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One-step, rapid, nanoparticle-based biosensor
platform for the simultaneous identification

of hepatitis B virus and hepatitis C virus

in clinical applications

Xu Chen'?", Yuanfang Shi'f, Qi Zhao? Yu Wang®, Xinggui Yang®, Yan Tan®, Yi Wang", Shilei Dong®" and
Zhenghua Xiao'*

Abstract

Objectives Viral hepatitis caused by hepatitis B virus (HBV) and hepatitis C virus (HCV) infections remain a major
global public health challenge, particularly in low- and middle-income countries. It is crucial to utilize a pointof-

care (POC) testing platform that is sensitive, specific, rapid, and user-friendly for screening and diagnosis of the two
infections. Here, a novel molecular diagnostic assay, integrating multiplex loop-mediated isothermal amplification
with a gold nanoparticle-based lateral flow biosensor (mLAMP-AuNPs-LFB) was developed and applied for one-step,
visual, rapid, sensitive, and specific identification of HBV and HCV.

Methods The AuNPs-based LFB was devised and constructed for the simultaneous detection of HBV and HCV. The
HBV-LAMP and HCV-LAMP primers were designed against the S and 5’-untranslated region (5’-UTR) genes from the
major HBV genotypes (B, C, D, B/C recombinant, and C/D recombinant) and HCV subtypes (1b, 2a, 33, 3b, and 6a) in
China, respectively. Our assay conditions, both multiplex-LAMP amplification temperature and time were optimized.
The sensitivity and specificity of our assay were tested, and the feasibility of our assay was verified through clinical
samples.

Results The AuNPs-based LFB used here was successfully manufactured according to our devise manual. The two
unique independent primer pairs were successfully designed based on the Sand 5’-UTR genes, respectively. The
optimal mLAMP-AuUNPs-LFB detection process, involving rapid nucleic acid isolation (10 min), mLAMP (63 °C for
35 min), and visual AuNPs-LFB interpretation (less than 2 min), could be completed within 50 min. The HBV&HCV-
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platform

mLAMP-AUNPs-LFB assay can detect the target genes (HBV-S and HCV-5’-UTR) with as low as 20 copies of plasmid
template per test, and the specificity was 100% for the experimental pathogens.

Conclusions The preliminary results manifested that our mLAMP-AuNPs-LFB assay is a valuable tool and has
tremendous potential as a POC testing approach for HBV and HCV identification, especially in undeveloped regions.

Keywords Hepatitis B virus, Hepatitis C virus, Loop-mediated isothermal amplification, Biosensor, Point-of-care

Introduction
Hepatitis B virus (HBV) and hepatitis C virus (HCV)
are the two major causes of a wide spectrum of liver dis-
eases, such as acute hepatitis, chronic hepatitis, liver cir-
rhosis, and hepatocellular carcinoma [1]. Acute HBV or
HCV infection can be either asymptomatic or present
with symptomatic acute hepatitis [1, 2], If left untreated,
infections that persist for longer than six months are con-
sidered chronic, many chronically infected patients have
mild liver disease [1, 2]. Other individuals with chronic
infection develop active disease, which can progress to
cirrhosis and hepatocellular carcinoma [1, 3]. Besides,
individuals with dual HBV/HCV infection have an
increased risk of cirrhosis and liver cancer [3]. Globally,
295.9 million people are chronically infected with HBV,
and approximately 57.8 million individuals are living
with chronic HCV infection, the viruses cause approxi-
mately 1.1 million deaths each year worldwide [4]. Thus,
HBYV and HCV infections have been recognized as major
global public health concerns, especially in low- and
middle-income countries [5]. Both HBV and HCV are
bloodborne pathogens that are spread mainly through
infected blood exposure, unprotected sexual intercourse,
injectable drug use, needlestick injury, and vertical trans-
mission [6, 7]. Most people are asymptomatic when they
are newly infected with HBV or HCV, and as the dis-
ease progresses, they can become chronic virus carriers
[4, 8]. In 2016, the World Health Organization (WHO)
launched an ambitious strategy to eliminate viral hepa-
titis as a public health threat by 2030 [9]. However, the
WHO stated that although some achievements had been
made, most global targets had been missed by 2022 [10].
The underdiagnosis of HBV and HCV remains a critical
barrier to eliminating viral hepatitis as a public health
threat, nearly 80% of individuals infected with HBV or
HCYV remain undiagnosed [4, 5]. Traditional laboratory-
based assays for the detection of HBV/HCV nucleic acid
markers are well established, but they are often expensive
and time-consuming and require extensive facilities and
trained technicians. Hence, developing a one-step, spe-
cific, sensitive, cost-saving, and easy-to-operate point-of-
care (POC) testing platform for HBV and HCV screening
is fundamental for the control of further transmission.
Loop-mediated isothermal amplification (LAMP) is a
novel nucleic acid amplification approach that has great

promise for point-of-care nucleic acid testing and can
robustly amplify target gene at a fixed temperature with
Bacillus stearothermophilus (Bst) DNA polymerase and
specific primer sets [11-13]. LAMP primer sets con-
tain six primers (forward outer primer F3, reverse outer
primer B3, forward inner primer FIP, reverse inner
primer BIP, forward loop primer LF, and reverse loop
primer LB) that specifically recognize eight regions of
the target gene [13, 14]. The LAMP reaction principle
has been previously described [11, 12, 15]. Notably, the
LAMP method is an affordable and reliable approach for
the identification of several pathogens such as human
immunodeficiency virus (HIV), severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), and monkeypox
virus [16—-18].

Gold nanoparticle-based lateral flow biosensors
(AuNPs-LFBs) have notable advantages as a POC test-
ing tool because of their high sensitivity and specificity,
simple test procedure, portability, one-step methodology,
prolonged stability, rapid testing ability, naked-eye visual
readout, and low cost [19-21]. Thus, AuNPs-LFBs have
become an emerging technology in biomedicine for the
rapid detection of DNA, RNA, proteins, glucose, and
other biomolecules derived from various clinical samples
[22, 23].

Here, for the first time,, the multiplex-LAMP inte-
grated with an AuNPs-based LEB platform was success-
fully developed for one-step, rapid, specific, sensitive,
and visual detection of HBV and HCV by targeting their
S [24, 25] and 5’untranslated region (5-UTR) [26, 27]
genes, respectively[]. The two genes had no homology
with other microbial genome sequences according to
BLAST searches of the GenBank database. The feasibil-
ity of our novel diagnostic approach was validated with
serum samples from suspected HBV/HCV infection
patients.

Materials and methods

Target gene and clinical sample preparation

The full-length S sequences from five dominant HBV
genotypes in China (B, C, D, recombinant B/C, and
recombinant C/D; GenBank accession Nos. AB014366.1,
AB014360.1, AB090268.1, KC774178.1, and AY800249.1)
[28], and the HCV 5-UTR target genes from five domi-
nant subtypes in China (1b, 2a, 3a, 3b, and 6a; GenBank
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accession Nos. EU781827.1, HQ639944.1, D17763.1,
JQO065709.1, and AY859526.1) [29] were synthetically
produced, cloned and inserted into pUC57 plasmids, the
concentration of each plasmid was adjusted to 10°® copies/
mL. All the plasmids were applied to positive controls.

Participants at the Second Affiliated Hospital, Guizhou
University of Traditional Chinese Medicine provided
73 serum samples for HBV and/or HCV examination
between February 2023 and October 2023. The nucleic
acids from each of the above samples were isolated using
a TTANamp Virus DNA/RNA Fast Kit (TTANGEN BIO-
TECH Co., Ltd.; Beijing, China). Briefly, 200 pL of each
serum sample was treated with 20 uL of protease K, 250
uL of the lysis agent RLC, and 250 pL of isopropanol and
incubated at 56 °C for 5 min. Then, the nucleic acids were
enriched with a centrifugal RNase-free absorption col-
umn. After washing with PWT buffer, the nucleic acids
were eluted in 50 pL of RNase-free ddH,O. The extracted
nucleic acids were stored at -80 °C before use.

LAMP primers design and synthesis

The S and 5'-UTR sequences were selected as the target
genes to detect HBV and HCV, respectively. The S genes
from HBV genotypes B, C, D, B/C recombinant, and C/D
recombinant and the 5-UTR genes from HCV subtypes
1b, 2a, 3a, 3b, and 6a were aligned by DNASTAR soft-
ware (Madison, WI, USA), respectively. The conserved
sequences were applied to HBV- and HCV-LAMP primer
design using Primer Explorer version 5 (http://primerexp
lorer.jp/e/) and Primer Premier version 5.0 according to
the LAMP mechanism. The specificity of primer pair was
confirmed through BLAST analysis tool. Table 1 lists the
primer sequences and modifications, and Supplementary
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Figure S1 presents the primer locations. All primers were
synthesized and purified via high-performance liquid
chromatography grade by TsingKe Biotech Co., Ltd. (Bei-
jing, China).

Preparation of AuNPs-based LFB The AuNPs-based
LFB consists of 4 elements: a sample pad, a conjugation
pad, a nitrocellulose (NC) membrane, and an absorption
pad. Crimson red dye-conjugated streptavidin-coated
AuNPs (SA-AuNPs; 405 nm, 10 mg/mL; Bangs, Labo-
ratories, Inc., Indiana, USA) were deposited on the conju-
gation pad. Anti-FAM antibody (0.2 mg/mL, Abcam Co.,
Ltd.), anti-Dig antibody (0.25 mg/mL, Abcam Co., Ltd.)
and biotinylated bovine serum albumin (biotin-BSA,
4 mg/mL; Abcam Co., Ltd.) were immobilized at the NC
membrane (detection region) of test line 1 (TL1), test
line 2 (TL2) and the control line (CL), respectively, which
were separated by 5 mm. All the elements were packaged
in a plastic cartridge. Our AuNPs-LEBs used here were
manufactured through Tian-Jin HuiDeXin Biotech Co.,
Ltd. (Tianjin, China) according to our devise manual.

LAMP reaction

The single LAMP reactions for HBV or HCV were per-
formed in a one-step 25 pL reaction volumes. Each reac-
tion contained 12.5 pL of 2xreaction buffer (40 mM
Tris-HCI (pH 8.8), 16 mM MgSO,, 2 M betaine, 20 mM
(NH,),SO,, 40 mM KCl, and 0.2% Tween-20); 1 uL of Bst
2.0 DNA polymerase (8 U); 0.1 uM F3 and B3 (each), 0.2
UM LF or LF* (for AuNPs-LFB only) and LB (each), 0.4
uM FIP or FIP* (for AuNPs-LFB only) and BIP (each); 1
uL of standard plasmid template (5 pL of clinical sample
template); 1 pL of AMV reverse transcriptase (10 U)
(only for RNA templates); 2 pL of colorimetric indicator

Table 1 The mLAMP-AuNPs-LFB degenerate primers used in this study

Primer name? Sequence and modifications Length® Gene
HBV-F3 5-TGTACMAAACCTWCGGACGG-3’ 20 nt S
HBV-B3 5-GTAAYAGMGGYAWAAAGGGA-3’ 20 nt

HBV-FIP 5-GAGGCCCACTCCCATAGGWAT-GCACYTGTATTCCCATCCCA-3” 41 mer

HBV-FIP* 5"-FAM-GAGGCCCACTCCCATAGGWAT-GCACYTGTATTCCCATCCCA-3’ 41 mer

HBV-BIP 5-TGCCATTTGTTCAGTGGTTCGT-TGGCCCCCAATACCACATC-3" 41 mer

HBV-LF 5-TTSCGAAAGCCCARGATG-3’ 18 nt

HBV-LF* 5%-Biotin-TTSCGAAAGCCCARGATG-3’ 18 nt

HBV-LB 5-TGGCTTTCAGTTATATG-3’ 17 nt

HCV-F3 5-AGTGTCGTRCAGCCTCC-3’ 17 nt 5'UTR
HCV-B3 5-GGCCTTTCGCRACCCAA-3’ 17 nt

HCV-FIP 5’-CDYCCYRGCRATTCCGGTGT-CCTCCCGGGAGAGCCATAG-3’ 39 mer

HCV-FIP* 5”-Digoxin-CDYCCYRGCRATTCCGGTGT-CCTCCCGGGAGAGCCATAG-3’ 39 mer

HCV-BIP 5 TTGGANMAACCCRCTCWATRCC-CRCTACTCGGCTAGYRRTCT-3’ 42 mer

HCV-LF 5-TCACCGGTTCCGCAGAC-3’ 17 nt

HCV-LF* 5%-Biotin-TCACCGGTTCCGCAGAC-3’ 17 nt

HCV-LB 5-GMVATTTGGGCGTGCCCCCG-3! 20 nt

Note: °F3, forward outer primer; B3, backward outer prime; FIP, forward inner primer; BIP, backward inner primer; LF, forward loop primer; LB, backward loop primer.
HBV-FIP*, 5-labeled with FAM, HBV-LF*, 5"-labeled with biotin, HCV-FIP*, 5-labeled with digoxin, HCV-LF¥*, 5-labeled with biotin, when used for the AUNP-LFB assay

Pnt, nucleotide; mer, monomeric unit
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(MG) (for colorimetry only); and double-distilled water
(ddH,O) up to 25 pL. The reactions were performed at
65 °C for 60 min.

The one-step multiplex LAMP reaction was also per-
formed in a 25 pL reaction volumes containing 12.5 pL
of 2xreaction buffer; 1 puL of Bst 2.0 DNA polymerase
(8 U); 0.1 uM S-F3 and S-B3 (each), 0.2 uM S-LF or LF*
(for AuNPs-LFB only) and S-LB (each), 0.4 uM S-FIP or
S-FIP* (for AuNPs-LFB only) and S-BIP (each), 0.25 uM
5'UTR-F3 and 5'UTR-B3 9 (each), 0.5 pM 5'UTR-LF or
LF* (for AuNPs-LFB only) and 5'UTR-LB (each), 1.0 uM
5'UTR-FIP or 5'UTR-FIP* (for AuNPs-LFB only) and
5'UTR-BIP (each); 1 pL of each standard plasmid tem-
plate (5 pL of the clinical sample template); 1 uL. of AMV
reverse transcriptase (10 U) (only for RNA templates); 2
pL of colorimetric indicator (MG) (for colorimetry only);
and ddH,O up to 25 pL. The reactions were performed at
65 °C for 60 min.

Monitoring methods, including AuNPs-based LFB,
real-time turbidity measurements (LA-500, Lumiprobe;
Japan), 2% agarose gel electrophoresis, and visual reagent
(MG) were utilized for analyzed the LAMP amplifica-
tion products. For AuNPs-LFB-based evaluation, an
HBV-positive result was indicated when both the CL
and TL1 of the AuNPs-LFB turned red. An HCV-posi-
tive result was indicated when both the CL and TL2 of
the AuNPs-LFB turned red. For a negative outcome,
only the CL turned red. For real-time turbidity measure-
ments, turbidity>0.1 indicated a positive outcome. For
agarose gel electrophoresis detection, ladder-like bands
on the agarose gel manifested a positive result, while no
bands indicated a negative outcome. For visual reagent
MG analysis, reaction mixtures that turned bright green
indicated a successful reaction, while a colorless reaction
indicated a negative result.

Optimization of reaction temperature and time for the
mLAMP-AuNPs-LFB assay

The optimal amplification temperature for our assay at
LAMP reaction stage was test by incubating the HBV-
LAMP and HCV-LAMP at 60 to 67 °C (in1°C intervals),
and their amplification results were monitored with
real-time turbidity. Then, the reaction time for multi-
plex-LAMP was optimized from 25 to 40 min (at 5 min
intervals) under the optimal amplification temperature,
the amplification results were analyzed through AuNPs-
LFBs. Each assay was conducted in triplicate.

Sensitivity of the mLAMP-AuNPs-LFB assay

Two synthetic plasmids, HBV-S and HCV-5'-UTR plas-
mids, were serially diluted by a factor of ten to provide
copy numbers ranging from 2.0x10* copies to 1 copy.
Each test was performed under optimal reaction condi-
tions, and the results were monitored through visual
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reagent MG and biosensor AuNPs-LFB. Each test was
repeated three times.

Specificity of the mLAMP-AuNPs-LEB assay.

The specificity of our assay was evaluated by assaying
various templates, including HBV-S plasmids, HCV-
5'UTR plasmids, HBV/HCV-positive clinical nucleic
acid samples (confirmed by real-time PCR), and other
microbe nucleic acids, including HIV, Human papilloma-
virus, Influenza A virus, Influenza B virus, Epstein-Barr
virus, Human enterovirus EV71, Coxsackie virus CAV16,
Cytomegalovirus, Herpes zoster virus, Escherichia coli,
Staphylococcus aureus, Mpycobacterium tuberculosis,
Klebsiella pneumoniae, Cryptococcus neoformans, and
Mycobacterium leprae (Table 2), distilled water (DW)
was served as the blank control (BC). Each test was per-
formed independently in triplicate on different days
under the optimal reaction conditions.

Feasibility of the mLAMP-AuNPs-LFB assay for clinical
specimens

Serum samples were collected from 73 patients at the
Second Affiliated Hospital Guizhou University of Tra-
ditional Chinese Medicine, who were suspected to have
viral hepatitis caused by HBV and/HCV. The Genomic
nucleic acid templates were rapidly isolated through
a TIANamp Virus DNA/RNA Fast Kit (TIANGEN
BIOTECH Co., Ltd., Beijing, China) according to the
manufacture’s guidelines. We compared our assay to
commercially available real-time TagMan PCR Kit for
HBV and HCV (Xi'an Tianlong Technology Co. Ltd.,
Xi'an, China) on an Applied Biosystems™7500 Real-Time
PCR System (Life Technologies; Singapore). The results
with HBV>5 IU (~30 copies) and HCV>50 IU (~45
copies) were regarded as positive according to the man-
ufacturer’s instructions. The Ethics Committee of The
Second Affiliated Hospital of Guizhou University of Tra-
ditional Chinese Medicine approved the lawful collection
of these genomic nucleic acid templates (Approval No.
KYW2022034). The results of our mLAMP-AuNPs-LFB
assay were compared with that of conventional quantita-
tive real-time PCR (qPCR) method.

Results

Schematic of the mechanism of the HBV&HCV-mLAMP-
AuNPs-LFB assay

The workflow of HBV&HCV-mLAMP-AuNPs-LFB assay
was shown in Fig. 1A (Fig. 1A, step 1). For template prep-
aration, nucleic acids were rapidly isolated from serum
samples through a DNA/RNA Fast Kit (Fig. 1A, step 2).
For multiple LAMP amplification, in the mLAMP sys-
tem, one hapten, FAM, was linked to the HBV S-LAMP
primer set, and another, digoxin (Dig), was added to the
HCV 5-UTR-LAMP primer set. Hence, the HBV S-FIP*
and HBV S-LF* primers were labeled at the 5 end with
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Table 2 Microbial strains used in this study
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No. Strains/Templates Source of strain? No. of strains mLAMP-AuNPs-
LFB result®
HBV HCV
1 HBV genotype B S-plasmid Tsingke Biotech (Beijing, China) 1 p N
2 HBV genotype C S-plasmid Tsingke Biotech (Beijing, China) 1 p N
3 HBV genotype D S-plasmid Tsingke Biotech (Beijing, China) 1 p N
4 HBV genotype B/C recombinant S-plasmid Tsingke Biotech (Beijing, China) 1 p N
5 HBV genotype C/D recombinant S-plasmid Tsingke Biotech (Beijing, China) 1 p N
6 HCV subtype 1b 5'UTR-plasmid Tsingke Biotech (Beijing, China) 1 N P
7 HCV subtype 2a 5'UTR-plasmid Tsingke Biotech (Beijing, China) 1 N p
8 HCV subtype 3b 5'UTR-plasmid Tsingke Biotech (Beijing, China) 1 N P
9 HCV subtype 6a 5'UTR-plasmid Tsingke Biotech (Beijing, China) 1 N P
10 HCV subtype 3a 5'UTR-plasmid Tsingke Biotech (Beijing, China) 1 N p
11 HBV&HCV plasmids Tsingke Biotech (Beijing, China) 1 p P
12 HBV strain (clinical sample) 2nd GZUTCM 1 P N
13 HCV strain (clinical sample) 2nd GZUTCM 1 N p
14 HBV &HCV strains (clinical sample) 2nd GZUTCM 1 P p
15 Human immunodeficiency virus GZCCL 1 N N
16 Human papillomavirus GZCCL 1 N N
17 Influenza A virus GZCDC 1 N N
18 Influenza B virus GZCDC 1 N N
19 Epstein-Barr virus 2nd GZUTCM 1 N N
20 Human enterovirus EV71 GZCDC 1 N N
21 Coxsackie virus CAV16 GZCDC 1 N N
22 Cytomegalovirus GZCCL 1 N N
23 Herpes zoster virus 2nd GZUTCM 1 N N
24 Escherichia coli ATCC8739 1 N N
25 Staphylococcus aureus ATCC25923 1 N N
26 Mycobacterium tuberculosis GZCDC 1 N N
27 Klebsiella pneumoniae ATCC700603 1 N N
28 Cryptococcus neoformans 2nd GZUTCM 1 N N
29 Mycobacterium leprae GZCDC 1 N N

Note: °ATCC, American Type Culture Collection; 2nd GZUTCM, the Second Affiliated Hospital, Guizhou University of Traditional Chinese Medicine; GZCCL, Guizhou
Provincial Center for Clinical Laboratory, GZCDC, Guizhou Provincial Center for Disease Control and Prevention

bp, Positive; N, Negative

FAM and biotin, and the HCV 5'-UTR-FIP* and HCV
5'-UTR-LF* primers were labeled with Dig and biotin,
respectively. The HBV-LAMP products were simultane-
ously labeled with biotin and FAM, and the HCV-LAMP
products were labeled with biotin and Dig during LAMP
isothermal amplification process (Fig. 1A, step 3). For
visual interpretation of the results, the labeled mLAMP
products were readout visually through AuNPs-LFB.

The visual interpretation of the HBV&HCV-mLAMP-
AuNPs-LFB assay is outlined in Fig. 1B. In brief, aliquots
of 1 uL of mLAMP amplicons and 100 pL of running
buffer (100 mM PBS with 1% Tween 20 [pH 7.4]) were
deposited concurrently onto the sample pad (Fig. 1B).
The LAMP amplicons-containing running buffer moves
along the biosensor via capillary action, and then rehy-
drating the dye-coated SA-AuNPs. The FAM/biotin-
labeled HBV-LAMP and Dig/biotin-labeled HCV-LAMP
products integrate with dye-coated SA-AuNPs at the

conjugation pad (Figs. 1B and 2). Finally, the HBV-LAMP
amplicons were fixed though anti-FAM antibody at TL1,
while the HCV-LAMP amplicons were anchored by the
anti-Dig antibody at TL2. Excess dye-coated SA-AuNPs
were arrested by BSA at CL (Figs. 1B and 3). The readout
of the HBV&HCV-mLAMP products using AuNPs-LFB
biosensor was presented in Fig. 1B (4). When both CL
and TL1 turned red, the sample was regarded as positive
for HBV; when both CL and TL2 turned red, the sample
was considered positive for HCV; and when only CL
turned red, the sample was deemed to negative for both.

Confirmation of the feasibility of the HBV-LAMP and HCV-
LAMP primer sets

For confirming the feasibility of the HBV- and HCV-
LAMP primer sets in the multiplex-LAMP reaction sys-
tem, five standard HBV-S plasmids (genotypes B, C, D,
recombinant B/C, and recombinant C/D), five standard



Chen et al. BMC Microbiology (2024) 24:455

A stept Step2

v

Y = =

Ny »@»Q ==
&L e
4 Qe

Page 6 of 13

Step3

e T

Blood sample  Nucleic acid @Q\‘gj : i: ——— ‘ ——
Nucleic acid extraction (10 min) ~ LAMP reaction (35 min) AuNPs-LFB visual readout (~2 min)
r\\\ -
I The workflow of HBV&HCV-mLAMP-AuNPs-LFB assay (within 50 min) /:>
|
(1) Conjugate pad Absorbent pad @) '\%\;

Kg%g %\. \ Q‘%&’x e \ Q N

NC membrane

Sample pad
(reaction region)

(4
TL1 CL

L -
Sample flow TL1—'TL2—CL

-

\\’3 - K\‘._\\': _{\{\\‘_ _\\’ 4 _k&\‘;_\\": J{“\\‘__

Negative(-) HBV-positive(+)

HCV-positive(+) HBV&HCV-positive(+)

'Y Y AN @®

Anti-FAM  Anti-Digoxin  BSA  Streptavidin dNTP

@ © 6 0 o

@ocow @@

Digoxin&Biotin labelled  FAM&Biotin labelled  Nucleic acid
HCV-LAMP amplicons HBV-LAMP amplicons

BstDNA  Digoxin FAM Biotin Dye-coated gold
polymerase nanopartides(AuNPs)

) N
\_/g/'\/ ‘/\’ C\
Digoxin modified Biotin modified FAM modified
primer primer primer

Fig. 1 Schematic diagram of HCV-RT-LAMP-AuNPs-LFB assay's principle: (A) Schematic diagram of AuNPs-LFB principles for the analysis of mLAMP
products. 1, mLAMP products (1.0 pL) and running buffer (100 pL) are simultaneously added on the sample pad. 2, the running buffer containing mLAMP
products move forward onto the conjugate pad and NC membrane (reaction region) with capillary action. The crimson dye streptavidin-coated gold
nanoparticles (streptavidin-AuNPs) are rehydrated and integrated with FAM/biotin labelled HBV-LAMP products and digoxin/ biotin labelled HCV-LAMP
products. 3, FAM/biotin-labeled HBV-LAMP products are captured by anti-FAM at TL1, digoxin/ biotin labelled HCV-LAMP products are captured by anti-
digoxin at TL2, excess dye-coated streptavidin-AuNPs are captured by biotinylated bovine serum albumin (biotin-BSA) at the CL region. 4, Interpretation
of the mLAMP-AuNPs-LFB assay. HBV-positive results are indicated by CL and TL1 bands on the biosensor, HCV-positive results are indicated by CL and
TL2 bands on the biosensor, both HBV and HCV positive results are indicated by TL1, TL2, and CL bands on the AuNPs-LFB, negative results are indicated
when only the CL band appears on the biosensor.(B) Workflow of the mLAMP-AuNPs-LFB assay. the mLAMP-AuNPs-LFB assay's workflow comprises the
following closely linked steps: rapid nucleic acid extraction (step 1), LAMP reaction (step 2), and AuNPs-LFB visual readout (step 3). The entire detection

process can be completed within 50 min

HCV-5'UTR plasmids (subtypes 1b, 2a, 3b, 6a, and
3a), viral nucleic acid of HIV and human papillomavi-
rus (HPV) were applied to templates for LAMP ampli-
fication with a constant temperature of 65 °C for 1 h,
whereas distilled water (DW) as a blank control. Agarose

gel electrophoresis, colorimetric indicator (MG), and
AuNPs-LFB biosensor methods were utilized to readout
the LAMP results. The templates from the HBV and/or
HCYV strand plasmids were amplified and yielded positive
results according to each analysis method (Fig. 2A, B, and
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Fig. 2 Confirmation and detection of HBV-, HCV-, and mLAMP product. (A) 2% agarose gel electrophoresis, (B) visual indicator (MG), (C) biosensor plat-
form (AUNPs-LFB). Templates of 1-14 were HBV-B plasmid, HBV-C plasmid, HBV-D plasmid, HBV-B/C plasmid, HBV-C/D plasmid, HCV-1b plasmid, HCV-2a
plasmid, HCV-3a plasmid, HCV-3b plasmid, HCV-6a plasmid, HBV-HCV plasmid, human immunodeficiency virus (HIV), human papillomavirus (HPV), and
distilled water (DW), respectively. CL: control line, TL1: test line one, TL2: test line two

C). No amplification was detected for the negative con-
trols (HIV and HPV) or the blank control (DW) (Fig. 2A,
B, and C). In addition, the AuNPs-LFB approach simulta-
neously detected two targets (HBV and HCV) in a single
test (Fig. 4C). These data indicated that our mLAMP-
AuNPs-LFB assay utilizing the HBV- and HCV-LAMP
primer sets designed in the current study can be applied
for the simultaneous identification of HBV and HCV.

Optimization of the reaction temperature for the mLAMP-
AuNPs-LFB assay

An optimal reaction temperature is important for the
LAMP reaction. In the present study, LAMP reactions
were carried out from 60 to 67 °C in 1 °C intervals. The
concentration of the HBV-S-plasmid or HCV-5'UTR
plasmid template used for detection was 1.0x10* cop-
ies per test. Real-time turbidity measurement was per-
formed to monitor the LAMP products (Fig. 3A and
B). The data suggested that robust HBV-LAMP reaction
appeared at 63 to 65 °C (Fig. 3A) and that HCV-LAMP
reaction occurred at 63 to 64 °C (Fig. 3B). Hence, 63 °C

was regarded as the most appropriate reaction tempera-
ture for HBV&HCV-mLAMP-AuNPs-LFB assay.

Sensitivity of the mLAMP-AuNPs-LFB assay

Serial dilutions of templates (HBV-S-plasmid and HCV-
5'-UTR-plasmid constructs) ranging from 2.0x10* cop-
ies to 1 copy were applied to test the sensitivity of our
assay. The mLAMP-AuNPs-LFB assay was performed
at 63 °C for 1 h, and the LAMP products were analyzed
with the AuNPs-LFB platform and MG reagent. The two
viruses (HBV and HCV) were identified in a single-tube
reaction, and the limit of detection (LoD) was 20 cop-
ies per test for both the HBV-LAMP (Fig. 4A and B)
and HCV-LAMP (Fig. 4C and D). The LAMP results
obtained using reagent (MG) were consistent with those
obtained with AuNPs-LFB. However, the traditional
visual detection approach with MG notably cannot dis-
criminate between the two target agents in a signal assay.
In addition, the sensitivity of mLAMP-AuNPs-LFB was
also in accordance with that of the single HBV- and
HCV-LAMP-AuNPs-LFB methods (Fig. 4E and F).
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Optimization of reaction time for the mLAMP-AuNPs-LFB optimal amplification temperature, and the results were
assay analyzed using AuNPs-LFB biosensor. Both plasmid tem-
The optimal reaction time for the mLAMP-AuNPs-LFB  plates (HBV-S-plasmid and HCV-5'UTR-plasmid) at the
assay at the multiple-LAMP reaction stage was tested LoD level (20 copies) resulted in positive outcomes after
across the range from 25 to 45 min (with 5-min inter- 35 min of incubation (Fig. 5C). Therefore, the entire diag-
vals) (Fig. 5A-D). All tests were carried out under the nostic procedure for the mLAMP-AuNPs-LFB assay can



Chen et al. BMC Microbiology (2024) 24:455

A Amplification time: 25 min

1 2 3 4 & 6 7

20x10* | 20x10° | 20x10? | 20 | 10 1 DW
copies = copies | copies = copies | copies | copy
C Amplification time: 35 min - -
1 2 S 4 > 6 7
20<10* | 20x10° | 20x107 20 10 1 DW
copies = coples = copies | copies | copies | copy

- — — el —_ =~ =
- - d ™)

= - [ | (]
J o

Page 9 of 13
B Amplification time: 30 min
1 2 3 4 5 6 7
20x10* | 20x10° | 20x107 20 10 1 DW
copies = copies | copies —copies | copies | copy |
— — —— ‘ J i
\
D Amplification time: 40 min
Y Y Y Y ) 67 Y
1 2 3 4 5 6 7
20x10* | 20x10° | 2.0x10? 20 10 ‘ 1 DW
copies = copies | coples | copies | copies ‘ copy
1| B | H |
| a a a

|

Fig.5 Amplification time optimization for the mLAMP-AuNPs-LFB assay. Four LAMP reaction times were evaluated at 63°C: 25 min (A), 30 min (B), 35 min
(C), and 40 min (D). biosensor 1-7 represent nucleic acid template levels 2.0 x 10* copies, 2.0x 10° copies, 2.0 x 10% copies, 20 copies, 10 copies, and 1
copy and negative control (DW), respectively. Results were analyzed using AuNPs-LFBs. The optimal LoD occurred with a 35 min reaction time (C). CL,
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be finished within 50 min, with rapid nucleic acid prepa-
ration (10 min), multiple-LAMP reaction (35 min), and
result readout through the visual AuNPs-LFB method
(<2 min).

Specificity of the mLAMP-AuNPs-LFB assay

Our assay’s specificity was assessed through the use of
HBV-S-plasmids (genotypes B, C, D, recombinant B/C,
and recombinant C/D), HCV-5'UTR-plasmids (subtypes
1b, 2a, 3a, 3b, and 6a), positive HBV and/or HCV clini-
cal samples (confirmed by qPCR), and 15 other microbes
(Table 2). All the tests were carried out under the optimal
reaction conditions (63 °C for 35 min), and the results
were readout through the AuNPs-LFB biosensor. In our
study, the positive results observed for all positive con-
trols and negative results for all negative and blank con-
trols (Fig. 6). Hence, the data showed that our assay has
no cross-reactions with other pathogens, and presented
100% specificity. In addition, each test of this study was
repeated three times at differently days, and showed good
reproducibility.

Application of the mLAMP-AuNPs-LFB assay for clinical
samples

To confirm the feasibility of our assay for clinical sam-
ples, 73 serum samples from patients with suspected
HBV and/or HCV infection were analyzed initially using
conventional quantitative real-time PCR (qPCR). Among

them, 21 samples were confirmed by qPCR to be HBV-
positive, 13 were HCV-positive, 7 were from patients
coinfected with HBV and HCV, and 32 were tested as
negative. The remaining nucleic acids from patients
after qPCR diagnosis were tested through our mLAMP-
AuNPs-LFB assay. The results of our novel mLAMP-
AuNPs-LFB assay were consistent with those of qPCR
approach (Table 3), and the details were showed in Sup-
plementary Material Table S1. the data revealed that our
proposed mLAMP-AuNPs-LFB assay can function as
a useful POC testing approach for detecting HBV and
HCYV in clinical practice.

Discussion

Here, for the first time, mLAMP isothermal amplifica-
tion, which was combined with readily available AuNPs-
LFB visual readout platform, was successfully devised
for rapid, visual, specific, sensitive, and user-friendly
simultaneous diagnosis of HBV and HCV infection. The
applicability of our assay was verified using clinical speci-
mens from patients with suspected HBV and/or HCV
infection.

In recent decades, specific and sensitive PCR-related
molecular techniques have revolutionized the diagnosis
of acute cases of HBV and HCV infection [25, 30]. How-
ever, these methods typically require a significant invest-
ment in infrastructure, thermal cyclers, and training.
This approach is not feasible for low- and middle-income
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Fig.6 Specificity analysis of mMLAMP-AuNPs-LFB assay with different strains. The mLAMP reactions were performed using different nucleic acid templates,
and each of the amplification product was analyzed through visual AuNPs-LFBs. Biosensor 1-30, HBV genotype B plasmid, HBV genotype C plasmid,
HBV genotype D plasmid, HBV genotype B/C plasmid, HBV genotype C/D plasmid, HCV subtype 1b plasmid, HCV subtype 2a plasmid, HCV subtype 3b
plasmid, HCV subtype 6a plasmid, HCV subtype 3a plasmid, HBV&HCV plasmids, HBV strain (clinical sample), HCV strain (clinical sample), HBV &HCV strains
(clinical sample), Human immunodeficiency virus (HIV), Human papillomavirus (HPV), Influenza A virus, Influenza B virus, Epstein-Barr virus, Human en-
terovirus EV71, Coxsackie virus CAV16, Cytomegalovirus, Herpes zoster virus, Escherichia coli, Staphylococcus aureus, Mycobacterium tuberculosis, Klebsiella
pneumoniae, Cryptococcus neoformans, Mycobacterium leprae, distilled water (DW), respectively. CL, control line; TL1, test line one; TL2, test line two

settings. In the present study, the mLAMP-AuNPs-
LFB assay was developed on the basis of the isothermal
LAMP technique for simultaneously amplifying two
target genes (HBV-S and HCV-5'UTR) within a short
time (35 min) at a constant temperature (63 °C), which
can be carried out using simple equipment, such as a

water bath and metal bath. Then, the mLAMP amplicons
were rapidly and visually analyzed with AuNPs-LFBs. In
our assay, the crude nucleic acids were sufficient for the
LAMP reaction owing to the Bst DNA polymerase used
is less readily inhibited than the Tag DNA polymerase
used in traditional PCR method [31, 32]. Therefore, our
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Table 3 Comparing HBV & HCV levels in clinical samples using
our mLAMP-AUNPs-LFB assay and gPCR method
Detection method

Clinical samples (n=73)

Positive Negative
HBV HCV HBV & HCV
gPCR 21 13 7 32
mMLAMP-AUNPs-LFB 21 13 7 32

molecular assay is rapid and affordable, and the whole
assay process, including rapid nucleic acid extraction
(~10 min), LAMP (35 min), and AuNPs-LFB visual inter-
pretation (less than 2 min), can be finished within 50 min.

In the current study the optimal HBV&HCV-mLAMP
reaction conditions were determined to be 63 °C for
35 min (Figs. 3 and 5). The specificity of our assay was
tested for several HBV genotypes (B, C, D, B/C recombi-
nant, and C/D recombinant), HCV subtypes (1b, 2a, 3b,
6a and 3a), and other pathogens. As expected, our assay
presented 100% specificity for both HBV and HCYV, and
had no cross-reaction with other pathogens (Tables 2and
Fig. 6). Besides, the sensitivity of our assay was 20 copies
per test (Fig. 4), which is sufficient for clinical diagnostic
purpose. The WHO International Standard Substances
Hepatitis B Virus and Hepatitis C Virus for nucleic acid
amplification techniques can better define the sensitiv-
ity of the test and compare with other similar assays.
However, it is difficult to obtain all WHO International
Standard Substances used in this study, including five
major hepatitis B virus genotypes (B, C, D, recombinant
B/C, and recombinant C/D), and five dominant subtypes
hepatitis C virus (1b, 2a, 3a, 3b, and 6a) predominant in
China. Fortunately, synthetic plasmids containing target
sequences can applied to positive controls and verify the
sensitivity of nucleic acid detection technologies [33—
35]. Here, the full-length S sequences from five domi-
nant HBV genotypes and the HCV 5'-UTR target genes
from five dominant subtypes in China were synthetically
produced, cloned and inserted into pUC57 plasmids,
respectively. The synthetic plasmids were used as positive
controls and test the sensitivity of HBV&HCV-mLAMP-
AuNPs-LFB assay. To confirm the feasibility of our assay
for clinical application, 73 serum samples from suspected
HBV- and/or HCV-infected patients were assayed simul-
taneously with our mLAMP-AuNPs-LFB assay and the
traditional real-time PCR technique. The data indicated
that our novel approach have ability to detect HBV and
HCV in clinical practice. We previously used single
LAMP to detect HBV and HCV with an LoD as low as
7.5 IU and 20 copies per test, respectively [36, 37]. Hon-
gjaisee et al. used the LAMP approach and rapidly and
visually identified HCV at 10-100 ng per reaction [38].
However, these methods were inadequate for identify-
ing and distinguishing the two important pathogens in a
single test. Here, we applied for the first time a one-step
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multiplex LAMP reaction for simultaneously detecting
and distinguishing HBV and HCV.

For visual and rapid interpretation, a novel AuNPs-
based biosensor diagnostic platform was used in this
study. AuNPs-LFBs are paper-based biosensors that have
tremendous potential for POC testing because they are
typically user friendly, have high sensitivity and specific-
ity, and have a low cost [39, 40]. The use of AuNPs in the
development of our biosensor improved its sensitivity
and performance owing to their unique physicochemi-
cal characteristics, such as good biocompatibility, chemi-
cal stability, low toxicity, and high surface-to-volume
ratio [21]. These features facilitate the synthesis and
modification of AuNPs with various chemical functional
groups for conjugation with biomolecules (DNA probes,
antigens, and antibodies), which are vital for the devel-
opment of biosensors [41, 42]. In this study, the colori-
metric indicator MG, real-time turbidity, and agarose gel
electrophoresis were also used to detect multiplex LAMP
amplicons. Nevertheless, all of them are insufficient for
identifying simultaneously two target genes in a one-step
reaction. In addition, real-time turbidity measurements
and agarose gel electrophoresis require expensive instru-
ments and are not suitable for use as a POC diagnostic
platform. Our AuNPs-LFB platform is user-friendly and
cost-saving (approximately US$2.0 per test), the approxi-
mate total cost of each assay, including nucleic acid rapid
extraction (US $0.5), LAMP (US $1.5), and AuNPs-LFB
detection (US $2.0), was US $4.0, which is cheaper than
that of traditional real-time PCR testing (approximately
$7.0 USD) [43]. More importantly, the AuNPs-LFB bio-
sensor can simultaneously identify HBV and HCV in a
one-step reaction.

In addition, our assay also has several limitations.
First, the HBV-LAMP primers and HCV-LAMP primers
identified only the HBV genotypes and HCV subtypes,
respectively, dominant in China. Further refinement
of the HBV-LAMP and HCV-LAMP primers is needed
because HBV and HCV have high genetic heterogene-
ity. Second, in our assay system, the LAMP amplification
tube had to open for AuNPs-LFB interpretation, which
increases the risk of cross contamination. For greater
suitability for clinical application and to avoid aerosol
contamination, it is necessary to refine the HBV&HCV-
mLAMP-AuNPs-LFB diagnostic system to eliminate the
need for opening the LAMP reaction tube.

Conclusions

by combining multiple LAMP isothermal amplification
methods with AuNPs-LFB, a novel mLAMP-AuNPs-
LFB assay was successfully developed for the rapid,
user-friendly, highly sensitive and specific, and cost-sav-
ing detection of HBV and HCV in clinical applications.
The whole diagnostic procedure can be finished within
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50 min without the need for specific instruments. Our
assay presented 100% specificity and had a 20-copy LoD.
Hence, our mLAMP-AuNPs-LFB assay is a valuable tool
for rapid, specific, sensitive, visual, and user-friendly
identification of HBV and HCV and has tremendous
potential as a POC testing approach for screening for
HBV and HCV infection.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512866-024-03610-z.

[ Supplementary Material 1 ]

Acknowledgements

We thank the medical personnel at the Second Affiliated Hospital, Guizhou
University of Traditional Chinese Medicine, Guizhou Provincial Center for
Clinical Laboratory, and Guizhou Provincial Center for Disease Control and
Prevention for their cooperation in this study. We also thank the patients who
provided samples.

Author contributions

Xu Chen: Writing—original draft, review & editing, funding acquisition,
investigation, methodology, resources. Yuanfang Shi: Writing—original

draft, data curation, methodology, validation. Qi Zhao: Writing—original
draft, methodology, resources, validation. Yu Wang: Writing—original

draft, data curation, resources. Xinggui Yang: Writing—original draft,
methodology, resources, validation. Yan Tan: Writing—original draft, data
curation, investigation, resources. Yi Wang: Writing—review & editing, project
administration, software. Shilei Dong: Writing—review & editing, resources,
supervision, visualization. Zhenghua Xiao: Writing—review & editing, funding
acquisition, project administration, supervision.

Funding

This work was supported by the National Natural Science Foundation of
China (82202556, 82460140), the Guizhou Provincial Key Technology R&D
Program (Grant No. Qian Ke He Support [2023] General 242), the Program

of Scientific and Technological of Guiyang City (Grant No. Zhu Ke He (2024)
2-34), the Program of Science and Technology of Guizhou Provincial Health
Commission (Grant No. gzwkj2022-515), the Program of Key Laboratory of
Higher Education in Guizhou Province (Grant No. Qian Jiao Ji [2023]017), the
NATCM’s Project of High-level Construction of Key TCM Disciplines (Grant No.
zyyzdxk-2023187).

Data availability

The original contributions presented in the study are included in the
article/Supplementary Material. Further inquiries can be directed to the
corresponding authors.

Declarations

Ethics approval and consent to participate

This study was approved by the Ethics Committee of The Second Affiliated
Hospital of Guizhou University of Traditional Chinese Medicine (Approval No.
KYW2022034), and complied with the Declaration of Helsinki. Before our team
obtained clinical samples/isolates and conducted this research, any personal
patient identifiers were removed. Patient informed consent was waived by the
Ethics Committee of The Second Affiliated Hospital of Guizhou University of
Traditional Chinese Medicine.

Consent for publication
Not Applicable.

Competing interests

The authors declare no competing interests.
Clinical Trial Number.

Not Applicable.

Page 12 of 13

Author details

'The Second Clinical Medical College, Guizhou University of Traditional
Chinese Medicine, Guiyang, Guizhou 550003, People’s Republic of China
’Department of Scientific Research, The Second Affiliated Hospital,
Guizhou University of Traditional Chinese Medicine, Guiyang,

Guizhou 550003, People’s Republic of China

3Department of gastroenterology, the Second Affiliated Hospital, Guizhou
University of Traditional Chinese Medicine, Guiyang, Guizhou

550003, People’s Republic of China

“Department of Clinical Laboratory Centre, The First People’s Hospital of
Guiyang, Guiyang, Guizhou 55004, People’s Republic of China
5E><perimenta| Center, Guizhou Provincial Centre for Disease Control and
Prevention, Guiyang, Guizhou 550004, People’s Republic of China
5Clinical Laboratory, Guizhou Provincial Center for Clinical Laboratory,
Guiyang, Guizhou 550002, People’s Republic of China

7Experimenta| Research Center, Capital Institute of Pediatrics,

Beijng 100020, People’s Republic of China

8Department of Clinical Laboratory, Zhejiang Hospital, Hangzhou,
Zhejiang 310013, People’s Republic of China

Received: 24 May 2024 / Accepted: 25 October 2024
Published online: 06 November 2024

References

1. Alberts CJ, Clifford GM, Georges D, Negro F, Lesi OA, Hutin YJ, et al. Worldwide
prevalence of hepatitis B virus and hepatitis C virus among patients with
cirrhosis at country, region, and global levels: a systematic review. Lancet
Gastroenterol Hepatol. 2022;7(8):724-35.

2. Liang TJ. Hepatitis B: the virus and disease. Hepatology. 2009;49(5
Suppl):S13-21.

3. Konstantinou D, Deutsch M. The spectrum of HBV/HCV coinfection: epi-
demiology, clinical characteristics, viralinteractions and management. Ann
Gastroenterol. 2015;28(2):221-8.

4. CuiF, Blach S, Manzengo MC, Gonzalez MA, Sabry AA, Mozalevskis A, et al.
Global reporting of progress towards elimination of hepatitis B and hepatitis
C. Lancet Gastroenterol Hepatol. 2023;8(4):332-42.

5. Said ZNA, El-Sayed MH. Challenge of managing hepatitis B virus and
hepatitis C virus infections in resource-limited settings. World J Hepatol.
2022;14(7):1333-43.

6. Magsood Q, Sumrin A, Igbal M, Younas S, Hussain N, Mahnoor M, et al. Hepa-
titis C virus/Hepatitis B virus coinfection: current prospectives. Antivir Ther.
2023;28(4):211915403.

7. Shih YF, Liu CJ. Hepatitis C virus and hepatitis B virus co-infection. Viruses.
2020;12(7):741.

8. Zarebska-Michaluk D, Flisiak R, Flisiak-Jackiewicz M. Management of hepatitis
B and hepatitis C coinfection: an expert review. Expert Rev Anti Infect Ther.
2020;18(10):1033-44.

9. Word Health Organization. Global health sector strategy on viral hepatitis
2016-2021. 2016. https://www.who.int/publications/i/item/WHO-HIV-2016.0
6

10.  Word Health Organization. Global health sector strategies on, respec-
tively, HIV, viral hepatitis and sexually transmitted infections for the period
2022-2030. 2022. https://www.who.int/publications/i/item/9789240053779

11. Das D, Lin CW, Chuang HS. LAMP-based point-of-care biosensors for rapid
pathogen detection. Biosens (Basel). 2022;12(12):1068.

12. Notomi T, Okayama H, Masubuchi H, Yonekawa T, Watanabe K, Amino N,
et al. Loop-mediated isothermal ampilification of DNA. Nucleic Acids Res.
2000;28(12):E63.

13.  Shirshikov FV, Bespyatykh JA. Loop-mediated isothermal amplification: from
theory to practice. Russ J Bioorg Chem. 2022;48(6):1159-74.

14.  Boonbanjong P, Treerattrakoon K, Waiwinya W, Pitikultham P, Japrung D.
Isothermal amplification technology for disease diagnosis. Biosens (Basel).
2022;,12(9):677.

15. LiY,Fan P, Zhou S, Zhang L. Loop-mediated isothermal amplification
(LAMP): a novel rapid detection platform for pathogens. Microb Pathog.
2017;107:54-61.

16. Chen X, Du C, Zhao Q, Zhao Q Wan Y, He J, et al. Rapid and visual identifica-
tion of HIV-1 using reverse transcription loop-mediated isothermal amplifica-
tion integrated with a gold nanoparticle-based lateral flow assay platform.
Front Microbiol. 2023;14:1230533.


https://doi.org/10.1186/s12866-024-03610-z
https://doi.org/10.1186/s12866-024-03610-z
https://www.who.int/publications/i/item/WHO-HIV-2016.06
https://www.who.int/publications/i/item/WHO-HIV-2016.06
https://www.who.int/publications/i/item/9789240053779

Chen et al. BMC Microbiology

20.
21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

(2024) 24:455

Nguyen HQ, Bui HK, Phan VM, Seo TS. An internet of things-based point-
of-care device for direct reverse-transcription-loop mediated isothermal
amplification to identify SARS-CoV-2. Biosens Bioelectron. 2022;195:113655.
Xiao F, Fu J, Huang X, Jia N, Sun C, Xu Z, et al. Loop-mediated isothermal
amplification coupled with nanoparticle-based lateral flow biosensor for
monkeypox virus detection. Talanta. 2024;269:125502.

Fairooz T, McNamee SE, Finlay D, Ng KY, McLaughlin J. A novel patches-selec-
tion method for the classification of point-of-care biosensing lateral flow
assays with cardiac biomarkers. Biosens Bioelectron. 2023;223:115016.
Kumar P, Sarkar N, Singh A, Kaushik M. Nanopaper biosensors at point of care.
Bioconjug Chem. 2022;33(6):1114-30.

Mazur F, Tjandra AD, Zhou Y, Gao Y, Chandrawati R. Paper-based sensors for
bacteria detection. Nat Rev Bioeng. 2023;1(3):180-92.

Ince B, Sezginturk MK. Lateral flow assays for viruses diagnosis: up-to-date
technology and future prospects. Trends Analyt Chem. 2022;157:116725.
TaiJ, Fan S, Ding S, Ren L. Gold nanoparticles based optical biosensors for
cancer biomarker proteins: a review of the current practices. Front Bioeng
Biotechnol. 2022;10:877193.

Jia S, Wang F, Li F, Chang K, Yang S, Zhang K, et al. Rapid detection of hepatitis
B virus variants associated with lamivudine and adefovir resistance by multi-
plex ligation-dependent probe amplification combined with real-time PCR. J
Clin Microbiol. 2014;52(2):460-6.

Guvenir M, Arikan A, Hepatitis B, Virus. From diagnosis to treatment. Pol J
Microbiol. 2020,69(4):391-9.

Park Y, Kim BS, Choi KH, Shin DH, Lee MJ, Cho Y, et al. A novel multiplex real-
time PCR assay for the concurrent detection of hepatitis A, B and C viruses in
patients with acute hepatitis. PLoS ONE. 2012;7(11):e49106.

Mohammed AS, Balapure A, Khaja MN, Ganesan R, Dutta JR. Naked-

eye colorimetric detection of HCV RNA mediated by a 5'UTR-targeted
antisense oligonucleotide and plasmonic gold nanoparticles. Analyst.
2021;146(5):1569-78.

SuQ Zhang S,Wang F, Liu H, Zhang G, Zheng H, et al. Epidemiological
distribution of hepatitis B virus genotypes in 1-29-year-olds in the mainland
of China. Vaccine. 2020;38(51):8238-46.

Chen,Yu C,Yin X, Guo X, Wu S, Hou J. Hepatitis C virus genotypes and sub-
types circulating in Mainland China. Emerg Microbes Infect. 2017,6(11):€95.
Roger S, Ducancelle A, Le Guillou-Guillemette H, Gaudy C, Lunel F. HCV virol-
ogy and diagnosis. Clin Res Hepatol Gastroenterol. 2021;45(3):101626.

Chen X, Zhou Q, Yuan W, ShiY, Dong S, Luo X. Visual and rapid identification
of Chlamydia trachomatis and Neisseria gonorrhoeae using multiplex loop-
mediated isothermal amplification and a gold nanoparticle-based lateral
flow biosensor. Front Cell Infect Microbiol. 2023;13:1067554.

Somboonna N, Choopara I, Arunrut N, Sukhonpan K, Sayasathid J, Dean

D, et al. Rapid and sensitive detection of Chlamydia trachomatis sexually

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 13 of 13

transmitted infections in resource-constrained settings in Thailand at the
point-of-care. PLoS Negl Trop Dis. 2018;12(12):e0006900.

TianY,Fan Z, Xu L, CaoY,Chen S, Pan Z, et al. CRISPR/Cas13a-assisted rapid
and portable HBV DNA detection for low-level viremia patients. Emerg
Microbes Infect. 2023;12(1):¢2177088.

Chen X, TanY,Wang S, Wu X, Liu R, Yang X, et al. A CRISPR-Cas12b-based
platform for ultrasensitive, rapid, and highly specific detection of hepatitis

B virus genotypes B and C in clinical application. Front Bioeng Biotechnol.
2021;9:743322.

Zhu X, Wang X, Han L, ChenT, Wang L, Li H, et al. Multiplex reverse transcrip-
tion loop-mediated isothermal amplification combined with nanoparticle-
based lateral flow biosensor for the diagnosis of COVID-19. Biosens Bioelec-
tron. 2020;166:112437.

Chen X, Wang S, Tan Y, Huang J, Yang X, Li S. Nanoparticle-based lateral flow
biosensors integrated with loop-mediated isothermal amplification for the
rapid and visual diagnosis of hepatitis B virus in clinical application. Front
Bioeng Biotechnol. 2021,9:731415.

ShiY, Zhou Q Dong S, Zhao Q, Wu X, Yang P, et al. Rapid, visual, label-based
biosensor platform for identification of hepatitis C virus in clinical applica-
tions. BMC Microbiol. 2024;24(1):68.

Hongjaisee S, Doungjinda N, Khamduang W, Carraway TS, Wipasa J,

Debes JD, et al. Rapid visual detection of hepatitis C virus using a reverse
transcription loop-mediated isothermal amplification assay. Int J Infect Dis.
2021;102:440-5.

Gumus E, Bingol H, Zor E. Lateral flow assays for detection of disease bio-
markers. J Pharm Biomed Anal. 2023;225:115206.

Li CH, Chan MH, Chang YC, Hsiao M. Gold nanoparticles as a biosensor for
cancer biomarker determination. Molecules. 2023;28(1):364.

Campuzano S, Yanez-Sedeno P, Pingarron JM. Nanoparticles for nucleic-acid-
based biosensing: opportunities, challenges, and prospects. Anal Bioanal
Chem. 2019;411(9):1791-806.

Khizar S, Elaissari A, Al-Dossary AA, Zine N, Jaffrezic-Renault N, Errachid A.
Advancement in nanoparticle-based biosensors for point-of-care in vitro
diagnostics. Curr Top Med Chem. 2022;22(10):807-33.

Chen X, Zhou Q, Li S, Yan H, Chang B, Wang Y, et al. Rapid and visual detection
of SARS-CoV-2 using multiplex reverse transcription loop-mediated isother-
mal amplification linked with gold nanoparticle-based lateral flow biosensor.
Front Cell Infect Microbiol. 2021;11:581239.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿One-step, rapid, nanoparticle-based biosensor platform for the simultaneous identification of hepatitis B virus and hepatitis C virus in clinical applications
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Target gene and clinical sample preparation
	﻿LAMP primers design and synthesis
	﻿LAMP reaction
	﻿Optimization of reaction temperature and time for the mLAMP-AuNPs-LFB assay
	﻿Sensitivity of the mLAMP-AuNPs-LFB assay
	﻿Feasibility of the mLAMP-AuNPs-LFB assay for clinical specimens

	﻿Results
	﻿Schematic of the mechanism of the HBV&HCV-mLAMP-AuNPs-LFB assay
	﻿Confirmation of the feasibility of the HBV-LAMP and HCV-LAMP primer sets
	﻿Optimization of the reaction temperature for the mLAMP-AuNPs-LFB assay



