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Abstract

Nucleic acid amplification tests have been widely used in clinical diagnostics, food safety 

monitoring, and molecular biology. Loop-mediated isothermal amplification (LAMP) is a 

prevailing nucleic acid isothermal amplification method. It has become a powerful alternative to 

conventional polymerase chain reaction (PCR) for pathogen detection because of its simplicity, 

rapidity, and high sensitivity. However, the current LAMP methods, especially the LAMP with two 

loop primers, suffer from undesired nonspecific amplification with strong background signals due 

to the increasing target sites. This nonspecific amplification substantially reduced the reliability of 

the LAMP and limited its applications in clinical diagnostics. Here, we report a “dual-priming” 

(“self-priming” and “pairing-priming”) isothermal amplification (DAMP) assay for rapid nucleic 

acid detection with ultralow nonspecific signals. This method takes advantage of the “dual-

priming” strand extension strategy by adding two pairing-competition primers and designing 

unique inner primers, enabling highly sensitive and specific molecular detection. As an application 

demonstration, DAMP assay was used to detect HIV-1 DNA/ RNA and Escherichia coli DNA, 

showing equal or better sensitivity with shorter detection time compared to conventional LAMP 

and PCR methods. More importantly, the DAMP assay showed ultralow background signals 

without false positive signals even after 2-hour incubation. Such simple, reliable, sensitive, and 

specific DAMP assay can be well suitable for rapid nucleic acid detection as point of care testing, 

particularly in the resource-limited settings.
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INTRODUCATION

Nucleic acid amplification tests (NAATs) have been used in many fields including clinical 

molecular diagnostics, food safety monitoring, gene expression analysis, and fundamental 

molecular biology.1–4 Polymerase chain reaction (PCR) is the most common approach for 

DNA amplification and pathogen identification in clinical microbiology laboratories. 

However, PCR typically requires expensive equipment and well-trained personnel, which is 

not suitable for point of care diagnostics and/ or testing in resource-limited settings. For the 

past few decades, with the rapid development of enzyme engineering and molecular biology, 

NAATs have been significantly simplified with emerging isothermal amplification 

technologies5, such as loop-mediated isothermal amplification (LAMP)6, nucleic acid 

sequence based amplification (NASBA)7, recombinase polymerase amplification (RPA)8, 

and helicase dependent amplification (HDA)9. Among these, LAMP method is one of the 

most widely used isothermal amplification assays for pathogen detection due to its 

simplicity, rapidity, high sensitivity and cost-effectiveness.10,11

The earliest LAMP technology proposed by Notomi et al.6 used four primers to recognize 

six distinct regions of target DNA, termed “four-primer LAMP”. However, the four-primer 

LAMP assay is too slow for many clinical diagnostic applications. To improve amplification 

efficiency and shorten detection time, several LAMP variants have been developed by 

adding loop primers12, stem primers13 and swarm primers14. Of these variants, LAMP with 

two loop primers (termed “six-primer LAMP”) has prevailed following the addition of loop 

primers which greatly improved amplification efficiency and reduced testing time.12 

Although stem primers were developed to accelerate the amplification reaction13 they added 

a challenge to the primer design of the six-primer LAMP since six primers need to recognize 

eight distinct sites of the target DNA. To reduce the number of target sites, swarm primers 

were proposed to be added to the LAMP.14 Unfortunately, the amplification efficiency of the 

LAMP with swarm primers only is lower than that of the LAMP with loop or stem primers. 

To ensure rapid amplification, loop/stem primers were added to the LAMP with swarm 

primers, which increases the total number of target sites up to ten.14 However, the nature of 
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increasing target sites in the LAMP assays is prone to form primer dimers and leads to 

undesired nonspecific amplification, which limits the detection reliability and specificity in 

clinical diagnostic applications. Furthermore, all these LAMP methods mainly rely on the 

inner primers to initiate a “self-priming” strand extension during the isothermal 

amplification with less ability to simultaneously generate multiple basic structures for 

cycling amplification.

Herein, we report a “dual-priming” isothermal amplification method (including “self-

priming” and “pairing-priming” strand extension, termed “DAMP”) for highly sensitive and 

specific nucleic acid detection with ultralow nonspecific signals. To enable a fairly 

competitive strand extension between “self-priming” and “pairing-priming”, we 

incorporated two strategies into our DAMP assay: i) we modified the inner primer design by 

reducing the distance of its two target sites below 40 nucleotides (nt) (typically 40–60 nt for 

conventional LAMP method15), and ii) we added two pairing-competition primers to 

recognize the sites at the free 3′-end parts of the basic structures. The pairing-competition 

primers compete with the “self-priming” extension to enable efficient “pairing-priming” 

extension, thereby generating multiple basic structures simultaneously (e.g., the initial 

amplicons generated by the inner primers) for cycling amplification. Our study demonstrated 

that the “dual-priming” strand extension is critical to achieve a highly sensitive and reliable 

DAMP assay. The performance of our DAMP assay was evaluated by detecting HIV-1 

DNA/RNA and Escherichia coli (E. coli) DNA. Our experiment showed that DAMP assay 

had equal or better sensitivity with faster amplification speed compared to conventional 

LAMP and PCR assays. Most importantly, the DAMP assay shows ultralow nonspecific 

background signals even after two-hour incubation. Therefore, our DAMP assay is a simple, 

versatile, sensitive and specific method for rapid nucleic acid detection.

EXPERIMENTAL SECTION

Materials and Reagents

Fluorescent dye EvaGreen® (20 × in water) was purchased from Biotium (Fremont, CA). 

Agarose powder, 50 × TAE (Tris/Acetic Acid/EDTA) Buffer, and SsoAdvanced™ Universal 

SYBR® Green PCR Supermix were purchased from Bio-Rad Laboratories (Hercules, CA). 

Deoxynucleotide (dNTP) solution mix (10 mM of each), Mg2SO4 (100 mM), Bacillus 
stearothermophilus (Bst) 2.0 WarmStart® DNA polymerase (8000 U/mL), WarmStart® RTx 

Reverse Transcriptase (15,000 units/mL), extreme thermostable single-stranded DNA 

binding protein (ET SSB, 500 μg/mL), 10 × Isothermal Amplification Buffer (200 mM Tris-

HCl, 500 mM KCl, 100 mM (NH4)2SO4, 20 mM MgSO4, 1.0% Tween® 20 and pH 8.8 at 

25°C), and 10 ThermoPol Reaction Buffer (200 mM Tris-HCl, 100 mM KCl, 100 mM 

(NH4)2SO4, 20 mM MgSO4 and 1% Triton X-100, pH 8.8 at 25°C) were all purchased from 

New England BioLabs (Ipswich, MA). RNeasy Mini Kit for RNA extraction was purchased 

from QIAGEN (Frederick, MD). AcroMetrix™ HIV-1 Controls was purchased from 

Thermo Fisher Scientific (Waltham, MA). Oligonucleotides (primers) and the pUCIDT 

(Amp) plasmid containing 300-bp HIV-1 p24 gene or 300-bp E. coli B malB gene sequence 

were ordered from Integrated DNA Technologies (Coralville, IA).
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DAMP and RT-DAMP assays

For the DAMP assay, a total of six primers were used to recognize six different target sites 

(Figure 1A), including the forward and reverse outer primers (FO and RO primers), the 

forward and reverse inner primers (FI and RI primers), as well as forward and reverse 

pairing-competition primers (FC and RC primers). The DAMP primers were manually 

designed using the OligoAnalyzer Tool and the PrimerExplorer (http://primerexplorer.jp/e/) 

according to the principle of primer design shown in Figure S2. Alternatively, we also 

developed an online primer design platform (https://github.com/xuzhiheng001/DAMP-

Design) to assist DAMP primer design. The optimal DAMP reaction system contained 0.2 

μM each of FO and RO primers, 1.6 μM each of FI and RI primers, 1.6 μM each of FC and 

RC primers, 1 × EvaGreen®, 0.2 M betaine, 1 × Isothermal Amplification Buffer (20 mM 

Tris-HCl, 50 mM KCl, 10 mM (NH4)2SO4, 2 mM MgSO4, and 0.1% Tween® 20), 1.2 U/μL 

Bst 2.0 WarmStart® DNA polymerase, 1.6 mM of each dNTP, 4 mM MgSO4, and 1.0 μL of 

plasmid template solution. Before adding the DNA templates for isothermal amplification, 

the plasmid template solutions were denatured first by heating to 95 °C for 5 min and then 

chilling on ice for 5 min. The optimal RT-DAMP reaction system was the same as the 

optimal DAMP reaction system, except for the addition of 0.3 U/μL WarmStart® RTx 

Reverse Transcriptase and 2.5 ng/μL Extreme Thermostable Single-stranded DNA Binding 

Protein (ET SSB). The sequences of primers and targets are shown in Table S1.

LAMP and RT-LAMP assays

The LAMP primers were all designed using the online PrimerExplorer (http://

primerexplorer.jp/e/). The optimal LAMP reaction protocol was developed according to the 

guideline of New England BioLabs (https://www.neb.com/protocols/2014/11/21/typical-

lamp-protocol-m0275), which consisted of 0.2 μM each of F3 and B3 primers, 1.6 μM each 

of FIP and BIP primers, 0.4 μM each of LoopF and LoopB primers, 1 × EvaGreen®, 1 × 

Isothermal Amplification Buffer, 0.32 U/μL Bst 2.0 WarmStart® DNA polymerase, 1.4 mM 

of each dNTP, 6 mM MgSO4, and 1.0 μL of plasmid template solution. The RT-LAMP 

reaction system was similar to the the LAMP reaction system but supplemented with 0.3 U/

μL WarmStart® RTx Reverse Transcriptase and 2.5 ng/μL ET SSB. The reaction systems for 

LAMP with swarm primers were the same as what the literature reported previously.14 For 

the LAMP assay of E. coli B malB gene sequence, the primer sequences and LAMP assay 

protocol were similar to previous study16.

PCR assay

SsoAdvanced™ Universal SYBR® Green Supermix from the Bio-Rad Laboratories was 

used for the PCR assay. According to the instruction manual, the PCR reaction system 

contained 1 × Supermix, 400 nM each of primers, and 1.0 μL of plasmid template solution. 

The thermal cycling protocol included 2.5 min at 98 °C for initial denaturation, 35 cycles of 

15 s at 95 °C for denaturation and 30 s at 60 °C for annealing and extension, and the melt-

curve analysis (from 65 °C to 95 °C with 0.5 °C increment). The sequences of primers and 

targets are shown in Table S1.
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Reaction condition and product analysis

The real-time fluorescence detection of DAMP and LAMP was performed in the CFX96 

Touch™ Real-Time PCR Detection System (Bio-Rad) by incubating the reactions at 60 °C 

for 60 min or 120 min, followed by heating at 80 °C for 20 min. The threshold-time of our 

DAMP and LAMP assay was defined as the maximum of the second derivative from the 

fluorescence curve. The data analysis was accomplished by using the Prism 8 (GraphPad 

Software, GSL Biotech LLC, San Diego, CA). The amplified products were analyzed 

through the electrophoresis in a 3.0 % agarose gel (1 × TAE) stained with 1 × EvaGreen®.

RESULTS AND DISCUSSION

Principle of the DAMP assay

Figure 1 illustrates the principle of the DAMP assay. As shown in Figure 1A, the DAMP 

assay employs six primers: i) two outer primers (FO and RO), ii) two inner primers (FI and 

RI), and iii) two pairing-competition primers (FC and RC). Unlike conventional six-primer 

LAMP assay targeting eight distinct sites (Figure S1), the six primers of the DAMP 

recognize six distinct sites of the target DNA sequences which contain: i) F1, R2, R3 sites 

on the forward target sequence, and ii) F3c, F2c, R1c sites on the reverse sequence. F and R 

stand for the “forward” and “reverse” directions, respectively. The sites with lowercase “c” 

represent “complementary” sites. Compared to conventional LAMP primers design (Figure 

S1A), the DAMP method has two distinct features (Figure 1A): i) each inner primer is 

designed to recognize two target sites with the distance of below 40 nt, which ensures 

efficient “dual-priming” extension. In addition, a four-thymine oligonucleotide spacer 

(TTTT spacer) is introduced into the inner primers. However, in the LAMP method, the 

distance between two target sites of the inner primers is recommended to be 40–60 nt to 

ensure efficient “self-priming” extension according to the LAMP primer design guide,15 and 

ii) two pairing-competition primers are added to initiate the “dual-priming” extension and 

accelerate the amplification. Interestingly, the addition of the pairing-competition primers 

does not increase the total number of target sites because their sequences are the same as the 

5′-parts of the inner primers (FI/RI). The length and melting temperature (Tm) for each site 

are summarized in Figure S2. To facilitate the primers design, we developed an online 

software by using Python (https://github.com/xuzhiheng001/DAMP-Design).

The DAMP assay typically contains two steps: i) basic structure producing step (Figure 1B) 

and ii) cycling amplification step (Figure 1C and S3). We used the reverse target sequence as 

an example to facilitate the explanation of the DAMP amplification mechanism. In the 

DAMP assay, DNA synthesis is initiated by DNA polymerase when the F2 region of FI 

primer anneals to the F2c site and the FO primer anneals to the F3c site. Due to the strand-

displacement activity of the DNA polymerase, the strand elongated from FI primer is 

displaced and released by the FO primer extension. Then, the R2 and R3 sites in the released 

strand are recognized by the RI and RO primers, respectively. Afterwards, the extended 

strand by RI primer is displaced by the elongated strand from the RO primer. The released 

strand forms basic structure (termed “Basic Structure 1” in Figure 1B) for downstream 

cycling amplification. Since the RI primer contains two target sites with a distance of less 

than 40 nt, the “self-priming” strand extension capability in Basic Structure 1 is reduced 
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compared to the dumb-bell structure in the conventional LAMP method (Figure S1).6,17,18 

Furthermore, due to the addition of pairing-competition primers, the “self-priming” 

extension (Item 1 in the black box in Figure 1C) will fully compete with three “pairing-

priming” extension events: i) the first “pairing-priming” extension is initiated by the 

annealing of the F2 site in the FI primer to the F2c site (Item 2 in the box), ii) the second one 

results from the annealing competition of FC primer to the F1 site (Item 3 in the box), and 

iii) the third one is the concurrence of two aforementioned events (Item 4 in the box). The 

“self-priming” extension is able to produce double-stranded DNA (dsDNA) fragments with 

a closed loop which can be recognized by the FI primer. Then, the “self-priming” and 

“pairing-priming” strand extensions take place at their 3′-end parts again, and the 

amplification proceeds to Pathway 1. Unlike the “self-priming” extension, the “pairing-

priming” extension can simultaneously generate multiple basic structures for cycling 

amplification, including duplex basic structure and complementary basic structure (Basic 

Structure 2 in Figure 1C). Similarly, “self-priming” and “pairing-priming” extensions occur 

at both ends of the duplex basic structure, then stepping into Pathways 1 and 2. Whereas, for 

Basic Structure 2, the “dual-priming” extension occurs only at the 3′-end part, and then 

moves into the Pathway 2. In the Pathways 1 and 2, owing to the co-mediation effect of 

“self-priming” and “pairing-priming” extensions, the Basic Structure 1 and 2 are generated 

again to recycle the amplification. Details on these two pathways are shown in Figure S3.

Dual-priming extension effect of the DAMP assay

To investigate the “dual-priming” extension mechanism of the DAMP assay, we designed 

and tested three sets of DAMP primers for HIV-1 p24 gene detection, which contained the 

same outer and pairing-competition primers but different inner primers with various 

distances between two target sites (from 5′-end of F2 to 5′-end of F1 and from 3′-end of R1 

to 5′-end of R2) in the target sequences (Figure 2). We first designed DAMP inner primers 

by setting the distance of their two target sites to be 55 and 56 nt (Figure 2A, Left) and 

performed real-time DAMP. As shown in Figure 2A, Right, it showed low amplification 

efficiency and obvious nonspecific amplification with elevated baselines. The low 

amplification efficiency may be attributed to dominant “self-priming” strand extension like 

the conventional four-primer LAMP. The undesirable nonspecific amplification signals 

could likely be caused by the formation of primer dimer (Figure S4A). After reducing the 

distance to less than 40 nt (e.g., 30 nt), both “self-priming” and “pairing-priming” strand 

extensions were fully initiated and fairly competed with each other in the DAMP 

amplification. Such “dual-priming” effect produced more basic structures to mediate 

downstream cycling amplifications, enabling high efficiency DAMP amplification reaction 

with ultralow nonspecific signals (Figure 2B). However, upon further reducing the distance 

(e.g., 22 nt) (Figure 2C), the “self-priming” extension capability is dramatically suppressed, 

which influenced the formation of basic products and resulted in a low amplification 

efficiency. To further confirm this, their DAMP products were subjected to gel 

electrophoresis (Figure S4). Therefore, these results demonstrated that the optimization of 

the distance was necessary to design efficient primers for highly sensitive DAMP assay.

To further confirm that “dual-priming” extension is crucial in our DAMP assay, we also 

investigated the effect of single “self-priming” and single “pairing-priming” extension on 
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isothermal amplification by fixing the distance of two target sites at 30 nt for the inner 

primer design. First, we deleted respectively the F1c and R1 region of the FI and RI primers 

to only initiate single “pairing-priming” strand extension (Figure S5A, Left). As shown in 

Figure S5A, Right, the amplification efficiency of such single “pairing-priming” extension 

was very low. Next, we did not add the pairing-competition primers (FC/RC) to initiate 

single “self-priming” extension (Figure S5B, Left). As shown in Figure S5B, Right, single 

“self-priming” extension had lower amplification efficiency with increased detection time 

compared to the “dual-priming” extension (Figure S5C). Therefore, the results demonstrate 

that the “dual-priming” extension effect plays a critical role in achieving highly efficient and 

fast nucleic acid isothermal amplification in our DAMP assay.

Optimization of the DAMP assay

To achieve a highly sensitive detection of nucleic acids, we first optimized the DAMP 

reaction by investigating the effect of the concentration of various composites (e.g., DNA 

polymerase, dNTPs, betaine, and MgSO4). To investigate the DNA polymerase’s effect, the 

concentration of DNA polymerase was increased from 0.16 U/uL to 1.2 U/uL. As shown in 

Figure 3A, the higher the DNA polymerase concentrations was, the faster the amplification 

was as well. In our experiment, 1.2 U/μL DNA polymerase was used as the optimal 

concentration because of its fastest speed. It should be mentioned that the increasing 

polymerase amount did not cause false positive signal in our DAMP assay (Figure S6) 

unlike the conventional LAMP assay (typically 0.32 U/μL polymerase).6,18 Then, we 

investigated the effect of dNTPs, betaine, and MgSO4 on the DAMP assay. During the 

nucleic acid amplification, the dNTPs are essential to build blocks of nucleic acid molecules. 

With the increase of dNTPs concentration, the threshold time became shorter (Figure 3B). 

To ensure highly specific isothermal amplification, 1.6 mM dNTPs was chosen in our 

DAMP assay (Figure 3B and S7). Betaine is often used as an isostabilizing additive of 

isothermal amplification reactions to reduce dsDNA’s Tm and facilitate the strand 

separation.19–21 In our DAMP assay, 0.2 M betaine was optimal because it provided the 

fastest amplification speed with high specificity (Figure 3C and Figure S8). Magnesium ions 

have been known to act as cofactor of DNA polymerase.22 Thus, various concentrations of 

magnesium ions were assessed in the DAMP assay. As shown in Figure 3D and S9, when 

using 4 mM MgSO4, DAMP amplification could be achieved within the shortest time and 

did not result in nonspecific amplification.

Next, the concentrations of primers were investigated and optimized. As shown in Figure 

4A-C and Figure S10–12, the optimal concentrations of FO & RO, FI & RI, and FC & RC 

were 0.2 μM, 1.6 μM, and 1.6 μM, respectively. Thus, the optimized DAMP reaction 

solution contains 1.2 U/μL polymerase, 1.6 mM each of dNTPs, 0.2 M betaine, 4 mM 

MgSO4, 0.2 μM FO & RO, 1.6 μM FI & RI, and 1.6 μM FC & RC. With the optimized 

DAMP assay, we could rapidly detect HIV-1 DNA with ultralow nonspecific signal (Figure 

4D).

Nonspecific amplification evaluation of the DAMP assay

To evaluate the ultralow nonspecific amplification of our DAMP assay, we designed and 

tested both six-primer LAMP and DAMP assay by targeting the same DNA sequence 
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(Figure 5A, Left and 5B, Left). As shown in Figure 5A, Right, obviously ascended baselines 

were observed for NTC in the six-primer LAMP assay, which was caused by the formation 

of primer dimers. On the contrary, the DAMP assay had significantly lower initial 

background baseline signal (Figure 5B, Right). To further confirm that the rising baseline of 

the six-primer LAMP assay originated from the primer dimers, the amplification products of 

both DAMP and LAMP assays were subject to gel electrophoresis analysis. As shown in 

Figure 5C, nonspecific amplicon band was clearly observed in the NTC of the six-primer 

LAMP assay but not seen in the DAMP’s NTC. In addition, melting curve analysis results 

further confirmed that the nonspecific amplification was observed only in the six-primer 

LAMP assay (Figure S13). Due to the ultralow nonspecific amplification, the endpoint 

fluorescence difference between positive and negative products of the DAMP assay was at 

least twice as high as that of the six-primer LAMP (Figure 5D). That is beneficial for many 

microfluidic-based point-of-care molecular detection.23,24 Compared to the six-primer 

LAMP, DAMP assay showed higher amplification yield (Figure 5D) and faster reaction 

speed (Figure S14). That could be possibly attributed to extra cycling amplifications 

resulting from multiple basic structures produced by “dual-priming” extension in the DAMP 

assay.

Furthermore, we compared the performance of our DAMP assay to other LAMP variants 

(Figure S15): i) four-primer LAMP (without two loop primers), ii) four-primer LAMP with 

two swarm primers, and iii) six-primer LAMP with the swarm primers.14 In order to ensure 

reliable comparison, the primers of these LAMP variants were designed based on the same 

target sequence as the DAMP method. As shown in Figure S15, all three LAMP variants 

showed stronger nonspecific amplification signals with rising background curves compared 

to the DAMP method. Further, we examined whether extended reaction time could lead to 

false positive signals caused by nonspecific exponential amplification. As shown in Figure 

S16A, false-positive signals were not observed for the NTC in the DAMP assay even after 

120-min incubation but present in six-primer LAMP’s NTC (Figure S16B). As a result, the 

DAMP assay provided ultralow nonspecific amplification and enabled highly sensitive and 

specific nucleic acid detection.

Analytical performance of the DAMP assay

To determine the sensitivity of the DAMP assay, we detected different plasmid HIV-1 DNA 

targets ranging from 101 to 107 copies/μL. As shown in Figure 6A, our DAMP assay could 

detect 100 copies HIV DNA per reaction, which is equal to or better than that of the six-

primer LAMP (Figure S17A and S18A) and the real-time PCR method (Figure S17B). 

Furthermore, due to higher amplification efficiency, the DAMP assay showed shorter 

threshold time compared to that of LAMP assay (Figure 6B and S19A). In addition, to 

demonstrate the feasibility of our DAMP assay for RNA detection, we detected the HIV-1 

RNA using reverse transcription DAMP (RT-DAMP). HIV-1 RNA was extracted from 

inactivated HIV virus in plasma (AcroMetrix™ HIV-1 High Control, Thermo Fisher 

Scientific). As shown in Figure 6C and S20, RT-DAMP was able to consistently detect 350 

copies for HIV-1 RNA target with ultralow specificity and faster amplification, compared to 

six-primer RT-LAMP (Figure 6D).
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To evaluate the versatility of our DAMP assay, we applied our DAMP method to detect E. 
coli B malB gene and compared its performance with the previously published six-primer 

LAMP assay16. As shown in Figure 6E, DAMP assay could achieve a sensitivity of 100 

copies per reaction, which was comparable to those of LAMP assay (Figure S17C) and the 

real-time PCR method (Figure S17D). However, compared to the LAMP assay, DAMP 

showed faster amplification speed (Figure 6F and S19B). Similar to the above-mentioned 

HIV DNA detection, the DAMP assay for E. coli DNA had ultralow background 

fluorescence signals and did not show false-positive results after 120-min incubation (Figure 

S21). Collectively, all these data showed that DAMP assay was a rapid, versatile, sensitive 

isothermal amplification method with ultralow nonspecific signal.

CONCLUSION

In this study, we developed a DAMP (RT-DAMP) method for highly sensitive and specific 

nucleic acid isothermal amplification. Our method takes advantage of the “dual-priming” 

extension mechanism to enable highly reliable and specific molecular detection. Compared 

to the conventional LAMP assay, our DAMP method offers several advantages: i) ultralow 

nonspecific signal. DAMP showed an ultralow nonspecific signal even after two-hour 

incubation due to the unique inner primer design and the addition of two pairing-competition 

primers. ii) Shorter amplification time. The DAMP assay had higher amplification efficiency 

with shorter detection time because of its “dual-priming” strand extension mechanism which 

could simultaneously generate multiple basic structures for cycling amplification. iii) 

Simpler primer design. Unlike conventional six-primer LAMP, the six-primers of our DAMP 

assay only recognized six sites, which simplified the complexity of primer design and 

reduced the potential risk of forming false-positive. Also, we provide a free online software 

(https://github.com/xuzhiheng001/DAMP-Design) to facilitate the primer design. In 

addition, our DAMP assay was shown to be versatile for detection of various nucleic acid 

targets. Therefore, the DAMP assay described here has great potential for infectious disease 

diagnostics, food safety monitoring, and cancer early screening as a point of care testing, 

particularly in resource-limited clinical settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Principle of the DAMP assay: (A) Primer design of the DAMP method. FO, forward outer 

primer; RO, reverse outer primer; FI, forward inner primer; RI, reverse inner primer; FC, 

forward pairing-competition primer; and RC, reverse pairing-competition primer. (B) Basic 

structure producing step. (C) Cycling amplification step. More details of pathway 1 and 2 

are given in Figure S3.
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Figure 2. 
Effect of the distances of two target sites used for inner primer design on DAMP 

amplification efficiency: (A) Design of the inner primers with a distance of 55 (56) nt (Left) 

and its real-time fluorescence DAMP detection (Right). (B) Design of the inner primers with 

a distance of 30 nt (Left) and its real-time fluorescence DAMP detection (Right). (C) Design 

of the inner primers with a distance of 22 nt (Left) and its real-time fluorescence DAMP 

detection (Right). The vertical gray dash lines denote the same amplification region in the 

target sequences. 10-fold serial dilution of HIV-1 DNA targets (from 4×108 to 4×102 copies) 

were used.
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Figure 3. 
Effect of the concentration of different reaction components on DAMP assay for HIV-1 

DNA detection: (A) DNA polymerase, (B) dNTPs, (C) betaine, and (D) MgSO4. 105 copies 

HIV-1 p24 gene cDNA was used as the target sequence. Error bars represent the standard 

deviations at three replicates (n = 3). N.D., not detectable within 60-min DAMP reaction.
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Figure 4. 
Optimization of the DAMP primers concentrations: (A) FO and RO, (B) FI and RI, and (C) 

FC and RC. 105 copies HIV-1 cDNA templates were used as template in the DAMP assay. 

Error bars represent the standard deviations at three replicates (n = 3). (D) Real-time 

fluorescence DAMP assay of HIV DNA using the optimal primer concentration. Positive, 

three replicated reactions with 105 copies HIV-1 p24 gene cDNA templates. NTC, three 

replicated non-template control reactions.
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Figure 5. 
Comparison of the six-primer LAMP and DAMP assay for the detection of HIV-1 DNA by 

targeting the same DNA sequence. (A) Primer design of six-primer LAMP (Left) and its 

real-time fluorescence LAMP detection (Right). (B) Primer design of DAMP (Left) and its 

real-time fluorescence DAMP detection (Right). (C) Electropherograms of DAMP and six-

primer LAMP products in a 3% agarose gel. (D) Comparison of endpoint fluorescence 

intensity of the DAMP products and six-primer LAMP products after 60-min reactions. 

Error bars represent the standard deviations at six replicates (n = 6). Positive, 105 copies 

HIV-1 p24 gene cDNA templates. NTC, three replicated non-template control reactions.
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Figure 6. 
Comparison of the DAMP (RT-DAMP) and six-primer LAMP (RT-LAMP) assays for HIV-1 

DNA (RNA) detection and versatility evaluation of our DAMP assay by detecting E. coli 
DNA. (A) Sensitivity of DAMP assay for the detection of HIV-1 p24 gene cDNA sequence. 

(B) Threshold time and its linear relationship with the log10 of copy number of HIV DNA 

templates for DAMP and six-primer LAMP. (C) Sensitivity of RT-DAMP for the detection 

of HIV-1 genomic RNA extracted from HIV-1 plasma control samples. (D) Sensitivity of 

RT-LAMP for the detection of HIV-1 genomic RNA extracted from HIV-1 plasma control 

samples. (E) Sensitivity of DAMP to amplify the E. coli B malB gene sequence. (F) The 

linear relationship between threshold time and the log10 of copy number of E. coli DNA 

templates by using our DAMP assay and the previously reported six-primer LAMP. Cps, 

copy number. Three replicates were set up for every reaction. NTC, three replicated non-

template control reactions. Error bars represent the standard deviations of threshold times at 

three replicates (n = 3).
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