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Human immunodeficiency virus type one (HIV-1) infection remains a major

public health problem worldwide. Early diagnosis of HIV-1 is crucial to treat and

control this infection effectively. Here, for the first time, we reported a novel

molecular diagnostic assay called reverse transcription loop-mediated isothermal

amplification combined with a visual gold nanoparticle-based lateral flow assay

(RT-LAMP-AuNPs-LFA), which we devised for rapid, specific, sensitive, and visual

identification of HIV-1. The unique LAMP primers were successfully designed

based on the pol gene from the major HIV-1 genotypes CRF01_AE, CRF07_BC,

CRF08_BC, and subtype B, which are prevalent in China. The optimal HIV-1-RT-

LAMP-AuNPs-LFA reaction conditions were determined to be 68◦C for 35 min.

The detection procedure, including crude genomic RNA isolation (approximately

5 min), RT-LAMP amplification (35 min), and visual result readout (<2 min), can

be completed within 45 min. Our assay has a detection limit of 20 copies per

test, and we did not observe any cross-reactivity with any other pathogen in our

testing. Hence, our preliminary results indicated that the HIV-1-RT-LAMP-AuNPs-

LFA assay can potentially serve as a useful point-of-care diagnostic tool for HIV-1

detection in a clinical setting.
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Introduction

Human immunodeficiency virus type one (HIV-1) is an
important agent that is responsible for acquired immunodeficiency
syndrome (AIDS): approximately 38 million people globally live
with this virus, and nearly 650,000 people died from AIDS-related
illnesses in 2021, according to the Joint United Nations Programme
on HIV/AIDS (UNAIDS) (Bernstein and Wegman, 2018; Eisinger
and Fauci, 2018; UNAIDS, 2022). HIV-1 infection remains a global
public health concern, the UNAIDS initiated the global project
termed “95-95-95” to end the global HIV/AIDS epidemic by 2030,
stressing the importance of diagnostic tests and aiming for 95% of
people living with HIV-1 to know their status, 95% of people with
diagnosed HIV-1 infection to receive sustained treatment, and 95%
of people on treatment to achieve viral load suppression (Rojas-
Celis et al., 2019; Kin-On et al., 2022). Developing an advanced
testing system is crucial to meet these goals and timely control the
transmission of the disease.

Diagnosis of HIV-1 agent is critical for both the prevention
of its transmission and the improvement of antiretroviral therapy
efficacy. However, traditional immunoassays may not be suit for
detecting acute HIV-1 infection due to having a long window
period (3–6 weeks) (Curtis et al., 2012). During this stage, HIV-
1-specific antibodies are not yet generated in patients (Feinberg
and Keeshin, 2022). Moreover, sero-conversion may be much later
than 3–6 week, even when viral loads may have dropped. Real-
time polymerase chain reaction (RT–PCR) has been regarded as a
major breakthrough and has been most widely used for the early
detection of HIV-1 infection (Zhao et al., 2021). However, RT–PCR
limits the application of point-of-care (POC) techniques because
it requires a relatively sophisticated thermocycler, trained technical
personnel, and extended reaction times (approximately 2.5 h) (Li
et al., 2021; Zhao et al., 2021). In addition, these tests need to
be carried out in specialized and often centralized laboratories.
Hence, devising an easy-to-operate, cost-effective, rapid, sensitive,
and specific POC assay system is necessary for the prevention and
follow-up treatment of HIV-1 infection.

Loop-mediated isothermal amplification (LAMP) is a
promising nucleic acid isothermal amplification method that
has enormous potential to transform POC molecular diagnostics
due to its easy operation, high specificity, sensitivity, and lack
of specialized equipment (i.e., PCR machines) (Notomi et al.,
2000; Park, 2022; Shirshikov and Bespyatykh, 2022). In principle,
LAMP requires a Bst DNA polymerase with strand displacement
activity and a set of four to six specific primers that recognize
different fragments in the target sequence (Notomi et al., 2000).
In particular, the amount of amplicon generated from LAMP
amplification is usually 100-fold greater than that generated from
traditional PCR-based reactions (Avendaño and Patarroyo, 2020;
Chaouch, 2021). The LAMP assay has previously been used for
the detection of pathogens such as human influenza virus, severe
acute respiratory syndrome coronavirus 2, and Zika virus (Ahn
et al., 2019; Silva et al., 2019; Li et al., 2022). Moreover, LAMP has
already been applied to detect HIV-1. Curtis et al. (2008) combined
reverse-transcription LAMP with agarose gel electrophoresis for
the identification of HIV-1. Curtis et al. (2008), Li et al. (2022), and
Zhang et al. (2022) combined LAMP with a fluorescence reader

for the detection of HIV-1. However, these assays require specific
facilities for the analysis of LAMP products.

Gold nanoparticle-based lateral flow assay (AuNPs-LFA) has
shown great potential as an ideal POC diagnostic platform due
to their superior portability, usability by non-technical personnel,
visual interpretation by the naked eye, and rapid detection
(Campuzano et al., 2019; Gumus et al., 2023). AuNPs-LFA strips
have been widely used to identify various analytes, such as nucleic
acids, proteins, and infectious pathogens (Quesada-González and
Merkoçi, 2015; Ince and Sezgintürk, 2022; Sohrabi et al., 2022).
In the current study, the RT-LAMP reaction was combined with a
AuNPs-based LFB detector (RT-LAMP-AuNPs-LFA) to develop an
advanced assay for specific, sensitive, rapid, visual, and cost-saving
identification of HIV-1 by targeting its pol gene (Zhao et al., 2021),
which showed has no homology to other pathogen genomes in
BLAST searches of the GenBank database. The RT-LAMP-AuNPs-
LFA principle and workflow are shown in Figures 1, 2, respectively.
The feasibility of our assay was verified through clinical serum
samples from suspected HIV-1-infected patients.

Materials and methods

Reagents

AuNPs-LFA-related materials, including crimson red dye
streptavidin-coated AuNPs (SA-AuNPs; 40 ± 5 nm, 10 mg/mL),
were obtained from Bangs Laboratories Inc. (Fishers, IN, USA),
rabbit anti-fluorescein antibody (anti-FAM; 0.2 mg/mL) and
biotinylated bovine serum albumin (biotin-BSA; 4 mg/mL)
were obtained from Abcam Co., Ltd. (Shanghai, China), and
nitrocellulose membrane (NC) was obtained from Merck Millipore
Co., Ltd. (Darmstadt, Germany). Four components of the AuNPs-
LFA, including the sample, conjugate, absorption pads, and
nitrocellulose membranes, were manufactured and laminated on
plastic adhesive backing by HuiDeXin Biotech. Co., Ltd. (Tianjin,
China) according to our design scheme (Figure 2). Nucleic
acid releasing agents were obtained from GenDx Biotech Co.,
Ltd. (Suzhou, China). LAMP amplification kits and colorimetric
indicator (Leuco-hydroxynaphthol blue, L-HNB) were obtained
from HaiGene Biotech Co., Ltd. (Harbin, China). Commercial RT–
qPCR diagnostic kits for HIV-1 were obtained from DaAn Gene
Co., Ltd. (Guangzhou, China).

Clinical specimens and target gene
preparation

In this study, 65 clinical serum specimens were collected
from suspected HIV-infected patients from Guizhou Provincial
Center for Clinical Laboratory between January 2023 and April
2023. Genomic RNA was isolated using Nucleic Acid Releasing
Agent (GenDx Biotech Co., Ltd.) in accordance with the
manufacturer’s instructions.

The full-length pol gene sequences of the representative
genotypes of all known HIV-1 prevalent genotypes, including
CRF01_AE, CRF07_BC, CRF08_BC, and subtype B, in China were
downloaded from the GenBank database (genotype CRF01_AE:
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FIGURE 1

Human immunodeficiency virus type one (HIV-1)-RT-LAMP-AuNPs-LFA assay workflow. The HIV-1-RT-LAMP-AuNPs-LFA assay’s workflow includes
genomic RNA isolation (within 5 min), HIV-1-RT-LAMP amplification (35 min), and AuNPs-LFA visual interpretation (<2 min) and can be completed
within 45 min. HIV-1, human immunodeficiency virus type one; RT-LAMP, reverse transcription loop-mediated isothermal amplification; AuNPs-LFA,
gold nanoparticles-based lateral flow assay.

FIGURE 2

Schematic diagram showing AuNPs-LFA principles for visual HIV-1-RT-LAMP products interpretation. (A) HIV-1-RT-LAMP amplification products
(2 µl) and running buffer (100 µl) were added simultaneously on the sample pad. (B) The FAM/biotin-labeled HIV-1-LAMP products flowing to the
conjugate pad through capillary forces. Meanwhile, the streptavidin-AuNPs were hydrated and integrated with HIV-1-RT-LAMP products.
(C) FAM/biotin-labeled HIV-1-RT-LAMP products were captured with anti-FAM at TL, and streptavidin-AuNPs were captured through biotin-BSA at
CL. (D) Interpretation of the HIV-1-RT-LAMP-AuNPs-LFA assay. HIV-1 positive results were indicated by CL and TL bands on the AuNPs-LFA,
Negative results were indicated when only the CL band appears on the AuNPs-LFA. HIV-1, human immunodeficiency virus type one; RT-LAMP,
reverse transcription loop-mediated isothermal amplification; streptavidin-AuNPs, crimson red dye streptavidin-coated gold nanoparticles.
AuNPs-LFA, gold nanoparticles-based lateral flow assay. CL, control line; TL, test line.
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GenBank Accession No. U54771.1; genotype CRF07_BC: GenBank
Accession No. U54771.1; genotype CRF08_BC: GenBank
Accession No. AY008715.1; genotype subtype B: GenBank
Accession No. GU647198.1) (He et al., 2012; Zhao et al., 2018).
The four genomic sequences were synthesized and cloned into
the pUC57 vector by Tsingke Biotech (Beijing, China). The initial
concentration of each plasmid was 1 × 108 copies per milliliter,
and the HIV-1 genotype CRF01_AE plasmid was used as a
positive control.

AuNPs-based LFB construction

A schematic of the AuNPs-based LFA used in this study is
shown in Figure 2. Briefly, the AuNPs-LFA (60 mm × 4 mm) is
composed of four sections, including the sample pad, conjugate
pad, detection region (nitrocellulose membrane), and absorption
pad. Crimson red dye streptavidin-coated gold nanoparticles (SA-
AuNPs) were deposited on the conjugate pad. Rabbit anti-FAM
(0.2 mg/mL) and biotin-BSA (4 mg/mL) were fixed onto the
nitrocellulose membrane of the test line (TL) and control line (CL),
respectively, and the two lines were separated by 5 mm. In the end,
the four separate sections were combined together on a plastic card
through adhesive backing. The AuNPs-based LFA was kept dry and
at room temperature until use.

LAMP primer design

The HIV-1 pol gene was selected as the amplification target
for the RT-LAMP-AuNPs-LFA assay. The pol gene sequences from
representative genotypes of all known HIV-1 prevalent genotypes
(CRF01_AE, CRF07_BC, CRF08_BC, and subtype B) in China
were aligned with DNASTAR software (DNASTAR Inc., Madison,
WI, USA) (Supplementary Figure 1). The conserved sequences
were used for HIV-1 RT-LAMP primers design through Primer
Explorer v.51 and Primer Premier v.5.0 software. The specificity
of the primer set was verified with the BLAST analysis tool.
The primer sequences and alterations designed in this study are
summarized in Table 1, and the primer locations are shown
in Supplementary Figure 1. All primers were synthesized and
purified via high-performance liquid chromatography at TsingKe
Biotech Co., Ltd. (Beijing, China).

Standard HIV-1-RT-LAMP-AuNPs-LFA
reaction

The RT-LAMP reaction for HIV-1 was performed in 25 µl
volumes containing 2.5 µl of 10 × Bst 4.2 Buffer (Mg2+ free);
1.5 µl of 100 mM Mg2+; 3 µl of dNTP Mixture (10 mM each);
0.1 µM of F3 and B3 primers; 0.4 µM of FIP or FIP∗ (for AuNPs-
LFA only) and BIP primers; 0.2 µM of LF or LF∗ (for AuNPs-LFA
only) and LB; 1 µl of Bst 4.2 DNA/RNA polymerase (8 U); 1.5 µl

1 http://primerexplorer.jp/e/

of L-HNB (for colorimetry only); and 1 µl of plasmid DNA (5 µl
of clinical sample template); with double-distilled water added to
bring the volume to 25 µl. The reactions were carried out at
a constant temperature (reaction conditions were optimized as
outlined below).

The LAMP products were tracked through agarose gel
electrophoresis, real-time turbidity, colorimetry (L-HNB), and
AuNPs-LFA. Briefly, for positive results, the agarose gel presented
ladder-like bands, while there have no bands in negative outcomes.
A turbidity value of >0.1 indicated a successful outcome. A reaction
mixture that turned from deep violet to light green indicated
successful L-HNB visual detection, and the mixture that remained
deep violet throughout the reaction indicated a negative result.
For AuNP-LFB detection, the simultaneous appearance of CL and
TL on the AuNPs-LFA indicated a positive HIV-1-LAMP result
or a negative outcome with only CL present on the AuNPs-
LFA.

HIV-1-RT-LAMP-AuNPs-LFA assay
condition optimization

RT-LAMP reaction temperatures from 63 to 70◦C (in 1◦C
increments) were tested to confirm the optimal temperature
under the standard HIV-1-RT-LAMP reaction system, and
the amplification results were assessed using real-time
turbidity. Then, the optimal reaction time was determined by
incubating the HIV-1-RT-LAMP reactions at 15 to 45 min (in
10 min increments) and detecting their amplification results
through AuNPs-LFA and L-HNB visual reagent. Each test was
performed in triplicate.

HIV-1-RT-LAMP-AuNPs-LFA assay
sensitivity

The pol plasmids were produced and serially diluted
10-fold (2.0 × 104 to 2.0 × 10−1 copies) to confirm the
limit of detection (LoD) of the HIV-1-RT-LAMP-AuNPs-
LFA assay. The HIV-1-RT-LAMP reactions were performed
under optimum conditions, and the amplification results
were assayed using AuNPs-LFA and L-HNB. Each test was
repeated three times.

HIV-1-RT-LAMP-AuNPs-LFA assay
specificity

Four synthetic pol-plasmid DNA templates (HIV-1 genotypes
CRF01_AE, CRF07_BC, CRF08_BC, and subtype B) and other
bacterial, viral, and fungal nucleic acid templates at ≥ 1.0 × 104

copies were used to evaluate the HIV-1-RT-LAMP-AuNPs-LFA
assay’s specificity (Table 2). Distilled water (DW) served as a
negative control, and the amplification results were tested using
AuNPs-LFA. Each assay was performed in triplicate.
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TABLE 1 The HIV-1-RT-LAMP-AuNPs-LFA primers used in this study.

Primer name Sequence and modifications Length Gene

F3 5′-ATGGCAGTATTCAT(T/C)CACAAT-3′ 21 nt pol

B3 5′-CTACTGCCCCTTCACCT-3′ 17 nt

FIP 5′-GTATGTCTGTTGCTATTAT(G/A)TCTA(T/C)-
TAAAAGAAAAGGGGGGATTGG-3′

46 mer

FIP* 5′-FAM-GTATGTCTGTTGCTATTAT(G/A)TCTA(T/C)-
TAAAAGAAAAGGGGGGATTGG-3′

46 mer

BIP 5′-TCAAAATTTTCGGGTTTATTACAG(G/A)-
AG(T/G)AG(T/C)TT(T/)GCTGGTCCTT-3′

44 mer

LF 5′-TCTTTCCCCTGCACTGTAC-3′ 19 nt

LF* 5′-Biotin-TCTTTCCCCTGCACTGTAC-3′ 19 nt

LB 5′-ACAGCAGAGA(C/T)CC(A/C)(A/C)(T/G)TTG-3′ 19 nt

pol-FIP*, 5′-labeled with FAM, pol-LF*, 5′-labeled with biotin, when used for the AuNPs-LFA assay. FAM, 6-carboxy-fluorescein; nt, nucleotide; mer, monomeric unit.

Feasibility of HIV-1-RT-LAMP-AuNPs-LFA
for clinical samples

Serum specimens were collected from 65 suspected HIV-
1-infected patients at Guizhou Provincial Center for Clinical
Laboratory. Genomic RNA templates were obtained rapidly with
Nucleic Acid Releasing Agents (GenDx Biotech Co., Ltd; Suzhou,
China; Cat No. NR202) according to the manufacturer’s guidelines.
Briefly, 150 µl of serum specimens were added into 1.5 ml EP
tube, then the nucleic acid releasing agent RNA LB1 (120 µl)
and RNA BB2 (500 µl) were added into the specimens for 20 s
to release nucleic acid, and then the nucleic acids were collected
through centrifuge absorption column. After washing steps, the
nucleic acids were eluted in to 30 µl nuclease free H2O. the
genomic RNA was stored at −80◦C before use. The Human Ethics
Committee of Guizhou Provincial Center for Clinical Laboratory
approved the lawful and ethical collection and analyses. All the
samples were detected with RT–qPCR and our HIV-1-LAMP-
AuNPs-LFA assay. HIV-1 RT–qPCR detection was performed using
HIV-1 Nucleic Acid Assay Kits (DaAn Gene Co., Ltd.; Guangzhou,
China) on an Applied BiosystemsTM 7500 Real-Time PCR System
(Life Technologies; Singapore). The limit of detection (LoD) of
this assay was 50 IU/ml (approximately 30 copies/ml), and the
basis for determining the copy number of the samples according
to the corresponding standard curve. The negative and positive
accordance rate of this assay was 97.76 and 99.80%, respectively,
according to the manufacturer’s guidelines. In addition, the HIV-
1-positive samples were amplified with nested PCR by targeting
the pol gene, and then the nucleotide sequences were aligned
with reference sequences in HIV databases2 for HIV-1 subtyping
(Njouom et al., 2003; Zhao et al., 2018). The HIV-1-RT-LAMP-
AuNPs-LFA assay was performed as previously described. The
identification investigations were performed at biosafety level 2
based on the WHO Biosafety Manual (3rd Edition). The HIV-1-
LAMP-AuNPs-LFA data were compared with RT–qPCR results.
The statistical parameters were calculated using online tool from
MedCalc3 (Jevtuševskaja et al., 2016).

2 http://www.hiv.lanl.gov/content/index

3 http://www.medcalc.org/calc/diagnostic_test.php

Results

Schematic mechanism of the
HIV-1-RT-LAMP-AuNPs-LFA assay

A representative schematic and workflow of the HIV-1-RT-
LAMP-AuNPs-LFA assay is shown in Figure 1. In brief, genomic
RNA templates were rapidly extracted within 5 min (Figure 1,
step 1). The RT-LAMP technique was performed to rapidly and
specifically amplify the target gene at a constant temperature
(68◦C) within 35 min.

The RT-LAMP method amplified the target sequence by
using only a Bst 4.2 DNA/RNA polymerase with strand
displacement activity and a set of 6 primers, including two
outer primers (F3 and B3), two inner primers (FIP and
BIP), and two loop primers (LF and LB). The FIP∗ and LF∗

primers were 5′-labeled with fluorescein (FAM) and biotin,
respectively. The RT-LAMP products were labeled with FAM
and biotin (Figure 1, step 2). Finally, the HIV-1-RT-LAMP
products were visually interpreted with an AuNPs-LFA
within 2 min (Figure 1, step 3). The whole assay can be
completed within 45 min.

The principle of AuNPs-LFA analysis of HIV-1-RT-LAMP
amplification products is presented in Figure 2. Briefly, HIV-
1-RT-LAMP products (2.0 µl) and running buffer (100 µL;
100 mM phosphate-buffered saline with 1% Tween 20 [pH 7.4])
were dripped concurrently into the sample pad of AuNPs-
LFA (Figure 2A). Capillary action carries the RT-LAMP
product-containing running buffer move along the AuNPs-
LFA platform, then the streptavidin-dye coated gold nanoparticles
(streptavidin-AuNPs) were rehydrated and combined with
FAM/biotin-labeled HIV-1-RT-LAMP products at the conjugate
pad (Figure 2B). In the reaction region, the anti-FAM was
anchored at test line (TL) and used to arrest FAM/biotin-
labeled HIV-1-RT-LAMP products, the biotin-BSA was fixed
at control line (CL) and used to capture streptavidin-AuNPs
(Figure 2C). The interpretation of the HIV-1-RT-LAMP-
AuNPs-LFA assay is outlined in Figure 2D. In a positive
result, both CL and TL appeared simultaneously on the
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TABLE 2 Pathogens used in this study.

No. Pathogen Source of pathogensa No. of strains HIV-1-LAMP- AuNPs LFB resultb

1 HIV-1 CRF01_AE pol-plasmid Constructed by Tsingke Biotech (Beijing, China) 1 P

2 HIV-1 CRF07_BC pol-plasmid Constructed by Tsingke Biotech (Beijing, China) 1 P

3 HIV-1 CRF08_BC pol-plasmid Constructed by Tsingke Biotech (Beijing, China) 1 P

4 HIV-1 subtype B pol-plasmid Constructed by Tsingke Biotech (Beijing, China) 1 P

5 HIV-1 clinical samples GZCCL 7 P

6 Hepatitis B virus 2nd GZUTCM 1 N

7 Hepatitis C virus 2nd GZUTCM 1 N

8 Influenza A virus GZCDC 1 N

9 Influenza B virus GZCDC 1 N

10 Coxsackie virus CAV16 GZCDC 1 N

11 Human enterovirus EV71 GZCDC 1 N

12 Human papillomavirus 2nd GZUTCM 1 N

13 Epstein-Barr virus 2nd GZUTCM 1 N

14 Mycobacterium tuberculosis GZCDC 1 N

15 Streptococcus pneumoniae 2nd GZUTCM 1 N

16 Pseudomonas aeruginosa ATCC27853 1 N

17 Chlamydia trachomatis 2nd GZUTCM 1 N

18 Neisseria gonorrhoeae 2nd GZUTCM 1 N

19 Ureaplasma urealyticum 2nd GZUTCM 1 N

20 Staphylococcus aureus ATCC25923 1 N

21 Escherichia coli ATCC25922 1 N

22 Enterococcus faecalis 2nd GZUTCM 1 N

23 Cryptococcus neoformans ATCC 13690 1 N

24 Shigella boydii 2nd GZUTCM 1 N

25 Streptococcus glabra 2nd GZUTCM 1 N

26 Haemophilus influenzae ATCC49247 1 N

27 Streptococcus albus 2nd GZUTCM 1 N

28 Stenotrophomonas maltophilia 2nd GZUTCM 1 N

29 Salmonella typhimurium 2nd GZUTCM 1 N

30 Salmonella enteritidis 2nd GZUTCM 1 N

31 Acinetobacter lwoffii 2nd GZUTCM 1 N

32 Enterobacter aerogenes 2nd GZUTCM 1 N

33 Brucella GZCDC 1 N

aATCC, 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.

biosensor, and the result was negative when only CL was present
on the biosensor.

HIV-1-RT-LAMP-AuNPs-LFA assay
confirmation

To confirm the feasibility of the HIV-1-RT-LAMP-AuNPs-LFA
assay, the HIV-1-RT-LAMP-amplification mixes were incubated
at a constant temperature (65◦C) for 1 h, and then, the

amplification products were analyzed using 2% agarose gel
electrophoresis, real-time turbidity, colorimetric indicator (visual
detection reagent, L-HNB) and AuNPs-LFA. For agarose gel
electrophoresis identification, only the agarose gel of HIV-1-LAMP
presented ladder-like bands, and the negative and blank controls
have no bands were observed (Figure 3A). The turbidity of HIV-
1-LAMP at the positive control was >0.1 and regarded as a
positive outcome, while the negative and blank controls were <0.1
and considered negative reactions (Figure 3B). For colorimetric
indicator (L-HNB) detection, the positive HIV-1-LAMP reaction
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FIGURE 3

Human immunodeficiency virus type one (HIV-1)-RT-LAMP products verification. The HIV-1-RT-LAMP products were identified simultaneously using
(A) 2% agarose gel electrophoresis, (B) real-time turbidity, (C) color change (L-HNB), and (D) AuNPs-LFA. Templates of A1/B1/C1/D1 -A4/B4/C4/D4
were the HIV-1-plasmid (positive), HBV (negative), HCV (negative), and DW (blank control), respectively. HIV-1, human immunodeficiency virus type
one; HBV, hepatitis B virus; HCV, hepatitis C virus; DW, distilled water; L-HNB, Leuco-hydroxynaphthol blue; CL, control line; TL, test line.

FIGURE 4

Temperature optimization for the HIV-1-RT-LAMP amplification. RT-LAMP amplifications for HIV-1 were monitored using real-time turbidity, and
their corresponding amplicon curves are shown as graphs, a turbidity > 0.1 indicated a positive result. Eight kinetic graphs were obtained at different
temperatures (63◦C–70◦C in 1◦C increments) with 2 × 103 target gene copies (A–H). Graphs (F–H) (68–70C) showed robust amplification.

changed from deep violet to light green, and the negative and blank
controls remained deep violet (Figure 3C). More importantly, two
clearly visible crimson-red bands (TL and CL) were observed in
the AuNPs-LFA, indicating a positive HIV-1-RT-LAMP reaction,
while only the CL was observed in the negative and blank controls
(Figure 3D). These data indicated that the LAMP primer set
designed for HIV-1 detection was an appropriate candidate for the
development of the HIV-1-RT-LAMP-AuNPs-LFA assay.

HIV-1-RT-LAMP amplification
temperature optimization

Optimizing the reaction temperature is critical for high-
efficiency LAMP amplification. In this study, we used a
standard pol-plasmid copy number (2.0 × 103) to test reaction

temperatures from 63 to 70◦C with 1◦C increments. The HIV-
1-RT-LAMP reactions were tracked by means of real-time
turbidity measurement, and the kinetic graph was generated
from each reaction temperature. The results indicated that robust
HIV-1-RT-LAMP amplification was observed at 68 to 70◦C
(Figure 4). Therefore, 68◦C was considered the optimal reaction
temperature for our assay.

HIV-1-RT-LAMP-AuNPs-LFA assay
sensitivity

Serial dilutions of pol plasmid with 2.0 × 104 to 2.0 × 10−1

copies were used as templates to determine the LoD of our assay.
HIV-1-RT-LAMP reactions were carried out at 68◦C for 1 h,
and the results were monitored using a colorimetric indicator
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(L-HNB) and AuNPs-LFA. The results obtained via the AuNPs-
LFA platform were in accordance with those obtained through the
L-HNB method (Figures 5A, B), and the LoD of our assay was 20
copies per test based on HIV-1 DNA.

HIV-1-RT-LAMP-AuNPs-LFA assay
reaction time optimization

The optimal reaction time required for our assay at the
HIV-1-RT-LAMP amplification stage was evaluated by testing
times from 15 to 45 min in 10 min increments at the optimal
amplification temperature (68◦C), and the LAMP products were
analyzed through a colorimetric indicator (L-HNB) and the
AuNPs-LFA platform. The results showed that the LoD of
the pol plasmid (20 copies) was detected when the reaction
time was 35 min (Figure 6). Hence, an HIV-1-RT-LAMP
reaction time of 35 min was recommended for our assay.
As a result, the whole detection procedure for the HIV-1-
RT-LAMP-AuNPs-LFA assay, including rapid template isolation
(approximately 5 min), LAMP reaction (35 min), and result
visual reporting with AuNPs-LFA (within 2 min), can be
completed within 45 min.

HIV-1-RT-LAMP-AuNPs-LFA assay
specificity

The specificity of our assay was evaluated using four pol
plasmids of HIV-1 genotypes (CRF01_AE, CRF07_BC, CRF08_BC,
and subtype B) prevalent in China, positive HIV-1 clinical
samples (confirmed by RT-qPCR), and 28 other pathogens
(Table 2). The HIV-1-RT-LAMP-AuNPs-LFA reactions were
performed under optimal conditions, and the results were
monitored using the AuNPs-LFA platform. The nucleic acid
isolated from HIV-1 samples presented positive results, while
other pathogens and blank control groups showed negative results
(Table 2 and Figure 7). These data demonstrated that our assay
had excellent specificity and no cross-reactivity with non-HIV-
1 pathogens.

Feasibility of HIV-1-RT-LAMP-AuNPs-LFA
assay in clinical specimens

To further evaluate the suitability of our assay as a
valuable tool for HIV-1 detection, the HIV-1-RT-LAMP-AuNPs-
LFA system was tested using 65 suspected HIV-1-infected
serum specimens collected from the Guizhou Provincial Center
for Clinical Laboratory (Guiyang, China), and the Human
Ethics Committee of Guizhou Provincial Center for Clinical
Laboratory approved the lawful and ethical collection and
analyses. All clinical specimens were tested simultaneously
using RT–qPCR and our assay. The results showed that
38 of 65 samples were diagnosed as HIV-1 positive with
RT–qPCR (>30 copies). We also analyzed the genotypes of
HIV-1-positive samples through nested PCR and sequencing.

FIGURE 5

Serial dilutions (2.0 × 104, 2.0 × 103, 2.0 × 102, 2.0 × 101, 2.0 × 100,
and 2.0 × 10−1 copies) of HIV-1 plasmids were used as templates,
and DW was used as the blank control. Results were simultaneously
analyzed through visual reagent L-HNB (A) and the AuNPs-LFA (B).
A sensitivity analysis of the HIV-1-LAMP assay indicated its LoD was
20 copies per test. DW, distilled water; CL, control line; TL, test line.

The results showed that the HIV-1-LAMP-AuNPs-LFA assay was
consistent with traditional RT–qPCR testing outcomes (Table 3
and Supplementary Table 1). Comparing with the RT–qPCR
technology, the HIV-1-RT-LAMP-AuNPs-LFA sensitivity and
specificity was 100% (95% CI: 90.75 to 100.00%) and 100% (95%
CI: 87.23 to 100.00%), respectively (Table 3). These data indicated
that our assay developed in the current study is a valuable clinical
diagnostic tool for HIV-1.

Discussion

In this study, we successfully developed and verified a novel
HIV-1-RT-LAMP-AuNPs-LFA POC testing system to identify
HIV-1, which dexterously integrated HIV-1 specific and rapid
RT-LAMP amplification with a visual and sensitive AuNPs-
LFA readout platform. The feasibility of our novel assay was
confirmed through clinical sera from individuals with suspected
HIV-1 infection, and its results were compared with a valuable
commercial RT–qPCR assay.

Human immunodeficiency virus type one is one of the
major human viruses that can affect the ability of the immune
system to defend against life-threatening infections (Inamdar
et al., 2019; Pedro et al., 2019; Gandhi et al., 2023). The
clinical symptoms are often difficult to distinguish from
those associated with the common fevers, muscle pains, and
rash at the early stage of HIV-1 infection (Bernstein and
Wegman, 2018; Rhee et al., 2022). A rapid, sensitive, specific,
easy-to-operate, and cost-saving diagnosis system that can
provide early viral detection is critical for prescribing more
effective antiretroviral treatments (ARTs) and preventing
HIV-1 transmission. Here, Our HIV-1-RT-LAMP-AuNPs-
LFA assay only requires basic facilities, such as a heating block,
metal bath, water bath, or even a thermos cup, that can hold
the reaction temperature at 68◦C for the HIV-1-RT-LAMP
preamplification step. In our detection system, crude nucleic
acid is sufficient for LAMP amplification because the Bst 4.2
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FIGURE 6

Amplification time optimization for the HIV-1-RT-LAMP-AuNPs-LFA assay. Four RT-LAMP reaction times were evaluated at 68◦C: (A) 15 min, (B) 25
min, (C) 35 min, and (D) 45 min. Tube/biosensor 1-7 represent nucleic acid template levels 2.0 × 104, 2.0 × 103, 2.0 × 102, 2.0 × 101, 2.0 × 100, and
2.0 × 10−1 copies and blank control (DW), respectively. Results were analyzed using visual reagent L-HNB and AuNPs-LFA. The optimal LoD
occurred with a 35 min reaction time. DW, distilled water; CL, control line; TL, test line.

DNA/RNA polymerase is used for LAMP amplification, which
has fewer inhibitors than the Taq DNA polymerase used in
traditional PCR (Somboonna et al., 2018). Hence, our assay is
time-saving, and the entire procedure, including crude genomic
RNA isolation (∼5 min), RT-LAMP amplification (35 min),
and AuNPs-LFA visual result interpretation (<2 min), can be
completed within 45 min.

In our study, the target gene HIV-1 pol was amplified using
the RT-LAMP technique, which can robustly amplify amplicons
at a constant temperature and provide 100-fold greater detection
capability than traditional PCR (Avendaño and Patarroyo, 2020;
Chaouch, 2021). The specific amplicons were generated in the
LAMP reaction system through the Bst 4.2 DNA/RNA polymerase
with six specific primers that span eight unique segments of
the target gene. Here, we successfully designed a set of unique
primers based on the four main prevalent HIV-1 genotypes
(CRF07_BC, CRF01_AE, CRF08_BC and subtype B) in China
for specific amplification of the HIV-1 pol gene (He et al.,
2012; Zhao et al., 2018). The primer set included two outer
primers (F3 and B3), two inner primers (FIP and BIP), and
two loop primers (LF and LB). The specificity of the HIV-1-
RT-LAMP-AuNPs-LFA assay was verified with HIV-1 strain and
28 other pathogens. Our results confirmed that our assay can
correctly identify the target pathogen HIV-1 and has no cross-
reaction with non-HIV-1 strains (Table 2 and Figure 7). In

addition, the LoD of our assay was as low as 20 copies based
on HIV-1 DNA (Figure 5). To further verify the feasibility
of our assay in clinical practice, 65 genomic RNA specimens
were extracted from suspected HIV-1-infected patients and then
analyzed simultaneously using RT–qPCR and our assay. The data
confirmed that our assay can effectively identify clinical samples.
Furthermore, a next trial should test more clinical samples with
significantly lower viral loads with our assay to better reflect its
clinical applications.

For a visual and convenient readout of the HIV-1-RT-LAMP
amplification results, a AuNPs-LFA platform was constructed and
applied in our assay. AuNPs-LFA, as a paper-based biosensor, fits
the requirements of POC testing owing to its good selectivity, high
sensitivity, low limit of detection, quick assay performance, low
cost, and low sample volume (Henderson et al., 2018; Bishop et al.,
2019; Boehringer and O’Farrell, 2021). More importantly, AuNPs
are the most suitable nanomaterial for use as an optical label in
biosensors due to their biocompatibility, ease of synthesis, size-
tunability, and intense red color, which is easy to detect by the
naked eye (Quesada-González and Merkoçi, 2015; Li et al., 2023).
The AuNPs-LFA can readout visually the HIV-1-RT-LAMP results
for anchoring anti-FAM and BSA-biotin on the NC membrane.
If HIV-1-RT-LAMP positive products presented in the sample,
they will be integrated with streptavidin-AuNPs at the conjugate
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FIGURE 7

Human immunodeficiency virus type one (HIV-1)-RT-LAMP-AuNPs-LFA assay specificity with different strains. Assay specificity was evaluated using
different nucleic acid templates. Amplification products were tested using AuNPs-LFA: 1–4, HIV-1 CRF01_AE, CRF07_BC, CRF08_BC, and subtype B
pol plasmids; 5-11, HIV-1 clinical samples; 12, hepatitis B virus; 13, hepatitis C virus; 14, influenza A virus; 15, influenza B virus; 16, Coxsackie virus
CAV16; 17, human enterovirus EV71; 18, human papillomavirus; 19, Epstein-Barr virus; 20, Mycobacterium tuberculosis; 21, Streptococcus
pneumoniae; 22, Pseudomonas aeruginosa; 23, Chlamydia trachomatis; 24, Neisseria gonorrhoeae; 25, Ureaplasma urealyticum; 26,
Staphylococcus aureus; 27, Escherichia coli; 28, Enterococcus faecalis; 29, Cryptococcus neoformans; 30, Shigella boydii; 31, Streptococcus glabra;
32, Haemophilus influenzae; 33, Streptococcus albus; 34, Stenotrophomonas maltophilia; 35, Salmonella typhimurium; 36, Salmonella enteritidis;
37, Acinetobacter lwoffii; 38, Enterobacter aerogenes; 39, Brucella; 40, distilled water (Blank control). CL, control line; TL, test line.

pad. And then, passing through the NC membrance, FAM/biotin-
labeled HIV-1-RT-LAMP products will be captured at TL. And to
the CL, being always captured for evidence that the streptavidin-
AuNPs biosensor works (Figure 2).

In previous studies, RT-LAMP-based methods have already
been used to identify HIV-1 strain. Curtis et al. (2012) combined
RT-LAMP with agarose gel electrophoresis for HIV-1 detection
(Curtis et al., 2012). Hosaka et al. (2009) integrated with
RT-LAMP with turbidimeter for HIV-1 identification, Ocwieja
et al. (2015) and Zhang et al. (2022) combined RT-LAMP with
fluorescence detector for HIV-1 identification. However, these

techniques require special equipment for HIV-1-RT-LAMP results
interpretation. Khan et al. (2023) integrated RT-LAMP with
visual reagent for detection of HIV-1 through the naked eye.
Nevertheless, the results were ambiguous when the RT-LAMP
product concentrations were low. Their advantages/disadvantages
were shown in Table 4. In our study, we first ingenious integrated
RT-LAMP amplification with the AuNPs-LFA platform for the
identification of HIV-1. Our AuNPs-LFA is easy to operate and
cost-saving (∼US$2.0 per test). Therefore, the total cost of each
HIV-1-RT-LAMP-AuNPs-LFA detection, including genomic RNA
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TABLE 3 Comparing HIV-1 levels in clinical samples using RT-qPCR and our HIV-1-RT-LAMP-AuNPs-LFA methods.

HIV-1-LAMP-
AuNPs-LFA

HIV-1 RT-qRCR (reference method) Sensitivity Specificity

Positive Negative Total Value 95% CI Value 95% CI

Positive 38 (CRF01_AE, 16; CRF07_BC, 14;
CRF08_BC, 4; Subtype B, 4)

0 38 100% 90.75–100.00% 100% 87.23–100.00%

Negative 0 27 27

Total 38 27 65

TABLE 4 Comparisons of the commonly used RT-LAMP-based methods for detection of HIV-1.

Results detection technique Advantages Disadvantages References

Agarose gel electrophoresis High specificity and sensitivity Require special equipment for agarose gel
electrophoresis; time-consuming; need

open the reaction tube for results
identification

Curtis et al., 2012
Current study

Turbidity High specificity; without opening the
reaction tubes for results identification

Require special equipment for turbidity
measurement

Hosaka et al., 2009
Current study

Fluorescence probe High specificity and sensitivity; without
opening the reaction tubes for results

identification

Require expensive equipment for
fluorescence signal detection

Ocwieja et al., 2015; Zhang et al., 2022

Visual reagent High specificity; without opening the
reaction tubes for results identification

The results are ambiguous when the LAMP
product concentrations are low

Khan et al., 2023
Current study

AuNPs-LFA High sensitivity and specificity; accurate
and visual interpretation; easy to operate

and cost-saving

Need open the reaction tube for results
identification

Current study

isolation (∼US$0.5), RT-LAMP reactions (∼US$1.5), and AuNPs-
LFA readout (∼US$2.0), was approximately US$4.0.

Our HIV-1-RT-LAMP-AuNPs-LFA assay also has some
shortcomings. First, because HIV-1 has very high heterogeneity
and many genotypes, our degenerate LAMP primers specifically
identify only HIV-1 genotypes (CRF01_AE, CRF07_BC,
CRF08_BC, and subtype B) prevalent in China, and there is
still a need to further refine the LAMP primers for detecting
many more HIV-1 genotypes. Second, the outcomes obtained
from the AuNPs-LFA platform with the naked eye are qualitative
but not quantitative. Quantitative measurements with the HIV-
1-RT-LAMP-AuNPs-LFA assay require further study. Finally,
the HIV-1-RT-LAMP amplification tube must be opened to be
read by the AuNPs-LFA, which will increase the risk of carry-
over contamination. In our laboratory, spraying nucleic acid
contamination scavenger soon after completing each AuNPs-LFA
assay is an effective way to avoid nucleic acid contamination.
For adaptation to clinical application, it is necessary to refine
the HIV-1-RT-LAMP-AuNPs-LFA assay system and design
a device that avoids the tube opening procedure to prevent
aerosol contamination.

Conclusion

Here, we integrated RT-LAMP isothermal amplification
with the AuNPs-LFA platform to create a novel

HIV-1-RT-LAMP-AuNPs-LFA assay system for high-sensitivity,
high-specificity, rapid identification of HIV-1 by visual
readout in clinical settings. Our assay had a 20-copy LoD
and showed no cross-reactivity with other pathogens. The
entire detection procedure can be accomplished within
45 min and with no need for any expensive facilities. Hence,
our assay can meet the WHO-recommended ASSURED
criteria (affordable, sensitive, specific, user-friendly, rapid and
robust, equipment-free and deliverable to end users) for POC
testing requirements.

Data availability statement

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

Author contributions

XC, WY, and JH involved in study conceptualization,
supervision, and project administration. XC, CD, QiaZ, QiZ, YW,
and JH performed experiments and data curation. XC and CD
involved in study funding acquisition and methodology. XC, QiaZ,
and YW collected clinical samples. CD, QiaZ, and QiZ involved in

Frontiers in Microbiology 11 frontiersin.org

https://doi.org/10.3389/fmicb.2023.1230533
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-14-1230533 July 6, 2023 Time: 15:3 # 12

Chen et al. 10.3389/fmicb.2023.1230533

validation studies and visualization. XC involved in writing–
original draft. JH and WY involved in writing–review and
editing. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by the Guizhou Provincial
Key Technology R&D Program [Grant No. Qian Ke He
support (2023) General 242], the Program of Science and
Technology of Guizhou Provincial Health Commission
(gzwjkj2022-1-497).

Acknowledgments

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

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.
1230533/full#supplementary-material

References

Ahn, S. J., Baek, Y. H., Lloren, K., Choi, W. S., Jeong, J. H., Antigua, K., et al.
(2019). Rapid and simple colorimetric detection of multiple influenza viruses infecting
humans using a reverse transcriptional loop-mediated isothermal amplification (RT-
LAMP) diagnostic platform. BMC Infect. Dis. 19:676. doi: 10.1186/s12879-019-
4277-8

Avendaño, C., and Patarroyo, M. A. (2020). Loop-mediated isothermal amplification
as point-of-care diagnosis for neglected parasitic infections. Int. J. Mol. Sci. 21:7981.
doi: 10.3390/ijms21217981

Bernstein, H. B., and Wegman, A. D. (2018). HIV infection: antepartum
treatment and management. Clin. Obstet. Gynecol. 61, 122–136. doi: 10.1097/GRF.
0000000000000330

Bishop, J. D., Hsieh, H. V., Gasperino, D. J., and Weigl, B. H. (2019). Sensitivity
enhancement in lateral flow assays: a systems perspective. Lab Chip. 19, 2486–2499.
doi: 10.1039/c9lc00104b

Boehringer, H. R., and O’Farrell, B. J. (2021). Lateral flow assays in infectious disease
diagnosis. Clin. Chem. 68, 52–58. doi: 10.1093/clinchem/hvab194

Campuzano, S., Yáñez-Sedeño, P., and Pingarron, J. M. (2019). Nanoparticles for
nucleic-acid-based biosensing: opportunities, challenges, and prospects. Anal. Bioanal.
Chem. 411, 1791–1806. doi: 10.1007/s00216-018-1273-6

Chaouch, M. (2021). Loop-mediated isothermal amplification (LAMP): an effective
molecular point-of-care technique for the rapid diagnosis of coronavirus SARS-CoV-
2. Rev. Med. Virol. 31:e2215. doi: 10.1002/rmv.2215

Curtis, K. A., Rudolph, D. L., and Owen, S. M. (2008). Rapid detection of HIV-1
by reverse-transcription, loop-mediated isothermal amplification (RT-LAMP). J. Virol.
Methods 151, 264–270. doi: 10.1016/j.jviromet.2008.04.011

Curtis, K. A., Rudolph, D. L., Nejad, I., Singleton, J., Beddoe, A., Weigl, B., et al.
(2012). Isothermal amplification using a chemical heating device for point-of-care
detection of HIV-1. PLoS One 7:e31432. doi: 10.1371/journal.pone.0031432

Eisinger, R. W., and Fauci, A. S. (2018). Ending the hiv/aids pandemic. Emerg. Infect.
Dis. 24, 413–416. doi: 10.3201/eid2403.171797

Feinberg, J., and Keeshin, S. (2022). Prevention and initial management of HIV
infection. Ann. Intern. Med. 175, ITC81–ITC96. doi: 10.7326/AITC202206210

Gandhi, R. T., Bedimo, R., Hoy, J. F., Landovitz, R. J., Smith, D. M., Eaton, E. F., et al.
(2023). Antiretroviral drugs for treatment and prevention of hiv infection in adults:
2022 recommendations of the international antiviral society-USA panel. JAMA 329,
63–84. doi: 10.1001/jama.2022.22246

Gumus, E., Bingol, H., and Zor, E. (2023). Lateral flow assays for detection of disease
biomarkers. J. Pharm. Biomed. Anal. 225:115206. doi: 10.1016/j.jpba.2022.115206

He, X., Xing, H., Ruan, Y., Hong, K., Cheng, C., Hu, Y., et al. (2012). A
comprehensive mapping of hiv-1 genotypes in various risk groups and regions across
China based on a nationwide molecular epidemiologic survey. PLoS One 7:e47289.
doi: 10.1371/journal.pone.0047289

Henderson, W. A., Xiang, L., Fourie, N. H., Abey, S. K., Ferguson, E. G., Diallo, A. F.,
et al. (2018). Simple lateral flow assays for microbial detection in stool. Anal. Methods
10, 5358–5363. doi: 10.1039/c8ay01475b

Hosaka, N., Ndembi, N., Ishizaki, A., Kageyama, S., Numazaki, K., and Ichimura,
H. (2009). Rapid detection of human immunodeficiency virus type 1 group M by a
reverse transcription-loop-mediated isothermal amplification assay. J. Virol. Methods
157, 195–199. doi: 10.1016/j.jviromet.2009.01.004

Inamdar, K., Floderer, C., Favard, C., and Muriaux, D. (2019). Monitoring HIV-
1 assembly in living cells: insights from dynamic and single molecule microscopy.
Viruses 11:72. doi: 10.3390/v11010072

Ince, B., and Sezgintürk, M. K. (2022). Lateral flow assays for viruses diagnosis:
up-to-date technology and future prospects. Trends Analyt. Chem. 157:116725. doi:
10.1016/j.trac.2022.116725

Jevtuševskaja, J., Uusna, J., Andresen, L., Krõlov, K., Laanpere, M., Grellier, T.,
et al. (2016). Combination with antimicrobial peptide lyses improves loop-mediated
isothermal amplification based method for Chlamydia trachomatis detection directly
in urine sample. BMC Infect. Dis. 16:329. doi: 10.1186/s12879-016-1674-0

Khan, M. J. R., Bhuiyan, M. A., Tabassum, S., and Munshi, S. U. (2023). Use of
whole blood and dried blood spot for detection of HIV-1 nucleic acids using reverse
transcription loop-mediated isothermal amplification. J. Virol. Methods. 312:114642.
doi: 10.1016/j.jviromet.2022.114642

Kin-On, L. J., Murdock, N., Murray, J., Justman, J., Parkin, N., and Miller, V. (2022).
A systematic review of limiting antigen avidity enzyme immunoassay for detection
of recent hiv-1 infection to expand supported applications. J. Virus Erad. 8:100085.
doi: 10.1016/j.jve.2022.100085

Li, C. H., Chan, M. H., Chang, Y. C., and Hsiao, M. (2023). Gold nanoparticles
as a biosensor for cancer biomarker determination. Molecules 28:364. doi: 10.3390/
molecules28010364

Li, M., Ge, H., Sun, Z., Fu, J., Cao, L., Feng, X., et al. (2022). A loop-mediated
isothermal amplification-enabled analytical assay for the detection of SARS-CoV-2:
a review. Front. Cell. Infect. Microbiol. 12:1068015. doi: 10.3389/fcimb.2022.1068015

Li, Y., Chen, X., Zhao, Y., Wan, Z., Zeng, Y., Ma, Y., et al. (2021). A rapid
variant-tolerant reverse transcription loop-mediated isothermal amplification assay
for the point of care detection of HIV-1. Analyst 146, 5347–5356. doi: 10.1039/d1an00
598g

Frontiers in Microbiology 12 frontiersin.org

https://doi.org/10.3389/fmicb.2023.1230533
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1230533/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1230533/full#supplementary-material
https://doi.org/10.1186/s12879-019-4277-8
https://doi.org/10.1186/s12879-019-4277-8
https://doi.org/10.3390/ijms21217981
https://doi.org/10.1097/GRF.0000000000000330
https://doi.org/10.1097/GRF.0000000000000330
https://doi.org/10.1039/c9lc00104b
https://doi.org/10.1093/clinchem/hvab194
https://doi.org/10.1007/s00216-018-1273-6
https://doi.org/10.1002/rmv.2215
https://doi.org/10.1016/j.jviromet.2008.04.011
https://doi.org/10.1371/journal.pone.0031432
https://doi.org/10.3201/eid2403.171797
https://doi.org/10.7326/AITC202206210
https://doi.org/10.1001/jama.2022.22246
https://doi.org/10.1016/j.jpba.2022.115206
https://doi.org/10.1371/journal.pone.0047289
https://doi.org/10.1039/c8ay01475b
https://doi.org/10.1016/j.jviromet.2009.01.004
https://doi.org/10.3390/v11010072
https://doi.org/10.1016/j.trac.2022.116725
https://doi.org/10.1016/j.trac.2022.116725
https://doi.org/10.1186/s12879-016-1674-0
https://doi.org/10.1016/j.jviromet.2022.114642
https://doi.org/10.1016/j.jve.2022.100085
https://doi.org/10.3390/molecules28010364
https://doi.org/10.3390/molecules28010364
https://doi.org/10.3389/fcimb.2022.1068015
https://doi.org/10.1039/d1an00598g
https://doi.org/10.1039/d1an00598g
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-14-1230533 July 6, 2023 Time: 15:3 # 13

Chen et al. 10.3389/fmicb.2023.1230533

Njouom, R., Pasquier, C., Sandres-Saune, K., Harter, A., Souyris, C., and Izopet,
J. (2003). Assessment of hiv-1 subtyping for cameroon strains using phylogenetic
analysis of pol gene sequences. J. Virol. Methods 110, 1–8. doi: 10.1016/s0166-0934(03)
00080-6

Notomi, T., Okayama, H., Masubuchi, H., Yonekawa, T., Watanabe, K., Amino,
N., et al. (2000). Loop-mediated isothermal amplification of DNA. Nucleic Acids Res.
28:E63. doi: 10.1093/nar/28.12.e63

Ocwieja, K. E., Sherrill-Mix, S., Liu, C., Song, J., Bau, H., and Bushman, F. D. (2015).
A reverse transcription loop-mediated isothermal amplification assay optimized to
detect multiple HIV subtypes. PLoS One 10:e0117852. doi: 10.1371/journal.pone.
0117852

Park, J. W. (2022). Principles and applications of loop-mediated isothermal
amplification to point-of-care tests. Biosens. Basel. 12:857. doi: 10.3390/bios12100857

Pedro, K. D., Henderson, A. J., and Agosto, L. M. (2019). Mechanisms of hiv-1
cell-to-cell transmission and the establishment of the latent reservoir. Virus Res. 265,
115–121. doi: 10.1016/j.virusres.2019.03.014

Quesada-González, D., and Merkoçi, A. (2015). Nanoparticle-based lateral flow
biosensors. Biosens. Bioelectron. 73, 47–63. doi: 10.1016/j.bios.2015.05.050

Rhee, S., Kassaye, S. G., Jordan, M. R., Kouamou, V., Katzenstein, D., and Shafer,
R. W. (2022). Public availability of HIV-1 drug resistance sequence and treatment
data: a systematic review. Lancet Microbe 3, e392–e398. doi: 10.1016/S2666-5247(21)00
250-0

Rojas-Celis, V., Valiente-Echeverria, F., Soto-Rifo, R., and Toro-Ascuy, D. (2019).
New challenges of HIV-1 infection: how HIV-1 attacks and resides in the central
nervous system. Cells 8:1245. doi: 10.3390/cells8101245

Shirshikov, F. V., and Bespyatykh, J. A. (2022). Loop-mediated isothermal
amplification: from theory to practice. Russ. J. Bioorg. Chem. 48, 1159–1174. doi:
10.1134/S106816202206022X

Silva, S., Pardee, K., and Pena, L. (2019). Loop-mediated isothermal amplification
(LAMP) for the diagnosis of zika virus: a review. Viruse 12:19. doi: 10.3390/v12010019

Sohrabi, H., Majidi, M. R., Khaki, P., Jahanban-Esfahlan, A., de la Guardia, M., and
Mokhtarzadeh, A. (2022). State of the art: lateral flow assays toward the point-of-care
foodborne pathogenic bacteria detection in food samples. Compr. Rev. Food Sci. Food
Saf. 21, 1868–1912. doi: 10.1111/1541-4337.12913

Somboonna, N., Choopara, I., Arunrut, N., Sukhonpan, K., Sayasathid, J., Dean,
D., et al. (2018). Rapid and sensitive detection of chlamydia trachomatis sexually
transmitted infections in resource-constrained settings in Thailand at the point-of-
care. PLoS Neglect. Trop. Dis. 12:e0006900. doi: 10.1371/journal.pntd.0006900

UNAIDS, (2022). Global HIV & AIDS statistics — Fact sheet. Geneva: UNAIDS.

Zhang, X., Li, H., Liu, Z., Zhao, Y., Zeng, Y., Dong, Y., et al. (2022). An
HFman probe-based reverse transcription loop-mediated isothermal amplification
(RT-LAMP) assay for HIV-1 detection. Mol. Cell. Probes 64:101834. doi: 10.1016/j.
mcp.2022.101834

Zhao, J., Ao, C., Wan, Z., Dzakah, E. E., Liang, Y., Lin, H., et al. (2021). A point-
of-care rapid HIV-1 test using an isothermal recombinase-aided amplification and
CRISPR Cas12a-mediated detection. Virus Res. 303:198505. doi: 10.1016/j.virusres.
2021.198505

Zhao, S., Feng, Y., Hu, J., Li, Y., Zuo, Z., Yan, J., et al. (2018). Prevalence of
transmitted HIV drug resistance in antiretroviral treatment naive newly diagnosed
individuals in China. Sci. Rep. 8:12273. doi: 10.1038/s41598-018-29202-2

Frontiers in Microbiology 13 frontiersin.org

https://doi.org/10.3389/fmicb.2023.1230533
https://doi.org/10.1016/s0166-0934(03)00080-6
https://doi.org/10.1016/s0166-0934(03)00080-6
https://doi.org/10.1093/nar/28.12.e63
https://doi.org/10.1371/journal.pone.0117852
https://doi.org/10.1371/journal.pone.0117852
https://doi.org/10.3390/bios12100857
https://doi.org/10.1016/j.virusres.2019.03.014
https://doi.org/10.1016/j.bios.2015.05.050
https://doi.org/10.1016/S2666-5247(21)00250-0
https://doi.org/10.1016/S2666-5247(21)00250-0
https://doi.org/10.3390/cells8101245
https://doi.org/10.1134/S106816202206022X
https://doi.org/10.1134/S106816202206022X
https://doi.org/10.3390/v12010019
https://doi.org/10.1111/1541-4337.12913
https://doi.org/10.1371/journal.pntd.0006900
https://doi.org/10.1016/j.mcp.2022.101834
https://doi.org/10.1016/j.mcp.2022.101834
https://doi.org/10.1016/j.virusres.2021.198505
https://doi.org/10.1016/j.virusres.2021.198505
https://doi.org/10.1038/s41598-018-29202-2
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

	Rapid and visual identification of HIV-1 using reverse transcription loop-mediated isothermal amplification integrated with a gold nanoparticle-based lateral flow assay platform
	Introduction
	Materials and methods
	Reagents
	Clinical specimens and target gene preparation
	AuNPs-based LFB construction
	LAMP primer design
	Standard HIV-1-RT-LAMP-AuNPs-LFA reaction
	HIV-1-RT-LAMP-AuNPs-LFA assay condition optimization
	HIV-1-RT-LAMP-AuNPs-LFA assay sensitivity
	HIV-1-RT-LAMP-AuNPs-LFA assay specificity
	Feasibility of HIV-1-RT-LAMP-AuNPs-LFA for clinical samples

	Results
	Schematic mechanism of the HIV-1-RT-LAMP-AuNPs-LFA assay
	HIV-1-RT-LAMP-AuNPs-LFA assay confirmation
	HIV-1-RT-LAMP amplification temperature optimization
	HIV-1-RT-LAMP-AuNPs-LFA assay sensitivity
	HIV-1-RT-LAMP-AuNPs-LFA assay reaction time optimization
	HIV-1-RT-LAMP-AuNPs-LFA assay specificity
	Feasibility of HIV-1-RT-LAMP-AuNPs-LFA assay in clinical specimens

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


