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The pandemic due to the outbreak of 2019 coronavirus disease (COVID-19) caused by novel severe acute res-
piratory syndrome coronavirus-2 (SARS-CoV-2) has raised significant public health concerns. Rapid, affordable,
and accurate diagnostic testing not only paves the way for the effective treatment of diseases, but also plays a
crucial role in preventing the spreading of infectious diseases. Herein, a one-pot CRISPR/Cas13a-based visual
biosensor was proposed and developed for the rapid and low-cost nucleic acid detection. By combining Cas13a
cleavage and Recombinase Polymerase Amplification (RPA) in a one-pot reaction in a disposable tube-in-tube
vessel, amplicon contamination could be completely avoided. The RPA reaction is carried out in the inner
tube containing two hydrophobic holes at the bottom. After the completion of amplification reaction, the re-
action solution enters the outer tube containing pre-stored Cas13a reagent under the action of centrifugation or
shaking. Inner and outer tubes are combined to form an independent reaction pot to complete the nucleic acid
detection without opening the lid. This newly developed nucleic acid detection method not only meets the need
of rapid nucleic acid detection at home without the need for any specialized equipment, but also fulfils the
requirement of rapid on-site nucleic acid detection with the aid of small automated instruments. In this study,
CRISPR/Casl13a and CRISPR/Casl2a were used to verify the reliability of the developed one-pot nucleic acid
detection method. The performance of the system was verified by detecting the DNA virus, i.e., African swine
fever virus (ASFV) and the RNA virus, i.e., SARS-Cov-2. The results indicate that the proposed method possesses a
limit of detection of 3 copy/pL. The negative and positive test results are consistent with the results of real-time
fluorescence quantitative polymerase chain reaction (PCR), but the time required is shorter and the cost is lower.
Thus, this study makes this method available in resource-limited areas for the purpose of large-scale screening
and in case of epidemic outbreak.

1. Introduction

Frequent and large-scale infectious diseases exhibit a significant
performance impact on the social stability and economic development,
leading to the international or regional health crises. In particular,
coronavirus disease (COVID-2019), which broke out at the end of 2019,
has spread in more than 200 countries around the world, with more than
250 million confirmed cases (Sieber et al., 2021). Almost all infectious
diseases are caused by nucleic acid pathogens (except in rare cases such
as prions); therefore, pathogen-specific nucleic acids (RNA or DNA) are
often used as the “gold standard” biomarker for the diagnosis of infec-
tious diseases. Sensitive, distinctive, and rapid diagnostic testing not
only paves the way for effective treatment of diseases, but also plays a
crucial role in preventing the spreading of infectious diseases (Wei et al.,
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2021). The current epidemic of COVID-2019 is fierce with high infection
rates and high requirements for the turnover of nucleic acid detection.
Moreover, the strong latent characteristics of COVID-2019 indicate that
highly sensitive rapid diagnosis and on-site screening of suspected pa-
tients and close contacts need to be carried out in communities, ports,
and other places.

To meet the requirements of detection sensitivity and throughput
analysis, the currently available diagnostic methods, e.g., real-time
fluorescence quantitative PCR, are time consuming and require expen-
sive laboratory settings and well-trained personnel (Mukama et al.,
2020a). The existing rapid nucleic acid detection equipment based on
microfluidics and PCR technology, such as GeneXpert, Filmarray, and
other systems, have high testing cost (the cost of a single test is 100-500
$). Therefore, such tests are not available in resource-limited areas, for
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large-scale screenings, and in case of outbreaks of epidemics. Regularly
clustered interval short palindrome repeated sequence (CRISPR) nucleic
acid detection technology is based on CRISPR-related proteins, which
non-specifically cleave non-target nucleic acids after recognition of the
target sequence to finally detect the sequence. This technology has been
used to detect the nucleic acids of a variety of pathogens (Gootenberg
etal., 2017; Myhrvold et al., 2018). In 2017, Zhang et al. from the Broad
Institute of Harvard University pioneered SHERLOCK nucleic acid
detection technology by using the cleavage activity of the
CRISPR-Cas13a enzyme and a unique fluorescent reporter to success-
fully detected the Zika virus (Gootenberg et al., 2017). In 2018, Chen
et al. developed DETECTR nucleic acid detection platform based on the
excellent properties of Casl2a enzyme and successfully identified the
two genes HPV16 and HPV18 (Chen et al., 2021). In the same year, this
group developed DETECTR-Cas14 platform based on the Cas14 enzyme
(Harrington et al., 2018) and applied it successfully for SNP genotyping
and molecular diagnosis. Since then, a variety of nucleic acid detection
methods based on CRISPR enzymes, such as Cas12 (Broughton et al.,
2020; Li et al., 2018, 2019), Casl3a (Chang et al., 2020; Gootenberg
etal., 2018; Shen et al., 2020), and Cas14 (Harrington et al., 2018), have
been reported.

Compared to other traditional nucleic acid detection methods,
CRISPR technology offers overwhelming advantages in the aspects of
detection cost, efficiency, portability, and distinctiveness (Li et al., 2021;
Wu et al., 2021). However, to improve the detection sensitivity, nucleic
acid amplification should be carried out before the CRISPR nucleic acid
detection reaction. Therefore, most of the current CRISPR nucleic acid
detection strategies involve two steps (Kanitchinda et al., 2020; Lu et al.,
2020; Mukama et al., 2020b) and require opening the lid and adding the
CRISPR reaction system after nucleic acid amplification, which may
cause contamination. The corresponding target nucleic acid sequence
can also be detected by CRISPR technology alone, but its minimum
detection limit can only reach the femtomolar level (Gootenberg et al.,
2017), which is far from meeting the needs of clinical detection. Nucleic
acid amplification reagents are mixed with Cas enzyme to perform
nucleic acid amplification and detection at the same time and avoid
opening the lid (Wang et al., 2021a; Wu et al., 2020; Zhang et al., 2020).
However, this reduces the nucleic acid detection sensitivity, mainly
because some components of the CRISPR reagent buffer have a certain
inhibitory effect on nucleic acid amplification (Arizti-Sanz et al., 2020).
For example, magnesium ion (Wang et al., 2019) contained in the
CRISPR Cas buffer can affect the RPA reaction, reduce the amplification
efficiency of the RPA reaction, or inhibit the occurrence of the RPA re-
action. Furthermore, during the RPA reaction combined with CRISP-
R/Casl2a detection, Cas12 enzyme can recognize and specifically cleave
sample nucleic acid and thus reduce the efficiency of the nucleic acid
amplification reaction when a certain sample nucleic acid concentration
is reached after amplification, which reduces the sensitivity and detec-
tion efficiency of this method (Wang et al., 2019). The same principle
applies to the detection reaction of RPA combined with CRISPR/Cas13a.
Notably, T7 RNA polymerase contained in the CRISPR/Cas13a reagent
can convert double-stranded DNA amplified by RPA into single-stranded
RNA and reduce the efficiency of the nucleic acid amplification reaction
(Arizti-Sanz et al., 2020). This also fundamentally reduces the sensitivity
and detection efficiency of the method.

To solve the problems of complex operation, aerosol pollution, and
low sensitivity in CRISPR nucleic acid detection, some researchers have
proposed to add amplification reagents to the bottom of the tube and
CRISPR reagents to the cap or wall of the tube in advance to realize
nucleic acid detection without opening the lid (Ali et al., 2020; Chen
et al., 2020; Wang et al., 2019, 2020a,b, 2021b; Zhang et al., 2020).
Through this method, Ali et al. constructed iSCAN system for the rapid
detection of COVID-19 based on the combination of LAMP amplifica-
tion, CRISPR, and lateral flow immunochromatography technology (Ali
et al., 2020). Researchers from the University of Connecticut solved the
above-mentioned problems based on the principle of density
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stratification. They used different concentrations of sucrose solutions to
physically separate the RPA reaction system and the Casl2a reaction
system in one tube to avoid laboratory aerosol contamination (Yin et al.,
2020). The innovation of experimental consumables is also an important
approach to solve the above-mentioned problems. For example, Wang
et al. separated the two reaction systems by pre-adding the rapid PCR
reagent and CRISPR reagent to the bottom and top of the capillary tube,
respectively, to realize nucleic acid detection without opening the cap
(Wang et al., 2021a). Wu et al. proposed a Cas12a-PB sensor composed
of a chamber for CRISPR detection, opened on one side of the PMMA
plate; and an amplification reaction tube, connected to the other side to
realize the Cas12a-PB detection based on CRISPR reaction and RPA re-
action (Wu et al., 2020). Moreover, some researchers also directly mixed
RPA reagents and CRISPR reagents to create one-pot SHERLOCK (Kell-
ner et al., 2020). Although the detection efficiency is improved and the
problem of pollution caused in the two-step detection process is avoided,
this method reduces the detection sensitivity, brings more challenges to
the optimization of experimental conditions, increases false negatives,
and reduces the stability of system reaction. All these methods provide
new ideas for solving aerosol pollution and improving detection accu-
racy and sensitivity, and interestingly, they can be further optimized in
terms of stability, ease of use, and cost.

In this study, a one-pot CRISPR Casl3a-based contamination-free
biosensor was proposed for the rapid and low-cost nucleic acid detec-
tion, and the method is named as ECS-CRISPR (Easy to operate,
Contamination-free, and Stable CRISPR) nucleic acid detection. Fig. 1a
and b illustrate the detailed tube-in-tube vessel design and working
principle of the nucleic acid detection. The main disposable material of
the visual sensor is a tube-in-tube structure. The inner tube contains two
hydrophobic holes and is used to complete the RPA, i.e., nucleic acid
amplification reaction. The CRISPR Casl3a fluorescence detection re-
agent is pre-stored in the inner tube. The outer tube and the inner tube
are combined into one structure, which is referred to as the tube-in-tube
vessel. After completion of the amplification reaction, the product is
transferred to the outer tube via the hydrophobic hole by centrifugation,
and the fluorescent visual detection of target nucleic acid is realized
under blue light emitting diode (LED) excitation. The sensor can detect
pathogen nucleic acids within 25 min without any special equipment,
meeting the needs of point-of-care nucleic acid detection in areas with
limited resources. Moreover, it can also be used in conjunction with an
automated miniaturized instrument. This instrument can automatically
perform the contamination-free detection of eight nucleic acid samples
within 25 min. The entire reaction process is simple to operate and
suitable for nucleic acid analysis in community hospitals and ports. The
external structure of the tube-in-tube vessel is consistent with that of an
ordinary PCR tube, which is convenient for experimental operation. By
expanding the size of the centrifugal device, the detection throughput
can be further improved for large hospitals and central laboratories. In
the study, CRISPR/Cas13a and CRISPR/Cas12a were used to investigate
and verify the reliability of the developed one-pot nucleic acid detection
method. The DNA virus, namely ASFV, was selected for verification
experiments. The experimental results were found to be consistent with
the results of traditional fluorescence quantitative PCR detection, and
the limit of detection of the proposed method was 3 copy/pL. Rapid
contamination-free on-site nucleic acid detection is a convenient and
low-cost method, which may provide an opportunity for mass popula-
tion screening and field deployable diagnostics.

2. Experimental

Details about all the required materials, reagents, instrumentation,
and methods are provided in the Supplementary Information.
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Fig. 1. CRISPR/Casl3a-based contamination-free biosensor for rapid nucleic acid diagnostics: a) Schematic showing the working principle of the nucleic acid
biosensor and b) Tube-in-tube vessel structure composed of an inner tube and an outer tube.

3. Results and discussion
3.1. Overview of ECS-CRISPR detection

In this study, the two methods, namely, isothermal RPA and CRISPR/
Casl3a detection were combined. The target detection sequence was
amplified by RPA and detected based on the non-specific shearing effect
after specific activation of CRISPR/Cas13a. According to the literature,
the RPA process can be disturbed by the CRISPR/Cas13a reagent system,
if both the reagents are directly mixed (Gootenberg et al., 2017).
Therefore, the detection was performed via two separated reactions.
Opening the lid after amplification can cause aerosol cross contamina-
tion, which leads to a significant challenge for automation. The other
challenge is the direct coupling of amplification with CRISPR-Cas13a
detection in a one-pot approach. In this study, the innovative design
of a disposable tube-in-tube reaction vessel was presented for the
one-pot amplification reaction and CRISPR/Cas13a detection. The RPA
reaction was carried out in the inner tube containing two hydrophobic
holes at the bottom. After the completion of amplification reaction, the
reaction solution was allowed to enter the outer tube containing
pre-stored Casl3a reagent under the action of centrifugation or shaking.
Inner and outer tubes were combined to form an independent reaction
pot to complete the nucleic acid detection without opening the lid. To
meet the needs of nucleic acid detection in a variety of application
scenarios, a minimalist model requiring no equipment was developed
herein. Moreover, small instruments were invented to assist the rapid
automatic on-site detection mode.

First, the non-equipment minimalist working mode (Supplementary
Fig. S2) is suitable for detection at home and in places with extremely

poor and limited resources. The visual detection of the target sequences
was achieved using a battery-powered ultraviolet (UV) light and
compatible disposable reagents. In this detection mode, there is no need
to open the lid after amplification. The reaction tube was shaken
manually and violently to drain the reagents in the inner reaction tube
into the outer reaction tube and complete the mixing. After completion
of the CRISPR detection reaction, negative and positive samples were
recognized by the naked eye under UV light or blue LED. Complex in-
struments were not needed in this detection process, meeting the needs
of testing at home and in regions with extreme lack of resources.
Furthermore, the total cost of disposable reagents is expected to not
exceed 1$ (Supplementary Table S2).

Second, the miniaturized instrument-assisted working mode (Sup-
plementary Fig. S3) is suitable for application scenarios such as clinical
diagnosis in community hospitals, emergency departments, or immedi-
ate diagnosis and screening for disease prevention and control. We
developed a portable automated instrument that matches the tube-in-
tube vessel, provides the required temperature of 39 °C, and performs
functions such as centrifugation, mixing, automatic fluorescence
detection, and automatic judgment of experimental results during the
reaction process. In this detection mode, no tedious manual operation is
required, and the process contains no lid-opening operation step. In this
study, an equipment that allows testing of eight samples at a time was
developed, and the test results are automatically output within 25 min.
In this working mode, the limitations of cross-contamination and auto-
mation are overcome. Moreover, this miniaturized instrument (18 x 27
x 18.5 cm®) meets the portability requirements as well.

To complete the detection, the amplified nucleic acid in the inner
tube needs to pass through the small hole of the inner tube to enter the
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outer tube. Therefore, it is necessary to verify whether the liquid is
transferred into the outer tube under the action of centrifugation or
vigorous shaking, while the liquid in the inner tube should not flow out
under normal conditions. In this study, the liquid’s surface shape and
pressure at the small hole of the inner tube were calculated based on
fluid mechanics, followed by simulation of the calculation results by
using the Matlab software (calculation and simulation process and the
corresponding results are shown in the Supporting Information). The
calculation and simulation results revealed that the position and size of
the small hole affect the state of the fluid in the inner tube. The smaller
the radius of the small hole, the higher the surface tension of the liquid,
the higher the resistance the solution needs to overcome to flow out from
the small hole, and the higher the required centrifugal rotation speed or
vibration acceleration. Moreover, the closer the small hole is to the
bottom of the chamber, the higher the pressure under static conditions,
and the easier is the transfer of liquid through the small hole. However,
when the position of the small hole was very close to the position of the
centrifugal axis during centrifugation, the liquid in the inner tube did
not flow out independently of the rotation speed. To avoid this situation,
two small holes were evenly distributed in a circle above the bottom of
the inner tube to ensure the flowing out of the liquid in the inner tube
under any assembly condition. At the same time, as the solution in the
inner tube continuously flowed out through the small hole, the pressure
at the small hole gradually decreased due to the decrease in the volume
of the remaining solution in the inner tube. When this pressure and the
surface tension of the small hole reached an equilibrium, the flow
slowed down and stopped. The remaining volume in the small cavity
was the residual volume. To avoid any residual volume, the centrifugal
or shaking rate should be increased, and all the remaining solution
should be discharged under the action of inertia after the liquid pressure
and surface tension are balanced.

The above-mentioned conclusions were verified under experimental
conditions. For an improved visualization of the experimental results,
magenta solution (2%) was added to the RPA reaction solution in a ratio
of 1:50 to adjust the red experimental liquid. Then, the red liquid (10 pL)
was added into the inner tube, and the experiment was carried out both
under centrifugation as well as under vigorous manual shaking. The
radius of the small hole was 0.5 mm (determined by the lower limit of
the laboratory three-dimensional printer), and the height from the
bottom of the inner tube to the center of the hole was 1 mm. The image
of the liquid state after centrifugation was recorded, and the volume of
the liquid remaining in the inner tube was measured (Fig. 2). In the
centrifugal mode, when the centrifugal rotation speed reached 400 rpm,
the liquid in the inner tube flowed out, but a residual volume of liquid
remained in the inner tube. When the rotation speed was increased to
600 rpm, the liquid in the inner tube almost completely entered the
outer tube within 30 s, as confirmed by Fig. 2b, and the residual liquid
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volume in the inner tube was less than 0.5 pL. The above-mentioned
experimental results are consistent with the simulation results (Sup-
plementary S8). In the manual mode, the fluid in the inner tube did not
flow out during low-speed shaking, capping, and moving the test tube.
However, when the fluid was shaken at high speed, the fluid in the inner
tube rapidly flowed out from the small hole and entered the outer tube
without the appearance of any dead volume.

3.2. Optimization of ECS-CRISPR assay

Notably, the CRISPR activity determines the sensitivity of this assay;
therefore herein, systematic studies of the CRISPR reaction conditions
were conducted to optimize the assay performance (Huang et al., 2020).
The enzymes crRNA and Cas form a complex that can identify the cor-
responding target sequence and can non-specifically cut the reporter.
The amount of complex formed by crRNA and Cas enzyme determines
the speed of the shearing reaction. Therefore, the concentration ratio of
Cas enzyme to crRNA that forms the complex is critical for the reaction.
For the systematic exploration of the optimal concentration ratio of
crRNA to Cas enzyme, a concentration ratio gradient of crRNA to Cas
enzyme (0.1:1, 0.5:1, 1:1, 2:1, and 10:1) was studied, and the concen-
tration of Cas enzyme was fixed at 100 nM. Experiments to verify
CRISPR nucleic acid detection were performed separately, while all
other conditions were maintained constant. The experimental results
(Fig. 3a) show that when the ratio of crRNA to Cas enzyme was 0.5:1, the
fluorescence signal was generated faster, while the reaction rate
decreased and the fluorescence intensity became lower when the ratio of
crRNA to Cas enzyme was greater than 0.5:1. This is consistent with
previous research results (Hsieh et al., 2020). It was thus speculated that
this result is attributed to the fact that a large amount of remaining
crRNA resulted in cleavage of the crRNA sequence by the activated Cas
enzyme, which competes with the cleavage of the fluorescent reporter,
causing a decrease in the rate of cutting the fluorescent reporter and
affecting the reaction speed. When the ratio of crRNA to Cas enzyme was
lower than 0.5:1, the reaction speed decreased, probably because a large
number of Cas enzymes could not combine with crRNA to form a com-
plex, resulting in only a small part of functioning Cas enzymes and thus a
reduced reaction efficiency.

The fluorescence signal of CRISPR nucleic acid detection was pro-
duced by the non-specific cleavage of the fluorescent reporter of the
complex formed by crRNA and Cas enzyme. Therefore, the concentra-
tion of the fluorescent reporter also affects the rate of fluorescence
generation and the final fluorescence intensity (Ding et al., 2020). In
order to explore the optimal reporter concentration, CRISPR nucleic acid
detection experiments were performed with a concentration gradient of
fluorescent reporters set as 100, 500, 1000, 2000, and 4000 nM,
respectively. Except for the reporter concentration, all other reaction
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Fig. 2. Validation of the fluid in the disposable tube-in-tube reaction vessel: a) The experimental results confirming that the liquid in the inner tube does not flow out
under capping and slight shaking, as well as under low-speed centrifugation. However, when the rotation speed exceeds 400 rpm, the solution in the inner tube flows
out, and no observable solution residue remains in the inner tube when the rotation speed reaches 600 rpm and b) Volume of the red liquid remaining in the inner
tube after centrifuging for sufficient time at different centrifugation speeds. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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Fig. 3. ECS-CRISPR assay optimization: a) The ratio of crRNA to Cas enzyme, the concentration of Cas enzyme was 100 nM, b) Substrate RNA concentration. The
concentration of Cas enzyme was 100 nM and the concentration of crRNA was 50 nM, c¢) Temperature dependency. The concentration of Cas enzyme was 100 nM, the
concentration of crRNA was 50 nM, and the RNA substrate concentration was 2000 nM. The green value of the fluorescence image was analyzed by using the ImageJ
software (NTC, non-template control reaction), d) Real-time fluorescence curve of RPA combined with fluorescent dyes, e) Influence of different RPA times on the
real-time fluorescence curves of the detection. The concentration of Cas enzyme was 100 nM, the concentration of crRNA was 50 nM, the RNA substrate concen-
tration was 2000 nM, and the incubation temperature was 39 °C. Bar graph data represented as the mean + SD of three experimental replicates. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

conditions were maintained constant. The generation rate and intensity
of the reporter’s fluorescence signal were detected by real-time fluo-
rescence PCR, and the results are shown in Fig. 3b. At reporter con-
centrations above 2000 nM, the concentration exhibited little effect on
the generation rate and intensity of the final fluorescence signal. Based
on these results and in order to save costs, herein, 2000 nM was selected
as the reporter concentration of the final reaction system.

RPA reaction and CRISPR reaction are enzymatic reactions that

require an appropriate temperature for the corresponding enzyme to get
activated. Too high or too low temperatures adversely affect the entire
reaction. According to the literature, most RPA and CRISPR reactions
require temperatures between 37 and 39 °C. Considering that the
selected temperature must meet the temperature requirements of both
reactions at the same time, in this study, temperatures between 37 and
39 °C were identified as the optimal temperature range. To further
explore the effect of temperatures other than this optimal temperature
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range on the entire reaction, the reactions at a low temperature of 30 °C
and high temperatures of 45 and 48 °C were investigated herein.
Therefore, the ECS-CRISPR reaction was performed at temperatures of
30, 37, 39, 45, and 48 °C, the concentration ratio of crRNA to Cas
enzyme of 0.5:1, and the reporter concentration of 2000 nM. In order to
ensure the completion of the reaction, both RPA time and CRISPR
detection time were set to 20 min. The detection outcome was observed
using the portable blue LED transilluminator, and the captured image of
the transilluminator was treated by using the ImageJ software. Fig. 3¢
exhibits that temperatures of 30, 37, and 39 °C produced visible fluo-
rescence signals, while 45 and 48 °C did not produce obvious fluores-
cence signals. The temperature of the human palm is approximately
36-37 °C, thus it was verified that the developed minimalist model could
operate stably in the palm under any condition. The temperature envi-
ronment provided by the developed automated instrument was set to
39 °C to ensure that the ECS-CRISPR reaction was carried out under
appropriate conditions. To verify the temperature control performance
of the automated instrument, temperature heating and constant tem-
perature capability tests were conducted, and the results are shown in
Fig. S4 (Supplementary Information).

The nucleic acid detection time of current standard PCR technology
is about 1.5-2.5 h, which is not satisfactory. For the ECS-CRISPR
detection proposed in this study, initially, the total detection time was
optimized and verified. First, the target sequence was detected by per-
forming RPA and using fluorescent dyes. Fig. 3d shows the recorded
fluorescence curve, which begins to reach saturation after 10 min of
RPA. It was assumed that after RPA for 10 min, the RPA reaction could
cooperate with the CRISPR reaction for the corresponding target
detection. To explore the optimal reaction time for the combination of
both reactions and observe whether an extended reaction time of the
RPA amplification would affect the final experimental results, it was
decided to combine the RPA reaction system with CRISPR after 10 min,
for nucleic acid detection. The experiment was performed at RPA re-
action times of 18, 15, 12, and 10 min at a constant sample concentra-
tion of 3 x 10* copy/mL. After completion of the amplification reaction,
the samples were stored in ice water at 0 °C. Then, all samples were
subjected to the CRISPR reaction, and real-time fluorescence curves
were simultaneously recorded using a real-time fluorescence PCR in-
strument to determine the CRISPR reaction time that allows dis-
tinguishing between negative and positive response (Fig. 3e). The
fluorescence curves showed that the sample with the lowest concen-
tration of 3 x 10* copy/mL could also clearly distinguish between
negative and positive response after 12 min of CRISPR reaction. More-
over, the increase in the RPA response time exhibited a positive influ-
ence on CRISPR/Casl3a signals. The fastest fluorescence response and
the shortest CRISPR detection time were obtained for a total amplifi-
cation time of 18 min. However, considering the total time required for
the two-step reaction, the RPA time of 12 min and the CRISPR nucleic
acid detection time of 13 min were selected. For a total reaction time of
25 min, a distinct fluorescence signal that could distinguish between
negative and positive response was obtained for high- and low-
concentration samples.

3.3. Sensitivity of the ECS-CRISPR platform

Initially, nucleic acid detection based on only CRISPR technology
could reach a minimum detection limit of 50 fM (Gootenberg et al.,
2017), which is far from meeting the needs of clinical testing. The
CRISPR detection method was combined with pre-amplification tech-
nology for nucleic acid detection, and the minimum detection limit
could reach the single molecule level (Ai et al., 2019; Lee et al., 2021;
Qian et al., 2019). Furthermore, the sensitivity of this method even
exceeded that of standard qPCR technology (Wang, X.Y. et al., 2020). To
evaluate the feasibility and stability of the actual application of the
ECS-CRISPR platform in the above-mentioned two working modes and
to explore the detection sensitivity, ASFV nucleic acid standard product
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samples were tested herein at the concentrations of 3 x 107, 3 x 105, 3
x 10°% 3 x 10, 3 x 10%, and 3 x 102 copy/mL, both in the minimalist
and automated modes. In the minimalist mode, the test results were
observed by the naked eye and recorded using a mobile phone camera.
Moreover, the samples were detected with automated instruments, and
the test results were compared with those of standard fluorescent PCR.
Fig. 4a shows that the ASFV template concentration of 3 x 10% copy/mL
or higher could be detected by an obvious fluorescence signal. The
fluorescence signal intensity in the minimalist working mode was
slightly lower than that in the automated mode; however, the fluores-
cence intensity could still be recognized by the naked eye. The low
fluorescence signal intensity mainly resulted from the experimental
conditions in the minimalist working mode, which were not stable
enough. However, when the ASFV template concentration was as low as
3 x 102 copy/mL, no fluorescence signal was observed. This indicates
that the minimum detection limit of ECS-CRISPR detection was at least
3 x 10% copy/mL, which is the same as or higher than the minimum
detection limit measured by other CRISPR detection methods combined
with preamplification technology (Jiao et al., 2021; Sullivan et al., 2019;
Zhou et al., 2020). Under the same conditions, the same series of sam-
ples with different concentrations was subjected to standard PCR ex-
periments, and the limit of detection of our proposed method was found
to be 3 copy/pL (Fig. 4b). Although the actual limit of detection of the
ultra-sensitive ASFV fluorescent PCR method could reach 150 copy/mL,
this method achieved a high sensitivity and did not involve opening
operations in the entire detection process, which effectively avoids
laboratory aerosol pollution. Moreover, the required detection time is
only 1/3 of the standard PCR time. Furthermore, detection limit ex-
periments were also conducted for the new coronavirus nucleic acid and
the obtained detection limit results were in the same order of magnitude
(Supplementary Information S9).

3.4. Feasibility and reliability analysis of ECS-CRISPR

Specificity is a very significant problem in the process of nucleic acid
detection. Good specificity helps to avoid the production of false positive
results, reduce error judgement, and improve the detection accuracy. To
assess whether the ECS-CRISPR nucleic acid detection method has a
good specificity for virus detection, the ASFV virus target sequence
among selected similar sequences of the double-stranded DNA virus PRV
and the single-stranded DNA virus PCV2 as references were analyzed
under optimized experimental conditions. The three virus sequences and
double distilled water were analyzed under the two working modes of
ECS-CRISPR nucleic acid detection. The detection reagents included
specific ASFV sequence amplification primers and crRNA. Fig. 5a dem-
onstrates that the ASFV sample exhibits an obvious fluorescence signal,
while all other samples show the absence of fluorescence signals. This
experiment shows that the ECS-CRISPR method detects the target virus
sequence among similar virus sequences with good specificity.

Furthermore, we wanted to confirm whether single-base mismatches
could be detected by this method. Therefore, four more mismatch se-
quences of the ASFV virus were artificially synthesized. These sequences
differed from the ASFV virus sequence by one to two bases, as shown in
Table S3 (Supplementary Information). Samples of nucleic acids with
these four mismatch sequences, as well as double distilled water and the
ASFV target sequence, were detected by the same method, and the re-
sults are shown in Fig. 5b. Furthermore, in this study, the ASFV target
sequence in these six samples was also successfully detected, as the other
samples did not show any fluorescence signal. This experiment proved
that single-base mismatches could be identified by our method. There-
fore, ECS-CRISPR detection is a method with high specificity and the
ability to distinguish single-base mismatches.

3.5. ECS-CRISPR detection of ASFV in real animal samples

Given the outstanding performance, ECS-CRISPR was further applied
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in the detection of ASFV in real animal samples. Pig specimens (nasal
swabs, plasma) were obtained from Shanxi Xian Tianbo Medical Labo-
ratory. Herein, traditional purification methods were used to purify the
obtained samples, and the obtained ASFV virus was verified in the
laboratory. Then, nine ASFV positive and six negative samples were
detected by ECS-CRISPR (Fig. 6), showing good overall agreement with
quantitative real-time PCR results obtained by state and hospital
laboratories.

3.6. ECS-CRISPR method involving CRISPR Cas12a nucleic acid
detection

The above-mentioned tube-in-tube nucleic acid detection method
established in this study was verified based on CRISPR-Cas13a. In this
section, the versatility of the established method is demonstrated by
applying the developed one-pot nucleic acid detection method to the
RPA combined with CRISPR/Cas12a nucleic acid detection model sys-
tem. In order to evaluate the feasibility and stability of the application of
the ECS-CRISPR platform in the RPA combined with CRISPR/Casl2a
detection model, herein, 3 x 10°, 3 x 10°, 3 x 10%, 3 x 103, and 3 x 10>
copy/mL ASFV targets were used for detection, and nuclease-free water

was selected as a negative control experiment for ASFV targets. The
detection method is described in S1.8. The test results were observed by
the naked eye and recorded using a mobile phone camera. Then, the
green value of the fluorescence image was analyzed by using the ImageJ
software. Fig. S16 shows that the ASFV nucleic acid standard at con-
centrations of 3 x 10° copy/mL or higher could be detected by an
obvious fluorescence signal. However, when the concentration of the
ASFV nucleic acid standard was as low as 3 x 10% copy/mL and the
target was nuclease-free water, no fluorescence signal was observed. The
experimental results prove that both the CRISPR/Cas12a and CRISPR/
Casl3a nucleic acid detection systems utilized in the ECS-CRISPR
method have the same detection limit. This also confirms that the
application of the ECS-CRISPR platform to the RPA combined CRISPR/
Cas12a detection model has good feasibility and stability.

4. Conclusions

This study provides a fast, low-cost, and visual CRISPR/Casl3a
nucleic acid detection method. The innovatively developed disposable
tube-in-tube reaction vessel that combines RPA and CRISPR/Casl3a or
Cas12a detection in one pot is easy to operate and avoids contamination.
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This research mainly solves the problems of aerosol pollution, complex
operation, and high cost of CRISPR nucleic acid detection. In follow-up
research, the automatic integration of nucleic acid extraction into the
currently developed method needs to be addressed. It is speculated that
possibly this method can be used in conjunction with nucleic acid
extraction-free reagents to realize the “sample in-result out” detection of
viral nucleic acids. The system was tested using the DNA virus ASFV and
the RNA virus SARS-Cov-2. The limit of detection of the proposed
method was 3 copy/pL, and the negative and positive test results were
consistent with the fluorescence quantitative PCR results. In the mini-
malist mode, only disposables, reagents, and blue LED light excitation
were needed for the visual detection of viral nucleic acid within 25 min,
meeting the needs of nucleic acid detection in homes and areas with
limited conditions, and the cost of a single sample detection was found
to be less than $1. This system can also be used in conjunction with
automated instruments for the simultaneous detection of multiple
samples, meeting the needs of community hospitals and port screening
for multi-sample testing. The centrifugal device can be further expanded
to achieve high-throughput detection, meeting the screening needs of a
large number of people in central laboratories. This new nucleic acid
detection strategy may bridge the gaps that exist in the global health
care system, providing an opportunity for mass population screening
and field deployable diagnostics.
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