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Coronavirus Disease 2019 (COVID-19) caused by SARS-CoV-2 poses a significant threat to
global public health. Early detection with reliable, fast, and simple assays is crucial to
contain the spread of SARS-CoV-2. The real-time reverse transcription-polymerase chain
reaction (RT-PCR) assay is currently the gold standard for SARS-CoV-2 detection; however,
the reverse transcription loop-mediated isothermal amplification method (RT-LAMP) assay
may allow for faster, simpler and cheaper screening of SARS-CoV-2. In this study, the
triple-target RT-LAMP assay was firstly established to simultaneously detect three different
target regions (ORF1ab, N and E genes) of SARS-CoV-2. The results revealed that the
developed triplex RT-LAMP assay was able to detect down to 11 copies of SARS-CoV-2 RNA
per 25 µL reaction, with greater sensitivity than singleplex or duplex RT-LAMP assays.
Moreover, two different indicators, hydroxy naphthol blue (HNB) and cresol red, were
studied in the colorimetric RT-LAMP assay; our results suggest that both indicators are
suitable for RT-LAMP reactions with an obvious color change. In conclusion, our developed
triplex colorimetric RT-LAMP assay may be useful for the screening of COVID-19 cases in
limited-resource areas.
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20 Abstract

21 Coronavirus Disease 2019 (COVID-19) caused by SARS-CoV-2 poses a significant threat to 

22 global public health. Early detection with reliable, fast, and simple assays is crucial to contain the 

23 spread of SARS-CoV-2. The real-time reverse transcription-polymerase chain reaction (RT-PCR) 

24 assay is currently the gold standard for SARS-CoV-2 detection; however, the reverse transcription 

25 loop-mediated isothermal amplification method (RT-LAMP) assay may allow for faster, simpler 

26 and cheaper screening of SARS-CoV-2. In this study, the triple-target RT-LAMP assay was firstly 

27 established to simultaneously detect three different target regions (ORF1ab, N and E genes) of 

28 SARS-CoV-2. The results revealed that the developed triplex RT-LAMP assay was able to detect 

29 down to 11 copies of SARS-CoV-2 RNA per 25 µL reaction, with greater sensitivity than 

30 singleplex or duplex RT-LAMP assays. Moreover, two different indicators, hydroxy naphthol blue 

31 (HNB) and cresol red, were studied in the colorimetric RT-LAMP assay; our results suggest that 

32 both indicators are suitable for RT-LAMP reactions with an obvious color change. In conclusion, 

33 our developed triplex colorimetric RT-LAMP assay may be useful for the screening of COVID-

34 19 cases in limited-resource areas.
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36 Introduction

37 SARS-CoV-2 is a highly pathogenic coronavirus causing COVID-19, which was first reported in 

38 December 2019 in Wuhan, China (Wu et al. 2020; Zhou et al. 2020; Zhu et al. 2020). SARS-

39 CoV-2 has spread throughout the world and has resulted in a new global pandemic, as of May 

40 2022, over 529 million infections and more than 6 million deaths reported (WHO 2021). As cases 

41 are usually identified through large-scale local screening of individuals during regional COVID-

42 19 outbreaks, it is important to develop more rapid and convenient assays for SARS-CoV-2 

43 detection (Li et al. 2021; Yoon et al. 2022). Real-time RT-PCR with high sensitivity and specificity 

44 is the most common assay currently used to detect SARS-CoV-2, and many approved commercial 

45 real-time RT-PCR kits are available and widely used in public health and clinical laboratories. 

46 However, real-time RT-PCR has some limitations, such as the need for expensive real-time PCR 

47 instruments and well-trained personnel, as well as a long �samples to results� time (usually 4 

48 hours). These issues hamper the use of PCR-based methods (Lu et al. 2020). 

49 As one of the novel nucleic acid (DNA or RNA) isothermal amplification methods, LAMP 

50 assays have several advantages and are suitable for point of care testing (POCT) and field 

51 applications (Notomi et al. 2015). First, LAMP can be carried out by individuals without special 

52 training or expensive equipment, which makes it applicable for SARS-CoV-2 screening in 

53 resource-limited regions. Moreover, samples without special nucleic acid isolation can be directly 

54 used as templates in LAMP reactions, and the estimated cost for each RT-LAMP reaction is below 

55 2 dollars (Rabe & Cepko 2020; Schermer et al. 2020). Furthermore, the results of the LAMP 

56 reaction can be observed by easy-to-see color changes (Goto et al. 2009; Rabe & Cepko 2020; 
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57 Tanner et al. 2015). Last but not least, LAMP assays have been successfully used for detecting 

58 emerging pathogens, such as parasites (Ortleppascaris sinensis) (Zhao et al. 2019); bacteria (TB, 

59 and Salmonella) (2016; Kim et al. 2022); and viruses (HIV, MERS-CoV, and SARS-CoV) (Kim 

60 et al. 2019; Lee et al. 2017; Li et al. 2019). Therefore, RT-LAMP assays are of great value for the 

61 screening of SARS-CoV-2 in places such as outpatient clinics and in the field, especially in 

62 resource-limited regions.

63 In the study reported here, we successfully developed a triple-target colorimetric RT-LAMP 

64 assay for rapid and convenient detection of SARS-CoV-2. Firstly, six sets of LAMP primers were 

65 studied based on their amplification performance in real-time RT-LAMP reaction using SARS-

66 CoV-2 genome RNA standard as templates, different combination of LAMP primer sets were 

67 performed and triplex RT-LAMP assays targeting the ORF1ab, E and N genes of SARS-CoV-2 

68 were firstly established, which may prevent failure to detect the target due to genetic mutations 

69 and improve the accuracy of detection. Secondly, the developed triplex RT-LAMP assay showed 

70 a higher sensitivity than the singleplex or duplex RT-LAMP assay, detecting down to 11 copies of 

71 SARS-CoV-2 RNA per reaction. Thirdly, two different indicators, hydroxy naphthol blue (HNB) 

72 and cresol red were studied in the RT-LAMP assay; and our results suggested that both indicators 

73 were suitable for colorimetric RT-LAMP reactions. In conclusion, the developed triplex 

74 colorimetric RT-LAMP assay offers a new promising tool for rapid and convenient screening of 

75 SARS-CoV-2 in resource-limited areas around the world.
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77 Materials & Methods

78 LAMP primers

79 In this study, the LAMP primers targeting the ORF1ab, N, and E genes were constructed based on 

80 RT-LAMP assays previously reported by different laboratories, respectively (Broughton et al. 

81 2020; Dong et al. 2021; Jamwal et al. 2021; Jiang et al. 2020; Nawattanapaiboon et al. 2021; Park 

82 et al. 2020; Yu et al. 2021; Zhang & Tanner 2021). A set of LAMP primers consisting of six 

83 primers (F3, B3, FIP, BIP, LF, LB) targeted eight distinct regions of the templates, and all primers 

84 were ordered from Sangon Biotech (Shanghai), LAMP primer mixtures (F3/B3 2 μM each; 

85 FIP/BIP 16 μM each; LF/LB 4 μM each) were prepared and used for the further RT-LAMP 

86 reactions.

87 Preparation of the different dilutions of SARS-CoV-2 genome RNA standards

88 Certified reference material of SARS-CoV-2 genome RNA was purchased from the National 

89 Reference Material Resource Sharing Platform (www.ncrm.org.cn, GBW(E)091099) and the 

90 copies number of ORF1ab, E and N genes per reaction were calculated with instructions. ORF1ab 

91 was the largest and the most conserved gene regions within SARS-CoV-2 genome, so we chose 

92 ORF1ab as the standard in our studies. Different gradient dilutions were prepared with EASY 

93 Dilution (Takara, Dalian, 9160), and a panel of RNA standards ranging from 448 to 4 copies 

94 (ORF1ab gene) per reaction was used for further studies (Table 1).

95 Real-time RT-LAMP reaction

96 Real-time RT-LAMP assays were performed on the LightCycler 96 real-time PCR system (Roche 

97 Diagnostics, Germany) with a WarmStart® LAMP kit (NEB, E1700S) according to the 

98 manufacturer�s protocol. The real-time RT-LAMP reaction (25 µl) contained 5 µl SARS-CoV-2 

99 RNA template (448 copies), 12.5 μl 2× LAMP reaction buffer, 2.5 μl LAMP primer mix, 0.5 μl 

100 Dye, and 4.5 µl DEPC-H2O. DEPC-H2O was used as a negative control. The reaction was carried 
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101 out at 65 °C for 45 min and the fluorescence signals were collected at 30 secs intervals on the 

102 SYBR Green channel, followed by melting curve analysis. 

103 Multiplexed real-time RT-LAMP assay

104 Multiplex real-time RT-LAMP reactions were performed as follows. For dual-target real-time RT-

105 LAMP reaction, the additional primer mix replaced 2.5 μl of DEPC-H2O. For triple-target real-

106 time RT-LAMP reaction, the two additional primer mixes (2.5 μl each) replaced 4.5 μl of DEPC-

107 H2O. 5µl SARS-CoV-2 RNA template (448 copies) was used for each reaction. DEPC-H2O was 

108 used as a negative control. 

109 Colorimetric RT-LAMP reaction

110 To prepare further usage of the RT-LAMP assay for POCT or field applications, we developed 

111 visual detection of the RT-LAMP reaction with colorimetric methods. Hydroxy naphthol blue 

112 (HNB, Macklin, H811452-5g), which is a metal-ion sensitive indicator for monitoring the change 

113 of Mg2+ ion concentration in LAMP reactions, was added to the RT-LAMP reaction system (NEB, 

114 E1700S) as follows: 5 µl SARS-CoV-2 RNA template, 12.5 μl 2× LAMP reaction buffer, 2.5 μl 

115 LAMP primer mix, 1 µl HNB (3mM), and 4 µl DEPC-H2O. WarmStart Colorimetric LAMP 2× 

116 Master Mix (NEB, M1800L) containing cresol red, which is a pH sensitive indicator for 

117 determining the drop in pH caused by LAMP amplification, was added to the RT-LAMP reaction 

118 as follows: 5 µl SARS-CoV-2 RNA template, 12.5 μl 2× LAMP reaction buffer, 2.5 μl LAMP 

119 primer mix and 5 µl DEPC-H2O. After incubation at 65 °C for 35 min, the positive reaction with 

120 HNB led to a color change from violet to blue, and the positive reaction with cresol red led to color 

121 change from pink to yellow.

122 Sensitivity of the triple target RT-LAMP assay for SARS-CoV-2 
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123 A panel of SARS-CoV-2 genome RNA standards ranging from 448 to 4 copies (Table 1) was used 

124 as templates to determine the sensitivity of the developed triplex real-time and colorimetric RT-

125 LAMP assay. Each template was performed in triplicate, and the template with the lowest copy 

126 number detected positively was defined as the sensitivity of the assay. 

127 Specificity of the triple target RT-LAMP assay for SARS-CoV-2

128 First, in silico analyses of the selected LAMP primers were performed to validate the specificity. 

129 Moreover, the specificity of the developed RT-LAMP assay was evaluated with RNA isolated 

130 from positive clinical samples with some common respiratory viruses (including human seasonal 

131 coronavirus (HCoV) types HKU1, NL63, OC43, and 229E; human seasonal influenza A virus 

132 subtypes H1N1, and H3N2, influenza B virus; human parainfluenza virus (HPIV) types 1, 2, and 

133 3; human respiratory syncytial virus (RSV) subgroups A and B.
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135 Results

136 LAMP primers design and selection

137 Six sets of LAMP primers were designed to detect the SARS-CoV-2 ORF1ab gene (set1 and set2), 

138 N gene (set3 and set4), and E gene (set5 and set6), respectively (Figure 1 and Table 2). After 

139 LAMP primers generated, we blasted them in the NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 

140 database to examine and validate their specificity. The analyses showed that these primers were 

141 100% matching with the SARS-CoV-2 genome sequence (Supplemental 1). 

142 Using prepared SARS-CoV-2 RNA standard as the template (448 copies), we evaluated the 

143 amplification performance of the six sets of LAMP primers in the real-time RT-LAMP assays. All 

144 six primer sets generated amplification curves and reached the plateau phase within 40 min, with 

145 set3 showing the fastest amplification among all six designed LAMP primer sets (Figure 2A). 

146 Furthermore, set1 (S1) was faster than set2 (S2), both targeting the ORF1ab gene; similarly, set3 

147 (S3) was faster than set4 (S4), both targeting the N gene; and set5 (S5) was faster than set6 (S6), 

148 both targeting the E gene (Figure 2B). Faster amplification is often associated with higher detection 

149 sensitivity, so these three primer sets (S1, S3 and S5) were selected for the further LAMP primer 

150 combination studies (Dong et al. 2021).

151 To optimize the RT-LAMP reaction, different reaction times (ranging from 30 to 60 min) were 

152 executed in the real-time RT-LAMP assays, using 4 copies of SARS-CoV-2 RNA as template, 

153 positive signal shown after 30-min reaction time, and NTC shown positively in 45-min reaction 

154 time, so 35-min was selected as the optimal reaction time in order to reduce false positives 

155 (Supplemental 2) (Zhao et al. 2019). 

156 LAMP primer sets combination and multiplex RT-LAMP reaction
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157 Real-time RT-LAMP assays with different combination of LAMP primer sets were performed 

158 using the SARS-CoV-2 RNA standard (448 copies) as the template. For duplex RT-LAMP 

159 reactions containing two different sets of LAMP primers, our results showed that the combination 

160 of the set3 and set1 (S3+S1) was better than the singleplex (S3) or the primer combination of 

161 primers of the set3 and set5 (S3+S5) in peak time and signal strength (Figure 3A). To avoid the 

162 possibility of increased sensitivity caused by higher concentrations of the LAMP primer sets, 

163 double the amount of set3 (S3+S3) was also included and compared, the results showed that 

164 (S3+S1) was also better than (S3+S3) (Figure 3A). For triplex RT-LAMP reactions containing 

165 three different sets of LAMP primers, our results showed that the combination of the set3, set1, 

166 and set5 (S3+S1+S5) performed better than the duplex combination of the set3 and set1 (S3+S1) 

167 or the singleplex (S3) (Figure 3B). All results indicated that the primer combination of the set3, 

168 set1, and set5 (S3+S1+S5) exhibited the best performance and was therefore selected as the 

169 optimal LAMP primer combination for further studies (Ji et al. 2021).

170 Visual detection of the SARS-CoV-2 RT-LAMP reaction

171 To develop easy-to-use colorimetric RT-LAMP assays, two different indicators, cresol red (a pH-

172 sensitive indicator) and HNB (a metal-ion indicator), were included and assessed in the RT-LAMP 

173 reactions (Goto et al. 2009; Tanner et al. 2015). All RT-LAMP reactions with an indicator were 

174 performed at 65 ℃ for 35 min. A positive reaction with cresol red yielded color change from pink 

175 to yellow, while a positive reaction with HNB exhibited color change from violet to blue (Figure 

176 4B and 5B). These results indicate that both the HNB and cresol red indicators are suitable for 

177 colorimetric detection in RT-LAMP reactions.

178 Sensitivity of the SARS-CoV-2 triple-target RT-LAMP assay
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179 Sensitivity was determined by testing serial dilutions of SARS-CoV-2 genome RNA standards 

180 with the triplex real-time RT-LAMP and colorimetric RT-LAMP assays. In the triplex real-time 

181 RT-LAMP assay, all of the positive amplification curves (S-shaped) appeared within 35 min when 

182 using templates ranging from 448 to 11 copies (Figure 4A). At the same time, positive reactions 

183 with color change also occurred with templates ranging from 448 to 11 copies in the triplex 

184 colorimetric RT-LAMP assays (Figure 4B). All results suggested similar sensitivity of the triplex 

185 real-time RT-LAMP and colorimetric RT-LAMP assays, which were able to detect down to 11 of 

186 copies SARS-CoV-2 RNA per 25 μl reaction, with higher sensitivity than the previously reported 

187 SARS-CoV-2 RT-LAMP assays (Dong et al. 2021; Luo et al. 2022). 

188 Specificity of the SARS-CoV-2 triple-target RT-LAMP assay 

189 Firstly, the specificity of these six sets of LAMP primers had been well studied in the previous 

190 studies reported by different laboratories (Broughton et al. 2020; Dong et al. 2021; Jamwal et al. 

191 2021; Jiang et al. 2020; Nawattanapaiboon et al. 2021; Park et al. 2020; Yu et al. 2021; Zhang & 

192 Tanner 2021). Secondly, the sequence of the LAMP primers was compared to aligned sequences 

193 of some other coronaviruses (including MERS-CoV, SARS-CoV, HCoV-HKU1, HCoV-OC43, 

194 HCoV-NL63, and HCoV-229E), all of which had some nucleotides mismatching with our LAMP 

195 primers, supporting the specificity of the developed RT-LAMP assay. Thirdly, the specificity was 

196 evaluated with isolated RNA of some common respiratory viruses. Our results indicated that 

197 positive results were only observed in reactions with the presence of SARS-CoV-2 RNA as 

198 template, and no cross reactions were detected by the triplex real-time RT-LAMP assay (Figure 

199 5A) and colorimetric RT-LAMP assay (Figure 5B) with RNAs isolated from clinical positive 

200 samples with other common respiratory viruses. In the colorimetric RT-LAMP assay containing 

201 cresol red, although the color changes of tube 11(HCoV-NL63), tube 12(HCoV-OC43), and tube 
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202 13(HCoV-229E) shown different colors from other negative samples, these three tubes are very 

203 different from positive tube obviously (Figure 5B). The above results indicated that the developed 

204 triplex real-time RT-LAMP and colorimetric RT-LAMP assays are highly specific for SARS-

205 CoV-2 detection.
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207 Discussion

208 The global COVID-19 pandemic has lasted for more than two years and is likely to coexist with 

209 us for a long time (WHO 2021). Currently, there are no effective therapies for COVID-19 or anti-

210 viral drugs against SARS-CoV-2, so early detection of the virus is essential to contain the spread 

211 of SARS-CoV-2 (Li & De Clercq 2020). Most available SARS-CoV-2 diagnostic tests or kits are 

212 based on the real-time RT-PCR platform, but these assays require a certified and highly specialized 

213 laboratory with well-trained personnel and sophisticated experimental equipment, which usually 

214 take more than 4 hours to obtain results. These issues hamper the use of PCR-based methods. 

215 Developing more rapid and convenient assays for detection of SARS-CoV-2 is of vital importance.

216 SARS-CoV-2 constantly changes through genetic mutations, with novel variants of concern 

217 (VOC) occurring over time, such as Alpha, Beta, Gamma, Delta and Omicron, which are more 

218 transmissible, more pathogenic, or have better capability for immune escape (Hacisuleyman et al. 

219 2021; Hoffmann et al. 2021; Wang et al. 2021). All of these VOCs and some other genomic 

220 mutations make it difficult to detect SARS-CoV-2 with only one single target (Ji et al. 2021; 

221 Mohon et al. 2020). Therefore, LAMP primer sets targeting different conserved SARS-CoV-2 

222 regions may provide more accurate diagnosis results. Furthermore, all of these VOCs usually 

223 mutated in the Spike(S) gene, and in our studies, we chose ORF1ab, E and N genes of SARS-CoV-

224 2, which were the most conserved regions within the SARS-CoV-2 genome. Moreover, compared 

225 to performing multiple singleplex RT-LAMP reactions, multiplex RT-LAMP assays reduce the 

226 cost and time for two or more targets being simultaneously amplified in one reaction (Ji et al. 2021; 

227 Kim et al. 2019; Mohon et al. 2020).

228 In our studies, we successfully developed a triple-target colorimetric RT-LAMP assay for 

229 SARS-CoV-2 detection within 45 minutes. It�s not easy for us to develop the triplex RT-LAMP 
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230 assays since more primers containing in the same reaction. However, all of the LAMP primer sets 

231 were well studied by other laboratories; also, SARS-CoV-2 with large genome size (30kb), so it�s 

232 possible for us to choose different target gene regions (ORF1ab, E and N genes) within SARS-

233 CoV-2 genome.

234 Compared with other reported studies, our developed triple-target colorimetric RT-LAMP assay 

235 differs in several ways. First, our assays represent the first triple-target RT-LAMP assay that can 

236 detect three different genes (ORF1ab, E, and N) of SARS-CoV-2 in one reaction. Second, our 

237 assays are more sensitive than most reported RT-LAMP assays, detecting down to 11 copies per 

238 25 μl reaction (Dong et al. 2021; Luo et al. 2022). Third, our assay can be visualized using two 

239 different indicators (HNB or cresol red), which can be easily observed by the naked eye (Dong et 

240 al. 2021; Luo et al. 2022; Rabe & Cepko 2020).

241 In most of the reported studies, the target gene segments of SARS-CoV-2 were first constructed 

242 from either in vitro synthesized DNA or PCR amplified products. RNA samples were generated 

243 by an in vitro transcription reaction, followed by the determination of their concentration and 

244 copies number. Finally, serial dilutions of the RNA standard samples were prepared and used as 

245 the templates for further studies. These processes are complicated, time-consuming, and costly 

246 (Dong et al. 2021; Luo et al. 2022). Furthermore, RT-LAMP assays targeted different SARS-CoV-

247 2 gene regions, making it difficult to study the sensitivity of each assay using one synthesized 

248 RNA template (Dong et al. 2021). Moreover, different laboratories prepared different SARS-CoV-

249 2 RNA standard samples which were used for sensitivity studies, so the sensitivity is unreliable 

250 and incomparable (Dong et al. 2021). In this study, we used a whole genome SARS-CoV-2 RNA 

251 standard and quantified the copy number of the SARS-CoV-2 RNA with digital droplet PCR, 
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252 allowing us to easily compare and accurately assess the sensitivity of SARS-CoV-2 RT-LAMP 

253 assays developed by different laboratories. 

254 The developed real-time RT-LAMP assays and colorimetric RT-LAMP assays eliminate the 

255 possibility of cross contamination by avoiding opening the reaction tube, which is also one of the 

256 biggest concerns for LAMP applications. The results of colorimetric RT-LAMP assays can be 

257 easily observed by the naked eyes. Also, as the real-time RT-LAMP assays monitored fluorescent 

258 signals generating by SYBR Green, we could easily optimize the LAMP assays with amplification 

259 curves. Moreover, melting curve analyses always followed real-time RT-LAMP assay, which 

260 could be conveniently used for LAMP product analyses. All of the RT-LAMP assays presented in 

261 our studies were performed using either real-time RT-LAMP assays, or colorimetric RT-LAMP 

262 assays or both.

263 Sensitivity and specificity are two critical parameters for a diagnosis tool. The developed triplex 

264 real-time and colorimetric RT-LAMP assays, which can detect down to 11 copies of SARS-CoV-2 

265 RNA per reaction, were more sensitive than the previously reported RT-LAMP assays (Dong et 

266 al. 2021; Luo et al. 2022). Furthermore, previous studies reporting Ct>35 could be used as cut-off 

267 for SARS-CoV-2 infectivity. Therefore, the developed RT-LAMP assay would be useful for the 

268 detection of highly infectious cases of COVID-19 in the field (Kampf et al. 2021; Platten et al. 

269 2021). The specificity of the developed triplex real-time and colorimetric RT-LAMP assays was 

270 evaluated with RNA isolated from positive clinical samples with other common respiratory 

271 viruses, and our results indicated that positive results were only observed in reactions with SARS-

272 CoV-2 RNA as a template, these results indicated that the triplex RT-LAMP assays are highly 

273 specific for SARS-CoV-2 detection.
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274 Our triplex RT-LAMP assays may have potential limitations. For example, multiplex RT-

275 LAMP assays are not easily validated and optimized. Since 18 primers are used in the triplex RT-

276 LAMP reaction, it is essential that the LAMP primers included in the multiplex LAMP assay do 

277 not interfere with each other. Moreover, all experiments presented here used SARS-CoV-2 

278 genome RNA standard as the templates, and our developed real-time and colorimetric RT-LAMP 

279 assays were not validated on SARS-CoV-2 positive clinical samples. Furthermore, the RT-LAMP 

280 assay is not a quantitative test, viral loads in samples were difficult to quantify using the RT-LAMP 

281 assays (Dao Thi et al. 2020). 

282

283 Conclusions 

284 In conclusion, a rapid and convenient triple target colorimetric RT-LAMP assay was developed 

285 for SARS-CoV-2 detection. The assay has high specificity and sensitivity and may provide a useful 

286 and attractive tool for SARS-CoV-2 screening in resource-limited regions.
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449 Table legends

450 Table 1. Gradient dilutions and different copies number per reaction of SARS-CoV-2 genome 

451 RNA standards.

452

453 Table 2. Primer sets used for RT-LAMP assays in this study.
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455 Legend to Figures

456 Figure 1. Locations of the different LAMP primer sets within the SARS-CoV-2 genome.

457

458 Figure 2. Comparison of the performance of SARS-CoV-2 real-time RT-LAMP assays with 

459 different LAMP primer sets. (A) Six LAMP primer sets targeting different regions of SARS-CoV-

460 2 genome; (B) LAMP primer sets targeting the same gene regions (ORF1ab, N and E genes) of 

461 SARS-CoV-2 genome; NTC means DEPC-H2O.

462

463 Figure 3. Comparison of the performance of SARS-CoV-2 real-time RT-LAMP assays with 

464 different combinations of LAMP primer sets. (A) Duplex combinations of LAMP primer sets; (B) 

465 Triplex combinations of LAMP primer sets; NTC means DEPC-H2O.

466

467 Figure 4. Sensitivity tests of SARS-CoV-2 with the triple-target RT-LAMP assay. (A) Results of 

468 the real-time RT-LAMP assay, samples were performed in triplicate; (B) Results of the 

469 colorimetric RT-LAMP assay; NTC means DEPC-H2O.

470

471 Figure 5. Specificity tests of SARS-CoV-2 with the triplex RT-LAMP assay. (A) Results of the 

472 real-time RT-LAMP assay; (B) Results of the colorimetric RT-LAMP assay; Samples and tubes: 

473 1: hPIV-1; 2: hPIV- 2; 3: hPIV-3; 4: H1N1-pdm09; 5: H1N1; 6: H3N2; 7: infB; 8: RSV-A; 9: 

474 RSV-B; 10: hCoV-HKU1; 11: hCoV-NL63; 12: hCoV-OC43; 13: hCoV-229E; NC: DEPC-H2O; 

475 PC: SARS-CoV-2 RNA standard (448 copies).
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Table 1(on next page)

Gradient dilutions and different copies number per reaction of SARS-CoV-2 genome RNA
standards.
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1

Dilution E0 E-1 E-2 1/2E-2 1/4E-2 E-3 E-4

ORF1ab gene

（Copies/Reaction）
4480 448 44 22 11 4 <�

N gene

（Copies/Reaction）
8650 865 86 43 21 8 <�

E gene

（Copies/Reaction）
5300 530 53 26 13 2 <�

2
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Table 2(on next page)

Primer sets used for RT-LAMP assays in this study.
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Primer 

set

Primer 

name
Primer sequence (5′-3′) Target gene Refs

F3 TGCAACTAATAAAGCCACG

B3 CGTCTTTCTGTATGGTAGGATT

FIP
TCTGACTTCAGTACATCAAACGAATA

AATACCTGGTGTATACGTTGTC

BIP
GACGCGCAGGGAATGGATAATTCCA

CTACTTCTTCAGAGACT

LF TGTTTCAACTGGTTTTGTGCTCCA

Set1

LB TCTTGCCTGCGAAGATCTAAAAC

ORF1ab

(Dong et 

al. 2021; 

Park et al. 

2020)

F3 TCACCTTATGGGTTGGGA

B3 CAGTTGTGGCATCTCCTG

FIP
CGTTGTATGTTTGCGAGCAAGATTTT

GAGCCATGCCTAACATGC

BIP
GTGCTCAAGTATTGAGTGAAATGGTT

TTTATGAGGTTCCACCTGGTT

LF ACAAGTGAGGCCATAATTCTAAG

Set2

LB GTGTGGCGGTTCACTATATGTT

ORF1ab

(Nawattana

paiboon et 

al. 2021)

F3 GCCAAAAGGCTTCTACGCA

B3 TTGCTCTCAAGCTGGTTCAA

FIP
TCCCCTACTGCTGCCTGGAGGCAGTC

AAGCCTCTTCTCG

BIP
TCTCCTGCTAGAATGGCTGGCATCTG

TCAAGCAGCAGCAAAG

LF TGTTGCGACTACGTGATGAGGA

Set3

LB ATGGCGGTGATGCTGCTCT

N

(Dong et al. 

2021; Park 

et al. 2020)

F3 CCAGAATGGAGAACGCAGTG

B3 CCGTCACCACCACGAATT

FIP
AGCGGTGAACCAAGACGCAGGGCGC

GATCAAAACAACG

BIP
AATTCCCTCGAGGACAAGGCGAGCT

CTTCGGTAGTAGCCAA

LF TTATTGGGTAAACCTTGGGGC
Set4

LB TTCCAATTAACACCAATAGCAGTCC

N

(Dong et al. 

2021; 

Jamwal et 

al. 2021; 

Jiang et al. 

2020)

F3 TGAGTACGAACTTATGTACTCAT

B3 TTCAGATTTTTAACACGAGAGT

FIP
ACCACGAAAGCAAGAAAAAGAAGTT

CGTTTCGGAAGAGACAG

BIP
TTGCTAGTTACACTAGCCATCCTTAG

GTTTTACAAGACTCACGT

LF CGCTATTAACTATTAACG
Set5

LB GCGCTTCGATTGTGTGCGT

E

(Yu et al. 

2021; 

Zhang & 

Tanner 

2021)

F3 CCGACGACGACTACTAGC
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1

2 Note: F3/B3: outer primers; FIP/BIP: forward and backward internal primers; LF/LB: forward and 
3 backward loop primers.

4

5

6

7

8

B3 AGAGTAAACGTAAAAAGAAGGTT

FIP
CTAGCCATCCTTACTGCGCTACTCAC

GTTAACAATATTGCA

BIP
ACCTGTCTCTTCCGAAACGAATTTGT

AAGCACAAGCTGATG

LF TCGATTGTGTGCGTACTGC

Set6

LB TGAGTACATAAGTTCGTAC

E (Broughton 

et al. 2020; 

Dong et al. 

2021)
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Figure 1
Locations of the different LAMP primer sets within the SARS-CoV-2 genome.
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Figure 2
Comparison of the performance of SARS-CoV-2 real-time RT-LAMP assays with different
LAMP primer sets.

(a) Six LAMP primer sets targeting different regions of SARS-CoV-2 genome; (b) LAMP primer
sets targeting the same gene regions (ORF1ab, N and E genes) of SARS-CoV-2 genome; NTC
means DEPC-H2O.
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Figure 3
Comparison of the performance of SARS-CoV-2 real-time RT-LAMP assays with different
combinations of LAMP primer sets.

(a) Duplex combinations of LAMP primer sets; (b) Triplex combinations of LAMP primer sets;
NTC means DEPC-H2O.
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Figure 4
Sensitivity tests of SARS-CoV-2 with the triple-target RT-LAMP assay.

(a) Results of the real-time RT-LAMP assay, samples were performed in triplicate; (b) Results
of the colorimetric RT-LAMP assay; NTC means DEPC-H2O.
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Figure 5
Specificity tests of SARS-CoV-2 with the triplex RT-LAMP assay.

(a) Results of the real-time RT-LAMP assay; (b) Results of the colorimetric RT-LAMP assay;
Samples and tubes: 1: hPIV-1; 2: hPIV- 2; 3: hPIV-3; 4: H1N1-pdm09; 5: H1N1; 6: H3N2; 7:
infB; 8: RSV-A; 9: RSV-B; 10: hCoV-HKU1; 11: hCoV-NL63; 12: hCoV-OC43; 13: hCoV-229E;
NC: DEPC-H2O; PC: SARS-CoV-2 RNA standard (448 copies).
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