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nkeypox virus based on
a convenient and sensitive single-step RPA-
CRISPR/Cas12a strategy†

Tao Yu,‡ab Zhen Rong, ‡b Zhixia Gu,‡c Hongjuan Wei, b Yunxiang Wang,b

Rui Song, *c Shengqi Wang*b and Shumei Wang*d

The global outbreak of monkeypox virus (MPXV) has highlighted the need for rapid molecular diagnostics

techniques. In this study, a single-step recombinase polymerase amplification (RPA)-CRISPR/Cas12a

system was developed for rapid and sensitive detection of MPXV. The limit of detection of this assay was

1 copy per mL of extracted nucleic acids. A heating lysis method was integrated to further simplify the

sample processing workflow and shorten the assay time to 40 min from sample to result. The reaction

mixture can be lyophilized to improve its accessibility in resource-limited settings. The analysis results of

the proposed single-step RPA-CRISPR/Cas12a assay for clinical MPXV positive and negative samples

were 100% consistent with standard PCR assay. These results demonstrate the feasibility and efficiency

of this method for rapid and accurate MPXV detection in real-world settings, showcasing its potential

utility in urgent and practical settings.
1. Introduction

Monkeypox (Mpox) is a zoonotic viral disease caused by Mpox
virus (MPXV), which has been recently reported in multiple
countries. Despite the ongoing global COVID-19 pandemic,
Mpox has now surfaced in non-endemic regions in 2022, pre-
senting a new global threat.1 MPXV is an enveloped, double-
stranded DNA virus belonging to the Orthopoxvirus genus of
the Poxviridae family, with a genome size of approximately 197
kbps. Under electron microscopy, MPXV appears elliptical, oval,
or brick-shaped and measures about 200 nm × 250 nm in size.2

MPXV consists of two distinct genetic clades: the more virulent
Central African [Congo Basin (CB)] clade and the milder West
African (WA) clade.1 Mpox is generally a self-limiting disease,
withmortality rates of 10.6% for the CB lineage and 3.6% for the
WA lineage, but certain high-risk groups, including newborns,
children, pregnant women, and immunocompromised indi-
viduals, are more susceptible to severe symptoms and death
following infection.3 The rapid detection of infected hosts is
critical for surveillance and diagnostic efforts, which help
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reduce virus transmission by identifying infected cases as early
as possible.

Identifying Mpox on the basis of symptoms alone is chal-
lenging due to the similarity of clinical presentations caused by
different orthopoxviruses.4,5 Early detection can help identify
infected individuals and alert them for timely isolation and
treatment, ultimately reducing the spread of the virus and
lessening the effect of any outbreak.6 The need to develop
diagnostic techniques with high sensitivity, accuracy, and rapid
detection rates to minimize transmission is increasing. The
gold standard for MPXV detection is real-time PCR owing to its
high sensitivity and specicity, but it requires specialized and
bulky equipment. This limitation has restricted its accessibility
in resource-constrained areas where MPXV is endemic, thus
reducing its utility in point-of-care applications.7 Therefore,
a simple point-of-care test is crucial for the rapid and conve-
nient diagnosis of MPXV infections.

The clustered regularly interspaced short palindromic repeat
associated (CRISPR/Cas) system is a promising tool for nucleic
acid testing. The advent of CRISPR/Cas has provided brand new
rapid diagnostic methods with high specicity and program-
mability.8 Cas12a is usually used to detect DNA by trans-cleavage
mechanism when CRISPR-derived RNA (crRNA) recognizes the
complementary target. The ability of trans-cleavage ssDNA
uorescent probes is several times that of cis-cleavage
targets.9–11 This detection method could be used to distinguish
target sequences of concentrations in the picomolar range. New
nucleic acid detection technologies for different purposes have
been developed on the basis of this mechanism, combined with
other gene amplication methods, such as specic high-
RSC Adv., 2024, 14, 14775–14783 | 14775
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sensitivity enzymatic reporter unlocking (SHERLOCK),12 DNA
endonuclease-targeted CRISPR trans reporter (DETECTR),10

HOLMESv2 [improved version of HOLMES (One-Hour Low-cost
Multipurpose highly Efficient System)],13 and other diagnostic
platforms, to improve sensitivity. On the one hand, the advan-
tages of loop-mediated isothermal amplication (LAMP) are
high sensitivity, good specicity, and simultaneous recognition
of multiple target sequences by using a set of four primers.14 On
the other hand, LAMP primers are difficult to design, and the
reaction temperature is high (65 °C). However, this temperature
deactivates Cas12a, indicating that the temperature should be
reduced aer the LAMP reaction for a period of time before
adding the Cas12a detection system. Recombinase polymerase
amplication (RPA) combines isothermal recombinase-driven
primer targeting template and strand displacement DNA
synthesis, and it can react between 37 °C and 42 °C, even at
room temperature, making it possible to react with CRISPR-
Cas12a in one tube.15

Various single-step methods described in literatures have
been used to separate RPA from CRISPR detection reagents,16,17

including adding CRISPR detection reagents to the tube cap,18,19

using physical devices to separate the reagents, and isolating
RPA reagents from CRISPR detection reagents by using glycerol
viscosity and sucrose density.20,21 Techniques for directly
combining the two components by using photocleavable
complementary ssDNA to block crRNA are available.22 RPA and
Cas12a reagents can be pre-mixed with the double crRNAs
without protospacer adjacent motif (PAM) site limitation and
a crRNA with suboptimal PAM site.23–25 These CRISPR analysis
systems can simplify the operation workow and make it more
accessible at resource-limited settings.

In this study, we developed a single-step RPA-CRISPR/Cas12a
assay for the ultrasensitive detection of MPXV. The specic
crRNA was designed and screened by comparing the relevant
regions of the F3L gene related to monkeypox of four ortho-
poxviruses, without the restriction of conventional PAM sites.
RPA was combined with CRISPR-Cas12a to construct a fast and
ultrasensitive single-step MPXV detection and diagnosis system
(Fig. 1). The whole reaction can be completed within 40 min by
using lyophilized reagents, and the sensitivity of viral DNA
detection was 5 copies in a single tube. Therefore, this platform
has the potential for convenient and accurate diagnosis of Mpox
at point of care needs.
2. Experimental section
2.1 Reagents and materials

All reagents used in this study are listed in Table S1.†
2.2 DNA extraction

DNA was extracted from the MPXV F3L gene pseudovirus with
a TIANamp Virus DNA/RNA Kit in accordance with the manu-
facturer's instructions. The extracted DNA was stored at −80 °C
until use. The DNA of MPXV pseudovirus was diluted to
different concentrations with DNA Diluent for daily use and
stored at −20 °C.
14776 | RSC Adv., 2024, 14, 14775–14783
Pseudoviruses of cowpox virus (CPXV) F3L gene were
extracted and stored using the same method. Two plasmids,
one containing fragments of the vaccinia virus (VACV) E3L gene
and the other containing fragments of the variola virus (VARV)
E3L gene, were solubilized in a solution of 10 mM Tris and
1 mM EDTA (pH 8.0). They were then quantied by a Qubit Flex
Fluorometer (Thermo, USA) with Qubit 1× dsDNA HS Assay Kits
and converted to copies per mL. The DNA of these three species
was diluted to the appropriate concentration and stored at
−80 °C until specicity detection.

In this study, extraction-free nucleic acid releasers were used
to release MPXV, saving time compared to the time-consuming
clinical use of extraction kits. The pseudovirus (purchased at
the National Institute of Metrology, China) was diluted with
10 mM Tris and 1 mM EDTA. An equal volume of saliva was
added to the dilution to create a mock sample. The mock
sample was then mixed with the screening lysis buffer at a ratio
of 2 : 1 and lysed by heating to release nucleic acids.

2.3 Design and preparation of crRNA by in vitro
transcription

The crRNA comprised a handle region (UAAUUUCUACUAAGU-
GUAGAU) and a spacer region that could complement the target
sequence. The handle region facilitated recognition and
binding by the LbCas12a protein. Four orthopoxviruses F3L
gene fragments were aligned using DNAMAN, removing crRNAs
that have been used in literature and designing two crRNAs
with a recognition length of 20 bp in each of the two specic
small fragment regions, as shown in Fig. 2A. In vitro transcrip-
tion (IVT) was employed to prepare the crRNA for this
study, involving an annealing reaction, transcription, and
subsequent RNA purication following a concise three-step
procedure. The ssDNA templates for crRNA IVT are shown in
Table S2.†

First, 10 mL annealing reaction containing 10 mM synthesized
ssDNA templates with an upstream T7 promoter, 10 mM T7-3G
IVT primer (Table S1†), and 1× Standard Taq buffer was dena-
tured for 5 min at 95 °C, followed by gradient annealing to 4 °C
with a ramp rate at 0.1 °C s−1 in a PCR thermocycler (Thermo,
USA). Next, the products of the annealing reaction were used as
templates for synthesizing crRNA overnight with a HiScribe T7
Quick High Yield RNA synthesis kit at 37 °C. Then, the tran-
scription product was treated with DNase I at 37 °C for 20 min
and puried with a RNA Clean & Concentrator-5 Kit in accor-
dance with the manufacturer's instructions. Finally, the puri-
ed crRNA was quantied by a Qubit Flex Fluorometer using
Qubit RNA Broad Range Assay Kits. Finally, the crRNAs gener-
ated by IVT were diluted at an appropriate concentration and
stored at −20 °C for further use.

2.4 Design and screen of RPA primers

RPA primers were constructed in accordance with the guide-
lines set out in the TwistAmp Assay Design Manual. Initially,
a pair of primers capable of amplifying four regions of crRNA
recognition was designed and then screened for the most
effective crRNA. Four forward and four reverse primers were
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Principle and operation for MPXV detection using single-step RPA-CRISPR/Cas12a.
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designed to contain the crRNA with the best efficiency. The
primer details are shown in Table S2.† According to the
screening results, the best primer pair was identied for the
next condition optimization.
2.5 RPA-CRISPR single-step assay

The RPA-CRISPR single-step reaction contains the RPA and
CRISPR-Cas12 reagents. The RPA rehydration buffer was used
instead of the reaction buffer for LbCas12a to improve the
amplication results. Eight component combinations were
made, as shown in Fig. 2B–D. Only combination 8, containing
reporter molecule LbCas12a, crRNA, forward primer, reverse
primer, magnesium acetate, and target, showed signicantly
enhanced uorescence signals, which could be observed with
a gel imager.

Single-plex lyophilized RPA powder from TwistDx was dis-
solved by a solution containing 50 mL rehydration buffer
(provided in TwistDx RPA kit); 1 mL of 100 mM FAM-CCCCCC-
BHQ1 uorescence reporter; 0.5 mL of 10 mM LbCas12a; 2 mL
of 10 mM crRNA; 4 mL of 10 mM RPA forward primers; 4 mL of 10
mM RPA reverse primers; and 6 mL RNase/DNase-free water.
Then, the resuspending mixture was divided into ve 13.5 mL
individual reactions. The reaction was nally activated with 5 mL
DNA template and 1.5 mL of 280 mM magnesium acetate
(MgOAc). The reaction was conducted at 37 °C for 30 min on an
Applied Biosystems 7500 real-time PCR instrument with the
FAM signal reading at 1 min intervals. Fluorescence was
observed using a torch aer the end of the reaction.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.6 Optimization of RPA-CRISPR single-step reaction

Previous research indicated that the concentration of primers,
LbCas12a enzyme, the ratio of LbCas12a to crRNA, MgOAc, and
temperature have a remarkable effect on the RPA-CRISPR
reaction system. Therefore, a concentration optimization
process was conducted to identify the ideal reaction conditions
for improving the established single-step RPA-CRISPR/Cas12a
reaction system.

In this study, optimization of only one condition parameter
at a time was used to determine the ideal reaction conditions.
Four primer concentrations (300, 400, 500, and 600 nM) were
tested, and the most effective concentration was selected to
optimize the next parameters based on experimental results.
The concentration of LbCas12a, crRNA, magnesium acetate,
and temperature were subsequently optimized. Noteworthy, the
concentration and ratio of LbCas12a to crRNA have a signicant
effect on the optimal balance between RPA amplication and
CRISPR detection. LbCas12a and crRNA combination could
recognize the target, and a single change in the concentration of
the enzyme could lead to a change in the ratio of the two. So, the
ratio of LbCas12a to crRNA was rst xed, and the enzyme
concentration was screened.
2.7 Preparation of ready-to-use tube with lyophilized
reagents

Single-plex lyophilized RPA powder from TwistDx was dissolved
by a solution containing uorescence reporter; LbCas12a;
crRNA; forward primers; reverse primers; 12.5 mL mixture of
RSC Adv., 2024, 14, 14775–14783 | 14777
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Fig. 2 (A) Comparison of crRNA recognition sequences of F3L gene in MPXV, VARV, VACV, and CPXV. (B) Eight combinations of ingredients
(excluding RPA rehydration buffer). (C) Real-time fluorescence curves for eight combinations. (D) Photographs taken after 30 min of reaction by
using a 302 nm excitation light source (left), followed by fluorescence images taken using a blue light source and a 535 nm filter (right).
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lyophilized protective agent containing 10% trehalose, 15%
mannitol, and 2% glycine; and replenish with RNase/DNase-
free water to 50 mL. A 10 mL aliquot of this mixture was added
to the bottom of a 200 mL PCR tube. PCR tubes containing
reagents were placed in an aluminum 96-well ice box and frozen
at −80 °C for 2 h, followed by lyophilization in a pre-cooled
vacuum lyophilizer in accordance with the prescribed
program. The freeze procedure was as follows: the lyophilized
reagents were subjected to a temperature treatment starting at
−40 °C for 6 h, followed by heating to −30 °C at a rate of 1 °
C min−1, vacuuming to a pressure of 0.1 mbar, and holding for
6 h. Following this step, the temperature was increased to 10 °C
at the same rate and held for 2 h, and nally heated to 25 °C
with a holding time of 30 min to complete the process. The
lyophilized reagents were then removed and stored at −20 °C
for future use.
14778 | RSC Adv., 2024, 14, 14775–14783
2.8 Stability testing of lyophilized reagents

Storage environments were simulated under light protection at
three different temperatures of 37 °C, 4 °C, and−20 °C to assess
the stability of the lyophilized reagents. The lyophilized
reagents were then taken at intervals of 0, 1, 2, and 4 weeks and
tested for extracted nucleic acid at a concentration of 20 copies
per mL. Samples were divided into ve tubes of sufficient volume
and stored at −80 °C. One tube of nucleic acid was used per
experiment to minimize degradation of the nucleic acid.
2.9 Extraction-free optimization

The extraction-free nucleic acid technique is a time-saving
method, and for this reason, the composition of the
extraction-free lysate, the lysis temperature, and the lysis time
were optimized. NaOH and Triton X-100 were selected as the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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main components of the extraction-free lysate, and eight groups
of lysate combinations were established. The volume ratio of
the simulated sample to the lysate was 2 : 1. The composition of
the eight combinations is presented in Table S3.† The kit
extraction and without-extraction direct detection were
employed as controls. Subsequently, the optimal lysate combi-
nation was selected for lysis temperature optimization experi-
ments. Five temperatures were used: 37 °C, 50 °C, 65 °C, 80 °C,
and 95 °C. Finally, the lysis time was optimized and set to four
times: 3 min, 5 min, 8 min, and 10 min.
2.10 Evaluation of single-step RPA-CRISPR uorescent assay

First, serial dilutions of extracted MPXV F3L nucleic acids (1 to
1000 copies per mL) were used to test the sensitivity of single-
step RPA-CRISPR/Cas12a. Aer adding 5 mL of extracted DNA
template and 2 mL of 280 mM magnesium acetate to the cap of
the tube, the mixture was centrifuged and thoroughly mixed
with 13 mL of reaction mix at the bottom of the tube. Subse-
quently, the tubes containing the mixing reagents were trans-
ferred to the device and incubated at 41 °C for 30 min. Next, the
test was repeated using lyophilized premixed reagents. Finally,
mock samples with pseudoviruses were tested using extraction-
free lysates and lyophilized premixed reagents. To assess the
specicity of this method, gene fragments with signicant
similarities to other three orthopoxviruses, VACV, VARV, and
CPXV, were used.
2.11 Assay performance on clinical samples

Clinical samples for this study were collected from the Beijing
Ditan Hospital, and negative samples were collected from
healthy male volunteers, with informed written consent from all
participants. In brief, rash uid swab was collected and stored
via disposable virus sampling tube. The clinical samples were
tested following the guidelines approved by the Ethics
Committee of Beijing Ditan Hospital (approval ID: DTEC-
YJ2023-001-02). The samples randomly numbered by one
person, pre-treated by a second person, and then tested by
a third person. The results were compared with those obtained
using the conventional real-time PCR.

For real-time PCR assay, 0.4 mL of 10 mM forward primer, 0.4
mL of 10 mM reverse primer, 0.2 mL of 10 mM TaqMan probe, 0.8
mL AK TaqMaster PCRMix (25×), 4 mL of 5× AK Taq Buffer (with
Mg2+), 9.2 mL RNase/DNase-free water, and 5 mL of the target
were mixed to a nal volume of 20 mL. Next, amplication was
performed in duplicate on a Applied Biosystems 7500 real-time
PCR system. The thermal cycling program was as follows: 95 °C
for 2 min 30 s, followed by 45 cycles of 94 °C for 30 s and 55 °C
for 30 s.
2.12 Data analysis

All bar charts, graphs, and scatter plots in this study were
created by GraphPad Prism 8. All gel images were captured by
Tanon 4600 gel imaging system. The scheme was created by
https://www.biorender.com and PowerPoint. All the
uorescence signal were collected by ABI 7500.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3. Results
3.1 Screen of crRNA and RPA primers

A pair of primers were designed to amplify four crRNA recog-
nition regions to screen for the most efficient crRNA. The
experimental results are shown in Fig. 3A, where only the use of
crRNA1 and crRNA3 produced uorescence signals. The uo-
rescence curve of crRNA1 was on top of the other curves, indi-
cating that crRNA1 was the most efficient. Therefore, crRNA1
was chosen for the next experiment. A pair of primers was
selected as F4-R1 on the basis of the criteria of the earliest
appearance of the uorescence curve and the strongest uo-
rescence intensity, as shown in Fig. 3B and S1.†
3.2 Optimization of RPA-CRISPR single-step reaction

To improve the sensitivity of the assay, the single-step RPA-
CRISPR/Cas system was optimized. Fig. 4A illustrates that the
real-time uorescence curve showed an initial appearance at
400 nM, resulting in the highest uorescence value when the
background was removed at 30 min. The results are shown in
Fig. 4B, with 50 nM being the optimal LbCas12a concentration.
Next, the concentration of xed enzyme was 50 nM, and the
concentration of crRNA was varied, Fig. 4C shows that the
crRNA concentration of 100 nM was more effective than 50 nM.
A higher concentration of crRNA did not produce faster reaction
efficiency, and a 1 : 2 ratio of LbCas12a to crRNA was used to
consider cost savings. According to recent literature reports,
increasing the concentration of magnesium acetate within
a certain range can improve the reaction efficiency of the one-
step method. Several concentrations were tested, and the
optimal concentration of magnesium acetate was selected as
28 mM in Fig. 4D. The conclusions were similar to those in
literature.26,27 Finally, the reaction temperature was optimized
to a range of 25–42 °C for the RPA reaction and 25–48 °C for the
LbCas12a reaction. Normally, 37 °C is used for CRISPR detec-
tion. The temperature was increased by a gradient of 2 °C, as
shown in Fig. 4E and F. Higher temperatures accelerated the
reaction rate, the efficiency of the reaction decreased sharply
aer exceeding the optimal temperature for RPA, and the
reaction temperature was determined to be 41 °C. Fig. S2†
shows the uorescence curves in real time for the optimized
conditions.

In summary, the optimized optimal primer concentration
was 400 nM, the LbCas12a concentration was 50 nM, the ratio of
LbCas12a to crRNA was 1 : 2, the concentration of magnesium
acetate was 28 mM, and the reaction temperature was 41 °C.
3.3 Stability testing of lyophilized reagents

The background uorescence values were removed aer 30min,
as shown in Fig. S3.† No signicant decrease was observed in
the uorescence value of the lyophilized reagent stored at 4 °C
and protected from light for 4 weeks, indicating the stability of
the lyophilized system when stored at 4 °C for a short period of
time. The lyophilized reagent stored at 37 °C for 1 week did not
show any signicant loss of value. Thus, it was able to withstand
RSC Adv., 2024, 14, 14775–14783 | 14779
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Fig. 3 Screen of crRNA, RPA primers (A) real-time fluorescence data collected using a one-step RPA-CRISPR system. Four crRNAs and a positive
control without crRNA were used in sequence. Fluorescence was measured every min at 37 °C, and the number of target was 1000 copies. (B)
Graph of fluorescence values for 16 pairwise combinations of four forward primers and four reverse primers with background removed at 30min.
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transport for a short period of time and a short distance without
the need for cold chain.

3.4 Extraction-free optimization

The results are shown in Fig. S4.† The graph shows that buffer 5
outperformed the other combinations, and the lysis effect was
similar at 80 °C and 90 °C. So, 80 °C was chosen as the lysis
temperature. The lysis effect was found to be similar at 3, 5, 8,
and 10 min. However, the lysis time was extended to 5 min to
account for the complexity of the clinical samples.

3.5 Evaluation of single-step RPA-CRISPR uorescent assay

Finally, the sensitivity and specicity of the single-step CRISPR/
Cas12a-assisted RPA method were tested under the above
optimal conditions. Fig. 5A and S5A† show the detection of DNA
target with concentrations as low as 1 copy per mL. In addition,
Fig. 4 Optimization results for single-step RPA-CRISPR reaction conditio
concentration. (C) Effect of LbCas12a to crRNA ratios. (D) Effect of MgO
fluorescence values at 15 min instead of 30 min with the background sign
reaction temperatures.

14780 | RSC Adv., 2024, 14, 14775–14783
as shown in Fig. 5B and S5B,† the lyophilized reagents resulted
in the detection of extracted nucleic acids at concentrations as
low as 1 copy per mL. As only a small number of clinical samples
infected with MPXV could be obtained, the sensitivity of the
method was assessed by adding the F3L pseudovirus to saliva to
simulate the sample and test it using an extraction-free
approach. Lysis buffer 5 was added to the mock sample and
heated in a metal or water bath at 80 °C or higher for 5 min to
release nucleic acids by following the above-described no-
extraction technique. Then, 5 mL of the lysed sample was
taken and added to the lyophilized reagent. The reagent was
supplemented with rehydration buffer, water, and magnesium
acetate; mixed; and allowed to react for 30 min at 41 °C. The
results are shown in Fig. 5C and S5C,† where one of the three
replicates was tested negative for a 1 copy per mL sample. Fig.-
S6A† shows that when the simulated samples of 1 and 5 copies
per mL were replicated 20 times, 75% of the 1 copy per mL
ns. (A) Effect of primer concentration. (B) Effect of CRISPR/Cas12a RNP
Ac concentration. (E) Effect of reaction temperature. This graphs used
al removed. (F) Fluorescence profiles recorded in real time at different

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Evaluation of single-step RPA-CRISPR fluorescent assay and performance on clinical samples. (A) Fluorescence curves generated for the
detection of different concentrations of MPXV F3L DNA by using freshly prepared reagents. (B) Fluorescence curves generated for the detection
of different concentrations of MPXV F3L DNA by using lyophilized reagents. (C) Fluorescence curves generated to detect different concen-
trations of MPXV F3L pseudovirus, ranging from 1000 copies per mL to 1 copy per mL. The reagents used were lyophilized, and detection was
performed using saliva samples. (D) Lyophilized reagents used to detect four orthopoxviruses: MPXV F3L gene (103 copies per mL), VACV E3L
gene (104 copies per mL), VARV E3L gene (104 copies per mL), and CPXV F3L gene (104 copies per mL). (E) Scatter plot generated to plot theCt value
of the qPCR results against the corresponding fluorescence value of the removed background signal detected by one-step RPA-CRISPR/Cas12a
assay. (F) Statistical analysis performed on the results of 40 samples by using the proposed method and qPCR.
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samples were judged positive and 100% of the 5 copies per mL
samples were detected. Therefore, the proposed technique can
accurately detect F3L pseudoviruses in saliva at 5 copies per mL.
In Fig. S6B,† a four-parameter curve is tted to the uorescence
values and the simulated sample concentration. This allows for
an approximate determination of the input sample concentra-
tion. Furthermore, F3L gene fragments of MPXV and three other
orthopoxviruses, including vaccinia virus, variola virus, and
cowpox virus (Table S4†), were detected to validate the assay
specicity of this assay. As shown in Fig. 5D and S5D,† only
MPXV was detected, indicating the superior specicity of the
assay.
3.6 Assay performance on clinical samples

The clinical feasibility of this single-step RPA-CRISPR assay was
validated using 16 clinical samples. As shown in Fig. S7,† real-
time PCR results indicated that 9 clinical samples were MPXV
positive and 7 clinical samples were MPXV negative. The scatter
diagram (Fig. 5E) shown that the uorescence signal intensity
for CRISPR assay was correlated with the Ct value the qPCR
results. The assay specicity and sensitivity of the proposed
single-step RPA-CRISPR/Cas12a assay were shown in Fig. 5F.
4. Discussion

Single-step RPA-CRISPR assays are gaining popularity in the
CRISPR/Cas-based diagnostic eld owing to their simplicity.
However, designing and optimizing these methods remain
challenging and inefficient, primarily due to a lack of under-
standing of the underlying mechanisms. In this study, a single-
© 2024 The Author(s). Published by the Royal Society of Chemistry
step RPA-CRISPR detection strategy was used for DNA sequence
identication via crRNA without the need for PAM sequences
(50-TTTN-30). A signicant improvement of this study is the use
of commercial enzymes that do not require optimization of the
LbCas12a protein sequence and the design of no-PAM crRNAs
could also be considered when performing a single-step RPA-
CRISPR assay to detect dsDNA viruses.28

According to recent reports, most MPXV assays using
isothermal amplication and CRISPR detection require a two-
step reaction due to the competition between isothermal
amplication and the conventional crRNA design principles for
CRISPR detection in a single tube. In the two-step process, the
product is rst amplied in a separate tube and then trans-
ferred to the CRISPR/Cas system for uorescence detection.
This approach, which involves opening the amplication reac-
tion tube, increases the possibility of cross-contamination and
predisposes clinical samples to false-positive results. Alterna-
tively, the spatial isolation of the procedure can be used, with
the CRISPR detection reagent on the cap of the tube and the
RPA amplication reagent on the bottom of the tube, rst
amplifying for 10–20 min, followed by inverting and mixing the
amplication products and detection reagent, and collecting
the uorescence detection for 10–30 min. Although essentially
a two-step method, it is classied as a single-tube method to
avoid cross-contamination. The reagent conguration is
cumbersome and not suitable for clinical batch testing, and
detection reagents occasionally drop to the bottom of the tube
prematurely.

The proposed method involves incubating all components,
including the RPA mixture and the crRNA/LbCas12a mixture, in
RSC Adv., 2024, 14, 14775–14783 | 14781
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a test tube, followed by detecting uorescence during ampli-
cation, which can detect 1 copy per mL of extracted nucleic acid
or 5 copies per mL of pseudovirus in saliva. Extraction-free lysate
and lyophilized reagents are used to simplify the detection steps
and reagent conguration. The lyophilized reagents can be
stably stored at 4 °C for at least 4 weeks, making them suitable
for on-site testing in resource-limited environments. The assay
performances of isothermal amplication and CRISPR assays
were summarized in Table S5,† 19,25,29–38 which indicated the
proposed single-step RPA-CRISPR/Cas12a assay exhibited
a relative superior performance.
5. Conclusions

In summary, a convenient and sensitive single-step RPA-
CRISPR/Cas12a assay was developed for point-of-care testing
of MPXV. This assay can be integrated with rapid sample lysis
processing method to simplify analysis workow. The assay can
detected MPXV pseudoviruses in saliva as low as 5 copies per mL
within 40 min. The clinical feasibility was validated by testing
MPXV clinical samples. Besides, the reagents can be lyophilized
to improve its accessibility to end-user at resource-limited
settings without cold chain for reagent distribution. This
simple and sensitive single-step RPA-CRISPR assay holds
considerable potential for point-of-care testing applications at
resource-limited settings.
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