gives the credit to the sensitivity of the instrument and triple signal 
amplification of the biosensor, RT-RPA, transcription, and the strong 

trans-cutting activity of Cas13a. 

3.2.3. The specificity, reproducibility, and repeatability of the APHF- 
analyzer 

Specificity, Reproducibility, and repeatability are important in-
dicators of a sensor. Fig. 5(a) described nucleic acid detection of 
different viruses with the same concentration of 100 pM by the APHF- 
analyzer, such as SARS-CoV-2, SARS-CoV, Hs-RPP30, MERS-CoV. It 
was found that the fluorescence intensity of SARS-CoV-2 was signifi-
cantly higher than that of other viruses, indicating that the APHF- 
analyzer combined with RPA and CRISPR/Cas13a had a strong speci-
ficity for the detection of the S gene and Orf1ab gene. Fig. 5(b) showed 
five experiments with 1 pM S gene were used to test the reproducibility 
of APHF-analyzer with a relative standard deviation (RSD) of 3.42%. 
And Fig. 5(c) depicted good repeatability of the APHF-analyzer. Those 

Fig. 3. Different concentrations of the S gene and Orf1ab gene of SARS-CoV-2 were detected by the APHF-analyzer. (a)The fluorescence intensity corresponding to 
the S gene with different concentrations from 10 fM to 10 nM. (b) The signals after smoothed. (c) The relation between Δ F and the concentration of the S gene from 
10 fM to 10 nM. (d)The linear relation between Δ F and the logarithmic of the concentration of the S gene from 10 fM to 10 nM. (e) The fluorescence intensity 
corresponding to the Orf1ab gene with different concentrations from 10 fM to 10 nM after smoothed. (f) The linear relation between Δ F and the logarithmic of the 
concentration of the Orf1ab gene from 10 fM to 10 nM. 
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indicated that the APHF-analyzer based RT-RPA and CRISPR/Cas13a 
had excellent reproducibility and repeatability for detecting SARS-CoV- 
2. 

3.3. The performance of lateral flow strip to detect SARS-CoV-2 

Fig. 6(a) depicted that the different concentrations of the S gene were 
detected by the lateral flow strip. With the increase of concentration, the 
T line became more and more obvious, while the C line band became 
weaker and weaker. It illustrated that more RNA probes were cut as the S 
gene increased. And Fig. 6(a) showed a relationship between the 
brightness of the T line and the concentration of the S gene from 200 aM 
to 20 pM. A surprise was that the LOD of lateral flow strip to S gene was 
as low as 2 fM. In the same way, the lateral flow strip was used to detect 

the Orf1ab gene with different concentrations. Fig. 6(b) showed as the 
concentration of the Orf1ab gene increased, the brightness of the T line 
increased, while the brightness of the C line decreased. The LOD of the 
lateral flow strip for the Orf1ab gene was as low as 20 fM. 

3.4. Detection of SARS-CoV-2 in the actual sample 

Nucleic acids were extracted from pharyngeal swabs of patients by 
medical staff according to the standard way. The nucleic acid was 
detected by the biosensor combined CRISPR/Cas13a with RT-RPA. The 
results of the S gene and Orf1ab gene detection were shown in Fig. 7(a) 
and (b). It was obvious that the fluorescence intensity of the positive 
sample was significantly higher than that of the negative sample. And 
Fig. 7(c) and (d) demonstrated the results of the S gene and Orf1ab gene 

Fig. 4. The fluorescence intensity of the biosensor for various concentrations of the S and Orf1ab genes. (a) Thefluorescence intensity of the S gene at different 
concentrations from 20 fM to 2 nM. (b) The relationship between Δ F and logarithm of the concentration of the S gene from 20 fM to 200 pM. (c) The fluorescence 
intensity of the Orf1ab gene with different concentrations from 20 fM to 2 nM. (d) The relationship between Δ F and logarithm of the concentration of the Orf1ab 
gene from 20 fM to 2 nM. 

Fig. 5. Specificity, Reproducibility and repeatability of the APHF-analyzer with 1 pM S gene of SARS-CoV-2.  
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detected by the lateral flow strip, respectively. The positive sample had 
an obvious T line, while the negative sample had only a C line. The 
above results expounded that the APHF-analyzer and lateral flow strip 
based CRISPR/Cas13a with RT-RPA can accurately and quickly distin-
guish between positive samples and negative samples. 

4. Conclusions 

SARS-CoV-2 has been wreaking havoc around the world since 
December 2019, bringing great damage to the world. SARS-CoV-2 
detection is a key in the process of quickly ending the pandemic. We 
developed a biosensor based on CRISPR/Cas13a with RPA, which real-
ized sensitive and specific detection of SARS-CoV-2 in 30 min. Taking 

full advantage of the biosensor, we used the lateral flow strip to detect 
the S gene and Orf1ab gene with the actual limit of detection of 2 fM and 
20 fM. By lateral flow strip, the biosensor achieved visual detection, 
facilitated self-test at the grassroots level and reduced the pressure on 
hospitals. What’s more, in order to realize high-throughput and auto-
matic detection, we developed the APHF-analyzer to facilitate rapid and 
sensitive detection of SARS-CoV-2. The LOD of S gene and Orf1ab gene 
were as low as 0.68 fM and 4.16 fM, which is more sensitive than the 
large commercial fluorescence spectrophotometer. The APHF-analyzer 
is very beneficial for testing large numbers of samples because of the 
short detection time, high throughput and accurate performance. As a 
consequence, the APHF-analyzer and the lateral flow strip based on 
biosensor can satisfy the requirement of sensitive, fast, high-throughput, 

Fig. 6. (a) The sensitivity detection of SARS-CoV-2 biosensor for different concentrations of S gene from 200 aM to 20 pM by lateral flow strip. (b) The lateral flow 
strip assay with different concentrations of the Orf1ab gene from 2 fM to 200 pM. 

Fig. 7. SARS-CoV-2 detection of actual samples. (a) and (b) The fluorescence intensity of samples to the S gene and Orf1ab gene, respectively. (c) and (d) The results 
of the S gene and Orf1ab gene in actual samples tested by the lateral flow strip. 
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and on-site detection of SARS-CoV-2, and we believe that the lateral flow 
strip and APHF-analyzer will make a huge contribution to the world’s 
fight against COVID-19. 
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