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Abstract

specificity (42/42) compared to the gPCR.

rapid molecular diagnosis of infectious diseases.

Point-of-care testing

Background Monkeypox virus (MPXV) infection has garnered significant global attention due to its rising incidence
and substantial public health implications. A rapid, sensitive, and accurate diagnostic method is urgently required to
enable early intervention and effective management of MPXV outbreaks.

Results In this study, we developed a novel one-step assay that integrates loop-mediated isothermal amplification
(LAMP) with CRISPR/Cas12b in one-pot for the detection of MPXV. The entire detection process did not require
opening the lid of the reaction tube and could be completed within 40 min using extracted viral nucleic acids,
which is faster than real-time quantitative PCR (gPCR). And the results could be interpreted through either real-time
fluorescence or naked-eye visualization. The limit of detection (LOD) of the assay was demonstrated to be 6.5 copies
per reaction and no cross-reactivity with other pathogens such as HSV, EBV, CVA16, EV-A71, and MV was found.
Furthermore, when evaluated using 113 clinical samples, the assay achieved 100% sensitivity (71/71) and 100%

Conclusions In resource-limited settings, our method requires only a portable heat block or water bath and a blue
light or ultraviolet flashlight for visual detection of MPXV, making it highly accessible. The integration of LAMP and
CRISPR/Cas12b provides a robust, user-friendly platform for point-of-care testing, with promising potential for the
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Introduction

Monkeypox is a viral disease caused by the monkey-
pox virus (MPXV), an enveloped double-stranded DNA
virus belonging to the Orthopoxvirus genus within the
Poxviridae family. The disease is primarily transmitted
through close contact with infected animals or individu-
als and is characterized by symptoms such as a painful
rash, swollen lymph nodes, and fever. Historically, mon-
keypox was confined to the heavily forested regions of
West and Central Africa [1]. However, since May 2022,
MPXYV has spread globally with cases reported in coun-
tries that had no prior history of documented MPXV
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transmission. According to the World Health Organiza-
tion (WHO), a total of 124,753 laboratory-confirmed
cases were reported across 128 member states in all six
WHO regions from 2022 to 2024 [2]. Rapid and early
detection of MPXYV is crucial for facilitating timely inter-
vention and reduces the risk of disease transmission.
Traditional diagnostic methods for MPXV include
virus culture, electron microscopy, and polymerase chain
reaction (PCR). However, these assays are time-consum-
ing and require well-equipped laboratories operated by
skilled technicians. In contrast, isothermal amplification
techniques, such as loop-mediated isothermal amplifica-
tion (LAMP) and recombinase polymerase amplification
(RPA), have been developed for use in resource-limited
settings. While these methods offer the advantage of
rapid amplification, they are prone to generating false-
positive results [3]. Clustered regularly interspaced
short palindromic repeats (CRISPR) technology, initially
renowned for its role in gene editing, has emerged as a
powerful molecular diagnostic tool for nucleic acid detec-
tion followed the discovery of the trans-cleavage activity
of Cas nucleases, including Cas9, Cas12, and Casl13 [4].
With the guide RNA (gRNA), Cas nucleases bind to tar-
get sequences and cleave single-stranded DNA (ssDNA)
or RNA (ssRNA) probes, resulting in fluorescence

Real-time fluorescence
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emission. Due to their sensitivity to mismatches and abil-
ity to detect single-base differences [5, 6], CRISPR/Cas-
based detection systems exhibit exceptional specificity.
To enhance sensitivity, isothermal amplification is often
combined with CRISPR/Cas detection. Several platforms
have been established based on this approach, such as
SHERLOCK [5], DETECTR and HOLMES (7, 8]. These
methods enable rapid and accurate detection of targets.
However, they typically involve a two-step process, which
requires opening the amplification tube and risks cross-
contamination. To address this limitation, HOLMESv2
was developed by integrating a thermophilic endonu-
clease Casl2b with LAMP, enabling one-pot, one-step
detection for practical applications [6].

Visual detection methods are vital for identification of
target nucleic acids in resource-limited settings. In this
study, through systematic screening of optimal primer
sets and gRNAs coupled with optimization of critical
reaction parameters including reaction temperature, buf-
fer composition, Cas12b/gRNA, ssDNA reporter, and
essential chemical additives, we proposed a streamlined,
one-step visual detection assay for MPXYV, which inte-
grates the LAMP with CRISPR/Casl2b system within
a single reaction vessel (Fig. 1). This assay enables the
visualization of results with a vivid green fluorescence
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Fig. 1 Schematic illustration of the MPXV LAMP-CRISPR/Cas12b detection assay. A Workflow of the LAMP-CRISPR/Cas12b assay. B Working principle of
LAMP-CRISPR/Cas12b assay. CRISPR-Cas12b specifically recognizes the targets and activates the trans-cleavage activity to generate fluorescent signals
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discernible to the naked eyes under blue light or ultravio-
let (UV) illumination within 40 min using extracted viral
nucleic acids. The simplicity and efficiency of this method
render it suitable for deployment in regions where the
MPXYV is prevalent as long as there is a heat block or
water bath and a portable blue light or UV flashlight.

Materials and methods

Clinical samples and viral strains

According to the Technical Guidelines for Monkeypox
Prevention and Control issued by the National Health
Commission of China [9], samples were collected from
suspected monkeypox cases meeting the following cri-
teria: clinical presentation with fever, lymphadenopathy,
and cutaneous/mucosal rash; plus at least one epidemio-
logical risk factor within 21 days prior to symptom onset,
including: (a) travel history to countries with reported
monkeypox cases; (b) close contact with a confirmed
monkeypox patient; or (c) exposure to blood, body fluids,
or secretions from MPXV-infected animals (particularly
rodents or non-human primates). A total of 113 clini-
cal specimens comprising rash fluid and throat swabs
were collected from suspected monkeypox cases during
a one-year surveillance period (June 2023 to June 2024)
in Jiangsu Province. All samples were immediately placed
in viral transport medium (VTM) and stored at -80°C
in our laboratory freezer until use. The MPXV strains
were obtained by inoculating Vero E6 cells with PCR-
positive MPXV rash fluid swabs and cultured in a 37°C
5%CO, incubator. When typical cytopathic effects were
observed and PCR confirmed positivity in the culture
supernatant, the culture was passaged for further propa-
gation. All virus isolation procedures were performed in
a Biosafety Level 3 (BSL-3) laboratory. Viral nucleic acids
were extracted from 200 uL VTM or virus culture using
the Viral DNA/RNA Extraction Kit (T014, TTANLONG,
China) with GeneRotex 96 (TIANLONG, China), and
were stored at -80°C until further use.

LAMP primer and gRNA design

The LAMP primers were automatically designed using
PrimerExplorer V5 (available at primerexplorer.jp/
lampv5e/index.html) based on the F3L gene (Accession
no: MT250197.1, 46192-46653). The gRNAs required
for Casl12b-mediated trans-cleavage comprise a scaffold
sequence(GUCUAGAGGACAGAAUUUUUCAACGG
GUGUGCCAAUGGCCACUUUCCAGGUGGCAAA
GCCCGUUGAGCUUCUCAAAUCUGAGAAGUGG
CAC) at the 5’ end and a 20-nucleotide target-specific
spacer sequence at the 3’ end with a protospacer adjacent
motif (PAM) sites of 5 -TTN-3’ or 5’ -TAC-3' as previ-
ously described [6]. All primers and spacer sequences
of gRNAs were submitted for a BLAST search to ensure
alignment was exclusive to the MPXV (https://www.ncbi.
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nlm.nih.gov/tools/primer-blast/). The detailed sequences
of the primers and gRNAs designed in this study are pro-
vided in Supplementary Table S1&S2, and were synthe-
sized by Sangon Biotech Co., Ltd. (China).

Preparation of gRNAs

The gRNAs used in this study were prepared by in vitro
transcription with synthesized DNA template, which was
the reverse complementary sequence of gRNA, with the
reverse complementary sequence of the T7 promoter
(5-CCCTATAGTGAGTCGTATTA-3’) at the 3’ end. The
reaction mixture comprising 1 pL. DNA template (500
ng/pL), 1 pL T7 primer (5-TAATACGACTCACTATA
GGG-3’) (40 uM), 5 pL. T7 RNA Polymerase Buffer, and
30.25 pL of nucleases-free water was reacted at 95°C 30s,
25C 2 min, then, 12.75 pL of master mix containing 2.5
puL T7RNA Polymerase (50 U/uL) (2540 A, TaKaRa), 5
pL DTT (50 mM), 4 uL NTPs (25 mM), 1.25 pL. Recom-
binant Rnase Inhibitor (40 U/uL) was added immedi-
ately and transcribed at 42°C overnight. The transcribed
gRNAs were treated with 20 U Recombinant DNase I
(2270 A, TaKaRa) at 37°C 1.5 h to remove the DNA tem-
plate, followed by purification via Spin Column RNA
Cleanup & Concentration Kit (B518688, Sangon, China).
The concentration was quantified by the Qubit Flex Flu-
orometer via the Qubit RNA Broad Range Assay Kits
(Q10210, Thermo, USA), and stored at -80°C until use.

LAMP primers screening

The 10x LAMP Primer Mix containing 2 pM each of
F3/B3, 16 uM each of FIP/BIP, 4 uM each of LF/LB was
prepared in nucleases-free water and store at -20C
until use. The LAMP was performed at 65°C following
the manufacture’s instruction by using 25 pL of reac-
tion mixture containing 12.5 pL WarmStart LAMP
2x Master Mix (E1700S, New England Biolabs, USA),
2.5 pL 10 xLAMP Primer Mix, 1 pL template and 9 pL
nucleases-free water. The amplicons were monitored by
the Loopamp LA-500 (Eiken, Japan) real-time turbidity
instrument.

gRNAs screening

The one-pot two-step CRISPR/Casl2b detection was
employed to screen for optimal gRNAs. Briefly, 20 pL
LAMP reaction mixture including 1 pL template DNA
was added at the bottom of tube. 5 puL Casl2b cleav-
age system containing 5 uM AapCasl2b (32118, Tolo
Biotechnology, China), 5 uM gRNA, 6.25 uM ssDNA
reporter (5-6-FAM-TTTTT-BHQ1-3’), and 2.5 pL
10xHolmes buffer 1 was added in the cap. Following a
30-minute LAMP amplification, Casl2b cleavage sys-
tem was mixed with the LAMP products through brief
centrifugation. Fluorescence signals were collected by
CFX96 Deep Well real-time system with C1000 Thermal
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Cycler module (Bio-rad, United States) at 60°C every
1 min. Upon completion of the reaction, the tubes were
examined under a blue light transilluminator (OSE-470 L,
TIANGEN BIOTECH, China), and images were captured
using a smartphone. Additionally, the tubes were photo-
graphed under UV light using an Azure Biosystems c280
imaging system (United States).

Optimization of one-step detection mode of LAMP
amplification and CRISPR/Cas12b detection method for
MPXV DNA

To achieve a one-step, one-pot integration of LAMP
amplification and CRISPR/Casl2b detection, both the
LAMP reaction mixture and the CRISPR system were
added into the bottom of the same PCR tube. The key
parameters, including the ratio of reaction buffers, reac-
tion temperature, concentrations of Cas12b/gRNA, and
ssDNA reporter, as well as the effects of chemical addi-
tives including glycine and taurine (Aladdin, China)
were systematically optimized. Fluorescence signals were
monitored using the Bio-rad CFX96 Deep Well real-time
PCR system.

Sensitivity of the one-step LAMP-CRISPR/Cas12b
method

The MPXV DNA was quantified using digital PCR fol-
lowing the protocol provided with the QIAcuity Probe
PCR Kit (250101, QIAGEN, Germany). To assess the
detection sensitivity, MPXV DNA was serially diluted
10-fold, covering a range from 10* to 10° copies. In paral-
lel, the limit of detection (LOD) for both the fluorescent
and visual CRISPR/Casl12b-LAMP assays were deter-
mined by testing MPXV DNA at a narrower range of
concentrations (25, 10, 5, and 1 copies) in eight replicates,
with nucleases-free water serving as the negative control.
The 95% probability detection limit was calculated using
probit regression analysis in SPSS.

Specificity of the one-step LAMP-CRISPR/Cas12b
method

To evaluate the specificity of the assay, herpes simplex
virus (HSV), Epstein-Barr virus (EBV), measles virus
(MV), and enteroviruses CVA16 and EV-A71, which can
cause rashes similar to those of monkeypox, were tested
with LAMP-CRISPR/Cas12b. MPXV was used as the
positive control to ensure the assay’s ability to distinguish
MPXYV from these potentially confounding pathogens.

Clinical validation of the one-step LAMP-CRISPR/Cas12b
method

A total of 113 clinical samples were analyzed using both
LAMP-CRISPR/Cas12b and qPCR for comparative eval-
uation. The qPCR was conducted in accordance with the
Technical Guidelines for Monkeypox Prevention and
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Control issued by the National Health Commission of
China [9]. The reaction mixture consisted of 10 uL Pre-
mix Ex Taq (Probe qPCR) (2x) (Takara), 0.4 pL each of
forward and reverse primers and probe (10 pM), 4 uL of
template, and 4.8 pL of nucleases-free water. The thermal
cycling conditions were as follows: initial denaturation
at 95°C for 30s, followed by 40 cycles of 95°C for 5s and
60C for 30s. Fluorescence was collected using the Bio-
rad CFX96 Deep Well real-time PCR system.

Data analysis

The graphs were drawn by the GraphPad Prism 5, data
statistics were performed using IBM SPSS Statistics 23.0
Standard Network Version.

Results

LAMP primer and gRNA screening

The F3L gene was selected as a target due to its relatively
high conservation among MPXYV, five LAMP primer sets
(PS1-PS5) were designed targeting the F3L (Table S1).
Primer set 5 (PS5) demonstrated the shortest take-off
time for MPXV DNA and no amplification curve for the
negative control within 1 h (Fig. 2A). Based on the ampli-
fication products of Primer set 5, five Casl2b gRNAs
were designed (Table S2). As shown in Fig. 2B, both
gRNA4 and gRNAS5 induced good trans-cleavage activity
of cas12b, and gRNA5 with higher fluorescence signals
was selected for subsequent experiments. The location
of primer set 5 and gRNA 5 binding sites was shown in
Fig. 2C.

Optimization of one-step method of LAMP amplification
and CRISPR/Cas12b detection for MPXV
Due to the operational complexity of the two-step
LAMP-CRISPR/Cas12b, we aimed to optimize the detec-
tion protocol into one-step. As shown in Fig. 3A, a com-
bination of 0.5xLAMP master mix and 0.5xCRISPR
buffer (10xholmes buffer 1) yielded the best detec-
tion performance. The reaction temperature was tested
between 58°C and 65°C. Results indicated that 60°C gen-
erated the fastest positive results, whereas no amplifi-
cation signals were detected at 62°C and 65°C with 100
copies of MPXV DNA as template (Fig. 3B). For Cas12b/
gRNA concentrations, dilutions from 0.05 pM to 0.5 pM
were tested. The shortest threshold time was observed
at 0.2 pM, with no obvious nonspecific fluorescence in
the negative control (Fig. 3C). Regarding ssDNA probes,
although higher concentrations enhanced fluorescence
signals, they also increased nonspecific signals in nega-
tive controls, raising the risk of false positives. Therefore,
0.25 pM was chosen as the optimal concentration for
detection (Fig. 3D).

Additionally, we explored the effects of chemical addi-
tives on the efficiency of LAMP-CRISPR/Cas12b assay.
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Fig. 2 LAMP primer and gRNA screening. A The LAMP primer sets screening. B The gRNAs screening in the two-step LAMP-CRISPR/Cas12b assay. NC,
negative control. C LAMP primer set 5 and gRNA 5 design regions used in the study. A part of the F3L sequence (bp 180 to 420) is shown. The spacer
sequence of gRNA 5 was marked in grey area, right-pointing arrows and left-pointing arrows indicate sense and complementary strand of primer set 5

Results revealed that 0.25 M glycine or 0.1 M taurine
significantly boosted fluorescence signals and reduced
threshold time, while the combined use of 0.25 M glycine
and 0.1 M taurine did not yield better results (Fig. 4).

Finally, the one-step, one-pot LAMP-CRISPR/Cas12b
assay for MPXYV diagnosis we established was performed
at 60°C with 20 pL reaction mix containing 5 pL. Warm-
Start LAMP 2xMaster Mix, 1 pL 10xhomelsbuffer 1, 2
pL 10xLAMP Primer Mix, 0.2 pM gRNA, 0.2 uM Aap-
Casl2b, 0.25 uM ssDNA reporter, 0.25 M glycine, 1 pL
template and nucleases-free water.

Sensitivity of the one-step LAMP-CRISPR/Cas12b method
The result showed that the threshold time (tt) of the
assay gradually increased with decreasing DNA con-
centration (10*-10° copies) (Fig. 5A), and was inversely
proportional to the log values of the target concentra-
tion (copies), demonstrating good linearity for MPXV
quantification (R?=0.932) (Figure S1). The amplification
curves appeared within 20 min even at 10 copies, and
bright green fluorescence was clearly visible to the naked
eyes under both blue light and UV light illumination after
40 min reaction (Fig. 5C). At 25 copies of MPXV DNA,
both the fluorescent and visual LAMP-CRISPR/Cas12b
assays achieved 100% positive detection (8/8 reactions),
for 10, 5 copies and 1 copy per reaction, the positive
detection rates were 100% (8/8), 62.5% (7/8), 25% (2/8),
respectively (Fig. 6). Probit regression analysis deter-
mined that the LOD of the one-step LAMP-CRISPR/
Cas12b assay was 6.5 copies per reaction.

Specificity of the one-step LAMP-CRISPR/Cas12b method
No amplification signal was detected in the nucleic acids
of HSV, EBV, MV, CVA16, EV-A71 tested, while MPXV
demonstrated good amplification curve (Fig. 7), which
proves the high specificity of our assay.

Clinical validation of the one-step LAMP-CRISPR/Cas12b
assay

To evaluate the clinical applicability of our method for
MPXV detection, 113 clinical samples were analyzed
using both LAMP-CRISPR/Cas12b and qPCR for com-
parative evaluation. The LAMP-CRISPR/Cas12b exhib-
ited a sensitivity of 100% (71/71) and a specificity of 100%
(42/42) compared to qPCR (Table 1). Threshold times
of all positive clinical samples were consistently below
20 min (Fig. 8), and can be visualized by naked eyes
under blue light or UV light (Figure S3).

Discussion

The apparent increase in human monkeypox cases across
a wide geographic area and the potential for further
spread have heightened concerns regarding this emerg-
ing disease. Early diagnosis is crucial to prevent the
rapid global dissemination. Nucleic acid testing such as
PCR represents the most sensitive and specific method
for the early detection of pathogens, but unsuitable for
rapid point-of-care testing due to its reliance on sophis-
ticated instruments and trained personnel. In this study,
we developed a novel on-site rapid and simple assay for
MPXYV detection by integrating the LAMP with CRISPR/
Casl2b system in one-pot. Through optimization of
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critical reaction parameters, the assay showed excellent
concordance with qPCR, but the LAMP-CRISPR/Cas12b
only took 40 min.

In one-pot testing, Cas12b can inhibit LAMP amplifi-
cation by cleaving both the MPXV dsDNA and its ampli-
cons [10]. Therefore, the reaction buffer is a key factor
in the establishment of the one-pot assay for combining
LAMP amplification with CRISPR/Cas12b detection.
We determined that a combination of 0.5xLAMP mix
and 0.5xCRISPR buffer yielded the best detection per-
formance. Due to the inherent limitation of the CRISPR
system, which can only detect nucleic acids at the fM
level (~602 copies/uL) without prior amplification [11].
The fluorescence curve of 10-100cps MPXYV in our study
indicated that LAMP amplification predominated dur-
ing the initial phase. When the nucleic acid amplification
products reached a certain concentration, the cleavage
activity of Cas12b was no longer effectively inhibited,
yielding a detectable fluorescence signals. Additionally,
our results revealed that the addition of glycine or taurine

significantly boosted fluorescence signals and reduced
threshold time, consistent with the previous report [12].
Previous study revealed that glycine effectively boosted
the amplification rate of LAMP for HBV detection in the
one-pot assay [13], which indicated that the amino acid
additives might function as protein stabilizer to maintain
the activity of the Bst DNA polymerase of the LAMP.
Furthermore, the purity of in vitro transcribed gRNA is
crucial, as residual DNA templates can lead to elevated
fluorescence in negative controls. To mitigate this issue,
commercially synthesized gRNAs may be a more reliable
choice.

We reviewed studies reporting point-of-care visual
molecular detection methods for MPXV during the
recent three years (Table S3), most of these methods
were based on LAMP-LFB [14] or colorimetric LAMP
which detected by-products of LAMP amplification,
such as H*-induced pH changes (e.g., from pink to yel-
low) [15-17], or pyrophosphate-mediated sequestra-
tion of metal ions in complex with dyes (e.g., 5-Br-PAPS
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or calcein, resulting in color changes from red to yellow
or orange to green) [18, 19]. However, these approaches
often face challenges with false positives due to interac-
tions among 4 to 6 primers of LAMP or self-amplifying
hairpins. Additionally, colorimetric methods tend to have
high background interference for naked-eye observation,
as the color changes typically occur between adjacent
hues. Several CRISPR-based methods for MPXV detec-
tion have been developed to improve specificity [20-24],
However, these methods often require separate reac-
tion steps, increasing the risk of cross-contamination
and operational complexity. In contrast, our proposed
method integrates LAMP with CRISPR in a one-pot,
one-step reaction, eliminating the risk of cross-contam-
ination. Leveraging the high amplicon yield of LAMP (10
to 100 times more sensitive than conventional PCR) [25],
our method achieves a limit of detection (LOD) of 6.5
copies per reaction, exhibiting superior sensitivity com-
pared to the vast majority of existing isothermal visual
detection methods of MPXV. Furthermore, the Cas12b-
mediated trans-cleavage of fluorescence-quenched
reporters, producing a stable bright green fluorescence in
positive samples that remains distinguishable for several
days, which is more visually discernible than colorimet-
ric methods. In terms of clinical applicability, our method

offers a significant advantage over previously reported
methods, as it has been validated using 113 clinical sam-
ples rather than simulated ones. This underscores its
potential for real-world diagnostic applications. Further-
more, the good linearity observed in the standard nucleic
acid curve demonstrates the feasibility of semi-quantita-
tive analysis for MPXV samples.

A limitation of this method is that only MPXV Clade
II clinical samples were used for validation. To further
assess the robustness of our method, clinical samples
from MPXV Clade I should be included if available in the
future. Additionally, the nucleic acids used in this study
were extracted using an automated nucleic acid extrac-
tion system. However, the potential impact of various
nucleic acid extraction approaches including automated
extraction, manual extraction methods (e.g., phenol-
chloroform extraction or silica column centrifugation),
and extraction-free processing techniques (such as heat
treatment of unextracted diagnostic samples to obliter-
ate nucleases, HUDSON, etc.) on detection performance
remains to be systematically evaluated. Further investi-
gation incorporating extraction-free methodologies is
warranted to enhance the assay’s adaptability for point-
of-care applications.
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Table 1 Comparison of gPCR and the one-step LAMP-CRISPR/
Cas12b assay to identify MPXV in clinical samples

LAMP-CRISPR/Cas12b  qPCR Sensitivity Spec- Con-
Pos- Neg- ificity sis-
itive ative ten-

cy

Positive 71 0

Negative 0 42 100% 100%  100%

Total (n=113) 71 42

Given that the essential reaction components can be
pre-prepared through lyophilization, necessary equip-
ments (a heat block or water bath and a blue or UV flash-
light) and regents can be conveniently packed into a small
portable case. This enables our method to function as an
on-site detection system for MPXV. Consequently, the
proposed method holds significant potential for point-of-
care testing outside traditional clinical diagnostic labora-
tories, such as at airports or outbreak sites, providing a
practical and efficient solution for rapid MPXV detection
in resource-limited settings.

Conclusions

In conclusion, we developed a novel on-site rapid and
simple assay for MPXV detection by integrating the
LAMP with CRISPR/Casl12b system in one-pot, which
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Fig. 8 Clinical validation of the one-step LAMP-CRISPR/Cas12b assay.
Scatter plot of the tt (time to threshold) values of one-step LAMP-CRISPR/
Cas12b assay and the Ct values of the real-time qPCR assay on clinical
samples. Each dot indicates one sample

showed excellent concordance with qPCR. The simplic-
ity and efficiency of this method renders it suitable for
deployment in regions where the MPXV is prevalent as
long as there is a heat block or water bath and a portable
blue light or UV flashlight.
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