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� Highly sensitive and selective detec-
tion method for norovirus gene.

� Sensitivity down to 30 gene copies in
2% fecal samples.

� Significantly enlarged signal change
and signal-to-background ratio.

� Higher tolerance capability to
complicated biological matrices.

� Exhibiting great potential to be used
in the diagnosis of gastroenteritis in
hospital or at home.
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Recent study proves that the combination of loop mediated isothermal nucleic acid amplification (LAMP)
with one-step strand displacement (OSD) is of great help to improve the sequence specificity during
genetic detection. However, because OSD is incapable of signal amplification, the signal-to-noise ratio or
the observable signal change may be usually not significant enough to satisfy practical usage. With the
purpose to overcome this challenge, herein a more advanced and practical sensing principle is developed
with the OSD replaced by an amplifiable nucleic acid circuit, hybridization chain reaction (HCR). The very
contagious norovirus (NoV) was employed as the model target. Compared with LAMP-OSD, the LAMP-
HCR can detect as few as 30 copies of NoV gene in 2% fecal samples with significantly enlarged signal
change and signal-to-background ratio. Therefore, more reliable detection is achieved. Moreover, due to
the high compatibility of HCR, the final LAMP-HCR products can be flexibly transduced into different
types of readouts, including fluorescence, flow cytometer (FCM) and even a personal glucose meter
(PGM). This further enlarges the operating environments for the detection from hospital labs, bedsides,
to potential off-the-shelf devices in local pharmacies. Especially when using FCM or PGM, with the
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assistance of magnetic beads (MBs), the detection shows even higher tolerance capability to complicated
biological matrices.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Molecular diagnostic is a series of techniques which are used
for sensitively analysing biomarkers in the genome and the
proteome-genetic code of individuals in vitro [1]. In the past
several decades, it was rapidly developed to guide patient care
management in the field of infectious diseases, cancers and so on.
The increasing demand for the information of genetic and genomic
leads to the rapid advances of molecular techniques [2]. Among
most molecular diagnostic methods for nucleic acid biomarkers
detection, polymerase chain reaction (PCR) has been the most
widely used method for vastly increasing the number of nucleic
acid molecules [3e5]. To make the molecular diagnostic test
simpler and more portable, a suite of isothermal amplification
techniques have been invented, such as rolling circle amplification
(RCA) [6], helicase-dependent amplification (HDA) [7], recombi-
nase polymerase amplification (RPA) [8], and loop-mediated
isothermal amplification (LAMP) [9,10]. These methods can
realize the exponential amplification at constant temperature
which could facilitate the point-of-care (POC) gene detection
[11e17]. However, these assays are generally still impractical for
real applications, because of the resource poor settings as well as
the high frequency to generate false positive results [18e20]. With
the purpose of improving the detection specificity and achieving
more simple and reliable readout, we recently developed an
innovation inwhich one-step nucleic strand displacement reaction
(usually shortened as OSD) was adapted, instead of traditional
fluorescent intercalating dyes, to probe the products of isothermal
amplifications (e.g., LAMP). Due to the high sequence specificity,
the possibility of false positive signals has been reduced at the
maximum degree. Even though, unlike the intercalating dyes that
can provide signal amplification via interacting with all the base
pairs of the LAMP amplicons [21e23], one OSD probe can be
activated by a single LAMP amplicon [24e26]. Therefore, the
signal-to-noise ratio or the observable signal change may be
usually not significant enough to satisfy practical usage.

In order to overcome the above potential shortage and further
enable the detection practical in more possible operation envi-
ronments and settings, herein we import another innovation
through updating the OSD probe with an enzyme-free nucleic acid
circuit, the hybridized chain reaction (HCR). As an integration of
multiple OSDs, the HCR reaction was firstly invented by Pierce
group [27] and immediately became a starring signal amplifier due
to high amplification efficiency and compatibility to different
readouts [28e32]. In assistance of HCR, a variety of proof-of-
concept targets, including cancer cells, microRNA, metal ions, and
many aptamer ligands have been detected with improved sensi-
tivity [33e36]. In this paper, through designing partial of LAMP
amplicon sequence as the input sequence to trigger HCR reaction,
we for the first time couple the LAMP and HCR together to achieve
both ultra-sensitivity and significant signal change for general gene
targets. And different transduction strategies were developed to
make sure the products of LAMP-HCR could be flexibly monitored
via many kinds of available settings (readouts), e.g. gel electro-
phoresis, flow cytometer (FCM) and even a commercial personal
glucometer (PGM). The practicability of the method has thus been
largely improved.
Recently, the very contagious noroviruses (NoVs) have become
the leading cause of sporadic gastroenteritis across all age groups,
especially pediatric populations. It was reported that 26% of 4000
fecal samples from Chinese pediatric out patients were NoV-
positive with more than 98% belonging to GII [37,38]. As a
response to the urgent demand for more accurate and reliable
detection, here the gene segments of NoV GII was specifically
employed as the model target [39]. In spite of their high sensitivity,
earlier reports like electronmicroscopy [40,41], immunology-based
detection (radioimmunoassay (RIA) [42,43], enzyme-linked
immunosorbent assays (ELISA) [44,45]) and nucleic acids bio-
markers detection based on gene amplification techniques (PCR
[46,47], nucleic acid sequence-based amplification (NASBA)
[48,49], LAMP [50,51]) always lack of specificity and false positive
results can easily arise. Herein, the powerful exponential amplifi-
cation of LAMP results in ultrasensitive NoV gene detection with a
detection limit of 30 copies, while the HCR gives rise to very good
specificity and reliable signal changes in all kinds of readouts. And
all of the three readouts can be compatible with fecal samples.
Compared with fluorescence (gel electrophoresis and fluorescent
reader), the FCM and PGM signals were more stable and
interference-resistant because of the importance of magnetic beads
(MBs) separation.
2. Experimental section

2.1. Materials and instruments

All of the chemicals used in this work are of analytical grade
unless otherwise indicated. Betanie was purchased from Sigma-
Aldrich (St. Louis, MO, U.S.A.). Bst 2.0 DNA polymerase, dNTP,
MgSO4, 10� isothermal buffer (10� iso buffer) were purchased
from New England Biolabs (Ipswich, MA, U.S.A.). All the oligonu-
cleotides used in this work were ordered from Sangon Biotech
(Shanghai, China), and the sequences were listed in Table S1 (in
Supporting Information (SI)). All modified DNA sequences were
purified by high performance liquid chromatography (HPLC). All
unmodified DNA sequences were purified with polyacrylamide gel
electrophoresis. All oligonucleotides were stored in 1� TE (pH 7.5)
at �20 �C. Buffers used here were: 1� iso buffer (20mM Tris-HCl,
10mM (NH4)2SO4, 50mM KCl, 4mM MgSO4, 0.1% Tween 20, pH
8.8). GelRed was purchased from Biotium (Hayward, CA, U.S.A.).
BioMag® Plus streptavidin particles (MBs, 1.0 mm in average diam-
eter) was purchased from Polysciences (Warrington, PA, U.S.A.).
SuperBlock™ (TBS) Blocking Buffer was purchased from Thermo
Scientific (Wilmington, DE, U.S.A.). Bayer Contour Next Blood
Glucose Test Strips and Bayer Contour Next Blood Glucose Moni-
toring System were used for the glucose tests in this work. The
concentrations of the DNA suspensions were measured by Nano-
drop OneC (Thermo Fisher Scientific, Inc., Wilmington, DE, U.S.A.).
Fluorescence signals were recorded with the LightCycler 96 System
(Roche, Inc., Basel, Switzerland) and COYOTE PCR system (Coyote
Bioscience, Inc., Beijing, China). A flow cytometer Accuri C6 (BD,
Inc., Ann Arbor, MI, U.S.A.) was used to analyze the fluorescence.
Gels were detected using iBright FL1000 imaging system (Thermo
Fisher Scientific, Inc., Wilmington, DE, U.S.A.).
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2.2. Standard LAMP reaction and electrophoretic characterizations

A 25 mL LAMP reaction mixtures containing different copies of
templates, 1.4 mM each BIP and FIP primers, 0.35 mM each B3 and F3
primers, 1M betaine, and 0.6mM dNTPs in a total volume of 24 mL
1� iso buffer were incubated at 95 �C for 5min, followed by
chilling on ice for 2min. And then 1 mL of 8000 units/mL Bst 2.0
DNA polymerase were added to initiate the LAMP reaction solution,
followed by a constant 65 �C reaction for 1 h. Then, the samples
were analysed by electrophoresis on a 1% agarose gel. Eachwell was
loaded with 4 mL of sample and an additional 1 mL of 6�Orange
Loading Dye (40% glycerol, 0.25% Orange G). The electrophoresis
was developed at 100 V for 25min, then agarose gels were stained
with GelRed.

2.3. Real-time LAMP reaction by one-step strand displacement
(OSD)

The standard procedures of LAMP reaction were optimized by
real-time fluorescence with the OSD reaction. Annealed OSD re-
porter (at a final concentration of 60 nM Reporter-F, 120 nM
Reporter-Q) was added to the LAMP reagents with different ratios
of primers and dNTPs, or with different concentrations of MgSO4.
1 mL of 8000 units/mL Bst 2.0 DNA Polymerase were added to
initiate the LAMP reaction. And then, 20 mL of the LAMP-OSD so-
lutions were transferred into a 96-well plate, which was main-
tained at different constant temperatures (50, 55, 60 or 65 �C).
Fluorescence signals were recorded with a LightCycler 96. LAMP
reactions in different concentration of fecal samples were per-
formed using the similar protocol to the Real-Time LAMP reaction.
Here, the human fecal was diluted to a concentration of 10wt%with
1� PBS, and then centrifuged 15min at 13,000 rpm. The superna-
tant was collected and filtered with 0.45 mm Millipore filter, and
then stored at �20 �C until further use.

2.4. HCR reactions

For the standard HCR reaction, the fluorescein modified H1 and
H2 (i.e., FAM-H1 and FAM-H2) were annealed in 1� iso buffer,
respectively. Mixtures in 1� iso buffer in a total volume of 15 mL
containing 500 nM FAM-H1, 500 nM FAM-H2, 0.5M NaCl and
certain amount of DNAmimic (i.e., Mimic-T) were incubated 12 h at
25 �C. To analyze the HCR product, 15 mL of the HCR products were
mixed with 3 mL 6�Orange Loading Dye and loaded into the 8%
native PAGE gel. After the electrophoresis, the gel was then stained
with GelRed.

2.5. LAMP to HCR reactions

LAMP products were heated to 95 �C for 3min, followed by
chilling on ice for 2min. The HCR reaction mixture containing 5 mL
aliquot of the 25 mL LAMP products, 500 nM annealed FAM-H1 (or
H1), 500 nM annealed FAM-H2 (or P15eH2, a well-designed DNA
sequence with 15-base extension at the 5’ end of H2), 0.5M NaCl in
a total volume of 15 mL 1� iso buffer were incubated at 25 �C for
12 h. The reactions were evaluated by electrophoresis in a 1%
agarose gel. Each well was loaded with 4 mL of sample and an
additional 1 mL of 6�Orange Loading Dye. The electrophoresis was
developed at 100 V for 25min, and then agarose gels was stained
with GelRed.

2.6. HCR-FCM measurements

Firstly, 4 mL of 5mg/mL MBs were washed 3 times with 1� iso
buffer. The MBs were isolated by using an external magnetic rack
and re-suspended in 10 mL 1� iso buffer. Then, 6 mL of 0.75 mM
annealed biotinylated H1 (Bio-H1) was incubated with the MBs on
a rotator for 1 h. The unbound Bio-H1 was removed by washing the
MBs/Bio-H1 in 1� iso buffer at least 6 times. Then, 10 mL certain
amount of Mimic-T, 0.5M NaCl, 500 nM annealed FAM-H1 and
500 nM annealed FAM-H2 were added into the MBs/Bio-H1,
rotating at 25 �C for 12 h to conduct the HCR reaction. After at
least 6 times of washingwith 100 mL 1� iso buffer, each samplewas
diluted to 300 mL buffer before subjected to the flow cytometer. For
analysis, 20,000 events were collected for each sample. Fluores-
cence signals of the HCR products-anchored MBs were detected by
FL1 channel with 488 nm laser excitation. The mean fluorescence
intensities (MFI) of the fluorescent histograms were used for the
quantitative analysis of Mimic-T. This protocol was also suitable to
LAMP products, except that Mimic-T was replaced by 5 mL aliquot of
the 25 mL LAMP products.

2.7. Non-specific adsorption measurements

4 mL of 5mg/mL MBs were washed 3 times with 1� iso buffer.
Then 10 mL of different samples in 1� iso buffer were added into
the MBs, respectively, for 12 h incubation and rotation at 25 �C.
After at least 6 washes, the FCM detections were performed.

2.8. HCR-PGM measurements

MBs/Bio-H1 were prepared almost in the same manner as HCR-
FCM measurement. Then 50 mL SuperBlock™ (TBS) Blocking Buffer
was added to MBs/Bio-H1 for 1 h rotation on a rotator at 25 �C. The
magnetically separated MBs/Bio-H1 was then incubated with 10 mL
0.5M NaCl, 500 nM annealed H1, 500 nM annealed P15eH2 and
certain amount of Mimic-T in 1� iso buffer, rotating at 25 �C for
12 h. The unbound DNA were removed by washing for at least 6
times, and then the MBs were suspended in 9 mL buffer and incu-
bated with 1 mL of the 5mg/mL P15-Inv (thermostable invertase-
labelled P15-SH) conjugates for 1.5 h on a rotator at 25 �C. After at
least 6 washes to remove the excess P15-Inv, the MBs were re-
suspended in 20 mL buffer and transferred into an equal volume
of 500mM sucrose. The mixture was incubated for 60min at 55 �C
to allow invertase-mediated catalytic conversion of sucrose to
glucose. Subsequently, 1.5 mL of the reaction mixture was trans-
ferred to a glucometer strip and the amount of glucose was
measured by using personal glucometer. The above protocols for
detecting Mimic-T were also suitable for LAMP products, except
that Mimic-T was replaced by 5 mL aliquot of the 25 mL LAMP
products.

2.9. OSD-FCM measurements

4 mL of 5mg/mL MBs were washed 3 times and re-suspended in
10 mL buffer. Then, 6 mL mixture of 0.75 mM annealed Bio-Reporter-F
and Reporter-Q was incubated with MBs on a rotator for 1 h, and
unbound DNA were removed by washing MBs with buffer for at
least 6 times. After that, the MBs were re-suspended in 5 mL buffer
and 5 mL LAMP products to a total volume of 10 mL, performing FCM
detection.

3. Results and discussion

3.1. Sensing principle

Our strategy was built as the following steps (Scheme 1): The
standard LAMP reaction was carried out for producing flower-like
amplicons which contain four different single strand loops (i.e., F-
loop, Fc-loop; B-loop; Bc-loop). A standard HCR reaction uses one



Scheme. 1. Schematic illustration on coupling LAMP with HCR for molecular diagnostic via flow cytometer (FCM) and personal glucometer (PGM).
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single stranded oligonucleotide as trigger, and two hairpin oligo-
nucleotides, H1 and H2, as substrates. The trigger successively
opens H1 and H2 via two OSD reactions, and then starts an elon-
gation cascade reaction continuously to form long, nicked duplex
products. Herein the sequence of H1 and H2 were designed by
using the Bc-Loop as the trigger. H1, H2, and the LAMP amplicons
were mixed with Bio-H1-labelled MBs to trigger the HCR at the
same time.

In detail, the hairpin structure of Bio-H1 could be opened by the
hybridization with Bc-loop of the amplicons, leading to the sub-
sequent cascade of hybridization reaction between H1 and H2. The
nicked double stranded DNA (dsDNA) could be finally formed on
the surface of MBs. On one hand, if the probe H1 and H2 were
modified with fluorochrome, the HCR triggered by LAMP could
result in the accumulation of large amount of fluorophores on the
MBs. By reading the FCM signals of the fluorescent MBs, the NoV
gene can be directly analysed. On the other hand, thewell-designed
P15eH2 serves as a tail probe and the 15 bases extension could not
disturb the LAMP to trigger HCR. In this case, after the HCR, the
numerous tailed sequences, which were extended from the nicked
dsDNA on the MBs’ surface, could hybridize with its complemen-
tary DNA labelled with invertase (i.e., P15-Inv). Followed by the
washing and separation steps, the re-suspended MBs with inver-
tase could hydrolyze sucrose into glucose which can be detected by
using the commercial PGM.

3.2. Verification of LAMP process

The steps were initially verified separately. Here the four
primers set of LAMP for NoV GII gene was self-designed, using 30
copies to 3� 106 copies as the template. The standard procedures of
LAMP reaction were optimized by real-time fluorescence with the
OSD reaction (Fig. S1, SI). The OSD reporter was designed for Bc-
Loop sequence (Fig. 1A). After the optimization, 1.4 mM each BIP
and FIP primers, 0.35 mM each B3 and F3 primers, 1M betaine,
0.6mM dNTPs, 2mM MgSO4, and 1 mL of 8000 units/mL Bst 2.0
DNA Polymerase in 1� iso buffer were employed as the LAMP re-
agents, followed by a constant 65 �C reaction. Under the optimal
conditions, as few as 30 copies nucleic acid templates of NoV could
be detectedwithin 1 h in 0.1% fecal samples (Fig.1B and C). It should
be noted actually the LAMP-OSD is already a ready-to-use method
for efficient NoV detection. However, the concern is even with
plenty of optimizations, the signal magnitude of the fluorescence
signal (NoV positive) over background (NoV negative) is still not
satisfied. Sometimes the signals may even be too small to be
distinguished from the non-specific fluorescence increase gener-
ated by unknown interferences, especially when fecal sample
concentrations are increased (Fig. 1D and E) or non-specific am-
plifications (Fig. S2, in SI) are induced. Actually, this problem may
commonly exist in the detection for many other gene targets. That
is the reasonwhy amplifiable circuit (HCR) has to be imported as an
enhancement to the detection reliability.

3.3. Verification of HCR process

The efficiency of HCR was assessed by using Mimic-T with the
same sequence as Bc-Loop (Fig. 2). The 8% native PAGE gel (without
or with GelRed stain) results show that HCR reaction took place
with the Mimic-T introduced (Fig. 2A and B, lane 4e6). However,
the H1 and H2 could exist steadily without Mimic-T (Fig. 2A and B,
lane 1e3). FCM analysis also shows the same results. In Fig. 2C and
D, the fluorescence increased significantly with the increased
concentration of Mimic-T. While there is no obvious signal increase
in the absence of the Mimic-T compared to the bare MBs.

To testify the cascade HCR amplification on MBs, some control
experiments were carried out. Fig. 2E and F show about 16 orders of



Fig. 1. Sensitive detection of NoV DNA templates. (A) Schematic illustration on coupling LAMP with OSD for diagnostic. (B) The function of time with varying amounts of the NoV
templates in 0.1% fecal samples by LAMP-OSD assay. (C) The same samples from (B) are separated on a 1% agarose gel and stained with gel red. Lanes: (M) DNA marker; (1) 0, (2) 30,
(3) 3� 102, (4) 3� 104 and (5) 3� 106 copies of NoV LAMP products. (D) The function of time with 3� 106 copies of NoV templates in the different concentrations of fecal samples
by LAMP-OSD assay. (E) The same samples from (D) are separated on a 1% agarose gel and stained with gel red. Lanes: (M) DNA marker; (1) 0 copies of NoV virus LAMP products; (2)
3� 106 copies of LAMP reactions in 0% fecal samples; (3) 3� 106 copies of LAMP reactions in 0.1% fecal samples; (4) 3� 106 copies of LAMP reactions in 0.5% fecal samples; (5)
3� 106 copies of LAMP reactions in 1% fecal samples; (6) 3� 106 copies of LAMP reactions in 2% fecal samples. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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magnitude the MFI increase than that of one-step reaction where
the pre-hybridized Bio-H1 and Mimic-T were immobilized on the
MBs, with 100 nM FAM-H2 serving as the target to form a 1: 1
binding. And there is about 3 orders of magnitude signal increase
than that of the assay only using FAM-H2where no additional FAM-
H1 was introduced during the HCR process together with 100 nM
Mimic-T. When FAM-H1 and 100 nM Mimic-T were mixed with
Bio-H1-labelling MBs, no signal increase was observed compared
with bare MBs. These results clearly demonstrate the signal
amplification in HCR approach. Note that, the non-specific
adsorption of DNAs on MBs (Fig. S3, in SI) and the optimization of
the concentration of HCR reagents (Fig. S4, in SI) were also well
investigated.
3.4. LAMP-HCR FCM assay

Following these steps, we integrated LAMP and HCR for NoV
templates detection. The agarose gel electrophoretic characteriza-
tion of the amplification products reveals the success of this LAMP
to HCR signal transduction (Fig. S5, in SI). In the FCM assay, the
LAMP amplicons (5 mL), 500 nM each of FAM-H1 and FAM-H2 were
mixed with Bio-H1-modified MBs and incubated for 12 h prior to



Fig. 2. Verification of HCR process. (AeB) 8% native PAGE gel results without and with GelRed stained, lanes: (1) 500 nM FAM-H1; (2) 500 nM FAM-H2; (3) 500 nM FAM-
H1 þ 500 nM FAM-H2; (4) 25 nM Mimic-T þ 500 nM FAM-H1 þ 500 nM FAM-H2; (5) 50 nM Mimic-T þ 500 nM FAM-H1 þ 500 nM FAM-H2; (6) 100 nM Mimic-T þ 500 nM FAM-
H1 þ 500 nM FAM-H2. (CeD) FCM histograms of fluorescence response of MBs for different concentrations of Mimic-T. (EeF) FCM histograms of fluorescence response of MBs for
different conditions: (0) MBs/Bio-H1; (1) MBs/Bio-H1 þ 500 nM FAM-H1 þ 100 nM Mimic-T; (2) MBs/Bio-H1-Mimic-T þ 100 nM FAM-H2; (3) MBs/Bio-H1 þ 500 nM FAM-
H2 þ 100 nM Mimic-T; (4) MBs/Bio-H1 þ 500 nM FAM-H1 þ 500 nM FAM-H2 þ 100 nM Mimic-T.

Fig. 3. Sensitive and specific detection of NoV DNA plasmid using LAMP-HCR FCM assay. (AeB) FCM histograms of fluorescence response of MBs for negative control (no template,
0), different copies of NoV templates ((1), 30 copies; (2), 3� 103 copies; (3), 3� 105 copies) and (4), 3� 105 copies of rota virus LAMP products. (CeD) FCM histograms of mean
fluorescence intensity of MBs in 2% fecal sample with different copies of NoV template. (EeF) Reproducibility of FCM assay with 2� 105 copies of NoV DNA (positive signal) and
buffer controls on different days. On each day, three parallel assays were carried out with both NoV DNA and buffer controls. A total of nine sets of assays were performed for both
NoV DNA and buffer. Assay conditions were the same as the normal procedure.

Q. Dong et al. / Analytica Chimica Acta 1079 (2019) 171e179176
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magnetic washing and separation. The completely washed MBs
with HCR products were used for FCM measurement to the defin-
itive detection of the synthetic template of NoV. Fig. 3A shows the
fluorescence signal of the MBs detected in FL1 channel. The MFI of
the tested MBs of ~338 represents the negative controls (1� iso
buffer with no template or noncognate Rotavirus LAMP products)
(Fig. 3B). While as low as 30 copies of the NoV template could be
detected (MFI is 2330) without the dose-discrimination, because
the primers have been consumed in the given LAMP reaction time
(1 h). To detect the NoV templates in fecal samples, rather than in
buffer, the NoV templates were spiked into different percentages of
fecal samples (from 0.1% to 2%). The agarose gel electrophoretic
result shows that it makes no difference of LAMP reactions in fecal
samples compared with the LAMP reaction in buffer (Fig. 1E).

Following the optimization of the reaction, the NoV template
spiked into 2% human fecal also gave consistent FCM results without
any loss in signal intensity and detection sensitivity (Fig. 3C and D).
These results exhibited the MBs based LAMP-HCR strategy realized
robust NoV detection and was more resistant to interference than
the real-timefluorescence assay,where thefluorescence signal could
be decreased with the increased concentrations of fecal samples
(Fig. 1D and Fig. S6, in SI). The reproducibility test performed in 2%
human fecal consists of three parallel assays, detecting both NoV
positive samples (2� 105 copies of NoV DNA) and buffer negative
controls on three days, respectively (Fig. 3E and F). As expected, only
small standard deviations were yielded by all nine sets of measure-
ments (i.e., 94.0 MFI and 278 MFI for negative response (448 MFI)
and positive response (2031 MFI), respectively). Besides sensitivity,
selectivityand reproducibility, the re-usability of theBio-H1-labelled
MBs after detection is easy to regenerate by heating theMBs at 80 �C
Fig. 4. Sensitive and specific detection of NoV using LAMP-HCR PGM assay. (A) Detection of M
different copies of NoV template and 3� 105 copies of rota virus LAMP products in 2% fecal s
of LAMP amplicons. Lanes: (M) marker; (1) LAMP amplicons; (2) LAMP amplicons þ
amplicons þ 500 mM NaCl þ 500 nM P15eH2; (5) LAMP amplicons þ 500 mM NaCl þ 50
Reproducibility of PGM assay with 2 � 105 copies of NoV DNA in 2% human fecal sample on
DNA and buffer controls.
for 15min, immediately followed by a quick separation of the Bio-
H1-labelled MBs from other reagents (i.e., FAM-H1, FAM-H2 and
LAMP products), leading to the regenerated modified MBs. The
successful regeneration could be verified by the subsequent detec-
tion with the same result as that of the first one (Fig. S7, in SI). Note
that, the Bio-H1-labelledMBs could be reused at least butmay be not
limited to twice. The aggregation ofMBs could occur under toomuch
repeated regeneration, resulting in unreliable detection results.
Encouragingly, the cost of per analysis could be controlled within 1
dollar, which makes it suitable for POC gene biomarker analysis.

3.5. LAMP-HCR PGM assay

As we know, the most commonly used commercially available
POC device is the PGM because of its portable size, low-cost and
easy operation. Lu group has firstly reported the aptasenors by
using PGM to detect a series of targets [52]. Previously, we devel-
oped the sweet spot for molecular diagnostics by coupling LAMP
with OSD, which could directly transduce Middle East respiratory
syndrome coronavirus and Zaire Ebola virus templates into glucose
signals [53]. However, it shows that the signal amplitude (DGlucose
meter signal, DGMS¼ positive signal e negative signal) is not high
(~60mg/dl).

In our LAMP-HCR to PGM assay, the HCR reaction on MBs could
be triggered by LAMP amplicons in the presence of H1 and P15eH2.
Here, P15eH2 with a tail sequence can hybridize with its comple-
mentary DNA labelled with invertase (P15-Inv). After washing and
separation steps, the invertase attached on MBs hydrolyzed sucrose
into glucose, which could be detected by PGM. Firstly, Mimic-T was
chosen for investigating the HCR process (Fig. 4A). With the
imic-T using the HCR-to-glucose transduction. (B) The histograms of PGM response for
ample. (C) Agarose gel electrophoretic characterization of HCR process in the presence
500 mM NaCl; (3) LAMP amplicons þ 500 mM NaCl þ 500 nM H1; (4) LAMP
0 nM H1þ 500 nM P15eH2; (6) 500 mM NaCl þ 500 nM H1þ 500 nM P15eH2. (D)
different days. On each day, three parallel experiments were carried out with both NoV



Fig. 5. Verification for the HCR amplification function. (A) Schematic illustration on coupling LAMP with OSD for molecular diagnostic via FCM. (BeC) FCM histograms of fluo-
rescence response of MBs for LAMP to HCR and LAMP to OSD. Rectangle: Positive signal - Negative signal; Dot: Positive signal/Negative signal.
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increasing concentration of Mimic-T, the signal amplitude (DGMS)
of PGM gradually increased. Then, instead of Mimic-T, LAMP
amplicons could also trigger the HCR on the surface of MBs,
following the hybridization of P15-Inv with the HCR products on the
MBs. Fig. 4B shows a positive signal compared with negative control
(non-cognate Rotavirus LAMP products). Remarkably, as few as 30
copies of NoV in 2% human fecal sample can produce an obvious
amplitude, reaching up to 156mg/dl. The agarose gel electropho-
retic result also shows that HCR reaction occurred with NoV LAMP
amplicons introduced (Fig. 4C). The reproducibility test of this PGM
assay was also carried out under the same experimental condition
as the FCM assay. The DGMS values for detecting 2� 105 copies of
NoV in 2% human fecal on three days were comparable (Fig. 4D),
showing a very low standard deviation of 17mg/dl.

3.6. LAMP-OSD FCM assay

The amplification effect of the HCR function was further
confirmed using a LAMP to OSD detection by FCM. As shown in
Fig. 5A, an OSD duplex (hybridized between sequence Bio-
Reporter-F and sequence Reporter-Q) was immobilized on MBs
via the biotin labelled on Bio-Reporter-F. And for signal reporting,
fluorophore FAM and its Quencher was, in respective, tagged onto
Bio-Reporter-F and Reporter-Q. In presence of LAMP amplicons, the
Bc-loop could initiate a strand displacement reaction and kick the
Reporter-Q away from Bio-Reporter-F, finally leaving Bio-Reporter-
F/Bc-loop (in amplicons) duplex on the MBs. Therefore, the MBs
were lightened up with higher fluorescence emission. When such a
process was transferred onto FCM assay, the sample with NoVs
LAMP amplicons showed a tiny right-migration in the FL1 channel,
indicating the success of the LAMP-OSD detection. However, the
absolute (Fig. 5B) and relative MFI (Fig. 5C) values were all much
smaller than those obtained from the LAMP-HCR detection.

4. Conclusions

In summary, we have successfully developed a highly sensitive
and selective detection method for NoVs both in buffers and fecal
samples via the combination of LAMP with either OSD or HCR. In
general, compared with various NoVs gene detection methods
(Table S2, in SI), the present work proved much more reliable and
reproducible. The LAMP reactions and transducers (i.e., OSD or
HCR) we have developed are comparably sensitive but also
sequence-specific to ensure low false positives. The sensitivity
down to 30 gene copies is mainly contributed by the LAMP reaction.
When the OSD signal suffers unsatisfied signal change, HCR reac-
tion can further provide the ultra-selectivity and higher signal-to-
background ratio which has usually and seriously affected the ac-
curacy for LAMP and other enzymatic amplifications. The detection
is very practical, low-cost and almost enough to be ready-to-use.
And the readouts should be very flexible, exhibiting great poten-
tial to be used in the diagnosis of gastroenteritis in the hospital or
even at home with the read out by the portable PGM.
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