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ABSTRACT: The outbreak of the pandemic caused by the severe %}Y Y

acute respiratory syndrome coronavirus-2 (SARS-CoV-2) calls for é}- {’é -------- ORF1a  ~ORPfab S E M N
an urgent unmet need for developing a facial and cost-effective S A e .,
detection method. The requirement of well-trained personnel and & J'b ™ e S—
sophisticated instrument of current primary mean (reverse sARS-Cov-2 RT-RPA

transcription polymerase chain reaction, RT-PCR) may hinder

the practical application worldwide. In this regard, a reverse e
transcription recombinase polymerase amplification (RT-RPA) amr— M% ‘ aj
coupled with CRISPR-Casl2a colorimetric assay is proposed for : § ‘ Anintti
the SARS-CoV-2 detection. The methodology we have described  papm S
herein utilizes DNA-modified gold nanoparticles (AuNPs) as a 6:( ~ N: ‘)
universal colorimetric readout and can specifically target ORFlab Cas12a «‘«“\“m - ¢

and N regions of the SARS-CoV-2 genome. After the virus genome
is amplified through RT-RPA, the resulting abundant dsDNA will

bind and activate Cas12a. Under trans-cleavage degradation, the capped DNA substrate will be hydrolyzed gradually from AuNPs,
demonstrating a change in the surface plasmon resonance (SPR), which can be facially monitored by UV—vis absorbance
spectroscopy and naked eye observation. The high amplification efficiency from RT-RPA and Casl2a trans-cleavage process bring
the sensitivity of our method to 1 copy of viral genome sequence per test. Notably, under the dual variations inspecting from the
isothermal amplification and Casl2a activation process, the false positive events from other beta coronavirus members can be
effectively avoided and thus significantly improve the specificity. Furthermore, the reliability of this colorimetric assay is validated by
standard clinical samples from the hospital laboratory department. Through integration of the inherently high sensitivity and
specificity from an RPA-coupled Cas12a system with the intrinsic simplicity of AuNP-based colorimetric assay, our method increases
the practical testing availability of SARS-CoV-2.

B INTRODUCTION

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-
2), the pathogen causing COVID-19, has caused worldwide
pandemic, resulting in more than 30 million reported cases in

PCR assay process, the viral RNA is converted to a
complementary DNA (cDNA) before being exponentially
amplified through temperature cycling.” Despite the wide use,
several limitations remain to be improved. The high false

over 200 countries.' > Considering the undetected mild or
asymptomatic cases, the total number of COVID-19 is
underestimated. Although the development of therapeutics
and vaccines is underway, the diagnosis still plays a vital role in
infection prevention and control of epidemic.”” As a single-
stranded RNA (ssRNA) virus, SARS-CoV-2 contains 29,903
nucleotide (nt) RNA genomes.” Based on the identification
and sequence of the SARS-CoV-2 genome, reverse tran-
scription polymerase chain reaction (RT-PCR) techniques
developed rapidly and have become the primary means for
SARS-CoV-2 detection.”” The gene encoding for envelope
(E), nucleocapsid (N), membrane (M), spike (S) proteins and
the open reading frame lab (ORFlab) have been selected as
RT-PCR targets by different countries.® During a typical RT-
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negative rate derived from the sampling and operation
procedures call for improvements. In addition, the requirement
of well-trained personnel and expensive laboratory instrument
may hinder practical applications outside well-equipped
areas.'”'! Therefore, there is an urgent unmet need for
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developing a simple, rapid, cost-effective, and specific test for
COVID-19.

In comparison with RT-PCR, the isothermal amplification
technique without the requirement for a thermal cycler is more
ideal for applications.'” Typically, the loop-mediated iso-
thermal amplification (LAMP) and recombinase polymerase
amplification (RPA) with similar sensitivity to PCR, which can
be operated at a single temperature, have been exploited for
nucleic acid detection.”'* Especially, by incorporation with
clustered regularly interspaced short palindromic repeats
(CRISPR) technology, the isothermal amplification ap-
proaches have been successfully utilized for SARS-CoV-2
detection.'” As an adaptive immune system, the CRISPR/Cas
system uses RNA-guided nucleases to cleave foreign genetic
elements. It has been reported that Cas9, Cas12a, Casl3, and
Casl14 all show nonspecific trans-cleavage activity after the site-
specific binding of target nucleic acids, thus endowing the
CRISPR/Cas system with great potential to develop accurate
and portable diagnostic tools.'®”"” Through integration of RT-
LAMP with CRISPR, Broughton et al. proposed a CRISPR-
Casl2-based lateral flow assay for SARS-CoV-2 detection,
albeit with reduced sensitivity compared with PCR assay.”’ As
an efficient method, RPA can be performed at 37—42 °C,
endowing RPA better compatibility with CRISPR technology
in terms of the optimal reaction temperature. SHERLOCK,
developed by Zhang et al,, employed RPA for amplification
and Casl3 collateral cutting ability for signal reporting.*'
Meanwhile, SHERLOCK was also demonstrated for SARS-
CoV-2 detection recently.”” As Casl3 selectively responds to
RNA, they use RT-RPA to amplify the virus RNA to dsDNA
and then transcribe dsDNA to single-strand RNA for Casl3
activation.”>** Casl2a, on the other hand, after RNA-guided
DNA binding, will exhibit site-specific dsDNA cutting and
nonspecific ssDNA trans-cleavage ability. Thus, the DNA-
responsive Cas12a may provide more predominance for SARS-
CoV-2 in the aspect of operation cost and detection
robustness.””> >’ However, most of the CRISPR-based
strategies rely on expensive dual-labeled fluorescence reporters
and fluorescence detection equipment.

Colorimetric assay based on gold nanoparticles (AuNPs)
appeared to be a facial and cost-effective method that is well
amenable for the clinical sample detection.”® " The excep-
tional optical properties of AuNPs such as high extinction
coefficient, localized surface plasmon resonance (SPR), and
inherent photostability have been utilized in abundant
colorimetric-based biosensing methods for small molecules
and proteins.”' ~** Notably, the optical properties exhibited by
the AuNP dispersion state can easily be identified with naked
eyes or UV—vis absorbance spectroscopy. Inspired by the
pioneering work of Mirkin et al, the colorimetric detection
through recruiting nucleic acid-labeled AuNPs has been
successfully applied to DNA or RNA detection.’* ™ Never-
theless, to circumvent the sluggish response and poor detection
limit constraints, nonenzyme and enzyme-assisted signal
amplification methods are always integrated with the
colorimetric method.**~*

Herein, an isothermal amplification method (RT-RPA)-
coupled CRISPR-Casl2a colorimetric assay is proposed for
SARS-CoV-2 genome detection. The RT-RPA process will
achieve exponential amplification in a short time under an
isothermal temperature. Meanwhile, the binding-induced
cleavage property of Casl2a will inspect the accuracy of the
amplification copies and respond specifically toward the target
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sequence.” In this way, the RPA-coupled Cas12a will ensure
the analytical performance in terms of specificity and
selectivity. Furthermore, the AuNP-based colorimetric detec-
tion will maintain the exclusive simplicity of the strategy. The
methodology we described herein can specifically target an
ORFlab and N regions of the SARS-CoV-2 genome mediated
by two pairs of primers and corresponding crRNA. The ssDNA
capped AuNPs act as universal results readout process and will
be able to accommodate different target detection. The
aggregation of AuNPs caused by the SARS-CoV-2 genome
can be monitored by UV—vis absorbance spectroscopy as well
as naked eye observation. Severe acute respiratory syndrome
(SARS-CoV) and Middle East respiratory syndrome (MERS-
CoV) sequences as well as clinic standard SARS-CoV-2
genome samples are tested to verify the reliability of the
method. Benefiting from the intrinsic merits from the RT-
RPA-coupled Casl2a reaction and colorimetric assay, the
detection platform we proposed ensured great feasibility and
potential for COVID-19 diagnosis even outside the well-
equipped regions.

B EXPERIMENTAL SECTION

Reagents and Apparatus. Oligonucleotides were de-
signed with the help of Integrated DNA Technology and
bought from Sangon Biotech Co., Ltd (Shanghai, China).
Sequences of oligonucleotides used in this work are listed in
Table S1. The TwistAmp Basic kit for RPA was purchased
from TwistDx Limited (UK). Casl2a and ProtoScript II
Reverse Transcriptase were purchased from New England
Biolabs (Beijing). Chloroauric acid (HAuCl,-3H,0) and
sodium citrate for AuNPs synthesis were obtained from
Aladdin (Shanghai). 6-Mercapto-1-hexanol (MCH) was
purchased from J&K Scientific (Beijing). The RNase inhibitor
was obtained from Beyotime Biotechnology (Shanghai).
Ultrapure water with 18.2 MQ-cm was used throughout the
study. All reagents were used as received without further
purification. The colorimetric assays were conducted in
IXNEBuffer 2.1 (New England Biolabs, Beijing) unless
otherwise stated.

A UV1800PC spectrophotometer (Shanghai, China) was
used to quantify oligonucleotides and obtain the UV—vis
absorption spectra. All DNA samples were annealed on an
Applied Biosystems 96-well thermocycler. Native polyacryla-
mide gel electrophoresis (8% PAGE) of the DNA was
conducted on a Tanon EPS300 electrophoresis apparatus
and imaged with a Syngene gel imaging system under UV light.
Transmission electron microscopy (TEM) was carried out to
observe the AuNPs using a JEM-1011 microscope (Japan)
operating at the voltage of 100 kV.

Construction of AuNP Probes. The AuNPs employed
herein were ~15 nm in diameter. The thiolated ssDNA was
modified onto the AuNP surface through sulfur—gold bonds.
AuNPs were synthesized according to the literature.** Briefly,
100 mg of HAuCl,-3H,0 dissolved in 300 mL water was
boiled before 264 mg sodium citrate in 30 mL water was
added. The solution was stirred for 10 min while boiling. After
cooling down to room temperature, AuNPs with a diameter of
~15 nm were obtained. Then, the AuNP concentration was
adjusted to S nM according to the UV—vis absorption. The
ssDNA was attached to the AuNP surface with a molar ratio of
400:1. 20 uL of the ssDNA substrate (100 M) and 2 uL of
TCEP (30 mM) were added to 78 uL of DEPC water to make
a final volume of 100 uL. After incubation for 20 min, the
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Scheme 1. RT-RPA-Coupled Casl2a for Colorimetric Detection of SARS-CoV-2; (A) Schematic Illustration of the Strategy
Design; The Whole Process Consists of Three Steps: RT-RPA of the Selected SARS-CoV-2 Genome Region, Casl2a
Activation and Colorimetric Detection; (B) SARS-CoV-2 Genome Alignment of the Selected Target Region in the ORFlab
Gene and the N Protein gene; The Accession Numbers of SARS-CoV-2, SARS-CoV, and MERS-CoV Genomes Were

NC_045512.2, AY278741.1, and NC_019843.3, Respectively
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abovementioned solution was mixed with 1 mL of AuNPs (5
nM). 10 uL of Tween 20 (20%) was added to avoid the AuNP
aggregation. The abovementioned mixture was stirred gently at
room temperature for 12 h, during which 8 times of NaCl
solution (0.05 M for the first two times and 0.1 M for the rest
times) was added with an interval of 40 min. Subsequently, the
reaction solution was slowly stirred for 24 h before centrifuged
at 16000g for 15 min to remove the unconjugated nucleic
acids. The as-prepared AuNP probes were obtained after
washing two times with PBS and stored at 4 °C before use.

For MCH treating, the prepared AuNPs probes mentioned
above were mixed with MCH (10 uM). After 30 min
incubation, the mixture solution was centrifuged at 16000g
for 30 min. After washing 3 times with PBS, the AuNP probe
with MCH treatment was obtained.

CRISPR-Cas12a System-Mediated Colorimetric Assay.
To perform the colorimetric assay, 4 uL of Casl2a and 8 yL of
crRNA were added to 100 yL 1XNEBuffer 2.1 to get a final
concentration of 20 and 40 nM, respectively. After incubation
for 10 min at 37 °C, the target sequence from RPA or RT-RPA
was added, followed by addition of 80 uL as-prepared AuNPs.
At the setting time point, the UV—vis absorption spectrum or
naked eye observation was conducted.

RPA Process to Amplify the Target Sequence. For the
cDNA amplification, 2.4 uL of forward and reverse primers (10
UM each) were added to the RPA TwistAmp Basic kit
according to the operating instructions. Then, 13.2 uL of target
solution was mixed. At last, 2.5 uL of MgOAc (280 mM) was
added to initiate the amplification. After incubation for 20 min
at 37 °C, the obtained RPA products were stored at 4 °C
before use.

Clinical Standard Sample Analysis. RT-RPA was
employed to amplify the target sequence in the clinical
standard sample. 2.4 uL of forward primer (10 M), 2.4 uL of
reverse primer (10 M), and 1 uL of RNA reverse

4

transcriptase together with 10 uL of RNase inhibitor were
added to the RPA TwistAmp Basic kit. After addition of the
clinical sample, the mixed solution was incubated for 20 min at
37 °C. The obtained dsDNA products were stored at 4 °C
before being used for colorimetric assay.

B RESULTS AND DISCUSSION

RT-RPA-Coupled CRISPR-Cas12a Colorimetric Assay
for SARS-CoV-2 Detection. An assay strategy of selective
targeting and sensitive detection of the aiming gene sequence
of SARS-CoV-2 without access to sophisticated instruments
would greatly benefit COVID-19 diagnosis. Cas12a exhibited a
specific cleavage activity toward bound DNA (cis-cleavage)
with a sequence complementary to the crRNA and subsequent
indiscriminate ssDNA hydrolysis (trans-cleavage). Once
activated by the target sequence, the collateral cleavage of
the ssDNA substrate can reach as high as ~1250 turnovers per
second.”” Meanwhile, the RT-RPA process will reverse-
transcribe and amplify the RNA genome sequence in a short
time under an isothermal condition. Through integration of
the RT-RPA-coupled Cas12a system with optical properties of
AuNPs, we developed a novel colorimetric SARS-CoV-2
genome detection platform (Scheme 1A). In the method
proposed herein, AuNPs, capped with thiolated ssDNA, acted
as a universal substrate for Cas12a cleavage. In the absence of
the SARS-CoV-2 genome, Casl2a stayed inactive and AuNPs
remained in a well-dispersed state. When the virus genome was
amplified through RT-RPA, the resulting abundant dsDNA will
undergo crRNA-guided binding to activate Casl2a. Under
trans-cleavage degradation, the capped ssDNA strands were
hydrolyzed gradually and AuNPs aggregated, demonstrating a
change in their SPR. The overall detection was operated in
homogeneous medium without any separation or heating cycle
process and significantly increased the feasibility for COVID-
19 detection.

128 https://dx.doi.org/10.1021/acs.analchem.1c00013
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Target Mapping and Primer Design. As an RNA virus,
the molecular diagnosis of SARS-CoV-2 primarily relied on the
detection of species-specific gene regions. The gene encoding
for E, N, S, and ORF1ab protein has been selected by countries
worldwide. For instance, Chinese CDC chose the ORF1lab and
N gene as target sites for COVID-19 clinic d1agn0s1s, while US
CDC utilized two sites located in the N region.” To achieve
direct comparison between our method and the established
Chinese clinical test assay, we designed the primers for RT-
RPA and crRNA for Casl2a targeting the ORFlab and N
regions, respectively. Both the regions selected contained a
protospacer adjacent motif (PAM) required for Casl2a
activation. The sequence alignment of selected SARS-CoV-2
regions with corresponding sites of other beta coronaviruses
(SARS-Cov and MERS-CoV) is illustrated in SchemelB.
There were overall four functional regions along the target
sequence: a forward primer, PAM, crRNA binding region, and
reverse primer. The RT-RPA efficiency was determined by the
forward and reverse primer regions, while the PAM recognition
and crRNA binding were indispensable for Casl2a activation.

The variations located in the ORF1ab regions of SARS-CoV
and MERS-CoV (marked in red in Scheme 1B) were in
different degrees of correlation with target regions. For the
ORFlab gene, more difference was observed for MERS-CoV,
which showed over four variations in each functional region. In
terms of SARS-CoV, variations are less, which is in agreement
with the relative phylogenetic distance.”” There were five
variations for SARS-CoV in the forward primer region, while
two variations in both crRNA binding and reverse primer
region. As for the N gene region, MERS-CoV did not show any
significant similarity to the selected SARS-CoV-2 target, while
SARS-CoV showed significant agreement in primer and crRNA
binding regions. Notably, the three variations among the four
PAM nucleotides will efficiently reduce the recognition
probability to Casl2a.”® The impacted RT-RPA efficiency
due to mismatches of primers together with the inhibited
Casl2a cleavage ability from an inefficient crRNA binding
guaranteed the specificity of our method, decreasing the
likelihood of a false positive readout caused by SARS-CoV and
MERS-CoV.

Verification and Characterization of the Proposed
Colorimetric Assay. In our design, the target sequence was
first amplified through RT-RPA, and then it yielded a
colorimetric readout through Casl2a-mediated trans-cleavage
of the AuNP probes. As a proof of concept, the corresponding
cDNA of the selected ORF1ab and N regions were chosen and
the RPA results were analyzed through PAGE. We can
conclude that the cDNA for both regions can be efficiently
amplified within 20 min in a dose-dependent manner (Figure
S1). Then, we utilized PAGE (Figure 1A) to characterize the
teasibility of Casl2a trans-cleavage property. As per our
hypothesis, the cleavage occurred only in the presence of both
dsDNA target and crRNA (lane S in Figure 1A). The AuNP
probes utilized herein were functionalized with thiolated
ssDNA according to the method reported previously.** TEM
images showed that the modified AuNPs were in an
individually dispersed state with the core diameter of ~15
nm and exhibited good stability, maintaining 99% of the
optical absorption after 1 week storage (Figure S2). Then, we
tested the detection feasibility of Cas12a-mediated colorimetric
assay with the UV—vis spectrum, and the procedure is
illustrated in Figure 1B. In our design, after activation by
target DNA, Casl2a will degrade the ssDNA from the AuNP
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Figure 1. Feasibility verification of Casl2a-mediated colorimetric
detection. (A) PAGE analysis of the ssDNA trans-cleavage ability of
Casl2a after activated by target strands. Lane 1: substrate; lane 2:
substrate + Casl2a; lane 3: substrate + Casl2a + crRNA; lane 4:
substrate + Casl2a + Target; lane S: substrate + Casl2a + crRNA +
Target. Incubation time: 15 min. [Cas12a]: 20 nM, [crRNA]: 40 nM,
[Target]: 40 nM, [Substrate]: 1 uM; loading volume: 10 L. Running
at 80 V for 80 min. (B) Schematic illustration of the AuNP
aggregation resulting from the trans-cleavage of Casl2a. After
activation, the Casl2a will cut and release the nucleic acids from
the AuNP surface, leading to AuNP aggregation. The distance-
dependent optical properties of the AuNPs can be clearly recorded
with UV—vis and observed with naked eyes. (C) UV—vis absorption
spectra of AuNP probes in different reaction conditions. (D) Color
change and TEM images of AuNP probes in different reaction
conditions. Well 1: blank; well 2: Cas12a; well 3: Casl2a + crRNA;
well 4: Cas12a + target; well 5: Casl2a + crRNA + target. Scale bar:
100 nm. The variations of the relative variation ratio of absorption at
520 nm for ORF1ab (E) and N (F) gene targets in different reaction
conditions, respectively. Bar graph data represent mean + SD (n = 3).
(**#% P < 0.0001).

surface, leading to a decreased and red-shifted SPR peak along
with AuNP aggregation. As shown in Figure 1C, the buffer
containing AuNP probes displayed an SPR peak at 520 nm.
The addition of a preincubated Casl2a/crRNA complex did
not make any difference to the absorption curve. In contrast,
the addition of an RPA target along with the Casl12a/crRNA
induced obvious absorption reduction as well as red shift of the
SPR peak. Concomitantly, we also observed the color change
in the abovementioned different reaction conditions. In Figure
1D, the reaction color in well S turned from red to purple,
where the target was added along with the Casl2a/crRNA
complex. The color change can be ascribed to the aggregation
of AuNPs, as exhibited in the TEM image in Figure 1D. 2949
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The variations of relative variation ratio of absorption at 520
nm (AA/A,) were analyzed, as shown in Figure 1E, which
demonstrated that SPR change caused by the target sequence
could be used to perform the ORFlab detection assays. Next,
the feasibility for ¢cDNA from the N region was also
investigated in the same way, just by changing the primer
pair and crRNA accordingly. As shown in Figure 1F, only the
presence of an N region target sequence and Casl2a/crRNA
complex can yield significantly improved AA/A,. All these
results confirmed the feasibility of our isothermal amplifica-
tion-coupled Cas12a-based colorimetric assay for SARS-CoV-2
detection.

Optimization of the Detection Conditions. Prior to
exploitation of our proposed method for SARS-CoV-2 genome
detection, several critical parameters have been optimized to
achieve the best performance. The thiol-terminated ssDNAs
function as AuNP stabilizing agents as well as Casl2a
substrates simultaneously. Thus, the length of the ssDNA
may play a significant role in our method. We increased the
ssDNA length from 20 to 70 nt and found that the
performances did not show a significant difference among
these ssDNA (Figure 2A). Accordingly, the MCH capping
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Figure 2. Optimization of the detection conditions. (A) Influences of
MCH treatment and substrate length to the colorimetric assays. The
UV—vis absorption spectra were obtained after 1 h of reaction. 4 uL
of Cas12a (1 uM) and 8 uL of crRNA (1 uM) were pre-incubated for
10 min before they were mixed with 8 uL of target (ORFlab
segments, 1 #M) in a 100 uL reaction system including 80 yL AuNP
probes. (B) Concentration-dependent effect of Cas12a/crRNA on the
readout signals. (C) and (D) Reaction time optimization. UV—vis
absorption spectra were recorded at an interval of 20 min. The error
bars represented the standard deviations of three repetitive experi-
ments.

effect was also investigated. MCH can displace the noncovalent
base adsorption on the surface as well as change the
oligonucleotide conformation, which will facilitate the
accessibility of Cas12a.’® In Figure 2A, we can observe a
similar tendency but with higher relative variation ratios after
MCH treatment for different ssDNA lengths. As the 20 nt
capping AuNPs were less stable, considering the detection cost,
we selected 30 nt ssDNA with an MCH capping method for
AuNP preparation.

The target dsDNA recognition is a prerequisite for trans-
cleavage of Casl2a. After crRNA-guided target recognition,
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ssDNA substrates can be degraded rapidly from the RuvC
domain with a catalytic efficiency approaching the rate of
diffusion. As the Casl2a/gRNA-bound dsDNA target with a
stoichiometric ratio of 1:1, we anticipate that more Casl2a/
ctRNA complexes will render faster colorimetric reaction
kinetics. By fixing the target sequence at 40 nM, we
investigated the concentration of the Casl2a/crRNA complex
ranging from S to 60 nM. Figure 2B illustrates an increase in
the relative absorption variation ratio until 20 nM, and the
performance reached a plateau with higher concentrations.
Therefore, the 20 nM Cas12a/crRNA complex was utilized for
further investigation.

In our design, AuNP probes will undergo aggregation under
the stochastic trans-cleavage process. More incubation time
will lead to more ssDNA degradation. Hence, the trans-
cleavage time of Casl2a was further analyzed. After target
addition, with the solution turned from red to purple, the
absorption at 520 nm decreased accordingly (Figure 2C). The
AA/A, analysis shown in Figure 2D revealed that the reaction
kinetics become slower after 60 min. As the reaction
proceeded, fewer substrates made the accessibility of activated
Casl2a harder, which may account for the decreased
hydrolysis kinetics. Therefore, 60 min was chosen as the
most suitable reaction time. Notably, the reaction time can be
further shortened to within 30 min with the assistance of low-
speed centrifugation. We investigated the working efficiency by
monitoring the AA/A, for different reaction times (10—30
min) before centrifugation (5000 rpm, 3 min). According to
the results in Figure S3, higher reaction time will yield a higher
detection signal, and 30 min was long enough to get the same
performance as 60 min without centrifugation. Moreover, the
low-speed centrifugation method was able to achieve a
significant difference with blank control just with 10 min
reaction, which made a more efficient alternative for those
laboratories equipped with centrifuges.

Detection Performance of the Colorimetric Assay.
Under the optimized experimental conditions, the performance
of our proposed colorimetric assay was studied against a series
of different concentrations of targets from the ORFlab region.
As shown in Figure S4, the UV—vis absorption at 520 nm
decreased accordingly with the increase of target concen-
trations, which was consistent with the color change of the
reaction solution (Figure 3A). Then, the correlation of the
relative variation ratio with target concentration was studied. A
good linearity can be obtained ranging from 10 pM to 100 nM
(Figure 3A, inset). Owing to the Casl2a-mediated catalysis,
the great sensitivity of our method exhibits huge potential for
COVID-19 diagnosis when accommodated with the RT-RPA
pre-amplification process.

Then, we attempted to investigate the specificity of our
method by challenging the two other beta coronaviruses,
SARS-CoV and MERS-CoV, which had ~82 and ~67%
similarity to the genome of the SARS-CoV-2, respectively.'’
The sequence alignment of these three genome regions was
illustrated and analyzed, as shown in Scheme 1B. The selected
ORFlab ¢cDNA segments were amplified by RPA and then
analyzed with the Casl2a-mediated colorimetric assay, as
exhibited in Figure 3B. The AA/A, for SARS-CoV and MERS-
CoV in Figure 3C were significantly lower than SARS-CoV-2.
Although the unexpected amplification or primer dimer
interference is inevitable for RPA, the RPA products will
undergo a second checking process during crRNA-mediated
binding and activation of Casl2a. The nonspecific amplifica-
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Figure 3. Colorimetric target detection based on Casl2a. (A) Correlation of relative variation ratios and color change image with different
concentrations of target strands (0, 0.001, 0.01, 0.1, 1, 10, 100, and 1000 nM). Inset: the linear relationship between the relative variation ratio and
target concentrations. (B) Illustration of the detection procedure and the resulting color from different viruses. (C) Specificity of our method
against SARS-CoV and MERS-CoV sequence s in ORFlab. All the target sequences used were 100 fM before RPA amplification. (D) Relative
absorption variation ratios at 520 nm in reaction buffer, human serum, and saliva matrixes spiked with different amounts of target sequences. (E)
and (F) Sensitivity test. Different numbers of the SARS-CoV-2 sequence in ORFlab (E) and N gene (F) region were analyzed through Cas12a
mediated colorimetric assay after amplification by RPA. Error bars represent the standard deviations of three repetitive experiments. (n.d., not

detected; **** P < 0.0001).

tion products from primer dimer or other segments will be
hardly recognized by crRNA or activated by Casl2a. The
variations located in the primer region of SARS-CoV and
MERS-CoV will impact the RPA efficiency. Meanwhile, the
mismatches in PAM- and crRNA-binding regions inhibited
Casl2a recognition and cleavage ability. The synergistic effect
from RPA and Cas12a decreased the likelihood of false positive
events and increased the specificity of our method proposed
herein.

To meet the requirement for clinical diagnosis, the
performance robustness in complex biosamples is of vital
importance. Thus, our detection method was carried out with
the interference from spiked serum and saliva samples, both of
which were the common matrixes for SARS-CoV-2 clinical
samples. Typically, the biosample was spiked with different
concentrations of SARS-CoV-2 target regions (ORFlab).
Then, the UV—vis spectra were measured. From the results
in Figure 3D, we can infer that the signal readouts from the
spiked biosamples did not show any significant difference to
reaction buffer, especially for concentrations higher than 10
nM, indicating that our method holds great potential for
complex biological samples analysis.

The inherent high amplification efficiency from RPA will
generate plenty of target dsDNA copies for subsequent
colorimetric detection. To investigate the detection sensitivity,
different number of cDNA copies from the ORFlab (115 nt)
and N (98 nt) gene regions of SARS-CoV-2 genome were pre-
amplified through RPA and then analyzed with the Casl2a-
mediated colorimetric assay. As shown in Figure 3E,F, our
method was capable of detecting as low as 1 copy of genome
sequence for both ORFlab and N gene regions, which was
superior to the detection methods proposed recently for SARS-
CoV-2 (Table S2). This high sensitivity (1 copy per test)
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ensured that our method had great potential for COVID-19
diagnosis.

Clinical Standard Sample Analysis with the RT-RPA-
Coupled Cas12a Colorimetric Detection. For the analysis
of clinical samples, standard positive and negative samples of
SARS-CoV-2 from the clinical laboratory department were
tested. As the genetic material in positive standard control was
RNA, RT-RPA was conducted to reverse-transcribe the target
RNA into cDNA before amplification to dsDNA (Figure 4A).

PAGE shown in Figure S5 verified the successful
amplification of ORFlab and N gene segments in the positive
RNA sample to dsDNA products by RT-RPA. The subsequent
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Figure 4. Clinical standard sample analysis. (A) Schematic illustration
of the RT-RPA-coupled Casl2a colorimetric assay for clinical SARS-
CoV-2 genome samples. The RNA sample was reverse-transcribed to
cDNA before being amplified through RPA. The resulting dsDNA
target bound and activated the Casl2a trans-cleavage ability. The
dispersed AuNP probes will turn into aggregation states after the
cleavage of the capped ssDNA. (B) Relative absorption variation
ratios at 520 nm of negative and positive clinical standard samples
provided by the hospital laboratory department. The error bars
represented the standard deviations of three repetitive experiments. B:
blank control, N: negative sample, P: positive sample. (***¥, P <
0.0001).
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Casl2a-mediated colorimetric results exhibited complete
concordance with the intrinsic sample property for both
ORF1ab and N gene regions (Figure 4B), demonstrating great
reliability of our method for practical COVID-19 diagnosis in
clinic. Notably, the positive results can be clearly observed
through color change of the solution by naked eyes, making
the RT-RPA-coupled Casl2a colorimetric assay a simple-yet-
effective diagnosis candidate. We also verified the feasibility of
the low-speed centrifugation method proposed above for
clinical sample analysis (Figure S6). With the assistance of
centrifugation, the total reaction could be finished within 1 h
(20 min for isothermal amplification and 30 min for
colorimetric readout), which may endow greater potential for
practical diagnosis.

Bl CONCLUSIONS

In summary, RT-RPA-coupled CRISPR-Casl2a colorimetric
assay was proposed in this work for SARS-CoV-2 genome
detection. This method exhibited exclusive features for
potential SARS-CoV-2 detection: (a) the interparticle
distance-dependent plasmon of AuNPs made a facial and
international colorimetric readout for different target sequen-
ces; (b) the synergistic variation checking effect from RT-RPA
and Casl2a significantly decreased the likelihood of false
positive events and increased the specificity; (c) the
amplification from RT-RPA and Cas12a trans-cleavage process
bring the sensitivity of our method to 1 copy of viral genome
sequence per test, ensuring our method had great potential for
sensitive COVID-19 diagnosis; (d) the reliability of this
colorimetric assay was validated by standard clinical samples
from the hospital laboratory department. While the existing
detection techniques remain laborious and technically
challenging, the colorimetric assay proposed herein can be
carried out without thermal cycles or sophisticated instru-
ments. Through integration of the inherently high sensitivity
and specificity from the RT-RPA-coupled Casl2a system with
the simplicity of AuNP-based colorimetric assay, our method,
which can provide fast and facial test results, was a promising
candidate for simple-yet-effective diagnosis for COVID-19.
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