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The coronavirus pandemic has been causing damage to many nations, as public and private
health systems deteriorate by the increasing demand. Some infected patients have culturable
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) even though not presenting any
symptoms, and therefore, are probably able to transmit it. Correctly diagnosing and isolating
infected patients is an important step towards preventing new infections. Current diagnostic methods
rely mainly on reverse transcription quantitative polymerase chain reaction (RT-qPCR). Methods
such as reverse transcription loop-mediated isothermal amplification (RT-LAMP) have risen as
viable alternatives, as they are cheaper and require less infrastructure, they have the potential to
be applied in low-resource scenarios and even at point-of-care. Here we report a colorimetric
RT-LAMP assay capable of detecting SARS-CoV-2 in ribonucleic acid (RNA) from saliva. In
some cases, the test was able to detect viral RNA before symptom onset and even in a self-reported
asymptomatic carrier. It had a limit of detection of 300 copies per reaction and showed a sensitivity
of 80%, a specificity of 100%, a general accuracy of 99.59%, and a Cohen’s kappa of 0.887. The
possibility of detecting positive cases even before the clinical manifestation shows great potential
and can contribute to controlling the pandemic.
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Introduction

In December 2019, a new coronavirus named severe
acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) was detected in Wuhan, Hubei province, China.
Since then, the virus has spread rapidly around the
world and the World Health Organization (WHO) has
declared the disease caused by the new coronavirus
2019 (COVID-19) as a pandemic in March 2020.! The
main route of transmission for SARS-CoV-2 is through
respiratory droplets carrying infectious virus that might be
released into the air when people cough, sneeze, breathe
or speak,? therefore, presenting high transmissibility.
The high number of SARS-CoV-2 infections is putting
pressure on the healthcare system, in addition to leading
to major health, social and economic consequences
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for countries.’* As of 10 May 2021, there have been
157,973,438 confirmed cases of COVID-19, including
3,288,455 deaths.’

Patients infected with SARS-CoV-2 can develop
coronavirus disease (COVID-19). It has a broad clinical
spectrum, ranging from a mild disease characterized by
symptoms such as fever, cough, sore throat, congestion or
runny nose, muscle or body aches, ageusia and/or anosmia,
to a severe disease characterized by severe respiratory
failure, need for hospitalization, intensive care and invasive
mechanical ventilation, which can lead to death.® Also,
during the pandemic, asymptomatic cases have been
reported and although these patients do not demonstrate
clinical manifestation of the disease, recent researches
have shown that they are responsible for about 17 to 20%
of new infections.”® The imposition of non-pharmaceutical
interventions (NPIs), such as lockdowns, social distancing,
contact tracing, use of face masks and mass testing are key
points for controlling COVID-19.349
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Current diagnostic tests for SARS-CoV-2 detection rely
mainly on reverse transcriptase quantitative polymerase
chain reaction (RT-qPCR) as a gold-standard technique
for nucleic acid amplification. This technique can detect
SARS-CoV-2 with high sensitivity and specificity, and
most primer sets can detect at least 100 viral copies.!®
However, the cost, complexity and facility requirements
to use this test on a large scale are major drawbacks for its
wide implementation in developing countries. Other nucleic
acid amplification methods such as reverse transcription
loop-mediated isothermal amplification (RT-LAMP)
have been proposed as viable alternatives to RT-qPCR. In
addition to being cheaper, there is no need for complex,
expensive instrumentation to perform RT-LAMP.

In this study, we evaluated the use of the RT-LAMP
assay using ribonucleic acid (RNA) extracted from
saliva samples as a tool for screening symptomatic and
asymptomatic workers. We obtained data regarding
COVID-19 related symptoms through a questionnaire,
and we correlated symptom onset to positivity, reporting
the efficiency of the test in helping separate positive cases
from others.

Experimental
Biological samples

Nasopharyngeal swabs of 485 essential workers
that, although not in the front line, kept working even
during lockdown periods were collected. Participants
were also asked to self-collect approximately 1 mL of
saliva. All samples were stored in a cryotube containing
1 mL 0.9% NaCl solution (LBS Laborasa, Sdo Paulo,
Brazil). To inactivate the virus, all samples were incubated
at 65 °C for 1 h before analysis. Of the total 485 samples
tested, 72 samples were from the public transportation
company, 121 were from the town’s garbage collection
company, 78 were from Federal Highway Patrol officers,
174 were from bus drivers working in public transportation

Table 1. Primers used in the RT-LAMP reaction
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and 40 were from employees at the Federal University
of Goids. All workers were interviewed before sample
collection and data related to COVID-related symptoms
such as fever, dyspnea, sore throat, runny nose, nasal
congestion, chest pain, abdominal pain, myalgia, arthralgia,
fatigue, headache, loss of smell, loss of taste, diarrhea,
nausea, vomiting, conjunctivitis or decreased urine output
were collected (Supplementary Information section,
Table S1). This study was approved by the Research Ethics
Committee of the Federal University of Goids, protocol
number 4.111.485/2020. Furthermore, all workers agreed
to participate in the study with a written statement.

RT-LAMP primer designing

We designed RT-LAMP primers for the detection
of SARS-CoV-2 using the LAMP Designer Software,"
targeting the S gene. The six specific primers were
synthesized by Integrated DNA Technologies (Coralville,
USA). Primer sequences are displayed in Table 1.

Colorimetric detection RT-LAMP for SARS-CoV-2

RNA from saliva samples for the RT-LAMP test
was extracted using the Viral RNA + DNA Preparation
Kit (Cellco, Sao Carlos, Brazil), according to the
manufacturer’s instructions. RT-LAMP reactions were
carried out using the WarmStart Colorimetric LAMP 2X
Master Mix (New England Biolabs, Hitchin, UK). The
final volume of the reaction was 15 pL, consisting of
7.5 pL of the colorimetric LAMP Master Mix, 1.5 pL of
a 10X primer mix (2 pM of each F3 and B3, 16 uM of
each FIP and BIP, and 8 uM of each LF and LB), 4.5 uL
of nuclease-free water (Sigma-Aldrich, St. Louis, USA)
and 1.5 pL of RNA sample. Reactions were then heated
on a thermoblock (Kasvi, Sdo José dos Pinhais, Brazil) for
30 min at 68 °C. The results of the colorimetric RT-LAMP
test were determined visually by the change of the color
pink (negative) to yellow (positive).

Primer Sequence 5°-3’

F3 TGTTAACTGCACAGAAGTCC

B3 TGATGGATTGACTAGCTACA

FIP AGCCTGCACGTGTTTGAAATTTTGCTATTCATGCAGATCAACT
BIP ATGAGTGTGACATACCCATTGGTTTTGAGGAGAATTAGTCTGAGTCT
LF ACACGCCAAGTAGGAGTA

LB GCAGGTATATGCGCTAGTTAT

F3: forward displacement primer; B3: backward displacement primer; FIP: forward inner primer, BIP: backward inner primer; LF: loop forward primer;

LB: loop backward primer; A: adenine; C: cytosine; G: guanine; T: thymine.
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RT-gPCR assay

To perform RT-qPCR, RNA from swab samples was
extracted using the QIAmp Viral RNA Mini Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s
instructions. RT-qPCR was performed using the GoTaq
Probe 1-Step RT-qPCR Kit (Promega, Charbonnieres-les-
Bains, France) and 2019-nCoV RUO Kit (Integrated DNA
Technologies, Coralville, USA). For each sample, three
sets of primers were used targeting the N1, N2 regions
of SARS-CoV-2 and RNase P as internal human control,
according to the CDC 2019-nCoV Real-Time RT-PCR
Diagnostic Panel.”? RT-qPCR reactions were carried out
in a final volume of 20 pL containing 3.1 pL of nuclease-
free water (Sigma-Aldrich, St. Louis, USA), 1.5 uL of
the primers and probes, 10 uL of GoTaq Probe qPCR
Master Mix with dUTP, 0.4 pL of Go Script RT Mix for
1-Step RT-qPCR and 5 pL of the sample. The amplification
was performed in a Step-One Real-Time PCR System
(Thermofisher Scientific, Rockford, USA), consisting of
one cycle of 15 min at 45 °C for reverse transcription,
followed by one cycle of 2 min at 95 °C for enzyme
activation, and then 45 cycles of 2 s at 95 °C and 30 s at
55 °C for amplification. Samples were considered positive
when all the three regions amplified.

Limit of detection of the SARS-CoV-2 RT-LAMP assay

To assess the limit of detection of the RT-LAMP test,
we used serial dilutions of a gBlock synthesized by IDT
Technologies (Coralville, USA) containing the target
sequence. The test was performed in triplicates. The gBlock
is a double-stranded DNA with known molecular size and
sequence, obtained by high-fidelity synthesis. The number
of copies was quantified using the formula in equation 1.

N=C xMx (1 x 105 mol fmol') x (6,02214086 x 10> mol")(1)

where N is the number of copies in pL!, C is the
concentration in ng pL! and M is the molecular weight
in fmol ng'. Both concentration and molecular weight
are provided by the manufacturer. The gBlock was
used instead of the RNA standard because it is more
stable, simplifying storage. The RT-LAMP-amplified
products were determined by visual observation and gel
electrophoresis 2% agarose (GBTSciences, Brasilia,
Brazil) and 0.5% Tris-ethylenediaminetetraacetic acid
(EDTA)-borate (TEB) buffer (GBTSciences, Brasilia,
Brazil), revealed with GelRed® (Biotium, Fremont, USA)
in an Ultra Lum Omega 10 Molecular Imaging System
(Ultra Lum Inc., Claremont, USA).
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Statistical analysis

The sensitivity, specificity and prevalence were
calculated using the platform SciStat."* The variables
used for statistical analysis are (i) true positive samples
(number of samples that are positive by both RT-LAMP
and RT-gPCR); (ii) false negative samples (number of
samples that were negative by RT-LAMP and positive by
RT-qPCR); (iii) false positive samples (number of samples
that were positive by RT-LAMP and negative by RT-qPCR)
and (iv) true negative samples (number of samples that
were negative by both methods). Cohen’s Kappa value was
calculated using the VassarStats platform.'*

Results and Discussion

Even though nasopharyngeal swabs have been proposed
as the ideal samples to detect SARS-CoV-2, it is an invasive
method and can present some risk to health professionals
collecting samples. So, to perform RT-LAMP, we decided
to use saliva samples since it would be a less invasive test.
Furthermore, some studies have demonstrated the reliability
of saliva as a good sample to detect SARS-CoV-2.1518
Untreated saliva samples are not ideal for working directly
with the colorimetric RT-LAMP, given the natural and broad
range of pH in which saliva can be collected. Acidic saliva
samples would turn the pH indicator in the reaction yellow,
even before the amplification step, resulting in an erroneous
interpretation of the results.! Another possibility is to add
alkalinizing solutions to the samples, increasing their pH
before adding to the reaction.?

The limit of detection of the RT-LAMP test was
300 copies of viral RNA per reaction because it was the
minimum number of copies that successfully led to a
color change in all replicates, as shown in Figure 1a. The
limit of detection found here is similar to that reported in
other papers that detected SARS-CoV-2 by colorimetric
RT-LAMP?2!22

To confirm that the change from pink to yellow was due
to specific amplification of the target, electrophoresis in
agarose gel was performed (Figure 1b). Gel electrophoresis
demonstrated a limit of detection of 200 copies of the
viral RNA per reaction. Even though reactions with up to
200 copies presented visible amplification in the agarose
gel, it was not vigorous enough to bring the pH indicator to
a turning point. That is because the RT-LAMP colorimetric
assay uses phenol red as a detection system, a color-
changing pH indicator molecule. Phenol red is used to
identify the pH change as a result of successful amplification
of the target region. In general, the pH change begins in
the polymerization step, in which the enzyme acting
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Figure 1. (a) Serial gBlock dilutions to assess the limit of detection of the test. Amplification successfully led to a color change from pink to yellow
in the reactions containing at least 300 copies. (b) Agarose gel visualization of the products of the amplification. M = 100 base pair molecular marker,

0 = no template control (nuclease-free water).

in the 5°—3’ direction incorporates a deoxynucleotide
triphosphate in the target region and promotes the release of
two by-products: the pyrophosphate ion, and the hydrogen
ion. The interaction between these hydrogen cations (H*)
and the phenol red indicator yields a gradual color transition
from pink to yellow, over the pH range 7.3 to 6.8. Based
on the color change we considered the limit of detection
to be 300 copies per reaction. Therefore, despite the
occurrence of amplification in reactions containing up to
200 copies (as observed in the agarose gel), the generation
of hydronium ion was insufficient to reach the transition
interval of the indicator molecule. Even though the limit of
detection was lower in the agarose gel when compared to
the colorimetric detection, the instrumental ease, low time,
no use of mutagenic substances and no manipulation of the
reaction after amplification, demonstrate great potential to
opt for the colorimetric detection.

A total of 485 clinical samples were analyzed both by
RT-qPCR and RT-LAMP. Of the total, 475 (97.9%) samples
were negative and 10 (2.1%) were positive for SARS-CoV-2
by RT-qPCR. Of the 10 samples positive by RT-qPCR, 8 of
them were positive by RT-LAMP, as summarized in Table 2.

Table 2. Comparison between the results of RT-LAMP and the results
of RT-qPCR

RT-gPCR
RT-LAMP —
Positive Negative Total
Positive 8 0 8
Negative 2 475 477
Total 10 475 485

RT-LAMP: reverse transcription loop-mediated isothermal amplification;
RT-qPCR: reverse transcription quantitative polymerase chain reaction.

Statistical analysis showed a sensitivity of 80%
(95% confidence interval (CI) from 44.39 to 97.48%), a
specificity of 100% (95% CI from 99.23 to 100.00%), a
positive predictive value of 100%, a negative predictive
value of 99.58% (95% CI from 98.57 to 99.88%) and

overall accuracy of 99.59%. The calculated kappa value
was 0.887 (95% CI from 0.731 to 1.0). All statistical results
are summarized in Table 3.

Table 3. Statistical analysis results

Statistic Value 95% CI
Sensitivity / % 80.00 44.39 t0 97.48
Specificity / % 100.00 99.23 to 100.00
Positive predictive value / % 100.00

Negative predictive value / % 99.58 98.57 to 99.88
Accuracy / % 99.59 98.52 t0 99.95
Cohen’s Kappa 0.887 0.731to0 1.0

CI: confidence interval.

All samples positive by RT-qPCR with low cycle of
quantification (Cq) (Cq < 30) were positive by RT-LAMP,
while higher Cq samples (Cq 32 and Cq 34) did not show
amplification. This is due to the number of copies present
in the sample, which are lower than the limit of detection
of RT-LAMP, which would be a Cq of about 30 for real
samples. Figure 2 shows the clinical samples that were
positive by RT-qPCR with their respective Cq values and
the comparison with RT-LAMP visual detection results.

In Figure 3 we show the distribution of all positive
samples by RT-qPCR (10) according to the Cq and the
results of the RT-LAMP test. Of the 10 patients that were
positive for SARS-CoV-2, 6 patients (patient numbers 80,
171, 233, 273, 295 and 395) reported feeling a medium
of 5.17 (95% CI 4.57 to 5.77) symptoms on the day
of collection and were, therefore, symptomatic for the
disease. The other 4 did not report any symptoms at the
time of collection. These potentially asymptomatic or pre-
symptomatic patients were accompanied through telephone
contact, and data regarding COVID-related symptoms
was retrieved. Patients 53, 296 and 355 started showing
COVID-related symptoms such as headache, cough, fever
and muscle pain one day after collection. Patient 355
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Figure 2. Clinical samples that were positive by RT-qPCR and the comparison with RT-LAMP results. Cq: cycle of quantification; RT-LAMP: reverse

transcription loop-mediated isothermal amplification.

reported only feeling a mild headache, and patient number
132 claimed not having felt any symptom at all during the
following 14 days after the testing, even though presenting
a high viral load. All positive patients were informed of
their results within 24 h from sample collection.
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Figure 3. Comparison between RT-LAMP and RT-qPCR. Results of
RT-qPCR are median of N1 and N2 Cqgs. The number of copies was
calculated based on the standard curve. Red diamonds represent samples
positive by RT-LAMP and blue diamonds represent samples negative by
RT-LAMP. Cq: cycle of quantification; RT-LAMP: reverse transcription
loop-mediated isothermal amplification.

Of the 10 patients, 8 had detectable viral loads by both RT-
LAMP and RT-gPCR on the day of collection, and 2 patients
(171 and 355) were negative by RT-LAMP and positive by
RT-qPCR. The relatively low number of copies (Cqs 34.85
and 32.05, respectively) can be explained differently based
on the patients’ symptom onset (Figure 4). Patient 171 had
been experiencing symptoms for 14 days when the test
was done. It coincides with the shedding duration of the
virus.? Therefore, we hypothesize the patient was in the
final course of the infection. On the other hand, patient 355
was yet to experience symptoms on the day of collection
and therefore was pre-symptomatic. We hypothesize this
patient was probably at the beginning of the exponential
growth phase of the viral replication. Although the duration
of this exponential growth is still not rigorously defined,
models of SARS-CoV-2 transmission in ferrets project it to
be on the order of a day.** Patients 53 and 296 were detected
by RT-LAMP, as they presented Cqs lower than the limit

of detection of the test. Due to the higher viral load when
compared to patient 355, we hypothesize these patients were
more advanced in the course of the disease.
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Figure 4. Relation between the number of days from symptom onset and
the date of the positive result in a molecular test. Each line represents the
course of the disease in one patient. Day 0 is regarded as the testing date.
Negative numbers represent the number of days before testing, positive
numbers represent the number of days after testing was done. Most patients
experienced symptom onset before testing, while three patients (53, 296
and 355) presented a positive result before symptom onset. Patient 395
reported symptom onset on the same day as the testing took place, and
patient 132 claimed to never have presented symptoms.

As first pointed out by Larremore et al.” and Mina et al.,”
it is necessary to rethink our SARS-CoV-2 testing strategy,
shifting the focus from how well tests can detect lower
quantities of copies to how well tests can detect patients
in the infectious period. It is also important to take into
account how fast results can be returned, as one of the most
effective measures to lower infectivity rates is the isolation of
symptomatic, pre-symptomatic and asymptomatic carriers.
While developed countries such as the United States peaked
at 5.0 tests per thousand people during the pandemic,
available data shows that Brazil was hardly able to do 0.48
tests per thousand people.?”” There is therefore an urgent
need to increase testing capacity in countries such as Brazil.

The RT-LAMP assay was able to correctly identify 8
of 10 positive cases, 3 of which did not have symptoms
by the time of collection. Even though samples with a
Cq > 30 did not present positive results in RT-LAMP,
it is expected that these patients would have a lower
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probability of transmitting the virus.?*° In this particular
study, RT-LAMP results were returned on the same day and
positive cases were promptly isolated. We then propose that
even not being able to detect these patients with low viral
load, the test would still be of help in isolating positive
cases, mainly if repeated frequently in a given population.?

Our data is limited to its size, and our test fails as it
still needs RNA isolation to perform the test. Despite
some tests that have shown promising results with a direct
swab-to-lamp essay without the need for RNA extraction,?!
swabs can be difficult and painful to collect, especially for
children or people of age. To increase the effectiveness of a
testing regimen and the chances of assaying a positive case,
SARS-CoV-2 tests would ideally be done repeatedly in an
individual on different occasions. Collecting swab samples
weekly would have the potential to be a major drawback
of testing, as many would probably refuse to have samples
collected every couple of days. On the other hand, saliva
is much easier to collect and could be collected easily and
repeatedly from basically anyone. Therefore, there seems
to be a tradeoff between the need for RNA extraction and
the simplicity of collection.

To our knowledge, this is the first report that includes
the detection of pre-symptomatic and asymptomatic cases
of COVID-19 using RT-LAMP and correlates the positivity
of the sample with a detailed symptom questionnaire.
Although limited to its size, the questionnaire provides
enough data to suggest that the test was able to diagnose 2/3
of the pre-symptomatic individuals and one asymptomatic
individual. Giving a testing regimen that repeatedly tests
individuals, we see the methodology described here as
potentially helpful in isolating positive cases, helping in
breaking the chain of infection.

Conclusions

We report an RT-LAMP colorimetric assay that can
detect SARS-CoV-2 in RNA from saliva samples from
workers at different stages of the infection, including
pre-symptomatic carriers, with overall specificity of
100%, sensitivity of 80% and accuracy of 99.59%. In
addition, the method takes less time than the gold standard
method (RT-qPCR). Our results show that our colorimetric
RT-LAMP assay is suitable for screening large groups, as
the great majority of workers were correctly diagnosed
based on this simple, fast and low-cost amplification
test. Being able to correctly diagnose people carrying
transmissible SARS-CoV-2 and quickly isolating them is
an important advantage that helps prevent the further spread
of the virus, as the contact with others is severely reduced.
Due to its low cost and simplicity compared to RT-qPCR,
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RT-LAMP could be used in countries that do not have the
resources to perform RT-qPCR on a large scale, increasing
testing capacity without necessarily increasing costs.

Supplementary Information

Supplementary information is available free of charge
at http://jbcs.sbq.org.br as PDF file.
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