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Abstract
Loop-mediated isothermal amplification (LAMP) may be used in molecular and point-of-care diagnostics for pathogen 
detection. The amplification occurs under isothermal conditions using up to six primers. However, non-specific amplifica-
tion is frequently observed in LAMP. Non-specific amplification has the potential to be triggered by forward and reverse 
internal primers. And the relatively low reaction temperature (55–65 °C) induces the secondary structure via primer–primer 
interactions. Primer redesign and probe design have been recommended to solve this problem. LAMP primers have strict 
conditions, such as Tm, GC contents, primer dimer, and distance between primers compared to conventional PCR primers. 
Probe design requires specialized knowledge to have high specificity for a target. In polymerase chain reaction (PCR), some 
chemicals or proteins are used for improving specificity and efficiency. Therefore, we hypothesized that additives can sup-
press the non-specific amplification. In this study, tetramethylammonium chloride (TMAC), formamide, dimethyl sulfoxide, 
Tween 20, and bovine serum albumin have been used as LAMP additives. In our study, TMAC was presented as a promising 
additive for suppressing non-specific amplification in LAMP.

Keywords  Additive · Loop-mediated isothermal amplification · Non-specific amplification · Tetramethylammonium 
chloride

1  Introduction

Polymerase chain reaction (PCR) is a well-established tech-
nique and is widely used in molecular biology and clini-
cal medicine. This technique specifically amplifies a target 
region of a DNA sequence using two primers and Taq poly-
merase [1, 2]. It is carried out through three steps, such as 
denaturation, annealing, and extension. The process occurs 
as the temperature continuously changes. Complicated 
equipment and highly sophisticated technology are required 
to satisfy this. Therefore, PCR is limited to laboratories or 
hospitals [3, 4]. Loop-mediated isothermal amplification was 
devised to improve this problem. This technique can amplify 
nucleic acids in point-of-care testing (POCT). Therefore, it 
is widely used as an alternative to PCR [5–7].

Loop-mediated isothermal amplification (LAMP) rapidly 
amplifies nucleic acids using six primers. LAMP primers 

specifically recognize the target and improve high specific-
ity and sensitivity. The LAMP primer consists of forward 
outer primer (F3), backward outer primer (B3), forward 
inner primer (FIP), backward inner primer (BIP), forward 
loop primer (LF), and backward loop primer (LB) [8–10]. 
FIP and BIP (approximately 40–45 nt) form the loop struc-
ture of LAMP amplicon. F3 and B3 (approximately 17–21 
nt) separate the amplified DNA strands generated by FIP 
and BIP into single-stranded DNA. These are involved in 
extending the target gene. LF and LB (approximately 15–21) 
accelerate the LAMP reaction by enhancing loop structure 
formation [5]. Amplification is performed under isothermal 
conditions using Bst polymerase [10–13]. LAMP produces 
109 copies within 1 h without a separate DNA denaturation 
process. And does not require any special equipment, mak-
ing it suitable for point-of-care testing (POCT) [5, 9, 14].

However, non-specific amplification is sometimes 
observed in LAMP. The low temperature induces the sec-
ondary structure and primer dimer due to the interaction 
between primers [15–19]. To solve this problem, primer 
redesign [20–22] and probe design [15, 23–25] are rec-
ommended. Primer redesign is limited due to stringent 
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conditions, such as Tm, GC contents, primer dimer, and 
distance between primers [9]. In particular, LF and LB may 
not be designed according to the target sequence. FIP and 
BIP are highly complicated sequences containing the F2/B2 
and F1c/B1c regions. Therefore, they have the possibility of 
forming a primer dimer. Probe design must be designed to 
have high specificity and therefore requires expertise [5, 9].

Some chemicals and proteins enhance specificity in PCR 
and isothermal amplification assays [26–30]. We hypoth-
esized that some chemicals and proteins could suppress non-
specific amplification. Five additives, such as tetramethylam-
monium chloride (TMAC), formamide, dimethyl sulfoxide 
(DMSO), Tween 20, and bovine serum albumin (BSA), are 
used for experiments.

In this study, TMAC was proposed as an alternative to 
overcome the technical limitations of LAMP. To the best of 
our knowledge, the correlations between TMAC and non-
specific amplification have not been reported in the litera-
ture. We report a novel alternative to suppress non-specific 
amplification without primer redesign and probe design. As 
a result, expected that LAMP will have high specificity and 
be utilized in various fields.

2 � Experimental Section

2.1 � Materials

Isothermal amplification buffer (10×, containing 2 mM 
MgSO4 and 0.1% Tween 20), 10  mM deoxynucleotide 
(dNTP) solution, WarmStart RTx Reverse Transcriptase, 
and Bst 2.0 Warmstart DNA polymerase were purchased 
from New England BioLabs (Ipswich, MA, USA). SYBR 
Green I nucleic acid gel stain, Tween 20, dimethyl sulfox-
ide, formamide, and tetramethylammonium chloride were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). The 
LAMP primers were synthesized by Bioneer (Seoul, Korea). 
Diethylpyrocarbonate-treated water (DEPC-water) was pur-
chased from Thermo Fisher Scientific (Waltham, MA). BSA 
was purchased from MP Biomedicals (Seoul, Korea). SARS-
CoV-2 (NR-55245) was provided by BEI Resource (Manas-
sas, Virginia, USA). RNA was isolated from the influenza 
viruses using the QIAamp Viral RNA Mini kit purchased 
from Qiagen (Hilden, Germany).

2.2 � Primer Design for SARS‑CoV‑2

RT-LAMP primers were designed with Primer Explorer 
V5 software (http://​prime​rexpl​orer.​jp/​lampv​5e/l). The 
RdRp region of ORF1 ab was selected to specifically rec-
ognize SARS-CoV-2. This region is known for highly 
conserved genes and World Health Organization is rec-
ommended for use [31, 32]. Six genes (MT232870.1, 

MT127116.1, MT066158.1, MT050415.1, MT050417.1, 
and MN970004.1) were arbitrarily selected from the NCBI 
database. The formation of primer dimers was evaluated 
to minimize false positives. Cross-reactivity was analyzed 
in silico with pathogens with potential for human respira-
tory disease. The designed primer sequences are shown in 
Table 1.

2.3 � RT‑qLAMP Reaction Optimization

2.3.1 � RT‑qLAMP Assay

The final volume was 20 µL. RT-qLAMP reagents consist 
of 10× isothermal amplification buffer [20 mM Tris–HCl, 
10 mM (NH4)2SO4, 50 mM KCl, 2 mM MgSO4, and 0.1% 
Tween 20], 0.3 mM each of dNTP, 4 U WarmStart RTx 
Reverse Transcriptase, 8 U Bst 2.0 WarmStart DNA poly-
merase, 1× SYBR Green I and primer mix. The primer mix 
consists of 0.2 µM F3 and B3, 1.6 µM FIP and BIP, and 
0.4 µM LF and LB. After preparing the LAMP reagent, 5 µL 
template RNA is added. For negative sample, use the DEPC-
water instead of template RNA. The RT-qLAMP assays were 
carried out in 0.2 ml PCR tubes or 0.2 ml 96-well plates in a 
Bio-Rad T100 thermocycler (Hercules, CA, USA). The reac-
tion was performed continuously at 60 °C for 60 min. The 
fluorescence data were recorded every 1 min. All experi-
ments were terminated by enzymatic inactivation at 80 °C 
and were repeated three times. All data were expressed as 
the mean Ct and standard deviation of three experiments.

2.3.2 � Analyzation of the Sensitivity for SARS‑CoV‑2 Primer

Limit of detection (LoD) was analyzed to evaluate the sensi-
tivity of the primers. A standard curve was obtained through 
RT-qPCR by serial dilution of the RdRp plasmid. The cop-
ies number of the RNA was determined by comparing the 
standard curve. RNA was serially diluted 10-fold (6.8 × 106 
to 6.8 × 101 copies/µL) based on the determined copy num-
ber and used for RT-qLAMP.

Table 1   Specific LAMP primer for SARS-CoV-2

Primer length Sequence (5′ to 3′)

F3 18 TTT​GTC​AAG​CTG​TCA​CGG​
B3 18 ACA​GCA​TCG​TCA​GAG​AGT​
FIP 45 GAC​ACT​CAT​AAA​GTC​TGT​GTT​

GTT​TAA​TGC​ACT​TTT​ATC​
TAC​TGA​

BIP 46 AGA​GAT​GTT​GAC​ACA​GAC​TTT​
GTG​TCA​TTG​AGA​AAT​GTT​
TAC​GCAA​

LF 21 TAA​CGG​CTA​TTC​ATA​CAG​GCG​
LB 18 AAT​GAG​TTT​TAC​GCA​TAT​

http://primerexplorer.jp/lampv5e/l
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2.3.3 � Evaluation of Overall Reactivity by Additive 
Treatment

Five additives were tested to suppress the non-specific 
amplification. Various concentrations of additive were used 
in the experiment (20–60 mM TMAC, 2.5–7.5% (v/v) for-
mamide, 2.5–7.5% (v/v) DMSO, 0.5–2% (v/v) Tween 20, 
and 0.1 to 0.5 mg/ml BSA). Samples without additives were 
called control. The template (6.8 × 103 copies/µl) was pre-
pared at a concentration 10 times higher than the detection 
limit. The results were analyzed using the threshold cycle 
(Ct) value. Ct is defined as the point where the fluorescence 
signal crosses a threshold [33]. A low value of Ct is observed 
with a large amount of target. The concentration of target 
can be relatively inferred via this value [34]. ΔCt is the dif-
ference between the Ct values of the positive and negative 
samples. The value is an indication to infer the reliability of 
the results. ΔCt was used to evaluate the correlation between 
additive and non-specific amplification. The values were 
calculated using Eq. 1. Ct(negative) is the threshold of condi-
tion without template. Ct(positive) is the threshold of condi-
tion with template. Ct(negative) and Ct(positive) were measured 
according to the additive. In addition, Ct(positive) was analyzed 
to evaluate LAMP reactivity. The data were collected via 
RT-qLAMP.

3 � Results and Discussion

3.1 � Evaluation of LoD for SARS‑CoV‑2 Primer

LoD is defined as the lowest concentration at which a posi-
tive or negative sample can be reliably distinguished [35, 
36]. In this study, the lowest concentration belonging to 

(1)ΔCt(additive) = Ct(additive,negative) − Ct(additive,positive)

the 95% confidence level for the detection of the target was 
determined as LoD. Positive signal was confirmed at all con-
centrations except 6.8 × 102 copies/µL and 6.8 × 101 copies/
µL in 20 out of 20 trials (Fig. 1). For 6.8 × 102 copies/µL, 
a positive signal was obtained only in 19 out of 20 trials. 
For 6.8 × 101 copies/µL, a positive signal was obtained only 
in 15 out of 20 trials. Therefore, LoD was determined to 
be 6.8 × 102 copies/µL, which is the lowest concentration 
among the concentrations belonging to the 95% confidence 
level.

3.2 � Analysis of Non‑specific Amplification 
According to Additive

3.2.1 � TMAC

ΔCt(TMAC) and Ct(TMAC, positive) were obtained through RT-
qLAMP. This value was compared with ΔCt(control) and 
Ct(control, positive). (Fig. 2). ΔCt(Control) was measured to be 
11.19 (Fig. 2(A)). ΔCt(TMAC) was measured to be 29.5, 37, 
and 44.46 with increasing TMAC concentration. Non-spe-
cific amplification was not observed with 60 mM TMAC 
(Fig. S1). Therefore, the Ct(60 mM TMAC, negative) value of 60 
was assumed. TMAC effectively suppressed non-specific 
amplification all concentration. It can be inferred that the 
inhibition of non-specific amplification according to the 
TMAC concentration. Ct(positive) was measured to evalu-
ate the reactivity (Fig. 2(B)). Ct(TMAC, positive) is obtained 
increased value according to increasing concentration. There 
was no significant difference between Ct(20 mM TMAC, positive) 
and Ct(control, positive). Ct(40 mM TMAC, positive) was delayed by 
2 min, and Ct(60 mM TMAC, positive) was delayed by 4 min. A 
high concentration of TMAC has the potential to suppress 
the LAMP. There is no significant effect on the overall 
reaction. This result is caused by the non-polar character-
istic of TMAC. TMAC preferentially binds to the hydrated 
AT base pair via the attraction of the non-polar arm of the 

Fig. 1   Sensitivity analysis of 
SARS-CoV-2 primers. 6.8 × 106 
copies/µL to 6.8 × 101 copies/µL 
use to analyze LoD. The lowest 
concentration detected in 20 out 
of 20 trials was 6.8 × 102 copies/
µL. The LoD determined this 
concentration
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alkylammonium ion [18, 37]. Thus, it contributes to the sta-
bility of GC base pairs and adjacent AT base pairs [18]. 
This property increases the DNA melting temperature and 
reduces the mismatch of DNA or RNA [18, 37]. LAMP reac-
tion is affected by 40 mM and 60 mM TMAC. However, 
Ct(20 mM TMAC, positive) has a similar value to Ct(control, positive). 
Also ΔCt(20 mM TMAC) increased by 2.63 times compared to 
ΔCt(control). ΔCt(40 mM TMAC) increased by 1.25 times and 
ΔCt(60 mM TMAC) increased by 1.2 times compared to the 
previous concentration. 20 mM TMAC exerts a dramatic 
effect without suppressing LAMP reaction. Therefore, the 
optimal concentration was determined the 20 mM TMAC.

The effects of TMAC were confirmed through concen-
tration screening in non-specific amplification. Therefore, 
further experiments were performed at concentrations 
above 60 mM TMAC. In the positive sample, the stand-
ard deviation of 20 mM to 60 mM TMAC was measured 
to be less than 0.4, but the standard deviation increased to 
about 1.8 in 80 mM and 100 mM TMAC (Fig. S1(B)). The 

reproducibility decreased with increasing concentration 
in positive samples. Non-specific amplification was not 
observed even in 80 mM and 100 mM TMAC (Fig. S1(C)). 
Although non-specific amplification was not observed, reac-
tivity was significantly decreased and reproducibility was 
not ensured. Therefore, concentrations above 80 mM are of 
limited use.

3.2.2 � Formamide

ΔCt(formamide) value was calculated to analyze the correla-
tion between formamide and non-specific amplification 
(Fig. 3(A)). ΔCt(2.5% formamide) increased by 0.94 compared 
to ΔCt(control). Ct(2.5% formamide, negative) was measured to be 
25.78, Ct(control, negative) was measured to be 22.71 (Fig. 
S2). There was no significant difference. However, 5% 
formamide was observed to suppress non-specific ampli-
fication. ΔCt(5% formamide) was measured to be 15,6, and 
ΔCt(7.5% formamide) was measured to be 19.25. All ΔCt(formamide) 

Fig. 2   Analysis of ΔCt and Ct(TMAC, positive) according to TMAC con-
centration. Mean Ct and standard deviation of three tested experi-
ments. A Comparison of ΔCt(TMAC) and ΔCt(control). ΔCt(TMAC) 
increased with increasing TMAC concentration. A difference between 

ΔCt(control) and ΔCt(TMAC) is more than 30 min. B Ct(2.5% TMAC, positive) 
and Ct(5% TAMC, positive) did not show a significant difference with 
Ct(control, positive). However, Ct(7.5% TAMC, positive) differed from 
Ct(control, positive) by 4 min

Fig. 3   Analysis of ΔCt and Ct(formamide, positive) according to for-
mamide concentration. Mean Ct and standard deviation of three 
tested experiments. A Comparison of ΔCt(formamide) and ΔCt(control). 
ΔCt(2.5% formamide) decreased by 0.94 than ΔCt(control). However, 

ΔCt(5% formamide) and ΔCt(2.5% formamide) have increased values than 
ΔCt(control). B The value of Ct(positive) increased with increasing for-
mamide concentration. Ct(7.5% formamide, positive) delayed up to 9 min by 
Ct(control, positive)
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was increased compared to ΔCt(control). Ct(5% formamide, negative) 
was measured to be 33.55 and Ct(7.5% formamide, negative) was 
measured to be 39.42 (Fig. S2). Formamide suppressed non-
specific amplification. However, Ct(5% formamide, positive) and 
Ct(7.5% formamide, positive) were measured to be 17.95 and 20.17 
(Fig. 3(B)). The detection rate was significantly delayed 
compared to control. This result is caused by the involve-
ment of formamide on the secondary structure. Formamide 
binds to the minor or major groove and induces instability 
in the double helix [38]. Formamide interferes with sec-
ondary structure formation. However, the LAMP amplicon 
has a secondary structure and the amplification efficiency is 
inhibited by formamide. Consequently, formamide is limited 
to use.

3.2.3 � DMSO

ΔCt value was calculated according to the DMSO con-
centration (Fig.  4(A)). ΔCt(2.5% DMSO) was not signifi-
cantly different from ΔCt(control). A high concentration of 
DMSO increases the ΔCt value (ΔCt(5% DMSO) is 13.3 and 

ΔCt(7.5% DMSO) is 15.26. However, it is delayed up to 4.07 
and cannot be effectively suppressed. Ct (positive) has a higher 
value as the concentration of DMSO increases (Fig. 4(B)). 
A high concentration of DMSO inhibits the activity of Bst 
polymerase [22]. DMSO was excluded by suppressing the 
LAMP. Amplification curves of control and DMSO-treated 
conditions are shown in Supplementary Information Fig. S3.

3.2.4 � Tween 20

ΔCt(Tween 20) is decreased the value as an increased 
Tween 20 concentration (Fig.  5(A)). ΔCt(0.5% Tween 20) 
and ΔCt(1% Tween 20) had increased values ​​than ΔCt(control). 
ΔCt(2% Tween 20) was measured as 11.18 and was similar to 
ΔCt(control). However, it can be inferred that Tween 20 is 
not effective for non-specific amplification by comparing 
Ct(Tween 20, negative). Ct(0.5% Tween 20, negative) was measured to be 
23.43, and Ct(1% Tween 20, negative) was measured to be 20.81 
(Fig. S4). Non-specific amplification was detected similarly 
to Ct(control, negative). Ct(2% Tween 20, negative) was measured to be 
18.31 and detected earlier than the control. Ct(Tween 20, positive) 

Fig. 4   Analysis of ΔCt and Ct(DMSO, positive) according to 
DMSO concentration. Mean Ct and standard deviation of three 
tested experiments. A ΔCt(2.5% DMSO) did not show a signifi-
cant difference with ΔCt(control). The values of ΔCt(5% DMSO) and 

ΔCt(7.5% DMSO) increased compared to ΔCt(control). B All concentra-
tions of Ct(DMSO, positive) were observed increased values than that 
of Ct(control, positive). Ct(7.5% DMSO, positive) was delayed to 10  min by 
Ct(control, positive)

Fig. 5   Analysis of ΔCt and Ct(Tween 20, positive) according to Tween 20 
concentration. Mean Ct and standard deviation of three tested experi-
ments. A All ΔCt(Tween 20) except ΔCt(0.5% Tween 20) have decreased 
values than ΔCt(control). High concentrations of Tween 20 improve 

non-specific amplification. B All concentrations of Ct(Tween 20, positive) 
have a decreased value than Ct(control, positive). Tween 20 also improves 
reactivity
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tends to increase at high concentration (Fig. 5(B)). Appro-
priate concentrations such as 0.5% or 1% enhance the reac-
tivity. However, Fig. S4 shows that high concentrations of 
Tween 20 simultaneously enhance non-specific amplifica-
tion. Tween 20 increases the probability of DNA or RNA 
mismatches [39, 40]. Therefore, it is recommended to use 
only a small amount of the LAMP reagent rather than being 
used as an additive.

3.2.5 � BSA

ΔCt value was calculated to analyze the non-specific ampli-
fication according to the concentration (Fig. 6(A)). The ΔCt 
value decreases with increasing concentration of BSA. That 
is, non-specific amplification is observed to be accelerated. 
ΔCt(0.1 mg/ml BSA) and ΔCt(0.25 mg/ml BSA) have increased val-
ues than ΔCt(control). Ct(0.1 mg/ml BSA, negative) was measured 
to be 23.86, and no significant effect was observed (Fig. 
S5). In addition, Ct(0.25 mg/ml BSA, negative) was obtained an 
increased value than Ct(control, negative). Ct(0.5 mg/ml BSA, negative) 
was observed decreased value than Ct(control). Non-specific 
amplification was accelerated to be 18.84. The Ct value 
decreases with increasing concentration of BSA (Fig. 6(B)). 
BSA contributes to stabilizing the activity of polymerase. 
This improves the amplification efficiency [41]. But, BSA 
causes DNA or RNA mismatches during nucleic acid ampli-
fication similar to Tween 20. Thus, non-specific amplifica-
tion accelerated at all concentration conditions. BSA cannot 
be considered an appropriate additive by accelerating the 
overall reaction and non-specific amplification.

4 � Conclusion

Non-specific amplification is observed due to technical 
limitations of LAMP. To solve this problem, five additives 
were treated in the experiment and TMAC was presented 

as a promising additive. The inhibitory effect of non-
specific amplification showed a concentration-dependent 
for TMAC. Non-specific amplification was dramatically 
suppressed with an increasing concentration of TMAC. 
Surprisingly, non-specific amplification was eliminated 
in 60 mM TMAC. TMAC is decreased slightly reactiv-
ity with a high concentration. However, positive sample 
was detected within 20 min under all concentrations. In 
conclusion, TMAC can be used by modifying the concen-
tration according to the purpose. For the purpose of rapid 
detection in a short time, it is recommended to treat a low 
concentration of TMAC. In contrast, a high concentration 
of TMAC is recommended to completely eliminate non-
specific amplification in studies or detection requiring high 
specificity.

Consequently, we report a novel alternative that can 
suppress non-specific amplification without primer rede-
sign and probe design in LAMP. TMAC is expected 
to have the potential to be flexibly applied in various 
fields through the trade-off between detection time and 
specificity.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13206-​022-​00070-3.
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