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ABSTRACT: We report two isothermal nucleic acid amplification assays for detection of monkeypox virus (MPXV) clades 2 and 3 
that include the strains responsible for the current global outbreak of monkeypox. The assays use loop-mediated isothermal amplifi-
cation (LAMP) to amplify two distinct sequences in the MPXV genome. Readout specificity is ensured by oligonucleotide strand 
displacement (OSD) probes integrated in one-pot LAMP-OSD reactions. OSD probes undergo toehold-mediated strand displacement 
hybridization to LAMP amplicon loop sequences derived from MPXV clades 2 and 3 resulting in fluorescence readable both in real-
time and visually at endpoint. We also perform both assays on two different portable devices, the GeneTiger and the miniPCR, to 
exemplify compatibility with minimum infrastructure point-of-care (POC) testing in clinical and at-home settings. Both assays could 
readily detect single digit copies of MPXV synthetic double stranded DNA templates within 30 min. 

Monkeypox is a zoonotic smallpox-like disease characterized 
by fever and rashes on skin and mucosal membranes [1]. It is 
caused by the Monkeypox virus (MPXV), a large enveloped 
double stranded DNA virus belonging to the genus Orthopox-
virus in the Poxviridae family [1]. MPXV is currently classified 
into three clades – the more virulent and transmissible clade 1 
(formerly termed the Central African or Congo Basin clade), 
clade 2 (formerly the West African clade), and clade 3 that in-
cludes most genomes from the 2017 - 2022 human outbreaks 
(formerly also in the West African clade) [2, 3]. Animal-to-hu-
man transmission usually occurs by direct contact with contam-
inated body fluids or lesions while human-to-human transmis-
sion can also occur via close contact with infected skin lesions, 
objects, and respiratory secretions. Many animals, including 
non-human primates, are susceptible to MPXV however, the 
natural reservoir(s) and the circulation cycle of the virus remain 
undetermined [1]. Historically, most cases were reported from 
rural regions of central and west Africa. Since the first monkey-
pox outbreak reported outside Africa in 2003, MPXV has in-
creasingly become a global health concern. As of writing this 
manuscript, 30,189 cases of monkeypox have been confirmed 
in 88 countries of which 29,844 cases were in 81 countries with 
no previous reports of the disease [4].  

Expeditious and accurate identification of new cases is crucial 
for preventing and reducing viral spread. Moreover, due to the 
frequent attachment of stigma to monkeypox diagnosis, access 
to reliable self-testing methods would enable a wider range of 
public health options [5]. Since Orthopoxviruses are serologi-
cally cross-reactive and antigen/antibody-based tests can gen-
erate false positive outcomes, polymerase chain reaction (PCR) 
assays are the diagnostic standard. PCR-based tests are usually 
implemented on complex instruments within centralized clini-
cal laboratory infrastructures that require sample shipment and 
several hours to weeks of sample-to-result turnaround time. Iso-
thermal nucleic acid amplification tests (iNAT), such as loop-

mediated isothermal amplification (LAMP), that do not need 
thermocyclers and therefore can be simpler to operate at point-
of-care (POC), have been reported for MPXV [6]. However, the 
use of increasing reaction turbidity due to Mg2+ precipitation as 
the indicator of amplicon accumulation renders this assay sus-
ceptible to false positive readout of spurious amplification, a 
relatively common caveat of isothermal amplification tech-
niques. Other isothermal tests with nucleic acid probe-based 
readout of recombinase polymerase amplification (RPA) prod-
ucts have also been developed for MPXV [7] however, RPA 
can be more expensive than LAMP due to its dependence on 
commercial multi-protein reaction mixes and probe oligonucle-
otides with multiple chemical modifications. In contrast, LAMP 
reaction mixes can be readily assembled using customizable 
homemade buffers and enzymes. Bst DNA polymerase large 
fragment, the workhorse strand displacing DNA polymerase 
used for LAMP, can be sourced commercially or readily puri-
fied in-house using publicly available protein expression con-
structs and purification protocols (Addgene Plasmid #145799). 
In fact, we have shown that instead of purified enzymes LAMP-
based diagnostics can be performed using ‘cellular’ reagents 
comprising dried bacteria overexpressing Bst-LF [8-10]. More-
over, we have recently developed and made available a suite of 
engineered Bst-LF derived enzymes with improved tempera-
ture and chaotrope tolerance and enhanced reverse transcription 
abilities that can be used to configure faster single enzyme sam-
ple-to-answer LAMP detection of DNA and RNA targets ([11, 
12]; Addgene Plasmids # 161875, 179278, 171200, and 
171201). 

Along with the strand displacing DNA polymerase, LAMP typ-
ically uses at least two inner primers, termed FIP and BIP, and 
two outer primers, termed F3 and B3, specific to 6 different re-
gions (F3, F2, F1, B1, B2, and B3) of the target DNA or RNA, 
to produce 109 to 1010 concatemeric amplicons within one hour 
[13]. This rapid amplification is facilitated by the ability of FIP 
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and BIP sequences at the 3’- and 5’- ends of LAMP amplicons 
to foldback into stem loop structures that bind new inner pri-
mers and enable self-priming of strand displacement amplifica-
tion. Additional loop-specific primers (LP), stem primers, and 
swarm primers can be used to accelerate amplification [14-16]. 
This continuous and exponential amplification process allows 
LAMP to often rival the detection limit of PCR, however non-
specific primer interactions can also be rapidly amplified yield-
ing spurious amplicons that cause non-specific readout meth-
ods, such as Mg2+ precipitation [17], fluorescent dye intercala-
tion [18], and pH changes [19], to produce false positive out-
comes. To improve LAMP readout accuracy, we previously 
used concepts from the field of DNA computation [20] to de-
velop oligonucleotide strand displacement (OSD) probes that, 
similar to TaqMan probes in PCR [21], produce a signal only in 
the presence of correct LAMP amplicons [22]. OSDs are com-
plementary to one of the loop sequences of the correct LAMP 
amplicon and do not overlap primer binding sites. They are 
comprised of a long strand and a complementary short strand 
that both lack 3’-OH groups and cannot serve as primers. In the 
absence of the correct LAMP amplicons, the two OSD strands 
form a hemiduplex in which a short single stranded region, 
termed toehold, remains exposed at either the 5’- or the 3’-end 
of the long strand (Figure 1). When a correct LAMP amplicon 
is available, this toehold hybridizes to its complementary 
LAMP loop and initiates branch migration that causes the long 
strand to progressively separate from the short strand and in-
stead hybridize to the LAMP loop (Figure 1). This strand dis-
placement event, indicative of the correct LAMP amplicon, can 
be measured using a variety of readout modes, such as fluorim-
etry and colorimetric lateral flow assays [23, 24]. 

 

Figure 1. Schematic depicting toehold-mediated strand dis-
placement hybridization of an OSD probe and a LAMP am-
plicon loop. The bar at the 3’-end of the OSD short strand rep-
resents the blocked 3’-OH group that prevents polymerase-me-
diated extension. ‘F’: covalently attached fluorophore; ‘Q’: co-
valently attached quencher moiety. 

With over 20 published assays, compatibility with one-pot di-
rect analysis of crude samples, such as environmental water, 
crushed insects, and human saliva, capacity for template semi-
quantitation, and ability to logically process amplicon signal, 
such as distinguishing single nucleotide polymorphisms and 
calculating co-presence of multiplex amplicons, LAMP-OSD 
has proven to be a robust and versatile assay platform [22-29]. 
We now report two clades 2 and 3 MPXV LAMP-OSD assays 
for rapid diagnosis of the ongoing monkeypox outbreak [3]. 
Furthermore, we demonstrate both assays on two different port-
able diagnostic devices to exemplify suitability of LAMP-OSD 
to various POC use scenarios, such as healthcare clinics and 
self-testing. Both assays performed accurately on the Ge-
neTiger, a machine that automates both incubation and 

fluorogenic readout of LAMP-OSD assays, as well as the min-
iPCR machine with visual readout using an inexpensive 
handheld transilluminator. We could detect as few as eight syn-
thetic MPXV DNA copies/reaction in only 30 min with simple 
visual readout of the tests by observing for presence (positive) 
or absence (negative) of bright green OSD fluorescence.  

METHODS  

Chemicals and reagents 

Analytical grade chemicals were obtained from Sigma-Aldrich 
(St. Louis, MO, USA) unless otherwise indicated. Bst 2.0 DNA 
polymerase and isothermal amplification buffer were acquired 
from New England Biolabs (NEB, Ipswich, MA, USA). Gene 
blocks, LAMP primers, and OSD probe strands (Table 1) were 
purchased from Integrated DNA Technologies (IDT, Coral-
ville, IA, USA).  

Table 1. Primer and probe sequences. 

 

Primer and probe design 

We designed two LAMP-OSD assays for clades 2 and 3 MPXV 
as follows. We built the MPXV J2L LAMP-OSD assay by de-
signing a new LAMP primer set using the Primer Explorer v5 
software (Eiken, Japan) (Table 1). These primers amplify a pol-
ymorphic portion of the MPXV J2L gene that includes a dis-
tinctive trinucleotide insertion/deletion (indel) found in clades 
2 and 3 genomes and absent in clade 1 genomes (Figure 2). We 
designed the J2L LAMP primers such that this polymorphic lo-
cus is positioned towards one end of the loop sequence between 
the F1 and F2 regions of the amplicons (Figure 2). We engi-
neered the J2L assay OSD probe, directed at this loop, to rec-
ognize this polymorphism via interaction with its toehold [22]. 
We derived the MPXV A26L LAMP-OSD assay primers using 
previously reported LAMP primers [6] that amplify a clade 2 
and 3 specific region between MPXV A26L and A27L genes. 
We replaced the LF loop primer specific to the sequence be-
tween F1 and F2 primer specific sites with the OSD reporter.  

We designed both J2L and A26L LAMP assay OSD probes us-
ing our previously reported design rules and the NUPACK nu-
cleic acid analysis software [22, 30, 31]. Briefly, we used a se-
quence between the F1 and F2 primer specific regions of the 
MPXV genome as the OSD long strand, which was labeled at 
its 3’-end with fluorescein (36-FAM). We designated a 10 (J2L 
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OSD) or 9 (A26L OSD) nucleotide long section at the 5’-end of 
the long strand as the toehold. We designated the sequence re-
verse complementary to the remaining portion of long strand as 
the OSD short strand. We added three to four random basepairs 
at the 3’-end of the long strand and the 5’-end of the short strand 
to increase hemiduplex stability at LAMP amplification tem-
peratures. The 5’-end of the short strand was labeled with an 
Iowa Black FQ (5IABkFQ) quencher moiety while the 3’-end 

was blocked against polymerase-mediated extension by ap-
pending an inverted dT nucleotide (3InvdT). We prepared hem-
iduplex OSD probes by mixing 1 µM of the long strand with 3 
µM of the corresponding short strand in 1x isothermal buffer 
(20 mM Tris-HCl, 10 mM (NH4)2SO4, 50 mM KCl, 2 mM 
MgSO4, 0.1% Tween® 20, pH 8.8@25°C). Annealing was per-
formed by incubating this mixture at 95 °C for 1 min followed 
by slow cooling to 25 °C at the rate of 0.1 °C/sec. 

 

Figure 2. LAMP primer and OSD probe binding sequences in the MPXV genome (Monkeypox/PT0001/2022 [3]). Binding regions 
for A26L and J2L primers and OSD probes are depicted in panels A and B, respectively. Forward and reverse directions of the 
annotations correspond to the sense or antisense sequence. The fluorophore-labeled OSD strand is indicated as ‘OSD.FAM’ and the 
quencher-labeled OSD strand is indicated as ‘OSD.Q’. The trinucleotide indel present in clades 2 and 3 MPXV genomes is annotated 
with a red bar. 

LAMP-OSD assay 

We performed LAMP-OSD assays in 25 µL volume of 1x iso-
thermal buffer containing 1 mM deoxyribonucleotides, 1.6 µM 
each of FIP and BIP, 0.8 µM of LP, 0.4 µM each of F3 and B3, 
1M betaine, 3 mM additional MgSO4, 100 nM of fluorescein-
labeled OSD long strand annealed with a three-fold excess of 
the quencher-labeled short strand, and 16 units of Bst 2.0 DNA 
polymerase. We used different amounts of synthetic double 
stranded DNA fragments (gBlocksTM, IDT) as templates for 
amplification. Some negative control assays received 23 ng of 
human genomic DNA (Promega, Madison, WI) instead of syn-
thetic MPXV templates. For real-time analysis of amplification 
kinetics, we assembled the LAMP-OSD reactions in a 96-well 
plate and incubated in a LightCycler 96 real-time PCR machine 
(Roche, Switzerland) programmed to hold the samples at 60 °C 
and measure OSD fluorescence at intervals of 3 mins. We gen-
erated amplification curves using the LightCycler 96 software. 
For assays operated on the GeneTiger instrument (GeneTiger, 
USA), we placed the LAMP-OSD assays in clear thin-walled 
0.2 mL PCR tubes and loaded them on a GeneTiger rotary car-
tridge with positions marked 0 to 5 for accommodating 6 reac-
tion tubes. Since we ran 5 LAMP-OSD reactions in an assay, 
we placed a tube containing 25 µL of water in position 5 to bal-
ance the cartridge. We placed the loaded cartridge in a Ge-
neTiger programmed to hold the reactions at 60 °C for 60 min 
and capture images of OSD fluorescence in each tube at regular 
intervals. We noted the automated results at assay endpoint, 

computed by the onboard GeneTiger neural net algorithms, 
from the instrument on-screen display and from the database 
available at https://genetiger.com/. We also imaged endpoint 
LAMP-OSD assay fluorescence using a cellphone camera by 
placing the GeneTiger cartridge with the assay tubes in a blue 
light transilluminator. For LAMP-OSD assays operated on a 
miniPCR machine (miniPCR Bio, Cambridge MA, USA), we 
placed the reactions in 0.2 mL thin-walled PCR tubes and 
placed them in a miniPCR set to hold the reactions at 60 °C for 
30 min. At endpoint, we placed the tubes under a blue light 
transilluminator for visual readout of presence or absence of 
OSD fluorescence. We acquired images of assay tubes in the 
transilluminator using a cellphone camera. 

RESULTS 

Real-time amplification kinetics of MPXV LAMP-OSD as-
says 

Assaying for two or more target-specific sequences often im-
proves diagnostic accuracy [32, 33]. Therefore, we developed 
two LAMP-OSD assays, termed A26L and J2L assays, for rapid 
detection of clades 2 and 3 MPXV that include strains respon-
sible for the current global monkeypox outbreak. The A26L 
LAMP-OSD assay uses five primers (FIP, BIP, F3, B3, and one 
LP) derived from a previously reported 6-primer LAMP assay 
specific to a region between A26L and A27L genes of clades 2 
and 3 MPXV [6]. We replaced the second loop primer that 
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bound the longer loop sequence of the amplicon with the A26L 
OSD probe. We have previously used this strategy to reduce 
false positive signal in several LAMP primer sets reported for 
the SARS-CoV-2 virus [23]. We designed the five primers for 
the J2L LAMP-OSD assay de novo to amplify a region of the 
J2L gene that includes a clade-specific indel. In particular, the 
sequence CGT found at nucleotide position 510-512 of the J2L 
coding sequence in clades 2 and 3 genomes is absent in clade 1 
genomes (Figure 2). A TaqMan quantitative PCR assay for 
clades 2 and 3 MPXV also targeted this genomic region [34]. 
To detect this trinucleotide indel in J2L LAMP amplicons, and 
hence identify clades 2 and 3 MPXV, we constrained LAMP 
primer design to position the trinucleotide within the OSD toe-
hold binding region of the amplicon loop sequence. It has been 
shown that toehold binding strength has significant impact on 
strand displacement kinetics [35]. OSD toeholds can be de-
signed such that even single mismatches within the toehold 
abolish strand displacement and prevent signal [22]. 

 

Figure 3. Real-time amplification kinetics of MPXV LAMP-
OSD assays. OSD fluorescence values measured in real-time 
during LAMP amplification for J2L (panel A) and A26L (panel 
B) LAMP-OSD assays are depicted as amplification curves 
color-coded to indicate the number of synthetic MPXV double 
stranded DNA template copies per reaction. Data are repre-
sentative of three biological replicates. 

To evaluate the amplification kinetics of the J2L and A26L 
LAMP-OSD assays, we seeded several replicate reactions with 
different amounts of synthetic MPXV double stranded DNA 
templates and incubated the assays at 60 °C for 60 min. We ob-
served that OSD fluorescence increased over time in all reac-
tions containing MPXV DNA templates while fluorescence in 
reactions lacking specific templates remained at baseline (Fig-
ure 3). These results indicate that both MPXV LAMP-OSD as-
says could readily detect their specific synthetic DNA templates 
and as few as eight copies of templates yielded a strong OSD 
signal above noise within 30 min. 

Demonstration of the MPXV LAMP-OSD assays on porta-
ble devices 

Having demonstrated the fast amplification kinetics and single 
digit template detection ability of both MPXV LAMP-OSD as-
says, we sought to demonstrate POC amenable implementation 
of the LAMP-OSD assays. Therefore, we tested assay perfor-
mance on two different relatively inexpensive portable devices 
– the GeneTiger (cost: $1500) and the miniPCR16 (cost: $795). 
GeneTiger (https://genetiger.com/) has been customized for 
user friendly portable automation of fluorogenic LAMP-OSD 
assays with cartridge-based parallel operation of 6 independent 
assay tubes and both on-device and cloud-based reporting of 
analyzed test results. It is compact (13 cm x 19 cm x 8 cm; 1.5 
kg) and can be operated for a full day on a single battery. The 

miniPCR16 (https://www.minipcr.com/) has 16-tube capacity 
and is compatible with Mac, PC, android, and iOS for control-
ling operation. It can be easily programmed for single tempera-
ture incubation of LAMP-OSD assays and yes/no results can be 
read at endpoint by visual inspection of presence or absence of 
bright OSD fluorescence using an inexpensive transilluminator.  

To test performance of the MPXV LAMP-OSD assays on a Ge-
neTiger, we assembled several replicate A26L and J2L reac-
tions and challenged them with different amounts of synthetic 
MPXV DNA templates. We loaded these LAMP-OSD reaction 
tubes at positions 0 to 4 of a GeneTiger cartridge, such that re-
actions containing decreasing template amounts were located at 
positions 0 to 3 while the tube in position 4 lacked specific tem-
plates. Following 60 min of amplification at 60 °C the endpoint 
test results called by the GeneTiger indicated tubes 0, 1, 2, and 
3 to be positive and tube 4 to be negative (Figures 4A and 4D).  

 

Figure 4. Performance of MPXV LAMP-OSD assays on a port-
able GeneTiger device. Images of GeneTiger screens displaying 
the automated results for each tube of J2L (panel A) or A26L 
(panel D) LAMP-OSD assay at endpoint are depicted. Number 
of synthetic MPXV double stranded DNA template copies/re-
action tube is indicated in panels B (J2L assay) and E (A26L 
assay). Images of OSD fluorescence in J2L and A26L LAMP-
OSD assay tubes in GeneTiger cartridges taken at reaction 
endpoint using a cellphone camera and a transilluminator are 
depicted in panels C and F. Data are representative of two bio-
logical replicates. 

These automated results corresponded accurately with the pres-
ence or absence of MPXV DNA templates in the assay tubes 
(Figures 4B and 4E). Moreover, as few as eight MPXV DNA 
templates yielded a positive LAMP-OSD result on the Ge-
neTiger. We also visually verified the accuracy of GeneTiger 
results by removing the cartridge from the machine and captur-
ing an image of OSD fluorescence in the tubes using a 
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cellphone camera and a blue light transilluminator. We ob-
served bright green fluorescence in all LAMP-OSD reaction 
tubes that we had seeded with MPXV DNA templates (Figures 
4C and 4F). Meanwhile, reaction tubes lacking specific tem-
plates were as dark as a tube containing water (position 5 on the 
GeneTiger cartridge). These results indicate that MPXV 
LAMP-OSD assays automated on the GeneTiger perform accu-
rately. 

We evaluated assay performance in a miniPCR16 device in a 
similar manner by testing amplification in several replicate 
A26L and J2L LAMP-OSD assays containing either no tem-
plates, human genomic DNA, or different amounts of synthetic 
MPXV DNA templates.  Following 30 min of amplification in 
the miniPCR, when we placed the assay tubes in a blue light 
transilluminator, we observed bright green fluorescence in all 
assay tubes containing MPXV specific DNA templates (Figure 
5). Meanwhile, tubes lacking any templates or containing hu-
man genomic DNA as templates remained dark (Figure 5). 
These results indicate that LAMP-OSD assays perform accu-
rately in a miniPCR machine and can be easily read visually 
using minimal equipment. Overall, these results signify the ro-
bustness of LAMP-OSD, which enables its facile compatibility 
with low resource operation suitable for field-based, POC, and 
even home-based use for actionable diagnostics.   

 

Figure 5. Performance of MPXV LAMP-OSD assays using a 
miniPCR16 machine. Images of endpoint OSD fluorescence in 
A26L (panels A and B) and J2L (panels C and D) LAMP-OSD 
assays performed in a miniPCR16 machine are depicted. Pan-
els A and C are zoomed out images of the assay tubes in a trans-
illuminator while panels B and D show close-up views of the 
same assay tubes. Number of synthetic MPXV double stranded 
DNA template copies/reaction tube is indicated in panels B 
(A26L assay) and D (J2L assay). Data are representative of two 
biological replicates. 

DISCUSSION 

We have demonstrated two LAMP-OSD assays for detection of 
clades 2 and 3 MPXV (also known as the West African MPXV) 
that include the current outbreak strains of MPXV [36]. Both 
assays can readily detect single digit copies of their target DNA 
within 30 min. Furthermore, we demonstrated POC amenable 
operation of both assays using two portable devices - the Ge-
neTiger that automated both assay incubation and readout and 
the miniPCR that held the assays at the amplification tempera-
ture while endpoint readout was obtained visually using a trans-
illuminator. We envision that a real-world implementation of 
this diagnostic platform would require only four user-mediated 
steps (Figure 6). In Step 1, the specimens, such as skin lesion 
samples, would be processed by a short incubation at 95 °C to 

both inactivate the virions and extract viral nucleic acids. 
MPXV is not heat stable and previous reports have demon-
strated the feasibility of detecting Orthopoxvirus DNA by direct 
PCR analysis of heat-treated human and animal specimens 
without needing prior DNA purification [37, 38]. Furthermore, 
compatibility of LAMP-OSD reactions with direct analysis of 
crude biological specimens, such as crushed insects, human sa-
liva, and environmental water, is well-documented [24, 26]. 
Step 2 would involve transfer of an aliquot of the heated sample 
into ready-to-use MPXV LAMP-OSD assays. Freeze-dried 
LAMP-OSD reactions are stable at ambient temperature for at 
least several months and can be used for diagnostic tests simply 
by rehydration with assay buffer and test specimens [28]. In 
Step 3, the user will load the assays onto a portable device to 
initiate assay incubation, and in the last step, depending on the 
device, presence or absence of OSD fluorescence, which is in-
dicative of presence or absence of target nucleic acids, will be 
recorded automatically or manually by visual inspection. Over-
all, these Steps are highly amenable to assays with off-the-shelf 
devices, such as the low-cost and portable GeneTiger or min-
iPCR, and could be readily packaged into a single device de-
voted to the assay. 

 

Figure 6. Proposed steps for implementing MPXV POC diag-
nostics using LAMP-OSD assays. 

As we have previously shown for numerous other diseases and 
biomedical indications, rapid, sequence-specific readout medi-
ated via strand displacement makes LAMP-OSD assays ex-
tremely suitable for point-of-need detection. This is especially 
true in the current MPXV outbreak, given the need to enable 
personal testing options that can run in parallel to the public 
health infrastructure. As MPXV outbreak strains continue to 
evolve, diagnostic surety may be enhanced by composing as-
says into multiplex reactions where OSDs can be used to logi-
cally compute the presence or absence of multiple viral ampli-
cons [23, 26], thereby allowing the same platform to evolve 
along with the virus through simple changes in chemistry.  
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