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Abstract
A probing system has been developed based on dual-site ligation-assisted loop-mediated isothermal amplification (dLig-
LAMP) for the selective colorimetric detection of SARS-CoV-2. This approach can induce false-positive and -negative 
detection in real clinical samples; dLig-LAMP operates with improved selectivity. Unlike RT-LAMP, the selectivity of dLig-
LAMP is determined in both the ligation and primer binding steps, not in the reverse transcription step. With this selective 
system in hand, we developed a colorimetric signaling system for point-of-care detection. We also developed a colorimetric 
probe for sensing pyrophosphate, which arises as a side product during the LAMP DNA amplification. Thus, dLig-LAMP 
appears to be an alternative method for improving the selectivity problems associated with reverse transcription. In addition, 
combining dLig-LAMP with colorimetric pyrophosphate probing allows point-of-care detection of SARS-CoV-2 within 
1 h with high selectivity.
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Introduction

Viruses are pernicious because they can spread and infect 
their targets rapidly [1]. Many dangerous viruses have 
their own RNA genomes that readily mutate [2]. Novel 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a new type of coronavirus (SARS-CoV appeared 
in 2002–2004; MERS-CoV in 2015 [3, 4]) that was first 
detected at the end of 2019 and remains spreading to this 
day [5, 6]. Such viruses that are highly infectious can result 
in pandemics [7]. Therefore, their rapid diagnosis of viruses 
is vital.

The reverse transcription-based polymerase chain reac-
tion (RT-PCR) is commonly used for the detection of viral 
RNA because it has proven its ability to provide sensitive 

and selective detection of viral genomes [8, 9]. Neverthe-
less, it has several drawbacks in point-of-care detection: 
namely, it is time-consuming and demands expensive 
instrumentation [10]. Thus, many alternative methods have 
been developed for simple and rapid point-of-care detec-
tion [11, 12]. For the purpose of viral RNA detection, new 
techniques for rapid isothermal amplification, which is 
pivotal in rapid point-of-care detection, have been realized 
using, for example, recombinase polymerase amplification 
(RPA) [13–15], rolling circle amplification (RCA) [16, 17], 
and loop-mediated isothermal amplification (LAMP) [18, 
19]. Nevertheless, some of isothermal amplification-based 
point-of-care detection systems have a limitation because 
they operate with low selectivity when compared with the 
RT-PCR method for the diagnosis of viral RNA [20–22]; 
the RT-PCR method itself also exhibits the same selectiv-
ity problem, because of mispairing or self-pairing of the 
primer during the reverse transcription targeting viral RNA, 
but recently this problem has been overcome in several ways 
[23, 24]. Point-of-care detection still requires the issue of 
selectivity to be addressed when using isothermal amplifica-
tion methods.

In this study, we wished to modify the general LAMP sys-
tem as an isothermal amplification method for the detection 
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of SARS-CoV-2, because it allows rapid amplification with 
sufficient sensitivity. Typically, the LAMP system requires 
reverse transcriptase (RT) to produce target cDNA using 
a primer sequence that binds to viral RNA. Unfortunately, 
during the process of reverse transcription using this primer, 
many erroneous forms of cDNA are produced.

The first problem is the possibility of false-positive 
diagnosis [25–27]. When extracting the actual target viral 
RNA, the possibility of the existence of other similar viral 
RNAs, and the possibility that some sequences in the human 
genome are similar, is implied. In this case, it can be diffi-
cult for the primer to distinguish among them; furthermore, 
there is the possibility of false-positive detection even if 
there is no actual target RNA. Therefore, it is important to 
design a primer with a target that does not overlap with areas 
any other. Thus, most primers have targeted a conservative 
site, like the nucleoprotein, during RT-LAMP. If the primer 
sequence is too specific, however, it tends to become difficult 
to bind to the target RNA, thereby leading to the possibility 
of false-negatives. That is, even if the actual target RNA is 
present, there may be cases where the primer cannot bind to 
it and, thus, the target cDNA cannot be formed. The problem 
of false-positives may be solved by allowing the cDNA to be 
formed only under restricted conditions, when everything is 
perfectly combined. The problem of false-negatives may be 
solved by increasing the length of the combined sequence.

To overcome the selectivity problems of LAMP, in this 
study we developed a unique dual-site ligation-assisted 
cDNA synthesis—without using reverse transcriptase—for 
application to the LAMP process. Here, we used Splint R 
Ligase, an RNA-templated DNA ligase, that has a reac-
tion rate much faster than that of T4 DNA Ligase [28]. We 
employed Splint R Ligase with three DNA oligonucleotide 
templates that are complementary to the specific region of 
the target RNA sequence. Ligation of the three DNA oligo-
nucleotides using Splint R Ligase could produce the cDNA 
within several minutes, but only in the presence of the target 
RNA, and this cDNA was then amplified by the LAMP reac-
tion system. Our dual-site ligation-assisted LAMP (dLig-
LAMP) reaction requires the two ligation sites to produce 
the cDNA, which would not be synthesized if there were any 
mismatched sequences or if either of the ligation templates 
was not bound, because there would be no ligation event. 
Furthermore, one of the DNA oligonucleotide templates 
was sufficiently long (76–77mer) to bind to the target RNA. 
Finally, if no cDNA were formed it could not be amplified. 
Thus, we believe that this dLig-LAMP system is a promis-
ing tool for solving the selectivity problems that arise when 
using isothermal amplification methods.

Colorimetric sensing is useful for point-of-care detec-
tion because it allows simple and convenient detection by 
the naked eye, without the need for any detection instru-
ments. Thus, we have also developed a colorimetric 

pyrophosphate-sensing probe (PP Probe) because, during 
isothermal DNA amplification, a large amount of pyroph-
osphate is produced as a side product [29, 30]. We then 
combined our PP Probe with the dLig-LAMP system for 
the colorimetric detection of SARS-CoV-2. It was difficult 
to apply our PP Probe to RT-LAMP because dithiothreitol 
(DTT) is essential to maintain the activity of reverse tran-
scriptase during the reverse transcription process, and DTT 
is also sensed by the PP Probe. Gratifyingly, the dLig-LAMP 
system eliminates this step, thereby allowing the PP Probe to 
selectively detect amplified pyrophosphate only in the pres-
ence of the target RNA. Therefore, our dLig-LAMP system 
combined with the PP Probe allowed the rapid, selective, 
and colorimetric point-of-care detection of SARS-CoV-2.

Using this newly developed diagnostic method, we 
conducted a clinical diagnostic experiment with a patient 
infected with COVID-19. Detection was possible with high 
accuracy in terms of a rapid color change. Although this 
completely new concept in isothermal genetic diagnosis 
requires further verification, it appears to minimize the effort 
required for primer design while offering new possibilities 
in detection.

Experiments

General information

All DNA oligonucleotides and the dNTP mixture (dATP, 
dTTP, dCTP, dGTP) were purchased from Bioneer and 
Cosmo Genetech (South Korea). Target RNA and mis-
matched target RNA were synthesized using in vitro tran-
scription. Splint R Ligase, WarmStart RTx Reverse Tran-
scriptase, and Bst 2.0 WarmStart DNA polymerase were 
obtained from New England Biolabs (USA). The PP Probe 
was prepared according to a previously reported procedure 
[29, 30]; its spectra were in accordance with those described. 
UV–Vis absorption spectra were recorded using a Shimadzu 
(Japan) UV-1650PC spectrophotometer. Fluorescence was 
recorded using the PF-6500 spectrofluorometer (JASCO, 
Japan). All optical measurements were performed at room 
temperature, using a quartz cuvette (path length: 1 cm).

All gel electrophoresis was performed in 20% polyacryla-
mide gel (PAGE). Forty-percent acrylamide/Bis solution 
29:1 (purchased from Bio-Rad, USA; 15 mL), 10 × TBE 
buffer (3 mL), and 20% ammonium persulfate solution (dis-
solved in H2O; 300 mL) were mixed in one tube and water 
was added to a total volume of 30 mL. TEMED was added 
to make 20% polyacrylamide gel. The gels were loaded in 
an electrophoresis instrument (CBS Scientific, CA, USA) 
and treated at 180 V for 14 h. The gels were stained in EtBr 
solution for 10 min; the stained gels were washed in water 
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for 30 min. The gel photos and colorimetric detection images 
were captured by a mobile device under a transilluminator.

dLig‑LAMP reaction

The dLig-LAMP reaction was performed with a total solu-
tion volume of 20 μL. The LAMP primer mixture was pre-
pared including 16 μM of FIP/BIP primers, 2 μM of F3/B3 
primers, and 4 μM of LF/LB primers. The cDNA template 
mixture was prepared including 10 nM of the LT-1/LT-2/
LT-3 templates. For one dLig-LAMP reaction, the LAMP 
primer mixture (2 μL), the cDNA template mixture (2 μL), 
10 × isothermal amplification buffer [200 mM of Tris–HCl, 
100 mM of (NH4)2SO4, 500 mM of KCl, 20 mM of MgSO4; 
pH 8.8 at 25 °C; 2 μL], 10 × Splint R Ligase buffer (500 mM 
of Tris–HCl, 100 mM of MgCl2, and 10 mM of ATP; pH 7.5 
at 25 °C; 2 μL), and dNTP mixture (2 mM of dATP, dCTP, 
dGTP, and dTTP; 5 μL) were added into a 1.5-mL tube. 
The target (5 μL) was added. Finally, the enzymes Splint R 
Ligase (25 U/μL; 1 μL) and Bst 2.0 WarmStart DNA poly-
merase (8 U/μL; 1 μL) were added into the reaction. The 
mixture was incubated for 15 min at 37 °C and then for 
45 min at 65 °C.

Primer and template negative controls 
of dLig‑LAMP

For the negative control studies, the dLig-LAMP reactions 
were performed using the standard procedure, but with one 
of the primer or templates removed. All reactions were mon-
itored using PAGE. The colorimetric detection buffer (30% 
of 10 mM HEPES buffer and 70% acetonitrile; 180 μL) was 
added into the dLig-LAMP mixture to give a total volume 
of 200 μL for the colorimetric detection assay. The PP Probe 
(25 mM, 1 μL) was added into the reaction tube, which was 
then shaken for 1 min. For detailed analysis, absorbances 
were measured of the reactions performed in the presence 
of the PP Probe.

Sensitivity and selectivity measurements

The dLig-LAMP reactions were performed using our stand-
ard procedure. For sensitivity measurements, solutions of 
the target RNA were prepared with concentrations ranging 
from 1 aM to 1 nM. Reactions were performed three times to 
determine the reproducibility. The sensitivity was measured 
in terms of absorbance. For selectivity measurements, three 
different targets (matched target, one-base-mismatched tar-
get, and two-base-mismatched target) were used. The PAGE 
results were compared with those obtained using the RT-
LAMP assay. One RT-LAMP reaction included the LAMP 
primer mixture (2 μL), 10 × isothermal amplification buffer 
[200 mM of Tris–HCl, 100 mM of (NH4)2SO4, 500 mM of 

KCl, 20 mM of MgSO4; pH 8.8 at 25 °C; 2 μL], the dNTP 
mixture (2 mM of dATP, dCTP, dGTP, and dTTP; 5 μL), 
water (4 μL), the target (5 μL), WarmStart RTx Reverse 
Transcriptase (15 U/μL; 1 μL), and Bst 2.0 WarmStart DNA 
polymerase (8 U/μL; 1 μL). The RT-LAMP reaction mix-
ture was incubated at 65 °C for 1 h. Each reaction was per-
formed three times to determine the reproducibility of the 
dLig-LAMP assays. The selectivity was measured in terms 
of absorbance.

Multiple ligation‑assisted LAMP reaction

We prepared the short-ligation template mixture to include 
10 nM of LTs-1, LTs-2, LTs-3, LTs-4, LTs-5, LTs-6, LTs-
7, LTs-8, LTs-9, LTs-10, and LTs-11. For comparison, we 
prepared one template-mismatched short-ligation template 
mixture, including 10 nM of LTs-1, LTs-2, LTs-3, LTs-4, 
LTs-5, LTs-6 mismatch, LTs-7, LTs-8, LTs-9, LTs-10, and 
LTs-11. For one multiple ligation-assisted LAMP reaction, 
we added the LAMP primer mixture (2 μL) and the short-
ligation template mixture or one template-mismatched short-
ligation template mixture (2 μL); all of the other protocols 
were the same as those for the dLig-LAMP process. The 
target RNA concentration was 1 nM. All reactions were 
confirmed using PAGE. The colorimetric detection buffer 
(30% of 10 mM HEPES buffer and 70% acetonitrile; 180 μL) 
was added into the dLig-LAMP reaction mixture to give a 
total volume of 200 μL for the colorimetric detection assay. 
The PP Probe (25 mM, 1 μL) was added into the reaction 
tube, which was then shaken for 1 min. For detailed analysis, 
absorbances were measured of the reactions performed in 
the presence of PP Probe.

Full‑genome SARS‑CoV‑2 sensitivity and bacteria 
genome selectivity study

An AccuPlex™ SARS-CoV-2 Reference Material Kit (Sera-
care, Milford, MA, USA), which was assigned as 5000 cop-
ies/mL, was used for spiked samples. SARS-CoV-2 RNA 
was extracted using eMAG (BioMerieux, MarcylEtoile, 
France), following the extraction protocol provided by the 
manufacturer, with an input volume of 200 μL and an elution 
volume of 50 μL. The copy concentration in the extracted 
RNA would be approximately 20 copies/μL. To increase the 
concentration, the SARS-CoV-2 RNA was lyophilized to 
give a concentration of 200 copies/μL. For the sensitivity 
study, the RNA sample was diluted in water to give concen-
trations ranging from 1.6 to 200 copies/μL. The absorbances 
of all samples were measured using the dLig-LAMP system 
and the PP Probe; a linear plot was calculated to obtain the 
LOD. For the selectivity study, samples of nine types of 
bacterial genomes, which are normal flora in the upper res-
piratory tract, were prepared. All samples of bacterial DNA 
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were extracted by the boiling method using DNA extraction 
buffer (Seegene, Seoul, South Korea). The extracted bacte-
rial genomes were tested using the dLig-LAMP assay and 
the PP Probe and compared with the SARS-CoV-2 genome. 
For detailed analysis, absorbances and fluorescence were 
measured of the reactions performed in the presence of the 
PP Probe.

Clinical sample preparation and validation

This study was approved by the Jeonbuk National University 
Hospital Institutional Review Board (CUIH 2021–11-005). 
A total of 40 residual samples for SARS-CoV-2 and 5 other 
virus samples (Influenza A Virus, Influenza B Virus, Res-
piratory Syncytial Virus A, Respiratory Syncytial Virus B, 
and Human Rhinovirus) real-time reverse-transcription PCR 
(rRT-PCR) were enrolled in this study: 20 positive samples, 
20 negative samples, and 5 other virus samples. The sam-
ples were obtained from a nasopharyngeal swab collected 
in an eNAT tube (Copan Italy, Brescia, Italy); they were 
stored at − 20 °C after clinical tests. The nucleic acid was 
extracted with Magna Pure 24 (Roche Diagnostics, Basel, 
Swiss) or eMAG (BioMérieux, Marcy-l’Étoile, France), 
using the manufacturer’s protocol. The rRT-PCR tests were 
performed using the Allplex SARS-CoV-2 Assay (Seegene, 
Seoul, South Korea); the cycle threshold (Ct) values of the 
positive samples ranged from 22.33 to 36.15 in the N gene. 
For clinical validation, 40 reactions for SARS-CoV-2 tests 
and 6 reactions for selectivity tests were performed using 
our dLig-LAMP reaction with the PP Probe. For detailed 

analysis, absorbances were measured of the reactions per-
formed in the presence of the PP Probe.

Results and discussion

Optimization

Based on our hypothesis, we designed three templates (LT1, 
LT2, LT3) for the synthesis of target cDNA mediated by 
Splint R Ligase (Table S1). Among them, the LT2 and LT3 
templates presented a monophosphate unit at the 5′-end for 
the ligation event. The templates containing a phosphate 
modification at the 5′-end would also allow the ligation by 
Splint R Ligase to occur in the presence of perfectly matched 
target RNA. We designed six primers (F3, B3, FIP, BIP, 
LF, LB; Table S1) for the LAMP amplification process. 
To examine the selectivity, we designed not only the target 
RNA but also one- and two-base-mismatched target RNAs 
(Table S1). We highlight the mismatched points in the target 
RNA with red characters in Scheme 1 (black box). Theo-
retically, a general RT-PCR or RT-LAMP system cannot 
discriminate the perfectly matched sequence from one- or 
two-base-mismatched sequences because when the reac-
tion primers bind to the target RNA, they might be able to 
amplify the gene with mismatched-sequence amplicons. In 
contrast, we expected that our dLig-LAMP system might 
discriminate mismatched points during the ligation step. 
Splint R Ligase produces complementary cDNA sequences 
only in the presence of a perfectly matched target RNA 

Scheme 1   (blue box) Schematic 
representation of dLig-LAMP 
and RT-LAMP assays. (pink 
box) Mechanism of PP Probe 
sensing through the recognition 
of pyrophosphate. (black box) 
LAMP primer binding sites 
(marked in blue), model mis-
match sequence sites (marked in 
red), and ligation sites (marked 
in green) in the SARS-CoV-2 N 
gene sequence (GenBank 
NC_045512.2)
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sequence; if one of the ligation templates does not match, 
the cDNA would not be synthesized. Therefore, we expected 
that the selectivity of our dLig-LAMP assay would be supe-
rior to that of general RT-LAMP or RT-PCR.

First, we confirmed that the dLig-LAMP assay would 
operate in the presence of the SARS-CoV-2  N gene 
sequence. Figure 1a provides clear evidence that our dLig-
LAMP assay functioned for the target SARS-CoV-2 N gene 
sequence, but not in the absence of any of the primers or 
templates. The dLig-LAMP system requires six primers 
and three templates. According to our polyacrylamide gel 
electrophoresis (PAGE) image, the negative control lanes 
(lanes 1–7) did not exhibit any amplification patterns, but 
lane 8, in which all of the primers and templates were pre-
sent, provided the amplification pattern. Thus, dLig-LAMP 
operated with all of the primers for LAMP and with the 
three templates, but not at all when one of them was absent. 
Next, we examined the possibility of colorimetric detection 
when using the PP Probe to sense the pyrophosphate formed 
during DNA amplification (Fig. 1b). The dLig-LAMP assay 
released an abundance of pyrophosphate during the LAMP 
DNA amplification; the released pyrophosphate could 
extract the Cu2+ ion from the PP probe, resulting in a color 
change from pink to colorless. We observed such a dramatic 
color change only in the presence of the SARS-CoV-2 N 

gene; similar to the PAGE observations, none of the other 
samples 1–7 resulted in any color change. Absorption spec-
tra revealed a dramatic decrease in absorption at 555 nm 
(λmax), the characteristic signal of the PP Probe, in the pres-
ence of the target SARS-CoV-2 N gene (sample 8), but no 
such changes for any of the other samples (Fig. 1c). Thus, 
combining the dLig-LAMP system with the PP Probe 
allowed the detection of the target SARS-CoV-2 N gene with 
a colorimetric signal change.

Sensitivity and selectivity with model target

Next, we measured the sensitivity of our dLig-LAMP assay 
when varying the concentration of the target RNA from 1 
aM to 1 nM. Figure 2a presents the absorbance spectra of the 
PP Probe recorded after performing the dLig-LAMP reac-
tion at the various concentrations. The spectra reveal that 
the sensitivity of the dLig-LAMP assay depended on the log 
concentration of the target RNA. To obtain the exact sensi-
tivity, we measured the limit of detection (LOD) from three 
repeated concentration-dependent experiments. From the 
linear plot of the average absorbance change value obtained 
at each concentration (Fig. 2b), we calculated the LOD value 
using the 3σ method [LOD = 3 × (SD/S), where SD is the 

Fig. 1   Primer- and template-free negative control experiments using 
dLig-LAMP. Sample 1: dLig-LAMP without LT-1, sample 2: dLig-
LAMP without LT-2, sample 3: dLig-LAMP without LT-3, sample 4: 
dLig-LAMP without F3, sample 5: dLig-LAMP without B3, sample 
6: dLig-LAMP without FIP, sample 7: dLig-LAMP without BIP, and 

sample 8: dLig-LAMP (positive control). All dLig-LAMP reaction 
mixtures included 1  nM of target RNA. (a) Results of 20% PAGE: 
lane m: DNA marker; lanes 1–8 correspond to samples 1–8. (b) Col-
orimetric detection assay of sample 1–8 using PP Probe. (c) Absorb-
ance spectra of samples 1–8 when using PP Probe
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standard deviation and S is the slope of the logarithmic plot]. 
The LOD when using the dLig-LAMP assay was 1.36 fM.

The selectivity of the dLig-LAMP system was much 
higher than that of RT-LAMP system, as determined using 
PAGE (Fig. 3a). The dLig-LAMP assay clearly discrimi-
nated the perfectly matched sequence from one- to two-base-
mismatched sequences, with the appearance of an amplifica-
tion band. In contrast, the RT-LAMP assay did discriminate 
between the perfectly matched and mismatched sequences; 
all of the sequences, except for the sample obtained without 

the target, provided the band corresponding to the ampli-
fied DNA. We suspect that the mismatched sequences also 
bound to the SARS-CoV-2 N gene and underwent reverse 
transcription to produce cDNA. The dLig-LAMP assay did 
not produce the cDNA if any mismatches appeared in the 
template; without cDNA, the LAMP process could not func-
tion. When we added PP Probe in the dLig-LAMP assay 
system, we observed a dramatic color change, from pink to 
colorless, only in the presence of the target SARS-CoV-2 N 
gene (Fig. 3b). Figure 3c displays the absorbance intensities 

Fig. 2   Sensitivity of the dLig-LAMP system. (a) Absorption spectra 
of the dLig-LAMP reaction mixtures obtained in the presence of the 
target RNA at concentrations ranging from 10  nM to 1 aM, and in 
the absence of the target RNA. (b) Linear relationship between the 

absorbance at 555 nm and the logarithm of the concentration of the 
target RNA. A0 absorbance in the absence of target, A absorbance in 
the presence of target y-axis absolute value. Each point represents 
three repeated measurements, with error bar

Fig. 3   Selectivity of the dLig-LAMP assay. (a) PAGE of the dLig-
LAMP assay (right gel image) and the RT-LAMP assay (left gel 
image). Lane m DNA marker, lane 1 reaction with target, lane 2 
reaction with one-base-mismatched target, lane 3 reaction with two-

base-mismatched target, lane 4 reaction without target. (b) Colori-
metric detection using dLig-LAMP and the PP Probe. (c) Absorbance 
(λmax = 555 nm) of the PP Probe in each dLig-LAMP reaction. Error 
bars represent by the results of three repeated measurements
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of the dLig-LAMP/PP Probe assays performed with the 
SARS-CoV-2 N gene, the one-base-mismatched target, and 
the two-base-mismatched target, and without the target. The 
dLig-LAMP assay was highly selective in discriminating 
the perfectly matched target sequence from the mismatched 
sequences, even with only one base mismatched. Although 
the selectivity of the dLig-LAMP system was higher than 
that of the general RT-LAMP system, we suspected that it 
might be difficult to distinguish a mismatch if it appeared at 
an irregular position, due to the limited length of the ligation 
template. In other words, if the template were shortened, the 
stability of the duplex would likely be sensitive to differ-
ences in the perfectly matched and mismatched sequences, 
and it would sufficiently distinguish mismatches from the 
perfectly matched sequence in all regions.

Therefore, we examined the multiple ligation-assisted 
LAMP reaction using short-ligation templates (Figure S1). 
We designed 11 short-ligation templates (LTs-1 to LTs-11), 
with each LTs sequence being complementary to the tar-
get RNA (Table S2). In addition, we modified one template 
(LTs-6 mismatch) to contain a mismatched sequence, and 
again examined the selectivity when any of the templates 
were not matched with the target. Although the multiple 
ligation-assisted LAMP reaction also operated well, it would 
not proceed if one of the ligation templates were not a per-
fect match. This method might be useful for increasing the 
selectivity of the detection of viruses with sufficiently low 
rates of false-positives.

Sensitivity and selectivity with SARS‑CoV‑2 
and bacteria

To examine the practical applications of this system, we 
used the full genome of SARS-CoV-2 to perform a sensi-
tivity study (Fig. 4a). We measured the absorption spectra 
in three repeated experiments while varying the number of 
copies of the SARS-CoV-2 full genome from 8 to 1000 cop-
ies/rxn; we obtained an LOD (3σ method) of 61.4 copies/
rxn. Corman reported 2.31 log copies/mL based on a 25 μL 
reaction volume [9], and Pfefferle reported 2.83 log copies/
mL of limit of detection in the SARS-CoV-2 real-time RT-
PCR [31]. Even though our detection limit is lower than the 
RT-PCR system, it has strong points than RT-PCR such as 
detection time (our system needs 1 h totally), heavy instru-
ment is not required, and simple treatment. Thus, the LOD 
when using our colorimetric dLig-LAMP system appears to 
be applicable for point-of-care detection of SARS-CoV-2. 
In addition, the PP probe has fluorescence when the Cu2+ 
ion is lost. Thus, we tried to calculate the LOD value of the 
fluorometric assay (Figure S5). Fluorometric LOD value was 
69.2 copies/rxn; it has a similar capability with absorbance 
assay. Therefore, our system can be used in both absorbance 
and fluorescence.

We examined the possibility of cross reactions when 
using nine bacterial genomes (Fig. 4b) that can be infect 
humans and are located in mucous membranes of mouth 
and nose [32–34]. It would be possible for real clinical 

Fig. 4   (a) Sensitivity of dLig-LAMP assays performed using full-
genome SARS-CoV-2 at concentrations ranging from 8 to 1000 
copies/reaction (copies/rxn). Plot of the absorbance at 555  nm with 
respect to the number of copies of SARS-CoV-2. Inset: linear rela-
tionship from 8 to 250 copies/rxn. A0 absorbance in the absence of 

target, A absorbance in the presence of target, y-axis absolute value. 
(b) Selectivity of the dLig-LAMP assay toward full-genome SARS-
CoV-2, relative to various bacterial genomes, in terms of absorbance 
at 555 nm. All reactions were repeated three times to obtain error bar 
ranges
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samples to include these bacterial genomes, potentially 
inducing false-positive signals; if there were any cross 
reactions, SARS-CoV-2 would not be detected selectively. 
Thus, we examined the selectivity of the colorimetric dLig-
LAMP system targeting SARS-CoV-2 when these bacteria 
were present. None of the nine bacteria reacted with our 
dLig-LAMP system in triply repeated experiments, with no 
pyrophosphate being produced. Thus, our system appears 
suitable for use as a point-of-care SARS-CoV-2 detection 
tool.

Clinical validation

Finally, we attempted to diagnose real clinical SARS-CoV-2 
samples using our dLig-LAMP system with the PP Probe 
(Fig. 5). We prepared 20 positive samples and 20 negative 
samples from a patient. Many false-negative cases have been 
reported when using RT-LAMP to diagnose COVID-19 
patients [35–37]. In contrast, our dLig-LAMP system pro-
vided 100% true-negatives through both colorimetric detec-
tion and absorbance spectral measurements. Furthermore, 
even the positive samples provided 95% true-positives selec-
tively. Under the 30 Ct value, the clinical samples exhibited 
a strong signal change (complete color change); above the 
30 Ct value, the clinical samples underwent less of a sig-
nal change when compared with the less-than-30 Ct value 
samples. Additionally, we confirmed the selectivity in the 
case of other types of the clinical virus genome. We have 

prepared five different viruses’ clinical samples (Influenza 
A Virus, Influenza B Virus, Respiratory Syncytial Virus 
A, Respiratory Syncytial Virus B, and Human Rhinovirus) 
and tested with SARS-CoV-2 (Figure S8). Its results showed 
that all viral genomes other than SARS-CoV-2 did not react 
with the dLig-LAMP/PP probe system. According to this 
clinical validation experiment, the selectivity of our dLig-
LAMP assays was improved relative to that of the general 
RT-LAMP detection assay. We believe that our dual-site 
ligation route to the production of cDNA might be promising 
to use in some diagnoses that require greater selectivity and 
that it might also be suitable for point-of-care detection for 
diverse RNA-based diagnoses, because the entire procedure 
involves a simple and rapid (1 h) one-pot reaction.

Conclusion

We have developed a novel dLig-LAMP assay to improve 
the selectivity of RNA detection. In general RNA detection 
using the LAMP system, reverse transcriptase is required to 
produce a cDNA. According to a concentration-dependent 
study using model target RNA, the LOD was 1.36 fM. Fur-
thermore, the dLig-LAMP assay displayed high selectivity, 
discriminating even one- and two-base-mismatched tar-
gets. In a study using full-genome SARS-CoV-2, the dLig-
LAMP system provided an LOD of 61.4 copies/rxn and 
LOD of 69.2 copies/rxn for the fluorometric assay, with no 

Fig. 5   Clinical validation of 
the dLig-LAMP/PP Probe 
system. Both color imaging 
and absorbance spectra were 
performed using 40 clinical 
samples (20 positive; 20 nega-
tive). (a) Colorimetric detection 
assays. Positive samples appear 
as weakly pink or colorless; 
negative samples appear pink in 
color. (b) Absorbance detec-
tion at 555 nm, presented as a 
bar graph. Positive samples are 
presented in red (P01–P20); 
negative samples in blue 
color (N01–N20). RT-PCR Ct 
values of positive samples are 
presented in parenthesis next 
to each sample number. Black 
dotted line represents the nega-
tive line
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cross-reactions occurring in the presence of various bacteria. 
From a study of its clinical validation, our dLig-LAMP sys-
tem displayed perfect selectivity, with 100% true-negative 
sample detection, and sufficient sensitivity for positive sam-
ples displaying 95% true detection. Also, we demonstrate the 
clear clinical selectivity using the several types of viruses. 
Therefore, we believe that our dLig-LAMP system might 
be useful for improving the selectivity problems associated 
with reverse transcription.
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