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Summary
Background The coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 has killed millions of people world-
wide. The current crisis has created an unprecedented demand for rapid test of SARS-CoV-2 infection.

Methods Reverse transcription loop-mediated isothermal amplification (RT-LAMP) is a fast and convenient
method to amplify and identify the transcripts of a targeted pathogen. However, the sensitivity and specificity
of RT-LAMP were generally regarded as inferior when compared with the gold standard RT-qPCR. To address
this issue, we combined bioinformatic and experimental analyses to improve the assay performance for
COVID-19 diagnosis.

Findings First, by experimental screening as well as high-throughput sequencing studies, we discovered new primer
features that impacted LAMP sensitivity and specificity. These features were then used to build an improved bioin-
formatics algorithm to design LAMP primers targeting SARS-CoV-2. We further rigorously validated these new
assays for their efficacy and specificity. We demonstrated that multiplexed RT-LAMP assay could directly detect as
low as 1.5 copies/IL of SARS-CoV-2 particles in saliva, without the need of RNA isolation. We further tested this
ultra-sensitive and specific RT-LAMP assay using saliva samples from COVID-19g patients. Clinical validation results
indicated that the new RT-LAMP assay was comparable to standard RT-qPCR in overall assay sensitivity and
specificity.

Interpretation In summary, our new LAMP primer design algorithm along with the validated assays provide a fast
and reliable method for the diagnosis of COVID-19 cases.
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Introduction

The pandemic of COVID-19 has killed over 5.01 million
people worldwide, including over 747,000 in the USA
as of November 2, 2021. More than 247 million people
have been infected worldwide. Each day, hundreds of
thousands are added to the numbers (while this manu-
script was being prepared). Rapid testing to identify the
SARS-CoV-2 positive population followed by quarantine
is important to curb the pandemic. Thus, the current
crisis has created an unprecedented demand for rapid
tests with high sensitivity and specificity for point-of-

care diagnosis. Vaccine distribution has curbed the pan-
demic significantly, although it is also expected that the
virus will be present in communities in the long term."
To detect SARS-CoV-2, many research groups have
developed new diagnostic assays based on various tech-
nology platforms. Among them, nucleic acid detection
by reverse transcription quantitative PCR (RT-qPCR) is
considered the gold standard for virus diagnosis. In
addition, there are other alternative nucleic acid detec-
tion methods developed in recent years, providing fast
diagnostic results.” However, these newly emerged
methods generally have inferior diagnostic performance
compared with RT-qPCR.> Among these methods, loop-
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mediated isothermal amplification (LAMP) was devel-
oped by Notomi T et al. in 2000.* Since then, LAMP
has been widely adopted for the detection of many
pathogens, such as malaria,’ salmonella,® influenza
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virus,” dengue virus,” Chikungunya virus,” and Zika
virus."® Although multiple groups have attempted to
apply the LAMP technique to SARS-CoV-2
detection,” " there are still major unresolved techni-
cal challenges preventing its application in clinical
practice.

The advantage of LAMP assays mainly lies in their
fast turnaround time and simplicity in assay setup. Spe-
cifically, LAMP does not require high-end instruments,
making it widely accessible worldwide including devel-
oping countries. Moreover, LAMP works well even for a
variety of unpurified samples, which is important for
convenient and fast assay setup. Another major advan-
tage is that LAMP readout can be colorimetric or turbid-
ity changes, easily visualized and recorded by a phone
camera. In addition, being performed under lower tem-
peratures than PCR, LAMP can be easily combined
with the RT reaction (i.e., RT-LAMP), directly detecting
target RNA without a separate RT step. In this way, the
total reaction time can be greatly shortened. Therefore,
LAMP is a powerful tool for point-of-care diagnosis with
wide applications.” Despite these advantages, current
LAMP assays are regarded as inferior to RT-qPCR in
detection sensitivity and specificity.""'

Compared with PCR, LAMP is still an emerging
technology with major unresolved issues. It is a major
challenge to design robust LAMP assays for pathogen
detection. A typical LAMP assay requires six primers
targeting eight regions of the target sequence. At pres-
ent, few tools are available publicly for LAMP primer
design, and available tools did not sufficiently consider
the complexity of LAMP reactions. For example, one
major issue is related to high-level unintended primer
cross-reactivity, given that a set of six primers are
included in a single LAMP reaction. This frequently
leads to false-positive results as reported by many inves-
tigators."'5"

In this study, we developed an improved bioinfor-
matics algorithm to design LAMP primer sets targeting
the nucleocapsid (N), membrane (M), and spike (S)
genes of SARS-CoV-2. The performance of these primer
sets was rigorously validated experimentally. A combi-
nation of the best primer sets could reliably detect as
low as 1.5 copies/pL of SARS-CoV-2 particles in unpuri-
fied specimens (i.e., saliva) without the need of RNA iso-
lation. This represents significant improvement over
other reported LAMP assays.”" " Finally, further testing
using simulated saliva samples as well as patient saliva
samples indicated that our new assays were as effective
as standard RT-qPCR in SARS-CoV-2 detection. Impor-
tantly, our assays have unique advantages over RT-
qPCR due to their fast and direct detection of viral RNA
in saliva with colorimetric readout, making it ideal for
inexpensive point-of-care diagnosis. Our new LAMP
design method as well as experimentally validated
assays provide a valuable resource to fight the pandemic
of COVID-19.

Methods

Assay targets for SARS-CoV-2 diagnosis

The plasmid containing the N gene sequence of SARS-
CoV-2 was purchased from Integrated DNA Technolo-
gies (IDT; 10006625, CoV-19 positive control). Syn-
thetic SARS-CoV-2 genomic RNA [referred by the U.S.
Food and Drug Administration (FDA)] was purchased
from Twist Bioscience (102024, sequence based on
GenBank accession MN908947.3). Heat-inactivated
SARS-CoV-2 particles were acquired from the ATCC
(VR-1986HK, 4.2 x 10° particles/pL).

LAMP and RT-LAMP assays

All DNA oligo primers were purchased from Sigma-
Aldrich (desalt grade or as indicated). The N gene plas-
mid or SARS-CoV-2 RNA was diluted with DNase/
RNase-free water or mixed with HeLa or SiHa cell total
RNA (10 ng/pLl). The LAMP or RT-LAMP reactions
were assembled in a 96 or 384-well plate (Applied Bio-
systems). Each 1o pL reaction contained 5 pL of 2X
WarmsStart Colorimetric Master Mix (New England
Biolabs or NEB, M1800), 0.5 UL of 20X SYBR Green I
Nucleic Acid Gel Stain (10,000X, Life Technologies), 1
ML of primer set mix (final concentrations of 1.6 UM for
FIP or BIP primer, 0.4 UM for FL or BL primer, and 0.2
UM for F3 or B3 primer), 0.5 UL of guanidine hydrochlo-
ride (840 mM), o.5 HL of target RNA or DNA, and 2.5
pL of DNase/RNase-free water. The LAMP or RT-LAMP
assay in 10 ML reaction volume was used for primer
screening and initial saliva assay optimization. A larger
reaction volume (20-120 NL) with the same reagent con-
centrations, assembled in either a 96-well plate (Life
technology) or a 0.5-1.5 mL Eppendorf tube, was subse-
quently adopted for assay validation using simulated
and clinical saliva samples. For each 20-120 JIL reaction,
20-50 HL of mineral oil (Sigma-Aldrich), respectively,
was included to overlay the reaction mixture before initi-
ating the reaction. When combining two LAMP primer
sets in a single reaction, the concentration of each FIP
or BIP primer was adjusted to 1.0 M, while the concen-
trations of other primers remained the same. All LAMP
and RT-LAMP reactions were performed in a real-
time PCR instrument (QuantStudio, Applied Biosys-
tems) or in a heating block (Isotemp, Fisher Scien-
tific) for 6o-too min at 65°C, with fluorescence
signals acquired as fixed intervals when performed
on a realtime PCR instrument. The colorimetric
change of the reaction (i.e., positive samples turning
yellow or orange from pink) was recorded by a
phone camera both before and at the end of the reac-
tion. The efficacy of LAMP or RT-LAMP amplifica-
tion was evaluated Dby detection of fluorescence
signals over a threshold readout when performed in
a real-time PCR instrument (i.e., Time to Threshold,
or TT). Optimal threshold was established using
QuantStudio Design and Analysis Software (Applied
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Biosystems). Readings from 3-10 replicated reactions
or as indicated were averaged and the results were
presented as mean+SD.

RT-qPCR assays

E-Sarbeco, a widely used qPCR primer set targeting the
E gene of SARS-CoV-2""" and recommended by the
CDC, was included in RT-qPCR reactions as standard
diagnosis method for COVID-19 (Supplementary Table
S8). RT reactions were performed with the High-Capac-
ity cDNA Reverse Transcription Kit (Applied Biosys-
tems). Each 10 pL of RT reaction included 1 pL of 10X
RT buffer, 0.4 pL of 25X ANTP (100 mM), 1 iL of 10X
random primers, o.5 L of reverse transcriptase, 1-5 UL
of the RNA sample, and water to final volume of 10 pL.
The RT reaction mixture was incubated at 25°C for
20 min followed by 37°C for 60 min, and finally heat
inactivated at 85°C for 5 min. Real-time PCR was per-
formed with Power SYBR Green Master Mix (Applied
Biosystems). Each 14 nNL reaction included 1 pL of
diluted RT product, 7 PL of 2X Power SYBR Green Mas-
ter Mix, 6 PL of the primer mix (final concentration at
250 nM for each E-Sarbeco primer). The real-time PCR
running protocol was 10 min at 95°C, followed by 40
amplification cycles (95°C for 10 s and 60°C for 30 s).

Hela and SiHa cell RNA

Hela (ATCC Cat# CCL-2, RRID: CVCL_oo30) and
SiHa cells (ATCC Cat# HTB-35, RRID: CVCL_0032)
were cultured at 37°C with 5% CO, in DMEM media
supplemented with 10% FBS. Mycoplasma testing was
performed to confirm the absence of contamination.
STR profiling was performed to confirm the genuine-
ness of the cell lines. Total RNA was isolated using the
mirVana kit (Life Technologies) according to the recom-
mended protocol.

Processing of saliva samples

Patient saliva samples were previously collected for
COVID-19 diagnosis at a UIC clinical lab. Patient inclu-
sion criteria: adults of age 18 years or older; exclusion
criteria: children. In addition, we also analyzed pooled
saliva samples from healthy individuals (Innovative
Research). Saliva samples (50-100 L) were first diluted
with 0.7X volume of TE buffer (1o mM Tris, 1 mM
EDTA pH 8.0). Then, 1X RNAsecure (25X, Thermo-
Fisher) and 50 units/mL protease K (8co units/ml,
NEB) were added to make 1:1 dilution of the saliva sam-
ple. The reaction mixture was incubated at room tem-
perature (20-25°C) for 10 min, 65°C for 10 min, and
finally 100°C for 12 min to inactivate protease K. For
spike-in experiments, heat-inactivated SAR-CoV-2 par-
ticles were added to the saliva before TE dilution. For
patient saliva samples (n=20), they were first heated at
65°C for 30 min to inactivate the SARS-CoV-2 virus,
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and then further processed as described above. For each
saliva sample, an aliquot (300 PL) was used for RNA iso-
lation with the MagMAX Viral/Pathogen Nucleic Acid
Isolation Kit (A42352, Applied Biosystems), followed by
RT-qPCR.

Sequencing of LAMP products

DNA sequencing libraries were prepared by PCR ampli-
fication of LAMP or RT-LAMP products with modified
universal primers for Illumina sequencing. The indexed
primers contain the Ps or P7 sequence for Illumina
sequencing at the 5’-end, a 9-bp index sequence in the
middle, followed by an adaptor sequence and a 3’-end
F2 or B2 sequence specific to the LAMP assay. The PCR
reaction was set up by mixing 1 UL of diluted LAMP
product (roo-fold), 1 UL of primer mix (10 pM), 12.5 pL
of 2X PCR master mix (Tag Plus Master Mix Red,
Lamda Biotech), and 10.5 pL of water. The PCR was per-
formed at 94°C for 10 s, followed by 35 cycles of amplifi-
cation (94°C for 10 s and 60°C for 45 s), and then 72°C
for 1 min. The PCR products were purified with
Ampure beads (Agencourt) and then quantified with
QuantiFluor (Promega). The library samples were
sequenced on MiniSeq (Illumina). The sequencing
reads were aligned to the SARS-CoV-2 genome to iden-
tify virus-specific sequences. In addition, BLAST was
performed to identify any sequence match to the NCBI
GenBank database.

Statistical analysis

Data were analyzed using GraphPad Prism software.
Summary statistics on the TT values are presented as
mean = standard error of the mean.

Ethic statement
The study was approved by the Institutional Review
Board of the University of Illinois Chicago (2021-0914).

Role of the funding source
This study was funded by the National Institutes of
Health, and designed by study investigators.

The funder had no role in study design, data collec-
tion, data analysis, interpretation, or writing of this
report.

Results

Optimization of the primer length to improve LAMP
efficiency

One major goal of our study was to improve the efficacy
of LAMP assays for SARS-CoV-2 detection. During the
LAMP reaction, the amplification stage is initiated with
the formation of a dumbbell structure, in which F1/Fic
(or B1/Bic) and F2 (or B2) form the stem and loop,
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respectively. As the first step, two long inner primers,
FIP (Fic+F2) and BIP (Bic+B2) are annealed to the tar-
get to initiate the LAMP reaction. In general, long oligo
primers have relatively poor annealing efficiency due to
the potential formation of secondary structures. The
poor annealing efficiency of long oligo primers has
been extensively documented in numerous PCR stud-
ies.”® Thus, we reasoned that the efficacy of LAMP
assays could be improved by shortening the FIP and
BIP primers. To this end, we determined the optimal
length of the stem region (Fic or Bic) within the pri-
mers. As shown in Table 1, we first designed N1(-3), and
N2(-5) assays, which had shortened stems (as compared
to standard design) to target the N gene of SARS-CoV-2.
The shortening of the stems resulted in significantly
improved TT values in comparison to that of original N1
and N2 assays (Fig. 1a). Thus, it was clear that standard
LAMP design guidelines for the dumbbell structure, as
recommended by previous studies,*** should be further
optimized.

To comprehensively determine the optimal length of
the stem region, we further designed twenty primer sets
with variable Fic and Bic lengths (derived from the N1
to NG assays). The testing results and the sequences of
these primer sets are summarized in Table 1 and Sup-
plementary Table S1, respectively. Both the length and
melting temperature (Tm) of the stem region were
important determinants of assay efficiency. While stem
shortening helped improve TT values as compared to
the standard design, excessive further shortening of the
stem region was detrimental as a result of significantly
lowered Tm value. Based on these 24 LAMP primer
sets, observed optimal stem length was in the range of
12-17 bp with Tm >45°C.

Assessment of non-specific LAMP products

Besides amplification efficiency (as represented by TT),
another major consideration of LAMP performance is
the specificity of the assays. False-positive products are
commonly observed in LAMP reactions even in the
absence of nucleic acid targets, as reported by numerous
studies.”>"® For example, multiple LAMP assays
derived from the NG assay (Table 1) showed various lev-
els of false-positive readout in the absence of the target
template (Fig. 1b). Thus, it is crucial to design primer
sets with low cross-reactivity to avoid false-positive
amplification. To this end, we categorized potential
false-positive (FP) reactions into four levels (FP scores 1-
4) during primer screening, with representative exam-
ples listed in Fig. 1b: 1) FP score of 1, no or minimal
fluorescence signals at the endpoint, as represented by
NG(-4) and NG(-6) assays; 2) FP score of 2, low but
detectable fluorescence signals at the endpoint, as repre-
sented by NG6(-2); 3) FP score of 3, high fluorescence sig-
nals detected during the late stage of the reaction (45-9o
min), as represented by NG(-2/-) and NG(-/-2); 4) FP

score of 4, false amplification observed during the early
stage of the reaction (<45 min), as represented by NG.
By employing this color-coded scoring scheme, we were
able to concurrently evaluate both the efficiency and
specificity of the LAMP assays (Fig. 1c).

LAMP assays with various FP scores had distinct col-
orimetric readouts and electrophoresis patterns in the
absence of target DNA (Fig. 1d & e). Specifically, for
assays with an FP score of 1 or 2, no colorimetric change
was observed (Fig. 1d, pink wells in the right section for
NG(-2), NG(-4), and NG(-6) assays). In addition, no
amplification product was observed by gel electrophore-
sis (Fig. 1e, lanes 10-12). For assays with a score of 3 or
4, non-specific products were observed by both colori-
metric changes Fig. 1d, yellow or orange wells in the
right section for N6, N6 (-2/-), and NG6(-/-2)] and gel
electrophoresis (Fig. 1e, lanes 7-9). Interestingly, the
size distribution of non-specific products was distinc-
tively different from that of on-target products (Fig. 1e
lanes 1-6 vs. 7-9). To maximize assay specificity, in our
study, only primer sets with an FP score of 1 were fur-
ther evaluated with the goal of developing robust assays
for SARS-CoV-2 diagnosis.

To understand the mechanism underlying the false-
positive reactions, we further analyzed non-specific
products from the NG assay. The NG primer set was
prone to false-positive reaction, having an FP score of 4.
Further analysis of the non-specific products by electro-
phoresis showed that false-positive reaction happened
in an FIP/BIP dependent manner (Supplementary Fig.
Sta). The false-positive reactions could occur even in the
absence of FL, BL, F3, and B3 primers (lanes 5-8, FP 3-
4), but not in the absence of FIP/BIP primers (lanes 9-
12). Thus, it was clear that the FIP/BIP primers in the
NG assay were responsible for the false-positive prod-
ucts. We further characterized the false-positive prod-
ucts by high-throughput sequencing. To this end, PCR
primers with F2 or B2 sequence at the 3’-end were used
to amplify non-specific LAMP products from the NG
assay (Supplementary Table S2). Sequencing showed
that both FIP and BIP primers were incorporated into
the non-specific products, with new linker sequences (1-
5 bp) inserted between FIP and BIP (Supplementary
Fig. Sib). These results support a model that tandem
linkage of FIP and BIP is responsible for the false-posi-
tive LAMP reactions (Supplementary Fig. Stc).

An improved bioinformatics algorithm for LAMP assay
design

Based on the above experimental data for assay optimi-
zation, we developed an improved bioinformatics algo-
rithm for designing LAMP primers for SARS-CoV-2
diagnosis. This algorithm incorporated many design
features that were proven to be important for DNA
amplification in our previous study.”” ** In addition,
the new algorithm also included novel features that are

www.thelancet.com Vol xx Month xx, 2021



LT0T ‘XX YIUO\ XX [0 WOD"}3DURIDYY MMM

Primers Flc5’ Flc Length(n.t.) Tm (°C) B1c5’ B1c Length(n.t.) Tm (°C) TT (min) FP
N1 ctctgcteccttctgcgtaga 21 63.0 tgatgctgctcttgctttgctg 22 60.4 40.0+1.1 2
N1(-3) (-3) tgctcccttctgegtaga 18 59.7 (-4) gctgctcttgctttgctg 18 59.5 30.5+1.2 2
N1(-6) (-6) tcccttctgegtaga 15 51.7 (-7) gctcttgctttgctg 15 51.9 343406 3
N1(-9) (-9) cttctgcgtaga 12 394 (-10) cttgctttgctg 12 41.1 36.9+1.6 2
N2 attcaaggctccctcagttge 21 62.4 atcacattggcacccgcaatc 21 63.6 23.6+1.9 1
N2(-5) (-5 aggctccctcagttge 16 57.7 (-5 attggcacccgcaatc 16 57.1 17.9+0.8 1
N3 cagtattattgggtaaacctt 21 525 atggcaaggaagacct 16 53.6 28.0+2.3 2
N3(-2) (-2) gtattattgggtaaacctt 19 48.8 (-2) ggcaaggaagacct 14 49.8 283145 1
N3(-4) (-4) attattgggtaaacctt 17 46.0 (-4) caaggaagacct 12 38.8 20.3+1.0 1
N3(-6) (-6) tattgggtaaacctt 15 428 (-6) aggaagacct 10 29.7 32.6+7.9 1
N4 ggtgccaatgtgatctt 17 53.9 ctgctaacaatgctgc 16 524 18.7+0.9 3
N4(-2) (-2) tgccaatgtgatctt 15 479 (-2) gctaacaatgctgc 14 47.7 14.7+1.0 2
N4(-4) (-4) ccaatgtgatctt 13 38.8 (-4) taacaatgctgc 12 38.7 18.8+1.6 1
N4(-6) (-6) aatgtgatctt 11 27.5 (-6) acaatgctgc 10 347 227415 1
N5 ctcccttctgcgtaga 16 53.6 acgtagtcgcaacag 15 523 24.0+0.1 3
N5(-2) (-2) cccttctgegtaga 14 493 (-2) gtagtcgcaacag 13 44.6 24.6+0.6 1
N5(-4) (-4) cttctgcgtaga 12 39.8 (-4) agtcgcaacag 1 39.8 33.1+7.9 1
N5(-6) (-6) tctgcgtaga 10 322 (-6) tcgcaacag 9 29.9 38.3+4.1 1
N6 ctgcctggagttgaat 16 523 cctgctagaatggctg 16 53.1 18.44+0.8 4
N6(-2/-) (-2) gcctggagttgaat 14 473 cctgctagaatggctg 16 53.1 222436 3
N6(-/-2) ctgcctggagttgaat 16 523 (-2) tgctagaatggctg 14 471 247422 3
N6(-2) (-2) gcctggagttgaat 14 473 (-2) tgctagaatggctg 14 47.1 241420 2
N6(-4) (-4) ctggagttgaat 12 359 (-4) ctagaatggctg 12 373 19.6+1.3 1
N6(-6) (-6) ggagttgaat 10 258 (-6) agaatggctg 10 31.0 20.1+0.9 1

Table 1: Effects of shortening the loop stem (F1c and B1c) on amplification efficiency and specificity.

Note: LAMP assays (10 NL reaction) were performed as described in “Methods”. The DNA plasmid containing the N gene of SARS-CoV-2 was used as template (2000 cp/reaction, 3-10 replicates). In the control reaction (3-4 repli-
cates), no template DNA was added. The TT values (Time to Threshold) were calculated from the replicated reactions and presented as mean+SD. The FP (false-positive) scores were calculated as described in Fig.r and in the main

text. For each primer set, an FP score was calculated for each control replicate, and the highest FP score from all replicates was selected and presented in the table.
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Fig. 1. Assessing the sensitivity and specificity of the LAMP assays. DNA plasmid containing the N gene of SARS-CoV-2 (2,000
cp/rxn) was used as template for LAMP amplification. a. Amplification plots of LAMP reactions. Each curve represents an average
of 3 independent measurements. b. False-positive signals produced by the N6 and N6-derived assays. The LAMP assays were
performed in the absence of the N gene template. The false-positive (FP) signals were evaluated using the FP score (score range 1-
4). 1) Dark green: no or minimal fluorescence signals at endpoint; 2) light green: low but detectable signals at endpoint; 3) purple:
signals detected during late stage of the reaction (45-90 min); 4) red: signals detected during early stage of the reaction (< 45
min). c.The TT values and FP scores of the assays targeting the N gene. The same color scheme in b was used to assess false-pos-
itive signals as determined from no-template control reactions. Primer sets N1 to N6 as well as their derived assays, which contained
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Step 1: Select consensus
SARS-CoV-2 sequence

Exclude variable positions by
aligning >100,000 genomes

Step 2:
Select single primers

Tm value

Sequence
complexity

GC content
End stability
Primer length

Secondary
structure

Primer dimer

Primer
cross-reactivity
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Step 5: Design LAMP
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Amplicon Length

Cross-reactivity among
all primers in the assay

Fig. 2. Workflow of the LAMP primer design algorithm.

unique for LAMP assays. The algorithm was imple-
mented into a Perl bioinformatics tool running under
Linux environment (available for download at GitHub).
As summarized in Fig. 2, we first downloaded all
106,439 SARS-CoV-2 genome sequences submitted to
the GISAID database (https://www.gisaid.org) as of
September, 2020. These genome sequences were
aligned to identify consensus viral genome sequence. In
our assays, we excluded target regions that contain any
variable nucleotide (<98% consensus).

Next, single primer candidates were selected from
the target region, and a primer candidate would be dis-
carded if any one of the following criteria was not met.
The Tm value of the primer was in the range of 60-64°
C, except for Fic/Bic candidates (Tm >45°C). All Tm
values were calculated using the Nearest Neighbor
method.***® To avoid potential primer cross-reactivity
due to low sequence complexity, a stretch of continuous

same nucleotides was not allowed (4 C’s, 4 G’s, 5 A’s, or
5 T’s). To further exclude sequences of low complexity,
the DUST program®” was employed, and any sequence
identified by DUST was rejected. In addition, the GC
content of the primer was in the range of 35-65% to
ensure uniform priming. The 3’-end of the primer con-
tributes most to non-specific primer extension, espe-
cially if the binding of these nucleotides is relatively
stable.”® Thus, the AG value of five residues at the 3™-
end was calculated, and a threshold value of -8 kcal/mol
was used for sequence rejection. The design algorithm
further assessed potential secondary structures, which
could hinder primer annealing to the template, leading
to reduced amplification efficiency; primer secondary
structures could also result in non-specific LAMP prod-
ucts by initiating unintended mispriming events. In our
design, we implemented multiple secondary structure
filters for primer screening as we described

identical F2, B2, FL, BL, F3, and B3 primers but shortened F1c/B1c primers, were assessed. The arrows indicated selected assays with
best overall performance in LAMP efficacy and specificity. d. Colorimetric changes of the reactions using the N6 and N6-derived
primer sets. Left panel: with DNA template included; right panel: no DNA template. e. Gel electrophoresis analysis of the LAMP
products. The same LAMP products as described in d were analyzed on DNA agarose gel. On-target products showed typical DNA
ladders (lanes 1-6) while non-specific products with high FP scores showed DNA smears (lanes 7-9). rxn: reaction.
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Fig. 3. LAMP validation of designed primer sets targeting the N gene of SARS-CoV-2. The plasmid containing the N gene of
SARS-CoV-2 (2,000 cp/rxn) was used as template for the LAMP reactions. The same color scheme as descried in Fig. 1b was used to
represent the FP score. The arrows indicated selected LAMP assays with best overall performance in efficacy and specificity. Two
published primer sets, Gene N and N2, denoted as Gene N* and N2* in the figure, respectively, were also included.

previously.”* *# In addition, the Mfold program® was
employed to exclude primer candidates with a low AG
value of predicted secondary structure.

After single primer candidates were selected, the
design algorithm then chose compatible primer pairs
that show no cross-reactivity based on sequence
match.** In particular, more stringent selection filters
were applied to the end residues of paired primers to
prevent the formation of primer heterodimers. Based
on compatible primer pairs, the F and B primer subsets
were selected, which were further assembled into a six-
primer set for the LAMP assay. Fic and F2 were com-
bined into the forward annealing primer (FIP); simi-
larly, Bic and B2 were combined into the reverse
annealing primer (BIP). Unintended primer cross-reac-
tivity is a major challenge for DNA amplification, espe-
cially when multiple primers are included in the same
reaction. To alleviate this concern, our algorithm
includes filters to evaluate potential primer dimer for-
mation or other mispriming events from all possible
primer pairs among the six primers in the assay. Details
of these cross-reaction filters were described pre-
viously.>*"** Moreover, restraints were placed on the
relative positions of each primer in the assay for effi-
cient LAMP amplification (Supplementary Fig. S2).

Experimental validation of the RT-LAMP assays for
SARS-CoV-2 RNA detection

The algorithm described above was used to design
LAMP primers for SARS-CoV-2 diagnosis. As summa-
rized in Fig. 3 and Supplementary Table S1, we tested

the performance of 22 newly designed primer sets (N7-
N238), as evaluated by both the TT value and FP score, to
target the N gene sequence in a DNA plasmid. Most of
these assays (n=19) had low FP scores (<=2), indicating
high specificity of the LAMP reaction. Moreover, the
majority of the assays (n=14) were able to detect the tar-
get with high efficiency, as demonstrated by low TT val-
ues (<30 min). In particular, N7, N25, and N27 assays
had the best overall performance, with both TT value less
than 20 min and FP score of 1. Thus, these three assays
were further evaluated for their diagnostic potential using
the SARS-CoV-2 RNA genome as the target. We also evalu-
ated the performance of two recently published RT-LAMP
primer sets used in several publications."*°?* However,
we found that one published primer set, Gene N*°
(denoted as Gene N* in Fig. 3), had an FP score of 3, indi-
cating a relatively high level of non-specific amplification.
Another primer set, N2 (denoted as N2* in Fig. 3),>° had a
higher TT value than Ny, N5, and N27, indicating lower
amplification efficiency.

Besides primer sets for the N gene, we also designed
and further tested six primer sets for the M gene and
seven primer sets for the S gene, respectively, using
SARS-CoV-2 RNA as the target (Fig. 4 and Supplemen-
tary Tables S3, S4 & S5). All the M gene assays were
highly efficient at detecting SARS-CoV-2 RNA (TT value
close to or below 30 min). Among them, M5 and M6
assays had the best overall performance (TT value close
to or below 15 min with FP score of 1). Thus, these two
assays were selected for further evaluation. As for the S
gene assays, they had similar efficiency as compared to
the M gene assays, but with elevated levels of non-
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Fig. 4. RT-LAMP validation of designed primer sets targeting the N, M, and S genes of SARS-CoV-2. SARS-CoV-2 RNA (2,000 cp/
rxn) was used as template for the RT-LAMP reactions. The same color scheme as descried in Fig. 1b was used to represent the FP
score. The arrows indicated selected RT-LAMP assays with best overall performance in efficacy and specificity.

specific amplification. Among them, S1, S4, and Sy
assays had no observed non-specific products, with an
FP score of 1. In the same way, we also tested selected N
gene assays by RT-LAMP for viral RNA detection. Alto-
gether, we identified four primer sets, N7, N27, Ms, and
MG, which had the best overall performance for both
amplification efficiency and specificity (Fig. 4).

We further tested these four selected assays along with
the published N2* assay in detection sensitivity by serial
dilution of SARS-CoV-2 RNA. In addition, we also
included the N2 primer set (shown in Fig. 1a), which was
designed based on standard LAMP primer design princi-
ples (i.e., not including the new design features identified
in this study). The RT-LAMP results (Fig. 5a) showed a
dose-dependent increase in TT values (from 11 to 65 min)
with decreasing amounts of viral RNA in the reactions
(from 10,000 to 1 cp/HL, i.€.,100,000 cp/rxn to 10 cp/rxn).
Except for N2, the other five assays could reliably detect
100 cp/HL (1,000 cp/rxn) of viral RNA in about 20-30 min
or less (100% positivity). Interestingly, when the RNA
amount was further diluted down to 20 cp/pL (200 cp/
rxn), N7, N27, and M6 assays maintained a 100% positive
detection rate with the TT of 19-36 min. Further, when 5
cp/HL (50 cp/rxn) of RNA was tested, N7 assay had a posi-
tive rate of 80% (average TT of 43 min); N277 had a rate of
40% (average TT of 19 min); M5 had a rate of 55% (average
TT of 49 min); and M6 had a rate of 53% (average TT of 41
min). When only 1 cp/pL (10 cp/rxn) of RNA was added to
the reaction (based on serial dilution), the positive rate of
viral detection was much lower for all these assays, ranging
from 0-20%.

Multiplexed RT-LAMP to further improve assay
sensitivity

We next sought to determine whether RT-LAMP sensi-
tivity could be further improved when assays were
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combined for simultaneous detection of multiple genes.
Among the validated assays, N77/N277 and M5/MG6 assays
were designed to target the N gene and M gene, respec-
tively. Thus, we established two multiplexed assays
based on N7+MG6G and N27+Ms, respectively. Both
assays had no detectable background (FP score of 1).
Notably, as shown in Fig. 5b & ¢, the efficiency and sen-
sitivity of the multiplexed assays (as evaluated by TT
and detection rate) were significantly improved over any
single assay alone. Specifically, the N7/M6 assay could
reliably detect 5 cp/pL (50 cp/rxn) of viral RNA in about
33 min (with a detection rate of 95% vs. 80% for N7 and
53% for M6, as shown in Fig. 5B and Table 2). Similarly,
N27/Mjs assay could detect 5 cp/pL (50 cp/rxn) of RNA
in 30 min (detection rate of 100% vs. 55% for M5 and
57% for N27, Fig. 5C and Table 2). Most noticeably,
with 1 cp/pL (1ocp/rxn) of RNA (based on serial dilu-
tion), both multiplexed assays had significantly
improved detection rate compared with the single
assays (40-55% detection rates for the multiplexed
assays vs. 10-30% for the single assays).

For clinical diagnosis, the human samples (e.g.,
saliva) to be tested contain transcripts of both virus and
human origin. To evaluate potential assay cross-reaction
to human RNA, we spiked in various amounts of SARS-
CoV-2 genomic RNA into total RNA (10 ng/uL) from
HelLa cells cells or SiHa cells or pretreated human
saliva. Consistent with the data presented in Fig. 5b &
¢, the RT-LAMP results showed that multiplexed N7/
M6 and N27/Ms assays were efficient and sensitive at
detecting as few as 5 cp/HL (50 cp/rxn) of viral RNA
(100% detection rate with TT <30 min, Fig. 6 a & b)
mixed with HeLa RNA. When only 1 cp/pL (10 cp/rxn)
of viral RNA was tested, the detection rates of the multi-
plexed assays were ~80% with the TT around 30 min.
For pretreated saliva samples spiked with SARS-CoV-2
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Fig. 5. Sensitivity of the RT-LAMP assays in detecting SARS-CoV-2 RNA. SARS-CoV-2 RNA was diluted in water and added to the
reactions as template (0-10,000 cp/pL, i.e., 0-100,000 cp/rxn). The TT values were determined by averaging 10-20 independent meas-
urements (n=10-15 for 20-2000 cp/piL; n=20 for 0-5 cp/L) that came from 3-4 independent master mixes and presented as mean+
SD. The percentage of positive reactions among all replicated reactions for each assay was presented (multiplexed assay results also
summarized in Table 2). a. single primer sets, N2*, N2, N7, and N27 for the N gene, as well as M5 and M6 for the M gene. b. Multi-
plexed N7+M6 assay vs. N7 or M6 assay alone. c. Multiplexed N27+M5 assay vs. N27 or M5 assay alone.

RNA, both assays showed similar but slightly decreased
performance in sensitivity and efficiency compared with
HeLa RNA (Fig. 6 a & b). Importantly, the reactions pro-
duced negative results (i.e., 0% detection rate) when
viral RNA was omitted, indicating no cross-reactivity of
the assays to HeLa/SiHa RNA or saliva RNA (data not

shown for SiHa and Saliva RNA). As a positive control,
we also performed RT-LAMP to target Beta-actin
(ACTB) RNA in Hela cells and human saliva (Supple-
mentary Table S7)*°, and the result indicated high effi-
cacy of detection (TT ~10 min for HelLa RNA and
~16 min for saliva RNA, respectively).
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SARS-CoV-2 RNA with N7/M6 assay (10 JIL reaction)

In RT-LAMP reactions Diluted in water

Mixed withHeLa RNA

Mixed withpretreated saliva cp/jLin
undiluted saliva

RNA Positive/Replicates Sensitivity Positive/ Sensitivity Positive/ Sensitivity
ol cp/rn Replicates Replicates
2,000 20,000 10/10 100% 10/10 100% 5/5 100% 80,000
500 5,000 1010 100% 10/10 100% 5/5 100% 20,000
100 1,000 10/10 100% 10/10 100% 5/5 100% 4,000
20 200 20/20 100% 20/20 100% 30/30 100% 800
5 50 19/20 95% 20/20 100% 24/30 80% 200
1 10 11/20 55% 16/20 80% 15/30 50% 40
0 0 0/20 - 0/20 - 0/30 - 0

SARS-CoV-2 RNA with N27/M5 assay (10 |1L reaction)

RNA Diluted in water Mixed withHeLa RNA Mixed withpretreated saliva cp/pL in
undiluted saliva
cp/L cp/rxn Positive/Replicates Sensitivity Positive/ Sensitivity Positive/ Sensitivity
Replicates Replicates
2,000 20,000 10/10 100% 10/10 100% 10/10 100% 80,000
500 5,000 10/10 100% 10/10 100% 10/10 100% 20,000
100 1,000 10/10 100% 10/10 100% 10/10 100% 4,000
20 200 20/20 100% 20/20 100% 20/20 100% 800
5 50 20/20 100% 20/20 100% 19/20 95% 200
1 10 8/20 40% 16/20 80% 14/20 70% 40
0 0 0/20 - 0/20 - 0/20 - 0

Saliva spiked with SARS-CoV-2 particles (120 iL reaction)

Virus N27/M5 assay
cp/pL cp/rxn Positive/Replicates Sensitivity cp/pL in undiluted saliva
0.11 13.5 22/22 100% 1.5
0.08 9 18/20 90% 1.0
0 0 0/26 - 0

Table 2: Limit of Detection (LOD) analysis of the RT-LAMP assays.

Note: the highlighted rows indicate threshold reactions to determine the LOD values of the respective assays. rxn, reaction.

Further optimization of the RT-LAMP assays for direct
detection of SARS-CoV-2 in saliva
With the limit of detection (LOD, defined as >95%
detection rate) at 5 cp/HL (50 cp/rxn) of viral RNA in the
RT-LAMP reaction (Tables 2), the N7/M6 and N27/Mj
assays were highly efficient and specific when SARS-
CoV-2 RNA was diluted with water or HeLa RNA. How-
ever, the LODs were relatively low for SARS-CoV-2
detection in saliva samples mainly due to the limited
amount (0.5 PIL) of pretreated saliva being added to the
RT-LAMP mixture as well as inhibitory effects of saliva
components on the reactions (the LODs at 8oo cp/pL
and 200 cp/pL of viral RNA in undiluted saliva for N7/
M6 and N27/Mjg assays, respectively; Tables 2).

The N27/Mjs assay showed generally better sensitiv-
ity in above-mentioned tests than the N7/MG assay
(based on observed positivity rate and amplification

www.thelancet.com Vol xx Month xx, 2021

efficiency as shown in Table 2 and Figs. 5 & 6). To fur-
ther improve the sensitivity for saliva testing, we
increased the RT-LAMP reaction volume from 1o 1L to
120 HL, such that more saliva could be added to the reac-
tion. In addition, the amount of pretreated saliva being
added to the reaction was optimized to 18 pL according
to a recent publication ** as well as our testing data.
Moreover, we observed that HPLC purification of the
FIP and BIP primers further boosted the efficiency of
RT-LAMP (data not shown). With this new assay for-
mat, we evaluated the N27/Mjs assay performance on
SARS-CoV-2 detection based on either colorimetric
(Supplementary Fig. S3a) or fluorescent readouts (Sup-
plementary Fig. S3b). The reactions were completed
within 50-60 min when tested on saliva samples spiked
with 1 cp/uL SARS-CoV-2 (Supplementary Fig. S3b).
The LOD of the 120 UL reaction was determined to be

1
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Fig. 6. The sensitivity and specificity of two multiplexed assays in detecting SARS-CoV-2 RNA mixed with HeLa RNA or
human saliva. SARS-CoV-2 RNA (0-2,000 cp/pL) was mixed with HeLa cell RNA (10 ng/pL) or pretreated healthy human saliva. The
TT values were determined by averaging 10-30 independent measurements and presented as mean=SD. Beta-actin (ACTB) RT-
LAMP assay was used as positive control for human RNA detection. The numbers of replicates were: 100-2,000 cp/pL (i.e., 1,000-
20,000 cp/rxn), n=5-10; 0-20 cp/pL (i.e.0-200 cp/rxn), n=20-30. a. Validation of the N7/M6 assay. b. Validation of the N27/M5 assay.

o.11 cp/ML or 13.5 cp/rxn, as shown in Table 2 and sup-
plementary Fig. S 3a & c. This was equivalent to an LOD
of 1.5 cp/UL SARS-CoV-2 in undiluted saliva samples
before being processed for RT-LAMP testing. In compari-
son, no colorimetric change or fluorescent signal was
observed from any of the negative control reaction (with
no spiked-in virus in the saliva). Moreover, the larger reac-
tion volume (120 pL) also made it easier to observe colori-
metric changes even by inexperienced users.

Evaluation of assay specificity using common human
respiratory viruses

We further evaluated potential cross-reactivity of the
N27/Mjs assay using genomic RNA samples from five
common respiratory viruses, including human corona-
virus 229E (ATCC VR-740D), human coronavirus
0C43 (ATCC VR-1558D), influenza A virus (HiNt,
ATCC VR-1682D), human respiratory syncytial virus
(ATCC VR-2455), and human rhinovirus 16 (ATCC VR-
283DQ). The presence of viral RNA was confirmed by
RT-qPCR (Ct values ranging between 14~23) using pri-
mers specific to each virus genomic RNA (Supplemen-
tary Table S8). As shown in Supplementary Fig. S4,
N27/Ms RT-LAMP showed no cross-reactivity with any
of these virus genomic RNAs.

Performance comparison of the RT-LAMP assays using
patient saliva samples

To evaluate the clinical utility of the RT-LAMP assays,
we compared two alternative methods for SARS-CoV-2

diagnosis with saliva samples. 1) RT-LAMP directly
using saliva; 2) RT-qPCR using RNA isolated from
saliva. Currently, RT-qPCR is the most widely used
method in the clinic for SARS-CoV-2 diagnosis mainly
due to its high detection sensitivity and specificity. We
evaluated a commonly used RT-qPCR assay, E-Sarbeco,
which is recommended for COVID-19 diagnosis by the
WHO and CDC.?* Our validation data indicated that the
E-Sarbeco assay had an LOD of o.5 cp/pL (i.e., 14 cp/
rxn) of SARS-CoV-2 RNA, while producing no false pos-
itive signals from the negative control (Ct >40). This
result is consistent with previously reported data on the
E-Sarbeco assay and is also in the same LOD range with
other RT-qPCR assays for COVID-19 diagnosis.*"?*#

We validated the N27/Ms RT-LAMP assay using
twenty clinical saliva samples originally acquired for
COVID-19 diagnosis. As reference control, the E-Sar-
beco assay was also included for testing of saliva RNA.
Out of the twenty cases, nine were tested positive
(Fig. 7, patients #4, 22, 23, 27, 31, 1, 9, 10 and 206), and
ten were tested negative (Fig. 7, patients #11, 12, 13,14,
17, 15, 18, 19, 20, and 8) by both the RT-LAMP and RT-
qPCR assays. The viral concentrations in these positive
samples varied greatly, as indicated by a broad range
of Ct values (23.6-38.5) from RT-qPCR. Interestingly,
one patient (#16) was tested negative by RT-qPCR
but positive by the RT-LAMP. Electrophoresis analy-
sis (not shown) and High-throughput sequencing of
the resultant RT-LAMP products confirmed specific
amplicon sequences from SARS-CoV-2 (Supplemen-
tary Table S6).
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Patients # 1" 12 13 14

RT-gPCR (E gene Ct) *ND ND ND ND

RT-qPCR (ACTB Ct) 25.8 23.0 23.0 231

Positive/Negative - - - -
Patients #

RT-qPCR (E gene Ct) ND ND ND ND
RT-qPCR (ACTB Ct) 24.8 24.8 26.5 24.7
Positive/Negative - - - -

ND 259 284 312 244 25.1
25.9 27.7 243 240 244 251

+ + + + o+

1 9 10 26 16

ND 236 364 345 385 ND

28.0 25.8 23.9 26.2 26.0 25.6

-+ o+ O+ O+ o+

Fig. 7. Validation of the RT-LAMP assays using clinical saliva samples containing the SARS-CoV-2 virus. RNA isolation, saliva
treatment, RT-LAMP, and RT-qPCR were performed as described in Methods. RT-LAMP was performed on heat-inactivated saliva. An
RT-gPCR assay was also included for performance comparison. Colorimetric results before and after the reactions (65°C for 1 h) were
presented, with positive reactions determined by clearly visible color change from pink to orange or yellow. Each reaction was inde-
pendently repeated 2-3 times with identical results as displayed here. *ND: not detected by RT-qPCR.

Discussion

RT-LAMP is an emerging technology for molecular
diagnosis of human pathogens. Compared with RT-
qPCR, the advantages of RT-LAMP assays are clear: 1)
The reaction is fast; 2) the assay setup does not require
any expensive instrument; and 3) the reaction is rela-
tively insensitive to sample impurity, making it possible
to directly test crude samples without RNA isolation.
Thus, RT-LAMP with colorimetric readout is particu-
larly attractive for point-of-care diagnosis of infectious
pathogens. For example, multiple investigators have
attempted to develop RT-LAMP assays for the diagnosis
of COVID-19.*5
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Despite its potential as a powerful diagnostic tool,
RT-LAMP has not been widely adopted in the clinical
setting (in comparison of RT-qPCR). One major chal-
lenge is the design of robust LAMP primers. A LAMP
assay includes a set of six primers, targeting eight
regions of the nucleic acid sequence for amplification;
thus, the primer design is complicated. Existing assay
design methods often produce ineffective primer sets
due to poor amplification efficiency or non-specific
amplification. As a result, high-quality LAMP assays are
commonly developed by trial and error based on experi-
mental testing of many designed primer sets. Due to
the major challenges in LAMP primer design, most
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LAMP studies for COVID-19 diagnosis adopted previ-
ously published primer sets that had suboptimal perfor-
mance.

To address the aforementioned challenges, we devel-
oped an improved algorithm for LAMP primer design
to target SARS-CoV-2. First, we optimized the length of
Fic/Bic to significantly boost the amplification effi-
ciency. F1c and Bic make up the loop stem of the dumb-
bell structure, which is formed at the beginning of the
LAMP reaction and serves as template to initiate the
amplification phase. Second, Next-generation sequenc-
ing demonstrated that false-positive reactions mainly
resulted from unintended interactions between FIP and
BIP, two longest primers that are required at much
higher concentrations than other primers in the reac-
tion. Thus, more stringent specificity filters should be
applied to the design of FIP/BIP primers. Taking
account of these LAMP-specific parameters as well as
other common primer design criteria from our previous
studies,** ** we developed an improved bioinformatics
algorithm for LAMP primer design. Our design method
is highly effective at producing high-quality LAMP
assays, as evidenced by the validation data for the
primer sets targeting the N and M genes of SARS-CoV-
2. However, for the S gene, it is still a challenge to
design efficient primer sets, likely due to the higher GC
content (58% for S vs.43% for M and 47% for N).

Saliva testing is an attractive method for COVID-19
diagnosis. 1) It is a non-invasive method for sample col-
lection; 2) saliva can be collected by a non-medical care
worker, thus reducing the risk of nosocomial transmis-
sion; and 3) saliva is relatively stable at a broad range of
storage temperatures.’® Despite these advantages, there
are also challenges facing COVID-19 saliva testing: 1)
saliva has a broad range of virus loads (10-100,000 cp/
HL);*” 2) saliva contains many heterogeneous compo-
nents, some of which are inhibitory to most diagnostic
assays. As a result, RNA isolation is required for stan-
dard RT-qPCR methods for COVID-19 diagnosis with
saliva samples.

The RT-LAMP assays we developed could directly
detect the SARS-CoV-2 virus in saliva samples and were
highly sensitive to cover a broad range of SARS-CoV-2
titers in patient saliva (10-100,000 cp/pL). Importantly,
our RT-LAMP assays produced comparable diagnostic
results to RT-qPCR when directly applied to patient
saliva samples. Interestingly, SARS-CoV-2 loads in
these saliva samples varied greatly based on the RT-
qPCR results. As for very low virus loads, it could be a
challenge to sensitively detect the virus, whether using
RT-qPCR or RT-LAMP. However, this is not likely a
major issue for COVID-19 screening; multiple studies
showed that, when the virus load was below a certain
level (<100-1,000 cp/HL in biofluid or Ct value >34),
the patients are not likely to spread disease.’® 4°

Our RT-LAMP assays were fast as most reactions
were completed within 30-50 min. Moreover, the assays

could be easily adapted for point-of-care diagnosis with
colorimetric readout under constant reaction tempera-
ture, or as a high-throughput screening assay in 96-well
plate format. In term of recently emerged SARS-CoV-2
variants (Alpha, Beta, Delta, Gamma, Epsilon, Eta, and
Kappa strains), most identified mutations are located in
the S gene sequence,*"** and thus our validated assays
focusing on the N and M genes will not likely be com-
promised by these mutations. It is worth mentioning
that SARS-CoV-2 is a relatively conserved RNA virus.
Therefore, it is possible to design robust RT-LAMP
assays to cover most variant strains. However, for highly
mutated viruses, such as HIV-1, it could be a major chal-
lenge to design six LAMP primers to target conserved
regions of the viral sequence. In that case, combining
multiple designs into one multiplexed assay could be an
option to alleviate this concern. Alternatively, a LAMP
assay that is relatively tolerant to primer mismatch (e.g.,
inclusion of degenerate primers) could be designed. To
this end, future experiments should be designed to
determine the impact of primer mismatch on assay sen-
sitivity and specificity, including both the number of
nucleotide mismatches in one primer and the total
number of mismatched primers.

In summary, we developed an improved algorithm
for LAMP assay design, and further validated the assays
targeting SARS-COV-2. The design algorithm as well as
the validated highly specific and sensitive RT-LAMP
assays provide powerful diagnostic tools to curb the pan-
demic of COVID-19.
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