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� The colorimetric LAMP tool is rapid
(40 min) and sensitive (10 copies).

� The LAMP assay can be stably
performed in portable heating
devices.

� This LAMP assay acts matchable
effectiveness to qPCR detection.

� This POC test is optimal in the
diagnosis of main SARS-CoV-2
variants.
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Loop-mediated isothermal amplification (LAMP) is widely used in detection of pathogenic microorgan-
isms including SARS-CoV-2. However, the performance of LAMP assay needs further exploration in the
emerging SARS-CoV-2 variants test. Here, we design serials of primers and select an optimal set for
LAMP-based on SARS-CoV-2 N gene for a robust and visual assay in SARS-CoV-2 diagnosis. The limit of
detectable template reaches 10 copies of N gene per 25 lL reaction at isothermal 58℃ within 40 min.
Importantly, the primers for LAMP assay locate at 12 to 213 nt of N gene, a highly conservative region,
which serves as a compatible test in emerging SARS-CoV-2 variants. Comparison to a commercial qPCR
assay, this LAMP assay exerts the high viability in diagnosis of 41 clinical samples. Our study optimizes
an advantageous LAMP assay for colorimetric detection of SARS-CoV-2 and emerging variants, which is
hopeful to be a promising test in COVID-19 surveillance.
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1. Introduction

The outbreak of Severe Acute Respiratory Syndrome Coron-
avirus 2 (SARS-CoV-2) caused a pandemic coronavirus disease
2019 (COVID-19) since late 2019. As of 19 December 2021, the
number of COVID-19 patients has exceeded 273 million world-
wide, and the cumulative number of deaths has been over 5.3
million (WHO, 2021). SARS-CoV-2 is a beta coronavirus of group
with a whole-genome resemblance of over 96%, including 50

untranslated region (UTR), S (Spike), E, M, N genes, replicase
complex (orf1ab) 30UTR, and other unspecified non-structural
open reading frames (Zhou et al., 2020). At present, the most
important countermeasures for preventing human-to-human
transmission of SARS-CoV-2 are early identification, proper isola-
tion, and follow-up of patients (West et al., 2020). To provide
timely care and create a surveillance system to prevent the
spread of COVID-19, the development of an on-site, rapid, and
responsive diagnostic assay, especially in-vitro diagnosis (IVD),
for SARS-CoV-2 is a top priority. Although the efforts on
COVID-19 surveillance have been greatly made, emerging SARS-
CoV-2 variants (eg. Alpha, Beta, and Delta variants), particularly
the new variant Omicron, also known as B.1.1.529, has shown
worrisome effects on this improvement (Karim and Karim,
2021; Yang et al., 2020). Unfortunately, there are rarely current
point-of-care (POC) testing modality allows specific identification
of SARS-CoV-2 variants.

SARS-CoV-2 infection is primarily diagnosed by reverse tran-
scriptase quantitative real-time polymerase chain reaction (RT-
qPCR) as the standard molecular diagnostic test in the clinical
laboratory. To date, numerous kinds of methods by reverse tran-
scription quantitative PCR (RT-qPCR) assays have been developed
soon after the genome sequence of SARS-CoV-2 was published,
and they are now the preferred assay for detecting viral RNA
(Chu et al., 2020; Corman et al., 2020). Undoubtedly, RT-qPCR
assay in SARS-CoV-2 diagnosis with high sensitivity necessitates
the extraction of viral RNA prior to the test, but the use of a pre-
cise thermal cycler instrument connected to a reliable source of
electricity, and costs of expensive reagent along with extensive
labor (Kudo et al., 2020). Furthermore, due to overwhelmed
healthcare systems and lack of rapid test of samples with a risk
of viral RNA degradation during sample transport to the labora-
tory, there is an increase of false-negative rate in SARS-CoV-2
diagnosis (Yelin et al., 2020). To control and track SARS-CoV-2
infections, it is urgent to establish a lean immediately applicable
protocol that can be performed at the point-of-care, even in rural
areas of developing countries where reliable energy, device, and
technician may be inaccessible.

Loop-mediated isothermal amplification (LAMP) is a fast and
responsive DNA detection tool with fast procedures and simple
equipment (Notomi et al., 2000), which has received high concern
to be widely used in the field of pathogenic microorganisms such
as Klebsiella pneumoniae (Nakano et al., 2015), Staphylococcus aur-
eus (Hanaki et al., 2011), Ebola virus (Kurosaki et al., 2016a;
Kurosaki et al., 2016b), and Zika virus (Kurosaki et al., 2017).
The updating LAMP technology has been deployed for field
surveillance in response to an early phase of COVID-19 outbreaks,
the detection of SARS-CoV-2 by RT-LAMP assays were initially
explored (Baek et al., 2020; Yan et al., 2020). However, as
COVID-19 pandemic emphasizes rapidly adapted and deployed
diagnostics in a variety of settings, the optimization of primers
design and development of LAMP detection for SARS-CoV-2 and
main variants require further investigation. In this study, we opti-
mized and designed the primers for loop-mediated isothermal
amplification (LAMP) based on SARS-CoV-2 N gene, aiming to
develop a robust and visual assay in SARS-CoV-2 and emerging
variants diagnosis.
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2. Materials and methods

2.1. Clinical samples

All 41 suspected COVID-19 patients were subjected to the tests
including clinical examination, Computed Tomography (CT)
according to the ‘‘pneumonia diagnosis protocol for novel coron-
avirus infection (trial version 5)” (the published guidelines
released by the National Health Commission of the People’s Repub-
lic of China), and admitted in Tongji Hospital, Tongji Medical Col-
lege, Huazhong University of Science and Technology, Wuhan,
China from Jan 27 to 31, 2020. All nasopharyngeal swab samples
were collected for RNA extraction and reverse-transcription to
cDNA for further examination. The cDNA of clinical samples was
stored at �80 �C until use.

2.2. Obtaining of SARS-CoV-2 N gene

The sequence of SARS-CoV-2 N gene is derived from NCBI Gen-
Bank database (28,274 to 29,533 nt in complete genome from
Wuhan-Hu-1 strain, accession number: NC_045512.2.). The target
gene was synthesized (GenScript Co., Ltd., Nanjing, China) and then
ligated to pcDNA3.1-HA vector (Addgene Inc, Watertown, MA,
USA) to generate pcDNA3.1-N-HA plasmid. Subsequently, the
pcDNA3.1-N-HA plasmid was transformed into Escherichia coli
DH5a strain, cultured, and propagated in LB medium supple-
mented with ampicillin to achieve amplification. The pcDNA3.1-
N-HA plasmid DNA was extracted, and DNA concentration was
determined. The plasmid DNA carrying SARS-CoV-2 N gene was
stored at 4 �C until use.

2.3. Preparation of standards

The mass concentration and total base pair (bp) number of the
plasmid pcDNA3.1-N-HA carrying the SARS-CoV-2 N gene were
determined. The plasmid DNA copy number was calculated accord-
ing to the following formula: DNA copy number = DNA mass con-
centration/(Number of bp � Relative molecular mass of one
bp) � 6.02 � 1023.

The solution of the calculated DNA copy number was subjected
to 10-fold serial dilutions in ddH2O to the concentrations from
1 � 10 to 1 � 108 copies lL�1. Subsequently, the prepared stan-
dards were stored at 4 �C until use.

2.4. Design and synthesis of primers

According to the principle of the LAMP, one primer set contains
three pairs of primers that can recognize six independent regions
of the target sequence. Namely, inner primers pair: forward inner
primer (FIP) and backward inner primer (BIP); outer primers pair:
F3 primer and B3 primer; loop primer pair: loop primer forward
(LF) and loop primer backward (BF). Six sets of primers were
designed for LAMP targeting SARS-CoV-2 N gene using PrimerEx-
plorer V5 software (Fujitsu Limited, Tokyo, Japan). Primers
designed for detection of five kinds of coronavirus (CoV) N genes
were used in reverse-transcription (RT)-PCR. The information of
the primers is listed in Table 1.

The primers were synthesized by Tsingke Biotechnology Co., Ltd
(Beijing, China). The dried primer DNA pellets were dissolved in
sterile RNase-free deionized water to a concentration of 100 lM
for storage at �20 �C.

2.5. Determination and optimization of LAMP reaction system

The LAMP reaction system with a 25 lL of volume contains 1 lL
of Bsm DNA polymerase (Lot#00892391), 2.5 lL of Bsm 10� Buffer



Table 1
Information of designed primers in this study.

Primer Setting Primer Name Sequence (50 to 30)

PS1 PS1-F3 CACCCGCAATCCTGCTAAC
PS1-B3 CCAGCCATTCTAGCAGGAGA
PS1-FIP TGCTCCCTTCTGCGTAGAAGCAATGCTGCAATCGTGCTACA
PS1-BIP GGCGGCAGTCAAGCCTCTTCCCTACTGCTGCCTGGAGTT
PS1-LF GCAATGTTGTTCCTTGAGGAAGT
PS1-LB TTCCTCATCACGTAGTCGCAACAGT

PS2 PS2-F3 CCAGAATGGAGAACGCAGTG
PS2-B3 CCGTCACCACCACGAATT
PS2-FIP AGCGGTGAACCAAGACGCAGGGCGCGATCAAAACAACG
PS2-BIP AATTCCCTCGAGGACAAGGCGAGCTCTTCGGTAGTAGCCAA
PS2-LF TTATTGGGTAAACCTTGGGGC
PS2-LB TCCAATTAACACCAATAGCAGTCCA

PS3 PS3-F3 CCAGAATGGAGAACGCAGTG
PS3-B3 CCGTCACCACCACGAATT
PS3-FIP AGCGGTGAACCAAGACGCAGGGCGCGATCAAAACAACG
PS3-BIP AATTCCCTCGAGGACAAGGCGAGCTCTTCGGTAGTAGCCAA
PS3-LF ATTATTGGGTAAACCTTGGGGC
PS3-LB CCAATTAACACCAATAGCAGTCCA

PS4 PS4-F3 AGATCACATTGGCACCCG
PS4-B3 CCATTGCCAGCCATTCTAGC
PS4-FIP TGCTCCCTTCTGCGTAGAAGCCAATGCTGCAATCGTGCTAC
PS4-BIP GGCGGCAGTCAAGCCTCTTCCCTACTGCTGCCTGGAGTT
PS4-LF GCAATGTTGTTCCTTGAGGAAGTT
PS4-LB GTTCCTCATCACGTAGTCGCAACA

PS5 PS5-F3 AGATCACATTGGCACCCG
PS5-B3 CCATTGCCAGCCATTCTAGC
PS5-FIP TGCTCCCTTCTGCGTAGAAGCCAATGCTGCAATCGTGCTAC
PS5-BIP GGCGGCAGTCAAGCCTCTTCCCTACTGCTGCCTGGAGTT
PS5-LF GGCAATGTTGTTCCTTGAGGAAGTT
PS5-LB GTTCCTCATCACGTAGTCGCAACA

PS6 PS6-F3 TGGACCCCAAAATCAGCG
PS6-B3 GCCTTGTCCTCGAGGGAAT
PS6-FIP CCACTGCGTTCTCCATTCTGGTAAATGCACCCCGCATTACG
PS6-BIP CGCGATCAAAACAACGTCGGCCCTTGCCATGTTGAGTGAGA
PS6-LF TTGAATCTGAGGGTCCACCA
PS6-LB TACCCAATAATACTGCGTCTTGGT

PCR for CoV N genes HCoV-OC43-F ATGTCTTTTACTCCTGGTAAGCAATCCA
HCoV-OC43-B TTATATTTCTGAGGTGTCTTCAGTAAAGGGC
HCoV-NL63-F ATGGCTAGTGTAAATTGGGCCG
HCoV-NL63-B TTAATGCAAAACCTCGTTGACAATTTCT
GX_P2V-F ATGTCTGATAATGGACCCCAAA
GX_P2V-B TACCCAATAATACTGCGTCTTGGT
SADS-CoV-F ATGGCCACTGTTAATTGGGGTG
SADS-CoV-B CTAATTAATAATCTCATCCACCATCTCAACCTCC
SARS-CoV-2-F ATGTCTGATAATGGACCCCAAAATC
SARS-CoV-2-B TTAGGCCTGAGTTGAGTCAGCACTG

PS: Primer Setting; FIP: Forward Inner Primer; BIP: Backward Inner Primer; LF: Loop Primer Forward; LB:
Loop Primer Backward; F3: F3 primer; B3: B3 primer; F: Forward; B: Backward; HCoV, human coronavirus;
SADS, swine acute diarrhea syndrome.
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(Lot#00872639) (Thermo Fisher Scientific, Carlsbad, CA, USA), 4 lL
of dNTP (2.5 mM) (Lot#AJ11753A) (Takara Biomedical Tech Co.,
Ltd., Beijing, China), 4 lL mixed primer solution [F3 (20 lM) and
B3 (20 lM): 0.4 lL each; FIP (20 lM) and BIP (20 lM), LF
(20 lM) and BF-N1 (20 lM): 0.8 lL each], 1 lL DNA template,
and rest of ddH2O to make up to 25 lL. The LAMP reaction was per-
formed in a DNA amplification instrument. The DNA products were
amplified with 1 lL of DNA template at different concentrations
ranging from 101 to 107 copies lL�1 at temperature gradients
(55 �C, 58 �C, 60 �C, 62 �C) for 30 min or at time gradients (0, 5,
10, 15, 20, 25, 30, 35, 40, 45 min), and then separated by agarose
gel electrophoresis. Relative quantity of each DNA product was
analyzed by ImageJ software. For each reaction, at least three inde-
pendent replicates were performed.

In a colorimetric LAMP reaction system, an additional 1 lL of
625 lM Calcein (Lot#G424BA0029, purchased from Sangon Bio-
tech, Shanghai, China) and 1 lL of 7.5 mM MnCl2 (Lot#MKCJ8390,
purchased from Sigma-Aldrich, St. Louis, MO, USA) was supplied,
and then incubated in an optimal condition at 58 �C for 40 min
3

in either a PCR device (Lot#8110953843) (Eastwin Scientific Equip-
ments Inc; Suzhou, China) or a constant temperature water bath
(DK-8D) (Everone Precision Instrument Co., Ltd; Shanghai, China).
The color change from orange to green was observed in a positive
reaction.

2.6. Sensitivity and specificity of LAMP assay

A serial of 10-fold dilutions of DNA standards ranging from
1 � 10 to 1 � 107 copies lL�1 was prepared. The sensitivity of
LAMP assay was accessed by adding 1 lL of DNA template in the
25 lL of volume reaction at 58 �C for 0, 5, 10, 15, 20, 25, 30, 35,
40, 45 min, respectively. The positive reactions were observed by
agarose gel electrophoresis or color change.

The specificity of the LAMP assay was first examined by Xho I
restriction endonuclease (Takara Biomedical Tech Co., Ltd., Beijing,
China) at target DNA product. Then, several kinds of common
pathogenic microorganism DNA were prepared for LAMP assay.
The genome DNAs of ADV-3 from our previous study (Yan et al.,
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2021), Streptococcus pneumonia, and Staphylococcus aureus (ob-
tained from CCTCC, Wuhan, China) was extracted, while genome
RNA of H3N2 (HongKong/498/97 strain) from our previous study
(Ge et al., 2017) was extracted and then reverse transcribed into
cDNA for detection. Four kinds of cDNA samples of HCoV-OC43,
HCoV-NL63 (kindly provided by Dr Jincun Zhao, Guangzhou Med-
ical University, Guangzhou, China), GX_P2V, and SDAS-CoV (kindly
provided by Dr Huahan Fan, Beijing University of Chemical Tech-
nology, Beijing, China) were collected. Then, 1 � 104 copies of each
DNA sample were subjected to 25 lL of volume reaction and
observed by agarose gel electrophoresis or visual color change.
2.7. Evaluation of LAMP assay in SARS-CoV-2 diagnosis using clinical
samples

The performance of LAMP assay in SARS-CoV-2 diagnosis was
evaluated in 41 suspected COVID-19 patients admitted in Tongji
Hospital, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China. A comparison between LAMP assay
and a commercial SARS-CoV-2 RT-qPCR kit (Daan Gene Co., Ltd.,
Guangzhou, China) was performed. In each reaction, 2 lL of clinical
specimen cDNA, positive or negative DNA controls were mixed for
LAMP detection or qPCR in a Light Cycle480 Real-Time PCR Detec-
tion System (Roche Diagnostics, Basel, Switzerland). The positive
samples were counted by visual color change in LAMP detection
while cycle threshold (Ct) value in qPCR assay. The concordance
rate between both assays was calculated by the formula: Concor-
dance rate = Number of consistent results by both assays/Total
number � 100%.
2.8. Statistical analysis

In a comparison of two assays, the Chi-square (v2) test was
used for the difference between two groups of enumeration data
by SPSS software version 25.0 (IBM Corp.; Armonk, NY, USA). A P
value < 0.05 was defined as statistically significant.
Fig. 1. Primers design for LAMP assay. (A) Principle of LAMP primers design. A set of p
Primer), loop primer pair (LF: Loop Primer Forward; LB: Loop Primer Backward), and out
box. F1c means complementary sequence of F1. Primers Setting, PS. (B) Location of each s
respectively.
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3. Results

3.1. Primer design for LAMP assay

LAMP is one of the most concerned point-of-care testing (POCT)
assays in rapid SARS-CoV-2 diagnosis (Chaouch, 2021). In the prin-
ciple of the LAMP, one set of primers contains three pairs of pri-
mers, namely inner primers pair, outer primers pair, and loop
primer pair, which recognize six independent regions of the target
sequence (Fig. 1A). SARS-CoV-2 N gene is considered to be the main
positive component in of SARS-CoV-2 nucleic acid detection
(Zhang et al., 2020). Six sets of primers were designed for LAMP
targeting SARS-CoV-2 N gene using Primer Explorer V5 software
in different regions. Two sets of primers (PS2 and 3; PS4 and 5)
shared the same inner and outer primers but different loop pri-
mers, while PS1 and PS6 resided at 441–635 nt and 12–213 nt of
the N gene, respectively (Table 1 and Fig. 1B).

3.2. Optimization of primers in LAMP reaction system

To investigate the sensitivity of LAMP assay with designed pri-
mers, a serial dilution of SARS-CoV-2 N gene DNA standards rang-
ing from 100 to 108 copies lL�1 were used in 25 lL of volume
reaction for 30 min at different temperatures. Except for PS1, PS2
to PS5 primers were engaged to generate an obvious typical S-
shaped DNA amplification curve at 55, 58, and 60 �C, whereas
the detectable template concentrations were limited to 105 copies
lL�1 (Fig. 2A-E), suggesting low sensitivity of LAMP reaction with
PS2 to PS5. PS6 primers were engaged to an obvious S-shaped
DNA amplification curve at 58 �C with detectable template concen-
tration reached to 101 copies lL�1 (Fig. 2F), indicating the optimal
primers in LAMP reaction.

3.3. Specificity of LAMP assay for SARS-CoV-2 and variants

To further identify the sensitivity of LAMP assay with SP6 pri-
mers, the reaction was performed at indicated time at 58 �C. The
rimers contain inner primer pair (FIP: Forward Inner Primer; BIP: Backward Inner
er primer pair (F3: F3 primer; B3: B3 primer). Six regions were displayed as a color
et of primers in SARS-CoV-2 N gene. Six sets of primers were indicated as PS1 to PS2,



Fig. 2. Determination of LAMP reaction system. A serial dilution of SARS-CoV-2 N gene DNA standards ranged from 100 to 108 copies lL�1 (1 lL each) were added in 25 lL
of volume reaction for 30 min at different temperatures. The DNA products generated from indicated primer: PS1 (A), PS2 (B), PS3 (C), PS4 (D), PS5 (E), PS6 (F), were observed
and quantified. M, DNA marker. A.U., Arbitrary Unit.
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obvious S-shaped DNA amplification curves were observed with
template concentrations from 107 to 101 copies lL�1 within
20 min, and entered a plateau phase within 30 to 45 min
(Fig. 3A), suggesting the assay is sensitive and rapid.

Considering the specific sequence of amplificated DNA unit in
LAMP, the DNA products with SP6 primers were digested by a dis-
tinct Xho I restriction endonuclease (Fig. 3B). The amplified DNA by
SP6 primers was significantly reduced by Xho I digestion (Fig. 3C).
Then, several kinds of commonly respiratory pathogenic microor-
ganism DNA were prepared for LAMP assay. The LAMP reaction
system displayed a strong positive detection on SARS-CoV-2 N
5

gene as expected, but showed no cross action on neither ADV-3,
Streptococcus pneumonia, and Staphylococcus aureus genomic
DNA, nor H3N2 cDNA (Fig. 3D). Similarly, in the presence of various
N genes of coronaviruses amplificated by specific PCR primers, an
obvious positive LAMP assay was shown in the detection of cDNA
of SARS-CoV-2, but not in common human coronavirus HCoV-OC43
and HCoV-NL63, or pangolin coronavirus GX_P2V, or swine acute
diarrhea syndrome coronavirus SADS-CoV (Fig. 3E), implying the
specificity of DNA amplification of the LAMP assay.

Emerging SARS-CoV-2 variants have shown worrisome
effects on viral identification and require rapidly adapted and



Fig. 3. Sensitivity and specificity of the developed LAMP assay. (A) One lL of DNA standards ranged from 1 � 10 to 1 � 107 copies lL�1 were added in the 25 lL of volume
reaction at 58 �C for indicated time, respectively. The DNA products were observed and quantified. A.U., Arbitrary Unit. (B) Specific sequence of amplificated DNA unit in LAMP
by SP6 primers. The location of restriction enzyme site was indicated. (C) The DNA products were digested by an Xho I restriction endonuclease. (D) Each DNA sample was
subjected to 25 lL of volume reaction and observed by agarose gel electrophoresis. M, DNA marker. 1. ADV-3 DNA, 2. Streptococcus pneumonia DNA, 3. Staphylococcus aureus
DNA, 4. SARS-CoV-2 N gene, 5. H3N2 cDNA. (E) Each viral cDNA sample (10,000 copies) was subjected to 25 lL of volume LAMP reaction and observed by agarose gel
electrophoresis. Various coronavirus N genes were amplified by PCR with specific primers. M, DNA marker. 1. HCoV-OC43, 2. HCoV-NL63, 3. GX_P2V, 4. SADS-CoV, 5. SARS-
CoV-2. (F) The alignment of amplification of target region by SP6 primers of LAMP assay in SARS-CoV-2 N gene from various variants. The sequences of Alpha variant: B.1.1.7;
Beta variant: B.1.351; Gamma variant: P1; Delta variant: B.1.617.2 were released from the public NCBI database (https://www.ncbi.nlm.nih.gov/). The sequences of Omicron
variant: B.1.1.529 were released from the public GISAID database (https://www.gisaid.org/).
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deployed diagnostics in a variety of settings (Kumar et al.,
2021). The coverage of the developed LAMP assay on detection
of SARS-CoV-2 variants was further explored. The alignment of
target region of N gene from SARS-CoV-2 variants exhibited a
highly conservative sequence in typical variants including
B.1.1.7 (Alpha), B.1.351 (Beta), P1 (Gamma), B.1.617.2 (Delta),
and B.1.1.529 (Omicron) substrains (Fig. 3F). Of note, there
was over 99.5% similarity of the sequence from the N gene
of SARS-CoV-2B.1.617.2 and B.1.1.529 variants to the target
region in the LAMP assay, respectively (Fig. 3F), suggesting a
compatible detection on main emerging SARS-CoV-2 variants
by this LAMP assay.
6

3.4. Visual detection of the LAMP assay

To develop a visual detection of SARS-CoV-2 LAMP for portable
application, a metal ion indicator, Calcein, of which the color was
modulated by manganese chloride (MnCl2) from orange to green
was introduced in the reaction system (Fig. 4A). The reaction gave
a clear color change from orange to green for 40 min in the samples
with template concentrations from 105 to 101 copies lL�1 (Fig. 4B).
In addition, the colorimetric LAMP assay was effectively operated
in either PCR device (Fig. 4C and D) or water bath (Fig. 4E and F),
indicating a convenient and sensitive assay regardless of isother-
mal heating instruments.

https://www.ncbi.nlm.nih.gov/
https://www.gisaid.org/


Fig. 4. The colorimetric LAMP reaction system. (A) The schematic diagram for color change of MnCl2-mediated Calcein in the LAMP reaction system. (B) The colorimetric
LAMP was performed at 58 �C for 40 min with the color of Calcein from orange to green after a positive reaction. (C-F) The colorimetric LAMP was performed at 58 �C for
40 min by PCR device heating (C) with positive reaction (D), or Water bath heating (E) with positive reaction (F).
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3.5. Evaluation of LAMP assay in clinical SARS-CoV-2 diagnosis

To evaluate the clinical diagnostic effect of the LAMP assay, 41
clinical samples of nasopharyngeal swabs from suspected COVID-
19 patients were tested in comparison to a commercial qPCR assay.
Of these samples, 23 and 18 were detected as SARS-CoV-2 positive
and negative by LAMP assay, respectively (Fig. 5A and Table 2).
Additionally, the colorimetric LAMP displayed a specific positive
reaction to DNA samples of SARS-CoV-2 N gene, but not to com-
monly respiratory pathogens (Fig. 5B) or other kinds of coron-
aviruses (Fig. 5C). In comparison, 21 and 20 were detected as
SARS-CoV-2 positive and negative by qPCR assay, respectively
(Fig. 5D and Table 2). The LAMP assay behaved a comparative pos-
itive rate in SARS-CoV-2 diagnosis to qPCR assay (Fig. 5E and
Table 3). Notably, two samples were detected as positive by LAMP
7

assay but negative by qPCR. The concordance rate between both
assays was 95.1% (Table 3), demonstrating LAMP assay presents a
reliable detection and matchable viability to qPCR for SARS-CoV-
2 diagnosis.
4. Discussion

In recent years, the LAMP technology has been recognized by
many aspects in infectious disease analysis and diagnosis, owing
to no need of high temperature denaturation of the template and
repeated heating and cooling steps. The LAMP operation process
is simple, and the amplification is rapid and efficient, which is suit-
able for testing in the cases of imperfect experimental equipment,
and wide use in the grassroots, laboratories with poor experimen-



Fig. 5. A comparison of LAMP and qPCR assay in clinical suspected SARS-CoV-2 patients. (A) The visual LAMP assay in 41 samples from suspected SARS-CoV-2 patients
and controls. The change of green in labeled samples was tested positive SARS-CoV-2. (B) DNA samples were subjected to 25 lL of volume reaction. The positive test was
observed by a color change from orange to green. M, DNA marker. 1. ADV-3 DNA, 2. Streptococcus pneumonia DNA, 3. Staphylococcus aureus DNA, 4. SARS-CoV-2 N gene, 5.
H3N2 cDNA. (C) Each viral cDNA sample (10,000 copies) was subjected to 25 lL of volume LAMP reaction and observed by color change from orange to green. 1. HCoV-OC43,
2. HCoV-NL63, 3. GX_P2V, 4. SADS-CoV, 5. SARS-CoV-2. (D) The melting curve of each sample in qPCR analysis. The positive test was cut-off with the threshold cycle (Ct)
values over 32. The negative and positive controls were indicated by green and blue arrow, respectively. (E) The results of negative (in gray) and positive (in red) rates were
displayed by LAMP and qPCR assays, respectively.
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tal conditions and on-site use (Wong et al., 2018). Now, the acces-
sible nature of the nucleic acid test by LAMP extends its potential
to make a huge impact in the fight against COVID-19. Compared to
RT-qPCR, LAMP has been developed to detect SARS-CoV-2 RNA tar-
geting nucleocapsid (N), open reading frame 1ab (ORF1ab), and
spike (S) gene, demonstrating an excellent agreement with other
SARS-CoV-2 nucleic acid amplification methods (Bulterys et al.,
2020). Nevertheless, emerging SARS-CoV-2 variants commonly
cause genetic mutations, which comes to the potential impacts
on performance genetic variants evading detection by specific viral
diagnostic tests (Thompson et al., 2021). Unfortunately, the lack of
current point-of-care (POC) testing modality hardly allows specific
identification on SARS-CoV-2 variants.

In this study, the optimization of the primers and LAMP assay
was developed for the detection of SARS-CoV-2 and emerging vari-
ants. The optimal conditions at isothermal 58℃ within 40 min of
LAMP reaction system were established among six sets of primers
targeting SARS-CoV-2 N gene. Although similar studies reveal com-
patible conditions of LAMP assay for SARS-CoV-2 nucleic acid
detection, the developed LAMP assay here reached a limit of
detectable template of 10 to100 copies in each reaction within
40 min, suggesting a superior sensitivity and timesaving to previ-
ously reported 100 to 1000 copies per reaction within 40 to
60 min (Baek et al., 2020; Lu et al., 2020; Pang et al., 2020;
Quino et al., 2021). It could be explained that the optimal primers
targeting at 12–213 nt of SARS-CoV-2 N gene contributed to the
improvement of the LAMP assay. More importantly, their specific
sequences of primers were highly conservative according to the
alignments of 12–213 nt region of N gene pf main emerging
8

SARS-CoV-2 variants, behaving perfect compatibility on specific
identification on SARS-CoV-2 variants.

As the COVID-19 epidemic, the great efforts have been made to
adopt the methods of test for SARS-CoV-2 variants. FnCas9-based
CRISPR and novel SHERLOCK diagnosis of SARS-CoV-2 variants
arise rapid test in COVID-19 surveillance (de Puig et al., 2021;
Kumar et al., 2021). Although multiply tests to variants of concern
(VOC), including Delta and Omicron, are now being developed and
utilized such as next-generation sequencing (NGS), it is neither
practical nor sustainable for most POC tests. Thus, the rapid iden-
tification of viral nucleic acids using technologies leveraging PCR
or isothermal amplification targeting beyond S gene is encouraged
(Karim and Karim, 2021; Thomas et al., 2021). However, as no spe-
cialists are needed to operate it and results are easy to interpret,
LAMP assay is still the primary fast test SARS-CoV-2 infection diag-
nosis. Next, we accessed the rapid and visual detection with the
introduction of manganese chloride-calcein, a typical metal ion
indicator in the LAMP reaction system (Tomita et al., 2008). In this
colorimetric LAMP reaction, the precisely visual color change from
orange to green was observed for 40 min at a limitation as many as
10 copies template. Of note, the visual LAMP assay could be well
performed regardless of isothermal heating instruments, which is
reliably carried out the on-site use with imperfect experimental
equipment and poor experimental conditions.

In comparison to a commercial qPCR assay using 41 clinical
samples, the LAMP assay was tested a comparative positive rate
in SARS-CoV-2 diagnosis to qPCR assay with no cross-reactivity
with nucleic acid from other four human respiratory microorgan-
isms, including ADV-3, Streptococcus pneumonia, Staphylococcus



Table 2
Detection of 41 clinical samples in qPCR and LAMP assays.

Sample
name

qPCR (Ct
value)

LAMP (color
change)

Positive (qPCR/
LAMP)

1 25.75 Green +/+
2 32.08 Orange �/�
3 32.31 Orange �/�
4 29.34 Green +/+
5 38.46 Orange �/�
6 29.98 Green +/+
7 29.76 Green +/+
8 31.99 Green +/+
9 31.08 Green +/+
10 30.33 Green +/+
11 36.49 Orange �/�
12 40.00 Orange �/�
13 29.32 Green +/+
14 29.84 Green +/+
15 30.62 Green +/+
16 29.27 Green +/+
17 31.22 Green +/+
18 39.27 Orange �/�
19 32.08 Green �/+
20 29.44 Green +/+
21 29.93 Green +/+
22 26.45 Green +/+
23 30.83 Green +/+
24 26.55 Green +/+
25 34.22 Orange �/�
26 40.00 Orange �/�
27 39.52 Orange �/�
28 38.15 Orange �/�
29 39.56 Orange �/�
30 36.64 Orange �/�
31 40.00 Orange �/�
32 35.32 Orange �/�
33 22.05 Green +/+
34 26.58 Green +/+
35 32.17 Green �/+
36 40.00 Orange �/�
37 37.05 Orange �/�
38 32.29 Orange �/�
39 24.78 Green +/+
40 23.62 Green +/+
41 37.62 Orange �/�

Ct, threshold cycle; +, positive; �, negative; qPCR positive: cut-off with Ct
value > 32.00; LAMP positive: green color.
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aureus, and H3N2, revealing that it possesses a high sensitivity and
specificity in SARS-CoV-2 detection in nasopharyngeal swabs sam-
ples. Generally, the nasopharyngeal swabs samples were primary
selection for the early diagnosis of COVID-19, especially for mild
and asymptomatic patients, but its false negative rate was usually
reported to be lower than that in other types of clinical specimens
such as sputum (Wang et al., 2020). The mean viral load in nasal
swabs of COVID-19 patients is 1.4 � 106 copies/mL (Lu et al.,
2020), our developed LAMP assay with a detectable viral cDNA
template of 10,000 copies (equal to 4 � 105 copies/mL) is compe-
tent for the early SARS-CoV-2 diagnosis combined with an easy
sampling of nasal swab specimens. However, there are still some
procedures in this LAMP assay to be improved, eg. the nucleic acid
extraction-free protocol before LAMP (Lalli et al., 2021), one-step
reverse transcription (RT) with LAMP (Li et al., 2021; Wong
Table 3
Comparison of qPCR and LAMP tests for SARS-CoV-2 infection diagnosis in suspected pati

SARS-CoV-2 N gene Negative (N) Positive (N) Positiv

LAMP 18 23 56.1
qPCR 20 21 48.8

N, number of cases; v2, Chi-square test for the difference between LAMP and qPCR assa

9

Tzeling et al., 2021), or the LAMP-based quantitative detection of
SARS-CoV-2 (González-González et al., 2021), which polishes the
developed LAMP reaction system and facilitates the generalization
of the simple, fast, and efficient in-vitro diagnosis.

5. Conclusions

In sum, we optimized primers targeting SARS-CoV-2 N gene and
established a robust and visual LAMP reaction system at isother-
mal 58℃ within 40 min. The superiority of the LAMP assay exerted
excellent compatibility on specific detection on SARS-CoV-2 vari-
ants and a limit of detectable template of 10 copies regardless of
isothermal heating instruments. We believe the developed LAMP
assay presents matchable effectiveness to qPCR for SARS-CoV-2
infection diagnosis, which is expected to be performed at the
point-of-care (POC) in control of COVID-19 pandemic.
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