’ y ROYAL SOCIETY
. . OF CHEMISTRY
Sensors & Diagnhostics -

View Article Online

View Journal | View Issue

Simultaneous on-site visual identification of
norovirus Gl and Gll genogroups with point-of-
care molecular lateral flow stript
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Norovirus (NoV) possesses a significant risk for outbreaks of acute gastroenteritis all over the world. In this
study, a visual genogroup identification method was demonstrated for the rapid and simultaneous
screening of high-risk human NoV Gl and Gl based on a well-integrated platform using multiple
polymerase chain reactions (mPCR) and lateral flow strips (LFS). Different tagged primer sets are designed
for the simultaneous amplification of NoV Gl and Gll, amplicons of both genogroups can be visually judged
with molecular LFS. The high amplification efficiency of PCR and the simplicity of LFS were well integrated
for the on-site simultaneous identification of NoV Gl and Gl genogroups. The whole identification process
can be completed in 1 hour with a visual limit of detection (vVLOD) as low as 6 copies/reaction (25 ulL). The
identification performance was evaluated by the detection of clinical samples of NoV Gl and Gll and
satisfactory results were achieved for the simultaneous genogroups identification of NoV. This molecular
LFS method holds great promise for wide applications in the rapid screening of acute outbreaks of
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1. Introduction

The notorious pathogenic norovirus (NoV, also known as
Norwalk-like ~virus)," which frequently causes acute
gastroenteritis, inflammation, and diarrhea, is a major and
severe threat to public health.” As a genetically diverse RNA
virus, noroviruses can be classified into distinct genogroups
(GI-GX) based on the amino acid diversity of the VP1 gene
and the nucleotide diversity of the RNA-dependent RNA
polymerase (RARp) region of ORF1.> Each genogroup can be
divided into different genotypes. For example, NoV I has eight
genotypes. Among all the genogroups, GI, GII, GIV, GVII, and
GIX can induce human-specific illness,® with GI and GII being
the predominant genomes responsible for causing infectious
diarrhea in humans.® Currently, they account for more than
90% of outbreaks in food safety accidents, and over 50% of
all diarrheal diseases are caused by NoV.” The transmission
of NoV can occur through different routes, including the
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pandemics in resource-limited settings.

ingestion of contaminated water or food, direct contact, or
inhalation of aerosols.* It is reported that the viral titer of
NoV in feces and vomitus samples (10° to 10° particles per
gram) is much higher than the dose of infection that causes
the disease (18 to 1000 viral particles).®” Meanwhile, the
infected patients could be the potential new transmission
source of NoV infection.*® The transmission could continue
for four to eight weeks even after the recovery of the infection.
Therefore, timely screening and identification of NoV and the
detailed genogroups could help in avoiding the spreading of
NoV and providing effective pandemic control measures.

Traditionally, many methods have been developed for
detecting NoV, including electronic microscopy,'® enzyme-
linked immunosorbent assay (ELISA),"" antibody-based
immune detection,"” microfluidic system,”® and DNA
aptamer sensors.'* Some of them have already been
successfully commercialized as kits or devices for practical
analysis.”® Although the application of these methods has
partially solved the dilemma of NoV detection to a certain
extent.'® The high cost, strict sample treatment
requirements, complicated operation procedures, and long
detection time of methods make them not suitable for on-
site screening or in resource-limited settings.'” Developing a
simple and easy resultjudged method for the on-site
screening of NoV and genogroups identification is of great
importance for the timely response and effective control of
NoV outbreak.
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It is widely acknowledged that polymerase chain reaction
(PCR) is a well-known and powerful technique in molecular
biology that has successfully overcome many limitations of
traditional methods.'® PCR and various other classical-PCR-
based protocols have been widely used in the field of NoVv
detection due to their exceptional stability and high efficiency
in the exponential amplification of target genes."® However,
the post-analysis of PCR amplification results has been
limited to a few protocols, such as agarose gel
electrophoresis, microplate hybridization, PCR-ELISA, or
specialized amplicon testing equipment. Although the
fluorescence quantitative PCR (qPCR) can display amplified
results in real-time fluorescent signals,?® it has failed to be
utilized in several key aspects, such as resource-limited
settings and on-site detection, due to the requirement of
costly reagents, advanced instruments, and skilled
operators.”" An easy to read and perform route for reporting
the signal of traditional PCR is urgently needed for the on-
site rapid screening of NoV.

Lateral flow strip (LFS) is one such technique, which has
been widely applied in the field of rapid diagnostic,*
environmental protection, and food safety guarantee®** due
to its advantages, including easy operation,>*® lower cost,
and short detection time.>’*> Besides, for LFS, compared
with other labeling protocols with different functional

materials,**** gold nanoparticles (AuNPs) are still the most
commonly adopted labeling materials for its mature
35-39

conjugation protocols with recognition molecules.

In this study, LFS was adopted as the signal reporting
strategy to be integrated with the multiple PCR for rapid and
on-site screening of NoV and the simultaneous identification
of both GI and GII genogroups. With the careful optimization
of primer sets for both GI and GII without cross-interference
and the design of primer sets for producing functional
amplicons, the simultaneous and on-site screening of GI and
GII genogroups can be achieved by naked-eye observation in
less than 1 hour, which can well guarantee the rapid
identification of NoV contamination and effectively control
the outbreak of NoV.

2. Materials and methods

2.1 Reagents and apparatus

Chloroauric acid tetrahydrate (HAuCl,-4H,0), polyethylene
glycol 20000 (PEG 20000), and sucrose were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Human serum albumin (HSA) was purchased from the
Biodee Inc. (Beijing, China). Conjugate pads, sample pads,
polyvinyl chloride (PVC) adhesive backing pads, absorption
pads, and nitrocellulose (NC) membranes were purchased
from the Jie-Ning Biotech. Co., Ltd. (Shanghai, China).
Streptavidin (SAV), Tris-HCl solution (pH 8.0), Taq DNA
polymerase, Pfu DNA polymerase, 4S Red Plus nucleic acid
stain (1000x), 1x PBS buffer, agarose, and dNTP were
purchased from Sangon Biotech Co., Ltd. (Shanghai, China).
Fluorescein isothiocyanate (FITC) antibody and digoxin

1502 | Sens. Diagn., 2023, 2, 1501-1508

View Article Online

Sensors & Diagnostics

antibody were purchased from Jackson ImmunoResearch
Laboratories Inc. (Pennsylvania, USA). HiScript III 1st Strand
c¢DNA Synthesis Kit (+gDNA wiper) was purchased from
Vazyme Biotech Co., Ltd. (Nanjing China). All primer sets
(detailed information of the oligonucleotide sequence in
ESL} Table S1) and recombinant plasmids containing NoV GI
and NoV GII DNA were ordered and synthesized by General
Biosystems Co., Ltd. (Anhui, China).

2.2 Preparation of AuNPs and the AuNP-antibody conjugates
for multiple molecular LFS of NoV

The preparation of gold nanoparticles (AuNPs) was heavily
based on our previously reported protocol.’” Typically, 50 mL
of chloride gold acid with a concentration of 0.01% (w/v) was
boiled in a flask with continuous stirring. Then, 900 uL of
1% (w/v) sodium citrate was quickly injected. After 2 min of
continuous stirring and heating, the mixed solution color
turned from yellow to black, and finally to stable wine-red.
The heating of the mixture was stopped and the stirring was
continued for another 5 min. After cooling to room
temperature, the obtained AuNPs were stored at 4 °C for use.
The prepared AuNPs were characterized using transmission
electron microscopy (TEM) and the results can be found in
Fig. S1.7

For the preparation of AuNP-antibody conjugates, 10 uL
of 1 mg mL™ FITC antibody was added to the colloidal
AuNP solution, the pH of which was adjusted to a suitable
value with 0.1 mol L' K,CO;, and the mixture was
incubated for 1 hour at room temperature. 10% HSA was
then added and reacted for another 30 min to block the
unreacted sites of AuNPs and to avoid non-specific
adsorption. After centrifugation at 8600 rpm for 10 min,
the sediment was re-dissolved in 100 pL 10% HSA solution,
and the obtained AuNP-antibody conjugates were sprayed
onto the conjugation pad and dried overnight at 27 °C for
the assembly of LFS.

2.3 Designing and assembly of the multiplex molecular
lateral flow strip for identification of NoV genogroups

LFS has five main components with an overall size of 3 mm x
60 mm. The sample pad was pretreated with buffer A (0.05 M
Tris-HCl, 0.15 M NaCl, 0.25% Triton X-100). The conjugate
pad for loading AuNP-antibody conjugates was pretreated
with buffer B (10 mM PB, 5% sucrose, 1% trehalose, 0.3%
Tween-20, and 0.25% PEG 20000, pH 7.4). The NC membrane
was sprayed with two test (T) lines and one control (C) line
while SAV was sprayed on the T, line, Dig antibody on the T,
line and the goat-anti-mouse second antibody on the C line,
respectively. A plastic backing card serves as the substrate for
assembling the sample pad, conjugate pad, nitrocellulose
membrane, and absorbent pad in sequence. To ensure
successful migration of the sample solution, each pad should
overlap with adjacent pads of 2 mm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4 Performance evaluation of the multiplex molecular LFS
for NoV detection

Two different recombinant NoV plasmids of GI and GII were
diluted with the concentration of 6 x 10°, 6 x 10>, 6 x 10%, 6 x
10%, 6 x 10% 6 x 10", and 6 x 10° copies per uL. PCR was
performed under optimized conditions in a total volume of
25 pL, including 1 pL of NoV plasmids with different
concentrations, 240 nM of primer set of GI-F/GI-R, 240 nM of
primer set of GII-F/GII-R, 0.2 mM of dNTP, 3 U Pfu DNA
polymerase, and 1 U Taq DNA polymerase. 2.5 uL of PCR
buffer was added, which contained 0.1 M KCl, 0.1 M (NH,),-
SOy, 0.2 M Tris-HCI (pH 8.8), Triton X-100 (1% w/v), 20 mM
MgSO,, and 25 mM MgCl,. PCR was performed under the
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following conditions: denaturation at 95 °C for 5 min,
followed by 35 cycles of denaturation at 94 °C for 8 s,
annealing at 54 °C for 5 s, and extension at 66 °C for 10 s.
The final extension was performed at 66 °C for 5 min.
Ultrapure deionized water without a target template was
adopted as the control for amplification. Afterward, the
obtained PCR amplicons of both NoV GI and GII were
confirmed with 2% agarose gel electrophoresis using 1x TBE
as the running buffer and 4S Red Plus as the nucleic acid
dye. Meanwhile, 5 pL of amplicons and 50 pL of 1x PBS were
dropped onto the sample pad of LFS for on-site visual
observation. If the amplicons of the target template could
induce the observable optical signal on the T line, the lowest
concentration of the target template could be treated as the
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Fig. 1
for simultaneous detection of amplicons of NoV Gl and Gll.
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(A) The schematic diagram of rapid and simultaneous identification of NoV Gl and Gll; (B) the schematic principle of the lateral flow strip
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visual limit of detection. Furthermore, the optical signals on
the T line can be treated with Image] (NIH, US) and the
calibration curve can be constructed for semi-quantitative
analysis.

2.5 Practical detection of norovirus in real clinical samples

All clinical samples of NoV used in the research were
collected and treated in Anhui Provincial Center for Disease
Control and Prevention, China, and the measurements of
the clinical samples were performed in the Biosafety L-2
labs. Briefly, the patients’ stools were collected in 2 mL
saline and further diluted with sterile PBS to make the
10% suspension. After vigorous shaking, the mixture was
centrifuged at 8000 rpm for 5 min, and 300 pL of the
supernatant was taken to extract the RNA by automatic
nucleic acid extractor (Taiwan Dot Nano Technology Co.,
Ltd) (Taiwan China). Subsequently, RNA was incubated at
65 °C for 5 min according to the instruction of HiScript III
1st Strand cDNA Synthesis Kit (+gDNA wiper), and each
component of the kit was added to the centrifuge tube in a
certain proportion. Finally, the whole mixture
incubated at 37 °C for 15 min. Then, the reverse transcript
products were analyzed using real-time PCR and the visible
multiplex molecular LFS. The detection results of both
methods were compared to verify the performance of the
visible multiplex LFS for the screening of NoV and precise
simultaneous identification of GI and GII genogroups.

was

A AGE based amplification of primer templates
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3. Results and discussion

3.1 Design principle of the multiplex molecular LFS for
simultaneous visual genogroups identification of NoV GI and
GII

The on-site screening of NoV and precise genogroup
identification with the visible multiplex molecular LFS is
schematically demonstrated in Fig. 1A. In the presence of GI
or GII types of NoV, with the designed primer sets for both
GI (FITC- and biotin-labeled) and GII (FITC- and Dig-labeled),
both genogroups of NoV can be simultaneously amplified
without cross-reactivity and then dropped onto the molecular
LFS for on-site visible analysis. Two different amplicons of GI
and GII could be simultaneously recognized by different
recognition systems and captured onto the T, and T, line in
the sandwich model (Fig. 1B), respectively. With the
distinguishable colorimetric signals on the T; and T, lines,
the positive results of GI or GII can be visibly judged easily.
The precise identification of GI or GII genogroups can be
guaranteed from two aspects: (1) the designed and optimized
primer set for the specific amplification of different
templates of the GI or GII genogroups; (2) SAV on the T; line
for the capture of GI amplicons while the Dig-antibody on
the T, line for the capture of GII amplicons, respectively. The
AuNP-FITC-Ab acts as the universal tag for signal production
on both T; and T, lines. Meanwhile, regardless of the
presence of NoV GI/GII, the AuNP-FITC-Ab could be captured
onto the C line of LFS, demonstrating the validity of each
detection (all results in Fig. 1B).

B LFS based dsDNA amplicons visualization

F/Rai . . ‘

F/Ran .
Ta . . .
Ta @ ® ®

) 3 1 \ G 8 0 10)
C line W—— — el
NoV GII
T, line
T, line
NoV GI

Fig. 2 Feasibility verification results. (A) Agarose gel electrophoresis (AGE) and (B) LFS analysis of the mPCR amplicons produced from primer sets
and DNA templates. 1-3: the primer set of NoV Gl (1: blank, 2: NoV GI template, 3: NoV Gll template), 4-5: the primer set of NoV Gll (4: blank, 5:
NoV Gl template, 6: NoV Gll template), 7-10: the primer sets of NoV Gl and NoV GllI (7: blank, 8: NoV Gl template, 9: NoV Gll template, 10: NoV Gl

and NoV Gl templates).
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3.2 Feasibility evaluation of the designed visible multiplex
molecular LFS for NoV screening

As mentioned above, the precise identification of GI and GII
genogroups of NoV was strongly dependent on the designed
primer sets. Simultaneous amplification results were first
confirmed by the traditional 2% agarose gel electrophoresis
(Fig. 2A). Results in Fig. 2A well indicate that the GI (bands
at 330 bp) and GII (bands at 132 bp) can be simultaneously
amplified in the same pot without any cross-reactivity,
guaranteeing the simultaneous identification of GI and GII
genogroups of NoV.

Then, specific visible measurements of the multiple
amplicons of GI and GII were performed with the designed
multiplex molecular LFS, as shown in Fig. 2B. Corresponding
to the results in Fig. 2A, a single amplicon of GI can be
visually measured in strip 2 and 8 with the obvious signal on
the T; line while GII can be measured in strip 6 and 9 with a
signal on the T, line. The amplicons of both GI and GII can
be simultaneously measured in strip 10 with the signals on
both the T; line and T, line. Comparatively, these visible
detection results of molecular LFS are in total agreement with
those of traditional agarose gel electrophoresis. All results
strongly demonstrate that this designed multiplex molecular
LFS can be adopted and applied for the on-site screening of
NoV and the precise identification of different genogroups of
NoV.

3.3 Condition optimizations of both molecular amplification
and visible LFS detection

To achieve the best detection performance of this multiplex
molecular LFS for on-site NoV screening and precise

A Concentration of NoV GI/GII (6* copies/uL)
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genogroup identification, many parameters should be
optimized. For the simultaneous amplification of different
target templates, the comparable amplification efficiency of
the two target templates with different primer sets should be
ensured hence the annealing and extension temperatures
were carefully optimized to 57 °C and 66 °C, respectively.
Meanwhile, the concentrations of primer sets for both GI and
GII genogroups were also considered and 240 nM was treated
at the optimal concentration for both primer sets (detailed
optimization results in Fig. S1 and S2f). Conditions of
molecular LFS for the amplicons’ measurements were also
investigated. The standards for the evaluation of detection
performance of LFS, including the detection limit, the signal
quality, and the variation trends of the T lines, were
considered. 10 uL of FITC antibody for the conjugation with
1 mL AuNPs solution and 6 pL of AuNP-FITC antibody
conjugates for the preparation of the conjugation pad were
chosen. Besides, concentrations of recognition molecules on
the T; (SAV) and T, (Dig antibody) lines were also optimized
as 2 mg mL ™" and 0.8 mg mL ™", respectively (detailed results
in Fig. S31).

3.4 Analytical performance of constructed strategy for Nov
screening and genogroup identification

Under all optimized conditions, standard plasmid templates
of NoV GI and GII were adopted for detection at different
concentrations. Both the electrophoresis and LFS results were
demonstrated in Fig. 3. On one aspect, the bands referring to
the NoV GI (330 bp) and NoV GII (132 bp) were all well
presented in the gel, indicating the successful amplification
of different target templates. Besides, it is also noted that

Concentration of NoV GI/GII (6* copies/uL)

C line

NoV GII

T, line

T, line

NoV GI

1173334

C line

T, line

|

T, line

Fig. 3 Visual responses of mPCR-LFS for multiple testing of NoV Gl and NoV Gll varied concentrations (copies per pL). From left to right: 0, 6 x
10°, 6 x 10%, 6 x 102, 6 x 10°, 6 x 10%, 6 x 10°, 6 x 10° copies per uL. (A) The results of agarose gel electrophoresis to increasing concentrations of
NoV Gl and NoV Gll. (B) The changed of concentrations were analyzed by LFS and Imaged.
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with the increase of added template concentration from 0 to
10° copies per pL in each reaction (25 pL), the optical
intensity of the bands in the gel increases accordingly.
Interestingly, for the LFS results in Fig. 3B, we can get similar
results to those of the electrophoresis. For the blank group,
there is no signal on both T; and T, lines; the more
templates in the sample, the stronger the signal intensities
on both T; and T, lines. The signal response was also in the
rule of the electrophoresis. It is also that, for both NoV GI
and GII, even at the concentration of 6 x 10° copies per
reaction, the optical signal on T line can be easily
distinguished from the blank group by naked-eye
observation, which is at least comparable to the traditional
electrophoresis analysis and better than some reported
methods (detailed comparison results in Table S27).
Therefore, the visual LOD (vLOD) was treated 6 x 10° copies
per reaction for both genogroups of NoV. More importantly,
the simultaneous screening and identification of NoV GI/GII
genogroups are achieved on the same lateral flow strip
without any cross-interference. The optical signals on T lines

View Article Online
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were treated with the Image] and the corresponding peak
images were shown in Fig. 3B. Furthermore, the calibration
curves for NoV I and II were constructed, as shown in Fig.
S7F The LOD for NoV I and NoV II were calculated as 6.009
copies per reaction and 1.697 copies per reaction,
respectively, based on the 3o¢/s rule, in which ¢ was the
standard deviation of the parallel measurements and s is the
slope of the calibration curve.

Besides, the specificity of the designed multiplex
molecular LFS was investigated with other common bacteria
or viruses as control. As the results shown in Fig. 4, with the
designed amplification system and LFS, only the target NoV
GI and GII can induce the observable signals on LFS while
other common bacteria or viruses do not induce any signals,
indicating the excellent specificity of the designed strategy.
Traditional electrophoresis results are also shown in Fig. 4,
which further confirms the specificity of the newly designed
method. This excellent specificity of this visible on-site
screening strategy could be attributed to the well-designed
and optimized primer sets for both NoV GI and GII and also

=
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g @ o s 7 8
J 5 5 & §
g § & & &
%) < X Y

C line
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C line
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Fig. 4 Specificity test of mPCR-LFS strategy with viral targets. From left to right: blank, NoV Gl and NoV Gll, NoV GI, NoV Gll, SARS-CoV-2
ORFlab, SARS-CoV-2 N, influenza A HIN1 (A HiNI), influenza A H3N2 (A H3N2), influenza B Victoria (B/Victoria), influenza B Yamagata (B/

Yamagata).
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Fig. 5 mPCR-LFS based identification results of NoV GI/Gll in real clinic samples.

the better specificity of the optimized LFS for visible
measurements.

3.5 Practical rapid screening and identification of NoV GI
and GII in real clinical samples

Finally, this designed multiplex molecular LFS was adopted
for the practical NoV screening and visual identification of GI
and GII genogroups. 15 collected clinical samples were
amplified and visually measured with the developed method.
From the results shown in Fig. 5, it can be observed that 14
samples were measured and judged as positive for NoV while
only sample 6 has no positive signal of either NoV GI or GII.
In detail, samples 2-5 were identified as NoV GI genogroup
positive while samples 7-15 as NoV GII genogroup positive.
More significantly, sample 1 was simultaneously identified as
both NoV GI and GII positive. All these samples have also
been verified with the classic gold standard real-time PCR
(Fig. S8t). All screening results in this research were
consistent with those of the real-time PCR except sample 6,
which had the Ct value of 33.910, being close to the positive
judgment criterion limit of 35. Furthermore, we also observed
that samples 3, 8, 9, 10, and 13 have high Ct values (32.031,
31.079, 31.061, 31.338, and 31.283), all of which were above
31, indicating the weak positive results of real-time PCR. The
faint signals observed on the T lines of LFS corresponded to
the weak positive results of real-time PCR, demonstrating the
consistency between the classic real-time PCR and the
method in this research. All these results prove that this
proposed visual multiplex molecular LFS could be qualified
for on-site NoV screening and simultaneous visual
identification of genogroups and more genogroups could be
easily identified with the replacement of primer sets.

4. Conclusion

In this study, a multiplex molecular LFS has been developed
for the on-site and visual screening of NoV and simultaneous
identification of genogroups of GI and GII. With carefully
optimized and designed primer sets, both GI and GII of NoV
can be simultaneously amplified without any cross-

© 2023 The Author(s). Published by the Royal Society of Chemistry

interference. The obtained functional amplicons of GI and
GII can be simultaneously and visually measured on the
same molecular LFS. The sensitivity of the multiplex
molecular LFS for NoV screening can be as low as 6 copies
per reaction (25 pL). The practical clinical samples have been
measured with this multiplex molecular LFS and satisfied
screening and genogroup identification results have been
achieved. Of great note, the whole screen and genogroup
identification of NoV can be completed in less than 1 hour
with the portable and chargeable thermal cycler. This
multiplex molecular LFS can be extended to other application
fields: (1) more genogroups identifications can be realized
with the replacement of specific and functionalized primer
sets; (2) the instrument-free screening and genogroup
identification can be performed by adopting the isothermal
amplification system (ERA, RPA etc.). Related studies
including the rapid lysis of the samples for amplification are
still ongoing in our lab. This multiplex molecular LFS will
further widen the application of both traditional molecular
protocols and LFS in personal diagnosis and pandemic
control.
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