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� The direct RT-LAMP assay developed
is simple and extraction-free,
requiring only heating and bead-
assisted mechanical lysis for sample
preparation.

� A calibrated template transfer tool
was devised to simplify sample
addition into RT-LAMP reactions.

� The assay is rapid and has a high
diagnostic performance of 99.30%
accuracy, 98.81% sensitivity, and
100% selectivity compared to RT-PCR.
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The global public health crisis and economic losses resulting from the current novel coronavirus disease
(COVID-19) pandemic have been dire. The most used real-time reverse transcription polymerase chain
reaction (RT-PCR) method needs expensive equipment, technical expertise, and a long turnaround time.
Therefore, there is a need for a rapid, accurate, and alternative technique of diagnosis that is deployable
at resource-poor settings like point-of-care. This study combines heat deactivation and a novel me-
chanical lysis method by bead beating for quick and simple sample preparation. Then, using an optimized
reverse transcription loop-mediated isothermal amplification (RT-LAMP) assay to target genes encoding
the open reading frame 8 (ORF8), spike and nucleocapsid proteins of the novel coronavirus, SARS-CoV-2.
The test results can be read simultaneously in fluorometric and colorimetric readouts within 40 min from
sample collection. We also calibrated a template transfer tool to simplify sample addition into LAMP
reactions when pipetting skills are needed. Most importantly, validation of the direct RT-LAMP system
based on multiplexing primers S1:ORF8 in a ratio (1:0.8) using 143 patients’ nasopharyngeal swab
samples showed a diagnostic performance of 99.30% accuracy, with 98.81% sensitivity and 100% selec-
tivity, compared to commercial RT-PCR kits. Since our workflow does not rely on RNA extraction and
purification, the time-to-result is two times faster than other workflows with FDA emergency use
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authorization. Considering all its strengths: speed, simplicity, accuracy and extraction-free, the system
can be useful for optimal point-of-care testing of COVID-19.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Diagnosis constitutes a vital part of guiding epidemiological
strategies and public health interventions in controlling the novel
coronavirus disease (COVID-19) outbreak. Moreover, in the absence
of effective drugs and inequitable access to vaccines against the
virus, the importance of wide-scale and targeted testing cannot be
overstated. Currently, real-time reverse transcription polymerase
chain reaction (RT-PCR) is the reference method for diagnosing
COVID-19 [1]. The nucleic acid testing technique is preferred since it
can accurately detect etiological disease agents based on their
unique molecular sequences. Rapid serological tests are comple-
mentary methods of detection, often used at point-of-care (POC).
Their strengths lie in detecting past infections and people with
developed immunity, which could provide an overall picture of the
pandemic. However, antibody-based tests do not detect early in-
fections because of late seroconversion time post-exposure. Be-
sides, rapid antigen tests have reported lower sensitivity than
molecular tests [2]. Despite the apparent advantages of RT-PCR, the
method is sophisticated and requires expensive equipment, skilled
labor, and a long turnaround time, making it difficult to scale its
operations at POC where they are needed most. Apart from the
technologies mentioned above, there have been several attempts to
develop point-of-care SARS-CoV-2 biosensors based on nano-
materials, field-effect transistors, surface plasmon resonance,
chemiluminescence, electrochemistry, and CRISPR/CAS systems
coupled with or without isothermal nucleic acid amplification
technologies (INAAT) such as recombinase polymerase amplifica-
tion (RPA) and loop-mediated isothermal amplification (LAMP)
[3e9]. Although the novel biosensors developed are promising,
their design and optimizations are complex, cost-prohibitive, and
time-consuming. For example,electrochemical-based biosensors
need calibration and electrode replacement regularly to function
optimally, limiting their applicability at the POC. Also, lateral flow
devices are sometimes affected by sample matrix; hence appro-
priate sample pretreatment is necessary [10,11].

Sample preparation is a key challenge for deploying existing
technologies to the field [12]. The conventional way to prepare
samples for nucleic acid amplification tests (NAATs) involves cell
lysis or nucleic acid extraction and purification in centralized lab-
oratories using commercial kits on benchtop equipment. Generally,
the commercial nucleic acid processes involve silica membrane-
based spin columns, consumables such as pipette tips and centri-
fuge tubes, several buffers for cell lysis, column washing, and
sample elution. Although commercially available kits such as
NucliSens easyMAG (bioM�erieux) and QIAmp DNA/RNA purifica-
tion kit (Qiagen) can rapidly prepare samples, they cannot be
deployed at the POC. Due to high demand and logistical challenges,
their supply and availability were constrained during the
pandemic. Essentially, cell lysis is the most crucial step for solid-
phase extraction methods; hence the most appropriate lysis tech-
nique should be selected depending on the sample type [13]. There
is a concern that RNA may not be extracted efficiently from com-
plex clinical samples using commercial kits, particularly those that
rely solely on lysis buffer or enzymatic lysis for initial sample
processing. Incomplete sample lysis may lead to blockage of
column-based extraction methods, resulting in poor elution. This
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problem could lead to sample loss in weakly positive samples.
Taken together, there is a need to develop rapid and reliable diag-
nostic tools for use at POC rather than centralized laboratories in
order to keep up with the demand for mass testing.

LAMP, initially developed by Notomi et al., is often used as a
molecular diagnostics alternative to PCR [14]. The method is spe-
cific, sensitive, and rapid and can tolerate unpurified sample input.
It can also be performed under isothermal conditions due to the
high strand-displacement activity of the Bst DNA polymerase
enzyme. LAMP is an ideal method of choice in the field. Previously,
combined with reverse transcription steps (RT-LAMP), it was used
to detect RNA viruses, including influenza viruses, middle east
respiratory syndrome (MERS-CoV), SARS-CoV, and even SARS-CoV-
2 [15e18]. Although many studies reported using RT-LAMP for
SARS-CoV-2 detection, diagnostic performance was lower than RT-
PCR, especially without RNA extraction [19,20]. Moreover, non-
specific amplification frequently observed when using LAMP is a
significant drawback in deploying the technology as a mature
clinical diagnostic tool. Previous investigations have reported that
false-positive reactions could occur due to carry-over contamina-
tion, primer hybridization between multiple primer sets, and the
type of Bst polymerase enzyme or reaction buffers used [21]. To
overcome the above challenges, uracil-DNA-glycosylase (UDG)-
LAMP, probe-based methods with proofreading enzymes, and ad-
ditives such as pullulan and dimethyl sulfoxide (DMSO) have been
proposed [22e24]. However, these approaches do not eliminate or
inform on the nature of non-specific amplification in LAMP re-
actions. Therefore, it is desirable to account for false-positive re-
actions using a reliablemethod that may subsequently aid in tuning
reaction conditions.

Herein, we developed a quick and efficient sample mechanical
lysis method, avoiding the bottlenecks associated with RNA
extraction. Building on our preliminary work [25], we designed
primer sets with higher sensitivity and performed optimizations
involving high resolution melting curve analysis and primer mul-
tiplexing. We also calibrated a template transfer tool that may
simplify template addition into LAMP reactions. As a result, a robust
RT-LAMP assay was successfully established with diagnostic per-
formance same as RT-PCR without RNA extraction, which could
facilitate the diagnosis of COVID-19 at resource-limited settings.
2. Materials and methods

2.1. Sample collection and processing

Nasopharyngeal swabs were collected from patients suspected
of COVID-19 fromvarious designated hospitals inWuhan, China, on
the 12th of March 2020, and sent to Wuhan Institute of Virology
(WIV), CAS, by China CDC. The samples were then processed in a
biosafety level 2 laboratory, WIV. Of note, the patient specimens
were transported and stored in a viral transport medium (VTM;
Yocon Biology, Beijing, China) at 4 �C. 1x Phosphate-buffered saline
(PBS) and saliva samples from healthy volunteers were spiked with
cell culture supernatant of SARS-CoV-2 grown on Vero E6 cells in a
biosafety level 3 lab, then serially diluted in their respective media
in a ten-fold dilution series. All the samples were deactivated by
heat at 95 �C for 5min on a thermostatic water bath. Deactivation of
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SARS-CoV-2 at similar conditions was reported as safe and efficient
[26]. The deactivated samples were left to cool at 4 �C before further
processing. All the experimental protocols were reviewed and
approved as per the institutional and ethical guidelines of WIV,
CAS.

2.2. Bead beating

We devised a novel mechanical extraction technique incorpo-
rating three commercially available cell-disruption RNase-free
beads from NovaStar® (NZK Biotech, Wuhan, China). Beads Z (Zir-
conium oxide, size 0.15 mm in diameter), beads Z þ C (Zirconium
oxide and Chelex® 100 resin,100e200 mesh, sodium form; Bio-
Rad, USA), and beads K (Ceramic, size 0.15 mm in diameter) to
enhance the sensitivity of our assay when using unpurified sample
input. For beads Zþ C, Zirconium oxide and Chelex® 100 resinwere
mixed in the ratio of 1:1 (w/w). Bead bashing is generally used for
mechanical disruption of bacteria and tissues difficult to lyse [27].
Owing to its high lysis capacity and not being cell-dependent, we
hypothesized that it might extract virus particles encapsulated
within human cells and thus lyse the viral capsid and release the
RNA.

We separately transferred 250 mg of the beads to three 0.2 mL
PCR tubes (Axygen Inc., CA, USA). The VTMwas then gently swirled
to maintain a homogeneous solution from which 50 mL of the heat
deactivated clinical specimens were cautiously pipetted into tubes
comprising beads, and the tubes were tightly closed. Clinical
samples without beads treatment served as a control. The tubes
with the samples were then vigorously vortexed on a Vortex-Genie
2 Mixer (Scientific Industries, New York, USA) at maximum speed
(3200 rpm) for 5 min. After vortexing, we let the beads and any
possibly generated aerosols settle down at room temperature for
1 min. We promptly obtained the supernatant for subsequent
downstream processes.

To further examine the impact of our bead beating protocol on
RT-LAMP detection, we conducted a systematic investigation on the
treatment process. First, we independently evaluated Zirconium
oxide and Chelex beads, as well as a combination of the two, on a
positive swab sample with and without vortexing for 5 min. Sec-
ond, a separate swab sample was mechanically lysed (with vor-
texing) by the beads for 5 min, followed by RNA extractionwith the
QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany), as specified
by the manufacturer. We then compared our mechanical lysis
approach to other commonly used chemical and enzymatic lysis
methods, such as lysis buffer VXL (Qiagen; active ingredient -
Guanidine hydrochloride; 1:1), Igepal CA-630 (Sigma-Aldrich, Saint
Louis, USA; 0.5%), proteinase K (Promega, Madison, USA; 1:1), and
Recombinant RNase inhibitor (Takara Bio Inc.; 40U/mL). The
sample-to-lysis buffer ratios and final concentrations used to treat
the sample are represented by the ratios and concentrations in
brackets, respectively. For the chemical treatments, the incubation
timewas 5 min. Lastly, we determined the optimal mechanical lysis
time by performing our bead beatingmethod at 1,3,5,7,10,15,20min
intervals.

2.3. RNA extraction and RT-PCR assays

We extracted total RNA from the inactivated SARS-CoV-2 cell
supernatants and clinical samples using FineMag Quick Viral DNA/
RNA kit-manual version. In addition, FineMag Quick Viral DNA/RNA
kit-automated version was coupled with an automated machine,
Purifier™ Modesty (Genfine Biotech, Beijing, China). We detected
the purified RNA using an approved commercial real-time RT-PCR
kit (Bioperfectus, Jiangsu, China) on a LightCycler® 480 Instrument
II (Roche, Mannheim, Germany). A cycle threshold (Ct) value of <40
3

for SARS-CoV-2 targets and <35 for the human internal control
gene was considered positive.
2.4. RT-LAMP assay and primer design

In our preliminary work [25], we designed five SARS-CoV-2
primers sets. Of which, N-A was the most sensitive primer and
was used in some studies [19,20,28,29]. As a follow-up study, we
designed more sensitive primer sets targeting highly conserved
segments of genes encoding open reading frame 8 (ORF8) protein
and the spike protein of SARS-CoV-2. Additionally, we designed
internal control primers targeting the human ribonuclease P pro-
tein subunit p20 (RPP20) encoded by the POP7 gene. Using the
online NEB® LAMP primer design tool (https://lamp.neb.com/#!/)
with default parameters, we designed three sets of primers specific
for each target region. The primers were evaluated individually, and
the best performing set was selected for further analysis. In silico
analysis of the primers using NCBI primer-BLAST revealed 100%
identity to SARS-CoV-2 and no matches for other closely related
human coronaviruses. We additionally checked the frequency of
mutations in the targeted segments using the CoVsurver app on the
GISAID database (www.gisaid.org). The primers were synthesized
by Sangon Biotech (Shanghai, China).

A 25 mL RT-LAMP reaction volume consisted of 12.5 mL of
WarmStart® Colorimetric LAMP 2x Master mix with Uracil-DNA
glycosylase (UDG) (New England Biolabs, Beverly, USA), 2.5 mL of
10x primer mix, 2 mL of RNA sample, 5.5 mL of sterile nuclease-free
water, and 2.5 mL of Guanidine hydrochloride (40 mM final con-
centration). The concentration of primers used in this assay
remained the same as in the previous study [25]. For colorimetric
detection only, unless otherwise stated, the reaction was set at
65 �C for 30 min in a portable dry bath (MyLab, Beijing, China). A
color change from pink to yellow or intermediate orange is a pos-
itive reaction.

To enable quantitative analysis, colorimetric and fluorometric
assays were performed simultaneously by adding 1 mM of SYTO®-9
intercalating dye (Invitrogen, Carlsbad, USA) to the final RT-LAMP
mix and incubated on CFX96 Real-Time PCR system (Bio-Rad,
Hercules, CA, USA) at 65 �C. The protocol was set, unless otherwise
stated, for 25 cycles (~30 min reaction time), 1 min each cycle, and
the fluorescence signal was detected on the FAM channel at the end
of each cycle. A sigmoid (S-shaped) curve before the threshold cut-
off time was considered a positive result; otherwise, it was a
negative result.
2.5. Analytical performance of RT-LAMP primers

To determine the limit of detection (LOD) of the primers, RNA
dilutions were assayed in 12 replicates at each dilution. The RNA
copy was determined by One-step RT-ddPCR Advanced Kit for
Probes (BioRad Cat. #1864022) using primers described in our
recent report [30]. The observations for each primer or primer
combinationwere then fit in a probit curve. The LODwas defined as
the least dilution at which the primers detected 95% of the repli-
cates. The primers were multiplexed in equal ratio or according to
their performance in a single-tube reaction of duplex or triplex
assays.

To check the primers’ specificity, we tested them against a panel
of six respiratory pathogens available as laboratory stock. DNA or
RNA was extracted from the following pathogens: Influenza A
(H3N2, H1N1), Influenza B (Yamagata, Victoria), Mycobacterium
tuberculosis, Streptococcus pneumoniae.

https://lamp.neb.com/#!/
https://www.gisaid.org
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2.6. Optimization of primer sets by melting curve analysis and gel
electrophoresis

High resolution melting curve (HRM) analysis and agarose gel
electrophoresis post-amplification were used to differentiate spe-
cific from non-specific RT-LAMP products in our assay. Following
temperature ramping to 95 �C for 10 s to inactivate enzymes and
cooling to 60 �C for 0.05 s, melting curves were generated by
temperature increment to 95 �C at a ramp rate of 0.5 �C/sec,
including a plate reading step at each temperature. The BioRad's
CFX 96 software manager automatically produced the melting
curves at the end of the melt protocol. The products were then
subjected to 2% gel electrophoresis stained by GelRed dye, run at
120 V/150 mA for 40 min. Finally, we visualized the banding pat-
terns under UV on BioRad's ChemiDoc™ molecular imager.

2.7. Effect of sample matrix on direct approach RT-LAMP reaction
system

To assess the tolerance of the LAMP mixture to VTM, we tested
1 mLe5 mL of two commercially available VTMs; VTM Y (Yocon
Biology, Beijing, China) and VTM X (Xinkang Medical, Jiangsu,
China). We spiked 1 mL of each VTMwith 5 mL of purified extracted
SARS-CoV-2 RNA. The reaction was set up as described above. We
included 1 mL of the extracted RNA without VTM as a control. To
further investigate the effect of crude cell lysates on the perfor-
mance of the LAMP mix, we repeated the procedure, as in the case
of VTM. However, an unpurified mechanically lysed positive swab
sample was used as the template.

2.8. Detection of cell-cultured SARS-CoV-2 spiked in PBS and saliva
samples

We also evaluated the assay's variability in detecting extracted
RNA and crude lysates from simulated PBS and saliva samples. The
samples were prepared, as mentioned above. In crude lysates, the
samples were mechanically lysed by bead beating, and 1 mL was
used as the RT-LAMP template. Primer mix S1:ORF8 (1:0.8) and
human internal control primers were used in this experiment.

2.9. Calibration of template transfer tools

To facilitate the transfer of templates from sample tubes into
reaction tubes at POC in the absence of pipettes, we calibrated rod-
like transfer tools made of wood, plastic, metal, and glass. We
selected the materials based on accessibility and ease of use. The
calibration curve was constructed by measuring the absorption of
GelRed® dye (Biotium, CA, USA) using ultravioletevisible spec-
troscopy (UVeVis) against its corresponding dilutions. In this case,
we used a 100x dilution of the dye to act as our standard stock
solution. From the stock solution, we pipetted 1 mLe5 mL and added
each volume to 500 mL of sterile, nuclease-free water. The mixture
was then vortexed to ensure uniformity. We run the samples in
triplicate on NanoDrop™ One (Thermofisher, Massachusetts, USA)
per the manufacturer's instructions. After generating the calibra-
tion curve, the same procedurewas repeated, but this timewith the
tools to be calibrated. The tools were not only calibrated based on
material but also diameter (wood ¼ 0.25 mm, plastic ¼ 0.20 mm,
metal ¼ 0.30 mm and glass ¼ 0.70 mm) and height (2 mm, 4 mm,
6 mm, 8 mm and 10 mm).

2.10. Storage stability of the RT-LAMP master mix

We investigated the shelf-life of the ready-to-use RT-LAMP
master mix stored at �20 �C, 4 �C, and room temperature for up to
4

28 days. After every two days, we tested the stability of the LAMP
mix to detect a positive swab sample in four technical replicates.
Note that SYTO®- 9 dye was not included in the RT-LAMP reagent-
ready mix. The dye was only applied to the mixture shortly before
the reaction was set.

2.11. Diagnostic evaluation of the RT-LAMP assay

A total of 143 clinical nasopharyngeal swab specimens were
evaluated using our optimized direct approach RT-LAMP assay
while using commercial RT-PCR kits approved by the Chinese FDA
as the standard test for comparison. The experiments were per-
formed concurrently, and the investigators were oblivious to any
test outcome, not until all of the data were collected.

2.12. Statistical analysis and data processing

The normality of data was checked, and the graphs were
generated by GraphPad Prism Software Windows version 8.01
(GraphPad Software, California, USA). Data are represented asmean
and standard error of the mean (SEM) or mean ± standard devia-
tion (SD), where appropriate. Unless otherwise stated, all data
points are representative of three independent experiments. Two-
way ANOVAwith Tukey multiple comparison was used to compare
the differences between groups. Statistically significant differences
between groups are marked on the corresponding diagrams. The
probit analysis was performed using MedCalc® software Windows
version 19.3. Spearman's correlation was established between RT-
PCR and RT-LAMP tests of PBS and saliva samples. Linear regres-
sion analysis between RT-PCR and ddPCR quantification of RNAwas
also performed. The diagnostic performance parameters for the
direct approach RT-LAMP, compared to commercial RT-PCR kit on
clinical swabs, were calculated using the online MedCalc's Diag-
nostic test evaluation calculator (https://www.medcalc.org/calc/
diagnostic_test.php).

3. Results and discussion

3.1. Optimization of primer sets for sensitive and specific SARS-CoV-
2 detection

Spurious amplification due to the formation of primer dimers
and self-amplifying hairpins is a common problem with LAMP
technology [31]. Accordingly, those interactions must be accounted
for in a particular assay since they may affect the specificity and
impede the speed and the sensitivity of LAMP reactions [21].
Developing a robust LAMP assay depends mainly on the perfor-
mance of the primer. The high number of primers used in a single
reaction may lead to non-specific amplification due to intrinsic
interactions between primers, affecting detection performance. A
few primer sets (N-A, N2, Orf1a-HMSe) [25,32,33] reported with
high sensitivity for SARS-CoV-2 detection, and new primers
designed by us (Table 1) were evaluated using high resolution
melting curve (HRM) analysis and agarose gel electrophoresis after
amplification.

In Fig. 1, the combination of two or three primer sets for
detection resulted in either specific or non-specific amplification
depending on the primer set. Gel electrophoresis showed ladder
banding patterns on negative control and NTC, similar to those on
dilutions 1e5when non-specific amplification occurred (Fig.1D). In
contrast, no such ladder banding patterns were observed for
negative control and NTC in case of specific amplification (Fig. 1A).
The HRM analysis revealed more interesting double peaks in the
case of non-specific amplification, melting temperature (Tm) of
84 �C at the first peak and higher Tm of 89 �C and 90 �C at the

https://www.medcalc.org/calc/diagnostic_test.php
https://www.medcalc.org/calc/diagnostic_test.php


Table 1
List of RT-LAMP primers designed and used in this study.

Primer Sequence 50-30 Target segment

ORF8-F3 CCAAGAATGTAGTTTACAGTCAT NC_045512.2a

27894-28259
ORF8 protein

ORF8-B3 CCTGGCAATTAATTGTAAAAGGTA
ORF8-FIP TGCTGATTTTCTAGCTCCTACTCTACATCAACCATATGTAGTTGATGAC
ORF8-BIP CCTTTAATTGAATTGTGCGTGGATCAGGAAACTGTATAATTACCGATA
ORF8-LF GAATAGAAGTGAATAGGACACGG
ORF8-LB GCTGGTTCTAAATCACCCATT
S1-F3 GTGTTTATTACCCTGACAAAGT NC_045512.2a

21600-22100
Spike protein

S1-B3 CTCTTATTATGTTAGACTTCTCAGT
S1-FIP TGGAACCAAGTAACATTGGAAAAGATCAGATCCTCAGTTTTACATTC
S1-BIP GCTATACATGTCTCTGGGACCAATGGAAGCAAAATAAACACCATCA
S1-LF AGGTAAGAACAAGTCCTGAGTT
S1-LB GGTACTAAGAGGTTTGATAACCCT
RPP20-F3 GGTGGCTGCCAATACCTC GeneBank U94316.1a

Ribonuclease P Subunit P20RPP20-B3 ACTCAGCATGCGAAGAGC
RPP20-FIP GTTGCGGATCCGAGTCAGTGGCCGTGGAGCTTGTTGATGA
RPP20-BIP AACTCAGCCATCCACATCCGAGTCACGGAGGGGATAAGTGG
RPP20-LF TCCCGTGTGTCGGTCT
RPP20-LB TCTTCAGGGTCACACCCA

Additional primer sets (N-A, N2, Orf1a-HMSe) were adapted from other studies [25,32,33].
a GeneBank accession numbers for the target segments.

Fig. 1. Discrimination between specific and non-specific RT-LAMP amplification of different primer sets. (A) 2% Gel electrophoresis and colorimetric, (B) fluorometric, and (C)
melting curve profiles for specific amplification by primers S1 þ ORF8 post-amplification.’1e6’ are SARS-CoV-2 RNA dilutions. ‘N’-negative control, ‘B’-no template control. (D) 2%
Gel electrophoresis and colorimetric, (E) fluorometric, and (F) melting curve profiles post-amplification for non-specific amplification using primers Orf1a-HMSe þ N2 þ S1. Primer
Orf1a-HMSe and N2 adapted from other studies [32,33].
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second peaks (Fig. 1F), and only single peak, Tm of 84 �C, in the case
of specific amplification (Fig. 1C). The NTC showed no peaks in
specific amplification but a single peak with a higher Tm of 91 �C in
non-specific amplification. Intriguingly, as the template concen-
tration decreased, the greater the probability of double peaks or
single peaks with higher Tm. Based on the HRM analysis, the primer
sets S1 and ORF8 designed newly by us, N-A reported previously by
us, and RPP20 to detect the human internal control were found
quite specific for the detection (Appendix A Figs. S2 and S3).
Additional peaks with higher Tm seen in non-specific reactionsmay
be due to stable secondary DNA structures requiring higher Tm
dissociation. The double peaks in the presence of the template may
5

imply the simultaneous occurrence of specific and non-specific
amplification. Conversely, the melting peaks in SYBR green real-
time PCR due to non-specific amplification have lower Tm [34].
We speculate that the difference is because LAMP generates a large
amount of DNA amplicons compared to PCR. Like in PCR, the
melting profile of LAMP products is primarily dependent on GC
content, sequence and length of the amplicons [35]. Gel electro-
phoresis can confirm the formation of a specific product in PCR
with a single band of a given size. However, since LAMP produces
heterogeneous products of stems and loop, the correct banding
pattern of a specific amplification might be challenging to discern
from that of non-specific amplification. Therefore, HRM analysis is a
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simpler and more reliable method to detect false-positive ampli-
fication in LAMP reactions than gel electrophoresis, which is
routinely used to develop LAMP assays.

Another feature of LAMP is that non-specific amplification will
eventually occur if the reaction time is prolonged. In theory, the
accumulation of background signals in non-template reactions
occurs as the reaction progresses. The melting curve analysis was
used to determine when non-specific products were starting to
form for the primer set S1:ORF8 (1:0.8). As shown in Appendix A
Figs. S4 and S5, non-specific amplification was observed at the re-
action time of 40 min. The cut-off for primer set S1:ORF8 (1:0.8) in
the following experiments was set at 30 min (reaction time) for
colorimetric assay or 25 cycles (threshold time) when monitoring
real-time fluorescence of the LAMP on the PCR instrument, unless
stated otherwise.
3.2. Analytical performance of RT-LAMP primers used in this study

To evaluate the sensitivity of the primers, five-fold serial di-
lutions of SARS-CoV-2 RNA from cell culture were used. The di-
lutions were quantified by RT-ddPCR (Appendix A Fig. S1). S1
primer was found the most sensitive compared to ORF8 and N-A
(Fig. 2A and B). The human internal control primer, RPP20, also
performed relatively well on human gene dilutions. Of note, we
used an inactivated whole virus rather than synthetic RNA tran-
scripts as the standard control; hence a higher limit of detection
(LOD) compared to other studies reporting similar performance to
RT-PCR with lower LOD [36]. Zhou et al. [37] recently reported that
a whole virus quantified by RT-ddPCR would provide an ideal
reference standard for quality control assessment from nucleic acid
extraction to detection. Absolute quantification by RT-ddPCR en-
ables a more accurate determination of amplifiable RNA copies
Fig. 2. Analytical performance of primers for SARS-CoV-2 and human internal control dete
SARS-CoV-2 RNA (1e6). RPP20 primers in dilutions of human gene (1e4), ‘S’- SARS-CoV-2 R
multiplexing in different ratios. (E, F) Specificity of primers against other respiratory pathoge
from twelve replicates at each dilution. LOD is the least dilution at which 95% of the replica
references to color in this figure legend, the reader is referred to the Web version of this a
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compared to estimation by molecular weight.
We further tested whether primer multiplexing could increase

the sensitivity of our assay. We observed that multiplexing the
primers in ratios proportional to their performance resulted in
more sensitive reactions than when the primers were mixed in
equal ratio, either as duplex or triplex assays (Fig. 2C and D). Primer
multiplexing using Guanidine hydrochloride can improve the
speed and sensitivity of colorimetric LAMP [32]. Moreover, multi-
plexing may help keep up with potential primer mismatches due to
gene mutation, particularly with the emergence of new COVID-19
variants. However, multiplexing of primers in bulk reactions
should be assessed according to a given situation. To define the
LOD, we tested each primer or different primer mix in twelve
technical replicates for each dilution (Appendix A Table S1). We
analyzed the results with a probit curve. The lowest dilution in
which 95% of the replicates were detected was LOD. Primer mix
S1:ORF8 (1:0.8) was the most sensitive set, followed by S1 primer
(Fig. 2G and H). None of the respiratory pathogens tested cross-
reacted with the primers (Fig. 2E and F).
3.3. Effect of sample matrix on direct RT-LAMP reaction

Many reports have been published on RT-LAMP detection of
SARS-CoV-2 after extracting RNA [38e40]. This step not only adds
time to detection workflows but also makes operation outside
centralized laboratories difficult. Since LAMP is more tolerant than
RT-PCR to inhibitors in the samples, we next tested if RT-LAMP
could detect SARS-CoV-2 directly from swab samples (direct RT-
LAMP approach) collected in two commercial viral transport me-
dia (VTM; Y and X). In fluorometric detection, the LAMP mix using
the primer set N-A showed more resistance to a larger volume of
VTM Y (Fig. 3B) than VTM X (Fig. 3D). The inversion of fluorescent
ction. (A, B) Sensitivity of ORF8, S1, and N-A primers tested in 5-fold serial dilutions of
NA, ‘N’- negative control, ‘B’- no template control, cp/mL - RNA copies/mL. (C, D) Primer
ns. ‘PC’-positive control, ‘NC’-negative control. (G, H) Probit curve reflects observations
tes are detected. Red dotted curves are confidence intervals. (For interpretation of the
rticle.)



Fig. 3. Effect of sample matrix on the direct RT-LAMP assay based on primer N-A. Tolerance of the RT-LAMP reagents to 1 mLe5 mL of VTM Y (A, B) and VTM X (C, D). Extracted SARS-
CoV-2 RNAwas used as the template. ‘0’ denotes no VTM used, ‘N’-negative control, ‘B’-no template control. (E, F) 1 mLe5 mL mechanically lysed clinical sample tested to evaluate the
tolerance of the system to crude human cell lysates. Here, ‘0’ denotes using purified RNA extracted from the mechanically lysed clinical sample in VTM Yas the template. The dashed
line indicates the 30 min (35 min reaction time) threshold time cut-off for this experiment.

N. Odiwuor, J. Xiong, F. Ogolla et al. Analytica Chimica Acta 1200 (2022) 339590
curves in VTM X was observed in three independent experiments.
Generally, with an increase in the volume of VTM, there was a
corresponding decrease in fluorescence intensity. The best ampli-
fication was recorded at adding 1 mL of VTM Y or 2 mL of VTM X. As
for colorimetric detection, an increase in the VTM increased
masking of color change. A positive color change was not observ-
able by a naked eye under all volumes of VTM X (Fig. 3C) and above
3 mL of VTM Y (Fig. 3A). The above observations could be due to the
corresponding rise in buffered salt solutions, antimicrobials, and
amino acids used in VTMs, which could affect Bst enzyme activity.
The typical appearance of VTM (pink/red color) could be causing
masking of color change. These results underline the importance of
selecting a suitable VTM compatible with a given detection
method. The concept of colorimetric detection demonstrated in this
study is based on the color change of pH-sensitive dyes from pink
(negative) to yellow (positive) due to nucleotide incorporation
during amplification [41]. On the other hand, fluorometric detec-
tion is enabled by adding intercalating dye SYTO®-9, which has a
non-inhibitory effect on real-time detection with LAMP even at
higher concentrations of 2e10 mM [42].

Next, we explored the effects of crude cell lysates on the RT-
LAMP system. A robust color change was observed at 1 mL, and
weak color changes resulted in volumes from 2 mL to 5 mL in VTM Y
(Fig. 3E) and for fluorometric detection (Fig. 3F). This observation is
attributed to complex biological matrices in swabs like lysed hu-
man cells, mucosal secretions, and endogenous RNases. Based on
the above results, 1 mL of sample in VTM Y was found suitable for
the direct RT-LAMP assay.
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3.4. Mechanical lysis of clinical samples by bead beating

Since direct use of swabs in VTM is possible for RT-LAMP
detection, it is apparent that efficient lysis of viral particles
sequestered within human cells and release of viral RNA would be
beneficial for sensitive detection. Results on bead beating showed
that beads Zþ C were the most efficient in lysis than beads Z, beads
K, and the control (Fig. 4). This phenomenon was consistent in all
the five clinical samples tested (Appendix A Fig. S6). Notably, for
sample 5, no amplification was observed when the sample was
treated with beads Z, K, and the control (Fig. 4A). Compared to
sample 2, there were significant differences in RT-LAMP Tt between
beads Z þ C, control and other beads (Fig. 4B and C). According to
RT-PCR, the cycle threshold (Ct) values for samples 1 to 5 were:
29.11, 32.46, 31.27, 34.06, and 34.95, respectively. The mechanical
ability of beads to lyse cells is attributed to large shear forces be-
tween beads and strong vortical flow fields [43]. The cell ruptures
when the kinetic energy of colliding beads exceeds the elastic en-
ergy contained within the cell [44]. Mechanical lysis is more
effective than chemical, thermal, or electrical lysis because no in-
hibitors or reagents are introduced, and nucleic acids are not
destroyed by high temperatures [45]. Because mechanical stress,
like thermal stress, can cause protein aggregation and precipitation
due to protein conformational changes [46], it is possible that
mechanical lysis could lyse viral capsid and release viral RNA.
Recently, it was reported that the addition of microparticles such as
beads might aid in the generation of high mechanical stress by
creating vortex flow [47].



Fig. 4. Comparison of mechanical lysis effectiveness for three different beads (Z, Z þ C, K) and control (No beads) on selected five positive clinical swab samples. (A) The Tt
represents three independent experiments (duplicate technical replicates) and denotes mean and SD. Two-way ANOVA with Tukey multiple comparison was used to compare the
differences between groups (Differences between groups with beads Z þ C treatment and control are shown). Statistically significant differences are marked *, **, ***, indicating
p < 0.05, p < 0.01, p < 0.001, respectively. ‘nd’ ¼ not detected. ‘2n’ ¼ no bead treatment for sample 2. (B) Colorimetric and (C) Fluorometric detection for sample 2. Primer N-A was
used in this experiment. The corresponding colorimetric and fluorometric results are shown in Appendix A, Fig. S6.

N. Odiwuor, J. Xiong, F. Ogolla et al. Analytica Chimica Acta 1200 (2022) 339590
The addition of samples lysed by Beads Z þ C did not interfere
with the original pink color of the RT-LAMP master mix, suggesting
minimal disruption of pH-sensitive dyes. A plausible explanation is
that Chelex is weakly acidic and a chelating agent with a high af-
finity for divalent metal ions and can bind to Mg2þ, a cofactor for
enzyme activation. This property could aid in the deactivation of
RNases [48]. On the contrary, the master mix color slightly changed
when samples were lysed with other beads (Fig. 4B). Remarkably,
using Beads Z þ C improved the sensitivity and the reproducibility
of the direct RT-LAMP assay, and thus the combination of beads was
used in subsequent experiments. Other studies used RNase in-
hibitors, lysis buffers or proteinase K for sample lysis; however
effective, they can act as potential LAMP inhibitors unless they are
purified or deactivated [33,36,49]. Recently, magnetic bead-based
RNA extraction protocol and hybridization capture methods were
described [50,51]. Although these methods yield purified RNA, they
involvemultiple steps of washing and suspending beads, increasing
the sample processing time and the risk of cross-contamination
among samples. The bead beating method described here is a
streamlined process that does not have centrifugation and elution
steps, which could lead to sample loss. Since the requirement of a
vortex may weaken the portability of our system, we recommend a
disposable, battery-powered, miniaturized Omnilyse device (Clar-
emont Biosolutions, USA). The device is based on a bead beating
technique; the same results can be obtained by simply incorpo-
rating the beads identified in this study.
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3.5. The impact of mechanical lysis with Zirconium oxide and
Chelex on RT-LAMP

To unequivocally demonstrate the impact of the bead beating
approach, we chose the combination of Zirconium oxide (ZrO2) and
Chelex beads that performed best in the prior experiment. In
comparison to other treatments, combining ZrO2 and Chelex with
vortexing improved RT-LAMP detection for SARS-CoV-2 the great-
est, as shown in Fig. 5A. Even though chemically inert ZrO2 can
induce cell lysis and subsequent RNA release from virus particles
viamechanical force, the RNA remains vulnerable to degradation by
RNases and other contaminants in the sample. Guan et al. [52]
recently reported that Chelex resin preserves SARS-CoV-2 RNA in
common buffers allowing direct RT-PCR detection; therefore, we
believe the inclusion of Chelex in the VTM sample is crucial in
protecting released RNA templates from degradation by endoge-
nous RNases. In contrast to the no-vortexing condition, we specu-
late vortexing in the presence of ZrO2 generates mechanical force
and thoroughly mixes the Chelex with the contaminants in the
sample.

For all the treatment groups, the subsequently extracted sam-
ples had shorter RT-LAMP threshold times (Tt) than the mechani-
cally lysed samples (Fig. 5B). We observed slight variations in the Tt
of the extracted samples across all treatments. The observation is
logical because extraction eliminates all other potential influences
on the detection reaction other than RNA concentration. However,



Fig. 5. The impact of mechanical lysis with Zirconium oxide and Chelex on RT-LAMP detection. (A) Effect of vortexing and no vortexing on mechanical lysis of a positive swab
sample. (B) Effect of no extraction and subsequent RNA extraction of a mechanically lysed swab sample. (C) RT-PCR detection of extracted RNA from the mechanically lysed sample
(D) Mechanical lysis versus other common lysis modalities. (E) RT-PCR detection of extracted RNA from mechanically lysed sample compared with other lysis methods (F) The effect
of mechanical lysis time on the release of SARS-CoV-2 RNA. Primer S1:ORF8 (1:0.8) was used in this experiment. Data represent the means ± SD of three technical replicates. The
corresponding colorimetric and fluorometric results are shown in Appendix A, Figs. S7 and S8.
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depending on the method used for extraction, some studies have
reported RNA loss as a result of RNA extraction [50,52]. The Tt
difference between extracted and non-extracted samples was
lowest in the ZrO2 and Chelex group when compared to other
treatments (Fig. 5B). This indicated that ZrO2 and Chelex beads
could help in the release of more viral RNA and the absorption of
potential interferences in the sample, even without the RNA
extraction step. To ensure that the beads are producing more target
RNA rather than more LAMP signals for unrelated reasons, we
further detected the extracted samples using RT-PCR. Indeed, we
made a similar observation as in RT-LAMP (Fig. 5C), confirming that
the shorter Tt could be due to more target RNA produced. Because
neither ZrO2 nor Chelex beads dissolve in VTM, they are allowed to
settle after vortexing, and the supernatant is used as the template
directly. As a result, no carry-over beads are permitted in RT-LAMP
reactions, and possible inhibition is avoided. Our mechanical lysis
method outperformed conventional chemical and enzymatic lysis
modalities (Fig. 5D). RT-PCR could detect the extracted samples
from the various lysis methods, verifying the production of target
RNA in all of the lysis methods (Fig. 5E). Although proteinase K can
successfully lyse samples, it must be heat-deactivated at 95 �C for
5 min to avoid inhibiting RT-LAMP reactions, which may further
destroy RNA [53]. On the other hand, RNase inhibitor can protect
liberated RNA from degradation by endogenous RNases but is un-
able to liberate RNA within viral envelopes or human cells. The
tested concentrations of lysis buffer VXL and non-ionic detergent
Igepal CA-630 appeared to be compatible with RT-LAMP; however,
more studies are needed to determine their impact on viral particle
9

lysis. To ensure complete sample lysis and effective RNA release, we
determined the appropriate mechanical lysis time. The optimal
lysis time was found to be 5 min (Fig. 5F).

We finally validated our mechanical bead lysis method against a
no-bead control with 32 clinical swab samples. As detected by RT-
LAMP, the amount of amplifiable RNA increased substantially across
all samples (Appendix A Table S8). However, we observed that the
magnitude of the detectable RNA increase varied amongst samples,
even those with the same viral load as measured by RT-PCR. The
phenomena could be explained by the fact that different samples
may contain inhibitors or components that others do not, for
example, tobacco substances, nasal sprays, and mouth wash
chemicals. Regardless of the variation, our mechanical lysis method
ensures an accurate and reliable qualitative SARS-CoV-2 detection,
which is critical in a point-of-care setting.

3.6. SARS-CoV-2 detection in simulated phosphate-buffered saline
(PBS) and saliva samples

Saliva is a more reliable diagnostic specimen for SARS-CoV-2
than nasopharyngeal swabs [54]. Also, PBS is a potential alterna-
tive to VTM [55]. Interestingly, the RT-LAMP assay was slightly
more sensitive to the crude lysate (Fig. 6E and F) than extracted
RNA (Fig. 6A and B) for PBS and saliva. This may be due to sample
loss during RNA extraction as a result of the repetitive steps of
beads washing, suspension, and sample elution. However, RT- PCR
Ct was strongly correlated to RT-LAMP Tt for the extracted RNA
(Fig. 6D) than for the crude lysate (Fig. 6H). Overall, these results



Fig. 6. Detection of cell-cultured SARS-CoV-2 spiked in 1x phosphate-buffered saline (PBS) and saliva samples in 10-fold dilution series. (PBS, P1-P7) (Saliva, S1-S7). (A, B, C, D)
Detection of extracted RNA from PBS and saliva samples. (E, F, G, H) Detection of crude lysates from mechanically lysed PBS and Saliva samples. (A and E, B and F) Colorimetric and
fluorometric readouts, respectively. (C, G) Detection of human internal control gene using RPP20 primers. (D, H) Spearman's correlation of RT-PCR with RT-LAMP for PBS and Saliva
samples. Primer S1:ORF8 (1:0.8) was used in this experiment.

N. Odiwuor, J. Xiong, F. Ogolla et al. Analytica Chimica Acta 1200 (2022) 339590
demonstrate the utility of our bead beating protocol and support
the hypothesis that mechanical lysis can improve RT-LAMP detec-
tion sensitivity for SARS-CoV-2 without necessarily purifying the
template. It is worth mentioning that the commercial RNA extrac-
tion kit used in this study is based on magnetic beads system. As
expected, the internal control gene was detected in the saliva and
not in the PBS samples (Fig. 6C and G). No masking of color change
by PBS or saliva was observed, as seen in the colorimetric LAMP
when swabs in VTM were used.
Fig. 7. Calibration of template transfer tool. (A) Standard curve for UVeVis absorbance of Gel
measured of 1 mLe5 mL of the dye, each diluted in 500 mL of sterile clean water. The measure
mean absorbance against volume. (B) A linear relationship between volumes transferred w
height of transfer tool (Appendix A Table S7). (C) Schematic representation of the calibrat
insertion height of 2 mm was used for the template transfer.
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3.7. Calibration of template transfer tools

It is not always possible to have all the equipment and adequate
skilled persons to operate in resource-limited decentralized set-
tings. In order to provide a simple way of transferring a small vol-
ume of liquid for RT-LAMP reaction, we thought rod-like tools could
be used (Fig. 7C). To ensure the accuracy and precision of transfer
tools at our disposal that could be used for the template transfer, we
generated a standard curve of GelRed® dye using a calibrated
pipette (Fig. 7A). Using the curve, volumes transferred using rods
made of different materials with different sizes were measured,
Red dye against the volumes transferred using a calibrated pipette. The absorbance was
ments were performed in duplicate at wavelength of 450 nm. Data represented here is
ith the calibrated template transfer tool based on the standard curve against insertion
ed template transfer tool. M, Material; H, Height; D, Diameter. The plastic tool at the



Table 2
Interpolated data of the unknown (volume) from the calibration curve.

Material Diameter (mm) Absorbance (Mean ± SD) Volume (mL) (Mean ± SD)

Plastic 0.20 0.58 ± 0.02 1.01 ± 0.03
Wood 0.25 1.87 ± 0.04 3.39 ± 0.08
Metal 0.30 2.51 ± 0.01 4.58 ± 0.02
Glass 0.70 OVERFLOWa N/A

Abbreviations: mm, millimeter; mL, microliter; SD, standard deviation; N/A, not applicable.
a Absorbance out of range that can be detected by NanoDrop™ One instrument.
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and we obtained measurements summarised in Table 2. It can be
seen that volumes ranging from 1 mL to 5 mL could be transferred by
suitable rods with relatively good reproducibility, which might
facilitate adding a template for LAMP reaction on sites without
pipettes. We further calibrated wood (diameter ¼ 0.25 mm) and
plastic (diameter ¼ 0.20 mm) tools based on height as shown in
Appendix A Tables S3, S4, S5, S6, and S7. We noticed that the height
parameter greatly influenced the degree of variation in template
volume transferred. Thus caution should be exercised when tools
are immersed vertically in reaction tubes to avoid sampling errors.
The calibrated manual transfer tool could transfer 1 mL volumes
with better accuracy and consistency than the volumes above 2 mL
(Fig. 7B). In our case, the plastic tool immersed in reaction tubes at
the height of 2 mm proved to be the most convenient and was
therefore used in place of pipettes to transfer 1 mL of the template.
3.8. Shelf-life of the RT-LAMP master mix

The master mix was found most stable when stored at �20 �C
and least stable at room temperature (Appendix A Table S2). We
also found that storing the master mix inclusive of SYTO®- 9 dye
at �20 �C could reduce its stability after three weeks of storage
(data not shown). Hence, the SYTO®- 9 dye was not included in the
master mix during storage. Additionally, extended freeze-thaw
cycles of the stored master mix should be avoided, as this was
observed to degrade the stability of the master mix.
Fig. 8. Schematic illustration of the direct approach RT-LAMP workflow. After sample collec
by bead beating method for 5 min. Following lysis, 1 mL of the sample is added to 24 mL o
reaction is then set up on a portable, battery-operated fluorescent reader (Genie® III; OptiG
after 30 min of incubation. At the point-of-care, the standard vortex can be replaced by a disp
All steps should be taken with complete personal protective equipment and all waste dispo
com.
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3.9. Diagnostic evaluation of the direct RT-LAMP assay

We proposed a direct RT-LAMP assay without RNA extraction for
optimal point-of-care testing of COVID-19, as shown in Fig. 8. The
performance of the systemwas compared to commercial RT-PCR kits
detecting RNA extracted from clinical nasopharyngeal swabs. Vali-
dationwas conducted in two screening rounds. In the first round, we
used the primer set N-A, which performed best in our previous study
[25]. The direct approach RT-LAMP using primer N-A had a 93%
overall agreement with RT-PCR (Table 3). Two false-positive cases
were observed, and eight sampleswith low viral loads (Ct> 35)were
not detected either by the colorimetric or the fluorometric assays.
Interestingly, we noted that the fluorometric detection (up to PCR Ct
of ~34.94) was more sensitive than colorimetric detection (up to PCR
Ct of ~32.93) (Appendix B Table S1). The inconsistency may be
because pH-sensitive dyes are more vulnerable to inhibitors in the
sample than SYTO®-9 dye. This occurrence could make colorimetric
RT-LAMP results subjective. Our work using the primer N-A alone
has improved the sensitivity to 90.48% compared to 86% in a study
using the same primer set [19]. The enhanced sensitivity of our study
is that we included mechanical lysis after heat deactivation. The
mechanical step could ensure more efficient lysis of samples. To our
knowledge, this is the first SARS-CoV-2 detection study to use me-
chanical lysis for sample preparation.

In the second round, we used primer set S1:ORF8 (1:0.8) and
observed improved performance of 99.3% accuracy (Table 3).
Sample 76 (high Ct of 36) was not detected by either our assay or
tion in VTM, the sample is heat deactivated at 95 �C for 5 min, then mechanically lysed
f ready-made RT-LAMP master mix using a pipette or the calibrated transfer tool. The
ene Limited, UK). The results can be viewed in a fluorometric and colorimetric output
osable, battery-powered, miniaturized Omnilyse device (Claremont Biosolutions, USA).
sed off appropriately. The figure was created with BioRender.com and Mindthegraph.

http://BioRender.com
http://Mindthegraph.com
http://Mindthegraph.com


Table 3
Diagnostic performance of direct approach RT-LAMP compared to RT-PCR.

Test RT-PCR Total Sensitivity (%) Specificity (%) PLR NLR Accuracy (%)

þ - (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

RT-LAMP þ (N-A)a 76 2 78
90.48 (82.09e95.80) 96.61 (88.29e99.59) 26.69 (6.82e104.41) 0.10 (0.05e0.19) 93.01 (87.52e96.60)

RT-LAMP e (N-A)a 8 57 65

RT-LAMP þ (S1 þ ORF8)b 83 0 83 98.81 (93.54e99.97) 100 (93.94e100) N/A 0.01 (0.00e0.08) 99.30 (96.17e99.98)

RT-LAMP e (S1þ ORF8)b 1 59 60

Total 84 59 143c

Abbreviations: CI; Confidence Interval; PLR, Positive Likelihood Ratio; NLR, Negative Likelihood Ratio; N/A, Not Applicable.
The diagnostic parameters were calculated using the online MedCalc’ Diagnostic test evaluation calculator (https://www.medcalc.org/calc/diagnostic_test.php).

a Primer N-A used in the initial screening.
b primer mix S1þORF8 (1:0.8) used in the second screening.
c Total number of clinical samples tested. Comparison between RT-PCR and RT-LAMP performance on the individual clinical samples is shown in Table S1 (Primer N-A) and

S2 (Primer S1þORF8) (see Appendix B).
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RT-PCR during the second test, which may be judged negative
based on the instruction of the kit (Appendix B Table S2). The
colorimetric readouts were consistent with the fluorometric results
in all the samples tested. To ascertain the performance of the RT-
LAMP compared to RT-PCR, we additionally benchmarked it
against two other commercially approved RT-PCR kits (Daan Gene
and Sansure Biotech, China). Our test results were identical to these
two kits (data not shown). The correlation between Ct values and
viral infectivity showed that the RT-PCR cut-off value for SARS-CoV-
2 infectivity was 34 cycles [56]. Although, cell culture infectivity is
just a surrogate marker for SARS-CoV-2 infection since the virus
could infect its natural host more efficiently than cell culture. The
fact that our system could detect samples with low viral loads
above the RT-PCR cycle threshold that is considered infectious or
transmissible makes it appealing for clinical application. As such,
we have demonstrated the diagnostic utility of our RT-LAMP sys-
tem, which may be used to trace symptomatic and asymptomatic
individuals and control the spread of SARS-CoV-2. To facilitate rapid
adoption of our protocol, we prepared a standard operating pro-
cedure (SOP), provided in the supplementary material (appendix
A). Based on this SOP, we estimate the cost per test to be ~3 US
dollars.

However, we believe further optimizations involving sample
volume, lysis time, and beads size would improve the performance
of the mechanical lysis method. Our RT-LAMP system would
require an unbroken cold chain to maintain the quality of the
master mix. Consequently, our current work aims to stabilize the
RT-LAMP master mix to facilitate shipment and storage at ambient
temperatures.

4. Conclusions

In conclusion, a direct approach RT-LAMP system was success-
fully developed, which could detect SARS-CoV-2 within 40min, not
only from patients’ swabs samples but also saliva samples. To our
knowledge, this is the first SARS-CoV-2 detection study that has
used mechanical lysis to improve sample preparation and cali-
brated a simple template transfer tool to replace pipettes. The
system shows an accuracy as high as 99.3% in detecting SARS-CoV-2
from the swab samples compared to commercial RT-PCR kits
approved by the Chinese FDA. Comparedwithmany other RT-LAMP
tests for SARS-CoV-2 reported so far, the current system is either
easier for point-of-care testing, cheaper or faster (Appendix A
Table S9). By leveraging its simplified sample preparation and
12
optimized workflow, the system is applicable for rapidly detecting
SARS-CoV-2 outside centralized laboratories.
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