Open Access Article. Published on 14 May 2021. Downloaded on 12/5/2025 5:56:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2021, 12, 8445

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 1st February 2021
Accepted 14th May 2021

DOI: 10.1039/d1sc00616a

rsc.li/chemical-science

I ROYAL SOCIETY
PPN OF CHEMISTRY

Multiplexed droplet loop-mediated isothermal
amplification with scorpion-shaped probes and
fluorescence microscopic counting for digital
quantification of virus RNAs+

Ya-Ling Tan, A-Qian Huang, Li-Juan Tang® and Jian-Hui Jiang & *

Highly sensitive digital nucleic acid techniques are of great significance for the prevention and control of
epidemic diseases. Here we report the development of multiplexed droplet loop-mediated isothermal
amplification (multiplexed dLAMP) with scorpion-shaped probes (SPs) and fluorescence microscopic
counting for simultaneous quantification of multiple targets. A set of target-specific fluorescence-
activable SPs are designed, which allows establishment of a novel multiplexed LAMP strategy for
simultaneous detection of multiple cDNA targets. The digital multiplexed LAMP assay is thus developed
by implementing the LAMP reaction using a droplet microfluidic chip coupled to a droplet counting
microwell chip. The droplet counting system allows rapid and accurate counting of the numbers of total
droplets and the positive droplets by collecting multi-color fluorescence images of the droplets in
a microwell. The multiplexed dLAMP assay was successfully demonstrated for the quantification of HCV
and HIV cDNA with high precision and detection limits as low as 4 copies per reaction. We also verified
its potential for simultaneous digital assay of HCV and HIV RNA in clinical plasma samples. This
multiplexed dLAMP technique can afford a useful platform for highly sensitive and specific detection of
nucleic acids of viruses and other pathogens, enabling rapid diagnosis and prevention of infectious diseases.

Introduction

Infectious diseases are among the most critical global health
problems."? Current and rapidly evolving public health threats
from HIV to emerging pathogens, including the ongoing
pandemic of COVID-19, have impelled urgent needs of sensi-
tive, fast and cost-effective techniques for nucleic acid detection
(NAD).** Digital NAD (dNAD) techniques hold promise for high-
precision, high-sensitivity and absolute quantification of path-
ogens.”™ Originating from the digital polymerase chain reac-
tion (dPCR) using precise thermal-control instruments,***®
dNAD techniques have evolved to combine isothermal amplifi-
cation reactions, such as rolling circle amplification (RCA),*
recombinase polymerase amplification (RPA)" and loop-
mediated  isothermal amplification (LAMP)."®* These
isothermal dNAD techniques afford advantages of simpler
instruments and faster reactions, enabling a useful point-of-
care (POC) analytical platform for rapid diagnosis and preven-
tion of infectious diseases.
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LAMP is a robust field-amenable and user-friendly technique
for highly efficient nucleic acid amplification.”®?* Some of the
NAD kits based on LAMP have been commercialized for path-
ogen identification.”> Combining the design of microwell arrays
and droplet generators, digital LAMP has also been developed
for the detection of various pathogens.**** However, the specific
amplification chemistry of LAMP creates difficulties in
designing multi-colored fluorescent primers for multiplexed
detection. Slight modifications of primers could significantly
alter its amplification efficiency due to the complex but exqui-
site design of LAMP. Attempts have been made for a few real-
time multiplex/multicolor LAMP techniques, such as MethyL-
ight that uses a fluorophore-labelled loop primer quenched by
neighboring guanine nucleotides,* assimilating or DARQ
probes that use duplex-structured inner primers with terminally
labeled fluorophores and quenchers,* and one-step strand
displacement or mediator displacement probes that use duplex-
structured inner or loop primers with terminally labelled fluo-
rophores and quenchers.***¢ Nevertheless, these multiplexed
LAMP strategies have, to our knowledge, not been demon-
strated for dNAD. The adaptation of multiplexed LAMP to
digital format is quite challenging. In order to achieve accurate
quantification, digital droplet assays typically require highly
specific probes to improve stability against emulsification
reagents and consistently efficient reactions in numerous
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parallel reaction units. Multiplexed LAMP probes that can be
generated according a simple and universal design and have
high stability are advantageous in specificity and efficiency
consistency. However, the above methods either suffer from
limitations of careful redesign of probes according to different
target genes, or have increased susceptibility to non-specific
displacement reactions and substantial reduction of amplifi-
cation efficiency due to coexisting components in the droplet
systems. Moreover, multiplexed detection in single digitalized
units can not only allow simultaneous assays for multiple
nucleic acid targets, but also offer internal control for contam-
inants or experimental conditions. Therefore, development of
new multiplexed dLAMP techniques represents a significant
effort to address the challenges of rapid diagnosis and preven-
tion of infectious diseases.

Here we develop a novel multiplexed droplet LAMP (dLAMP)
technique for the quantification of virus cDNAs using
fluorescence-activable scorpion-shaped probes (SPs) with fluo-
rescence microscopic counting. A real-time multiplexed LAMP
strategy is first proposed by using a set of target-specific
fluorescence-activable SPs as the loop primers. The LAMP
reaction can open the hairpin structure of SP, activating a fluo-
rescence signal of a specified color to indicate the presence of
target DNA. Then, this new multiplexed LAMP is for the first
time integrated with droplets to develop a digital LAMP plat-
form, by implementing the LAMP reaction using a droplet
microfluidic chip coupled to a droplet counting microwell chip.
The droplet counting system allows rapid and accurate count-
ing of the numbers of total droplets and the positive droplets by
collecting multi-color fluorescence images of the droplets in
a microwell. The multiplexed dLAMP assay was successfully
demonstrated for the quantification of HCV and HIV cDNAs. To
our knowledge, it is the first time that the multiplexed dLAMP
technique has been developed using fluorescence-activable SPs
for nucleic acid quantification. This multiplexed dLAMP tech-
nique can afford a useful platform for highly sensitive and
specific detection of nucleic acids of viruses and other patho-
gens, enabling rapid diagnosis and prevention of infectious
diseases.

Results and discussion
Design of the multiplexed dLAMP strategy

The multiplexed dLAMP technique relies on a novel design that
combines a multiplexed LAMP reaction using fluorescence-
activable SPs with a droplet-generating and counting micro-
fluidic platform, as illustrated in Scheme 1. As a proof-of-
principle, the multiplexed dLAMP assay was demonstrated for
the quantification of HCV and HIV cDNAs. To develop the
multiplexed LAMP strategy, we designed a set of target-specific
loop primers using fluorescence-activable SPs (Scheme 1A).
Each SP has a target-specific sequence in the downstream
region and a common hairpin structure in the upstream region
with a BHQ2 quencher plus a fluorescent tag of a prescribed
color. Based on this design, the SPs are all fluorescence
quenched in the intact state, delivering a low fluorescence
background. During the LAMP reaction, each SP acts as the loop
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Scheme 1 (A) Design and reaction of multiplexed LAMP using fluo-
rescence-activable SPs. (B) Design of the multiplexed dLAMP platform
with a microscopic counting system.

primer for amplification of the corresponding target. The
amplification reaction allows opening of the hairpin structure
of SPs and thus activating a fluorescence signal of a specified
color to indicate the presence of the target cDNA. Using the real-
time fluorescence curve recorded for the corresponding colors,
quantification of multiple target cDNA can be achieved. Beyond
the purpose of activatable and multiplexed fluorescence detec-
tion, the scorpion-shaped design has a unique advantage of
increasing the stability of the probes due to intramolecular
folding. And it is shown that it does not reduce the amplifica-
tion efficiency. Although the synthesis of double labels in
primers would slightly increase the cost for each assay, it affords
a universal reporter, as it is simply obtained by extending the
loop primer at the 3’ terminal with a fixed hairpin structure with
no need of optimization for any target gene or primer sets.
Therefore, our strategy allows simpler assay design with easy
implementation for various targets, more consistent amplifi-
cation efficiency and better stability, which allows its adaptation
to digital assays.

Based on the developed multiplexed LAMP technique, we
then establish a digital droplet platform using a droplet
microfluidic chip coupled to a droplet counting microwell chip
(Scheme 1B). The multiplexed LAMP reagents are digitalized
into picoliter-sized droplets using a Y-shape generator and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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delivered into a droplet counting microwell (Fig. S1t). After
incubation to allow completion of the LAMP reaction, the
droplets are counted using a fluorescence microscopic system
in the specified fluorescence channels. A green fluorescent dye,
fluorescein, is introduced into the LAMP reagents, which facil-
itates accurate counting of the total droplets from the green
fluorescence image. Rhodamine and Cy5 are used as the fluo-
rescent tags in the SPs for HCV and HIV cDNA, respectively.
Hence, the HCV and HIV cDNA positive droplets are counted
from the orange and near infrared (NIR) fluorescence images,
respectively. Compared to traditional flow counting platforms
which have large variability and more working time, and
microscopic counting platforms which require separate differ-
ential interference contrast imaging of the total droplet
number, our fluorescent counting design allows facile and
reproducible counting of the total droplet number and the
positive droplets. In addition, the presented dLAMP has other
advantages such as improved detection precision, improved
resistance to polymerase inhibitors and the capability of abso-
lute quantification of cDNA targets without the need of stan-
dard samples, making the dLAMP technique a useful platform
for ultrasensitive nucleic acid quantification.

Multiplexed SP-based LAMP assay for HCV and HIV cDNAs

We firstly developed a multiplexed LAMP strategy for simulta-
neous detection of HCV and HIV cDNAs. Two sets of LAMP
primers with SP-based loop primers were designed separately
(Table S1t). The optimized reaction temperature of the multi-
plexed LAMP assay was found to be 64 °C (Fig. S2t). To test the
specificity of these two sets of primers, we performed gel elec-
trophoresis analysis of the amplification products for samples
in the presence of a single cDNA component or both cDNA
components (Fig. 1A). As anticipated, with the HCV primer and
SP set we only obtained ladder-like bands with large molecular
weights for HCV ¢DNA containing samples, with no amplifica-
tion products obtained for samples without cDNA or only con-
taining HIV c¢DNA. Likewise, with the HIV primer and SP set
amplification products appeared for samples containing HIV
c¢DNA, and no amplification products were obtained for
samples without cDNA or only containing HCV cDNA. This
result validated the specificity of the primer and SP sets for HCV
and HIV c¢DNAs. To further examine its ability for detecting
complex samples, multiplexed LAMP was used for the detection
of HeLa cell genomic DNA, and cDNAs reversely transcribed
from extracted RNAs in HCV or HIV-infected plasma samples
(Fig. 1B). The gel electrophoresis image displayed clear ampli-
fication products for HCV-infected and HIV-infected plasma,
with no amplification products for HeLa cell genomic DNA. This
observation confirmed the specificity of multiplexed LAMP for
HCV or HIV ¢DNA detection.

Then, the specificity of multiplexed LAMP was investigated
using real-time fluorescence curves obtained for TAMRA and
Cy5, respectively, throughout the reactions. The real-time fluo-
rescence curve in the TAMRA channel showed a typical
sigmoidal curve with a point of inflection (POI) of 25.7 min for
a sample containing only 1 fM HCV c¢DNA (Fig. 1C). By contrast,
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Fig.1 Multiplexed SP-based LAMP assay for HCV and HIV cDNAs. (A)
Gel image of amplified products obtained using different primer sets.
(B) Gel image of mLAMP products, marker (M), blank (1), HelLa cell
genomic DNA (2), HCV cDNA (3), cDNA from HCV-infected sample (4),
HIV cDNA (5), cDNA from HIV-infected sample (6), HCV and HIV cDNA
(7). Real-time fluorescence curves of multiplexed LAMP detecting HCV
and HIV cDNA for TAMRA (C) and Cy5 (D), respectively. Real-time
fluorescence curves of multiplexed LAMP reactions at various
concentrations for HCV (E) and HIV cDNA (F), respectively.

no apparent inflection of fluorescence response appeared in the
TAMRA channel for a sample containing only 1 fM HIV cDNA.
We also did not obtain remarkable fluorescence signal inflec-
tion in the reaction with genomic DNA of HeLa cells and
Staphylococcus aureus. This result verified that the fluorescence
curve in the TAMRA channel was a specific indicator for the
presence of HCV cDNA. Moreover, in the assay for a sample
containing 1 fM HCV ¢DNA and 1 fM HIV ¢DNA, we obtained
a POI of 26.3 min, which slightly deviated from that for 1 fM
HCV cDNA. A further statistical test of three repetitive assays for
1 fM HCV cDNA and 1 fM HCV cDNA plus 1 fM HIV ¢cDNA
showed insignificant deviations of POI between two sets of
assays. This finding implied that the fluorescence curve in the
TAMRA channel was highly specific for detecting HCV cDNA,
and the presence of HIV cDNA had no interference with the
detection of HCV ¢cDNA. The fluorescence curves obtained in the
Cy5 channel also displayed high specificity for detecting HIV
c¢DNA, and the presence of HCV cDNA had no interference with
its detection (Fig. 1D). Together, these results suggested the
specific amplification and detection of HCV and HIV cDNAs
using the multiplexed LAMP method.

The multiplexed LAMP assay was further applied to the
detection of cDNA reversely transcribed from extracted RNA of
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three plasma samples from an HCV-infected but HIV-
noninfected patient, an HIV-infected but HCV-noninfected
patient, and a volunteer noninfected with HCV or HIV
(Fig. S31). We found that the HCV-infected sample gave a POI of
23.7 min in the fluorescence curve in the TAMRA channel with
no infection in the fluorescence curve in the Cy5 channel. The
HIV-infected sample gave a POI of 34.6 min only in the fluo-
rescence curve in the Cy5 channel, and no infection appeared in
the fluorescence curve in the two channels for the non-infected
specimen. These results implied the potential of our multi-
plexed LAMP assay for specific detection of HCV or HIV infec-
tions for clinical diagnosis. The multiplexed LAMP assay was
further investigated for its ability to quantitatively detect HCV
and HIV c¢DNAs. We found that the real-time fluorescence
curves in the two channels gave POIs dynamically correlated
with HCV and HIV cDNA concentrations in the range from 1.0 x
10" to 1.0 x 10 '® M, respectively (Fig. 1E, F and S4t). The
detection limits were estimated to be 5 x 107'®* M and 7 x
10~'® M for HCV and HIV ¢DNAs, respectively, which were also
the lowest target concentration that can be 100% detected in
four repetitive assays. A closer interrogation revealed that use of
the SPs to replace the corresponding loop primers had little
effects on the amplification (Fig. S51). This finding suggested
that the SP provided a useful design of the multiplexed LAMP
assay.

Multiplexed dLAMP assay for HCV and HIV cDNAs

We then explored the possibility of using the multiplexed LAMP
assay for the development of the multiplexed dLAMP platform
for simultaneous digital detection of HCV and HIV cDNA.
According to the multiplexed LAMP design, the droplets with
orange and red fluorescence were positive for HCV and HIV
cDNA, respectively. Moreover, we introduced fluorescein into
the LAMP reaction reagent such that all the droplets could be
detected using green fluorescence through fluorescence
imaging in the droplet counting microwell. The fluorescein
staining of droplets facilitated our counting of the entire
droplets. To collect the fluorescence image of the whole
microwell, 300 small images were scanned and combined into
the large image. From the green fluorescence image in the
fluorescein channel, we observed monodisperse droplets with
an average diameter of ~50 um (Fig. S6 and S77). After thorough
optimization of the reaction time, we found that the counting of
positive droplets became stabilized after 60 min (Fig. S8t). With
the optimized reaction time, we obtained typical small fluo-
rescence images in fluorescein, TAMRA and Cy5 channels for
two samples containing 600 copies per pL of HCV ¢DNA and
HIV cDNA, respectively (Fig. 2A and B). The droplets were
readily detected in the green fluorescence images, with high
mono-dispersity and uniform size. In the orange and NIR
fluorescence images, most of the droplets exhibited very weak
fluorescence, and only a small number of fluorescent droplets
were detected. A closer examination of fluorescence intensity
profiles was performed for one of the bright fluorescent droplets
(Fig. 2C). We observed intense fluorescence profiles in the
fluorescein channel for both droplets, but intense fluorescence
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Fig. 2 Multiplexed dLAMP assay for HCV and HIV cDNAs. (A and B)
Fluorescence images of the multiplexed dLAMP reaction for HCV and
HIV cDNA in different channels. Scale bar: 200 um. (C) Fluorescence
intensity profiles of the HCV positive droplet and HIV positive droplet,
respectively. (D) The corresponding counting numbers of fluores-
cence droplets with HCV and HIV cDNA, respectively.

profiles in TAMRA and Cy5 channels were merely obtained in
the HCV cDNA positive and HIV cDNA positive samples,
respectively. This result verified that bright fluorescent droplets
in the orange image implied the presence of HCV ¢cDNA, while
bright fluorescent droplets in the NIR image implied the pres-
ence of HIV ¢cDNA. We then conducted a further quantitative
analysis of the large fluorescence images of the two HCV and
HIV ¢cDNA samples (Fig. 2D). For the HCV ¢cDNA sample, 61 282
droplets were counted in the FITC channel, no droplets were
found to display appreciable Cy5 fluorescence, implying high
specificity of the multiplexed LAMP reaction. Droplets with
bright TAMRA fluorescence were counted as 1095, indicating
1.79% of the percentage of HCV-positive droplets, p. According
to the Poisson distribution, the copy number of HCV cDNA
could be calculated by the equation m = n x In[1/(1 — p)],*’
where 7 is the total number of droplets. Hence, we expected that
there was 1105 copy number of HCV cDNA in the sample input
to the droplet generator. The total volume of the sample was
estimated using V = n/2 x V4 where V4 was the droplet size.
Then, the concentration of HCV ¢cDNA was calculated to be 551
copies per pL in the sample, indicating a detection efficiency of
91.8% for the multiplexed LAMP reaction. Similarly, for the HIV
c¢DNA sample the number of green fluorescent droplets was
60 032 and NIR fluorescent droplets were 1079, suggesting
1.80% of HIV-positive droplets in all the droplets. Therefore, the
expected copy number of HIV ¢cDNA was in the input sample,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and the concentration of HIV cDNA was 555 copies per pL with
a detection efficiency of 92.5%. These imply the ability of the
multiplexed dLAMP for simultaneous absolute quantification of
multiple nucleic acid analytes.

Then, the ability of multiplexed dLAMP for quantitative
digital detection HCV and HIV ¢cDNA was evaluated (Fig. 3A, B
and S9, Table S2f). With samples containing increasing
concentrations of HCV and HIV c¢cDNA, we obtained increased
counts of positive droplets in the fluorescence images. The
estimated copy numbers for HCV and HIV ¢cDNA were in good
consistency with the actual copy numbers of cDNA targets in the
samples from 12 copies to 1200 copies (Fig. 3C and D). A
detection limit of 4 copies was estimated for both HCV and HIV
c¢DNA according to triple standard deviation over the average
count in four repetitive assays for the blank samples (Table S37).
Moreover, multiplexed dLAMP was found to have comparable
reliability and precision with digital PCR.**® In four repetitive
assays, the relative error was —2.51% and —2.03% for 1200
copies of HCV and HIV, respectively, and coefficients of varia-
tion (CV) of range from 12 to 1200 copies were below 16.57%.
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Fig.3 Multiplexed dLAMP for quantitative digital detection of HCV and
HIV cDNA. (A and B) Fluorescence images of the quantification of
various concentrations of HCV and HIV cDNA using multiplexed
dLAMP, respectively. Scale bar: 200 um. (C and D) Relationship
between the estimated copy numbers for HCV and HIV cDNA with the
actual copy numbers of cDNA targets in the samples from 12 copies to
2400 copies. Error bars are standard deviations of four repetitive
experiments.
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These results demonstrated high sensitivity and superb preci-
sion of multiplexed dLAMP for the quantification of nucleic
acids.

Multiplexed dLAMP for simultaneous quantitation of samples
containing two cDNA targets

Next, we investigated the performance of multiplexed dLAMP
for simultaneous quantitation of samples containing both
cDNA targets. For a sample containing 120 copies per pL HCV
c¢DNA and 120 copies per uL HIV cDNA, the positive droplets
were counted to be 227 for HCV ¢cDNA and 224 for HIV cDNA
among the total 60 738 droplets, with estimated copy numbers
being 228 copies and 225 copies for HCV ¢cDNA and HIV cDNA,
respectively (Fig. 4A). The concentrations of HCV and HIV ¢cDNA
were calculated to be 115 copies per uL and 113 copies per pL in
the sample, indicating a detection efficiency of 95.8% and
94.2%, respectively. For a sample containing 120 copies per puL
HCV cDNA and 1200 copies per uL HIV ¢cDNA, there were 226
HCV positive droplets and 2197 HIV positive droplets in the

Cy5 TAMRA FITC

Merge
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Fig. 4 Multiplexed dLAMP for simultaneous quantitation of samples
containing two cDNA targets. (A) 120 copies per uL HCV cDNA and 120
copies per pL HIV cDNA. (B) 120 copies per pL HCV cDNA and 1200
copies per puL HIV cDNA. (C) 1200 copies per uL HCV and 1200 copies
per uL HIV cDNA. Scale bar: 1000 um.
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total 61 746 droplets (Fig. 4B). These found cDNA copy numbers
exhibited little discrepancy from the actual values. A similar
quantification result was obtained for the sample containing
1200 copies per nL HCV and 1200 copies per pL HIV cDNA with
2162 HCV positive droplets and 2239 HIV positive droplets in
the total 60 237 droplets (Fig. 4C). Interestingly, we found one
droplet containing both HCV ¢cDNA and HIV ¢DNA, for which
the fluorescence images displayed intense profiles in both
TAMRA and Cy5 channels (Fig. S107). The results demonstrated
the ability of the multiplexed dLAMP strategy for simultaneous
and precise quantification of HCV and HIV cDNAs.

Furthermore, we explored the potential of the multiplexed
dLAMP strategy for the quantification of HCV and HIV viruses
in clinical plasma samples. In the assays, 16 plasma samples
were obtained from The Third Xiangya Hospital of Central
South University, with RNA extracted and cDNA obtained using
a commercialized reverse transcription kit. The assays were
performed in a double-blind experiment with no qPCR result
labelled to the samples, and the samples were tested indepen-
dently using the dLAMP assay. The results of qPCR and dLAMP
were directly compared to evaluate the performance of the
dLAMP method. The copy numbers of HCV and HIV viruses
found using multiplexed dLAMP assays showed deviations
ranging from —20% to 2.5% from those obtained using qPCR
(Table S4 and Fig. S11-S147). These results implied the promise
of the multiplexed dLAMP strategy for highly sensitive quanti-
fication of HCV and HIV viruses in complicated clinical
samples.

Conclusions

We have developed a multiplexed droplet LAMP assay (dLAMP)
strategy for simultaneous quantification of multiple nucleic
acids. The dLAMP strategy relied on a set of scorpion-shaped
loop primers for isothermal amplification, a droplet micro-
fluidic chip for droplet generation, and a droplet counting
microwell chip for enumerating the positive droplets. The
multiplexed dLAMP strategy was successfully demonstrated for
the quantification of HCV and HIV ¢cDNA with high precision
and detection limits as low as 4 copies. This strategy also
demonstrated the potential for the simultaneous digital assay of
HCV and HIV RNA in clinical plasma samples. Combination of
the small fluorescence imaging module and the presented
dLAMP will make it possible to develop a multiplexed dLAMP
platform for POC applications. This multiplexed dLAMP tech-
nique can afford a useful platform for highly sensitive and
specific detection of nucleic acids of viruses and other patho-
gens, implying its potential for rapid diagnosis and prevention
of infectious diseases.
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