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Impact statement Abstract

Given the global nature of the coronavirus
disease 2019 (COVID-19) pandemic, there
is a critical need for rapid and reliable dis-
ease detection. In our laboratory, we
developed a protocol for SARS-CoV-2
detection based on RT-LAMP technology.
We demonstrate the importance of RNA
quality for rapid detection of SARS-CoV-2
in suspected cases, including those with a
low viral load. The RT-LAMP technique can
detect samples with Ct values between

8 and 35, similar to those detected by the

gold standard method, RT-gPCR. 8 and 35.
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The global SARS-CoV-2 pandemic requires a rapid, reliable, and user-friendly diagnostic
test to help control the spread of the virus. Reverse transcription and quantitative PCR
(RT-gPCR) is currently the gold standard method for SARS-CoV-2 detection. Here, we
develop a protocol based on reverse transcription loop-mediated isothermal amplification
(RT-LAMP) and demonstrate increased sensitivity of this technique using fresh RNA
extracts compared to RNA samples subjected to freezing/thawing cycles. We further
compare RT-LAMP to RT-gPCR and demonstrate that the RT-LAMP approach has high
sensitivity in fresh RNA extracts and can detect positive samples with Ct values between
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Introduction

The ongoing pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) was first detected in
the city of Wuhan (China), and spread thereafter in multi-
ple countries, infecting over 130 million people worldwide.
To slow this spread, large-scale diagnostics of infected indi-
viduals were implemented in many countries.

Current diagnostic methods combine clinical symptoms
and molecular techniques. The most common clinical
symptoms include fever, shortness of breath, cough,
fatigue/malaise, and confusion (ISARIC platform:
https:/ /isaric.org/). The gold standard method to detect
SARS-CoV-2 infection is based on reverse transcription
and quantitative PCR (RT-qPCR) assays which require
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two steps: (i) RNA extraction from a nasopharyngeal
(NP) swab and (ii) RT-qPCR amplification to detect viral
RNA.

RT-qPCR is the most commonly used method for detec-
tion of SARS-CoV-2,' but it requires costly equipment and
trained personnel. Therefore, many efforts have been ded-
icated to developing a simple and more broadly applicable
testing method. An advocated alternative diagnostic
method to RT-qPCR is reverse transcription loop-
mediated isothermal amplification (RT-LAMP).>> Only a
thermoblock is needed for the RT-LAMP protocol, enabling
transfer of this technique outside of specialized molecular
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biology laboratories. RT-LAMP is a one-step nucleic acid
amplification method based on PCR technology. RT-LAMP
is performed at a constant temperature, with reverse tran-
scription and genomic material amplification in a single
step. RI-LAMP results can be visualized by a change in
the color of the reaction, based on the presence of pH-
sensitive dye phenol red. Amplification increases the acid-
ification of the reaction and the phenol red changes to a
yellow color. Positive samples are detected by the naked-
eye after a 40-min incubation at 65°C.%” This method can be
used to detect Zaire Ebola virus RNA and Salmonella in
ready-to-eat fruits and vegetables.>”

The main limitation of the RT-LAMP technique is its low
sensitivity. Detection of SARS-CoV-2 directly from NP
swabs, without an RNA extraction step, is affected by
RNA degradation and the presence of enzymatic inhibitors
in the media. In addition, low viral load is observed in some
patients with COVID-19. This may cause inconsistent
results during serial testing.*'%'!

Recent publications present a series of improvements in
the RNA isolation step that may help overcome the chal-
lenges encountered in RT-LAMP>*'12 In our study, we
evaluate the sensitivity of RI-LAMP by comparing fresh
RNA extracts with RNA samples that have been subjected
to freeze/thaw cycles. We further compare RT-LAMP
results with those obtained using RT-qPCR.

Materials and methods

Clinical sample collection

Specimens were collected with nasopharyngeal swabs in
the province of Girona (Spain). Samples were transported
in sterile containers within a few hours of collection and
delivered to the ICS-IAS Girona Clinical Laboratory of
Hospital Santa  Caterina, located in  Girona.
Nasopharyngeal swabs were processed in a biosafety
level 2 cabinet. The virus was inactivated with a lysis
buffer. We divided the cases into two different groups:

e Group 0=A total of 40 samples in which the RNA
was extracted with a Biosprin 96 DNA blood kit
(Qiagen, Germany). This RNA was fully analyzed
by RT-qPCR and frozen at -80°C. These samples
were subjected to different freezing/thawing cycles
before RT-LAMP analysis.

e Group 1=A total of 19 samples in which the RNA
was isolated from NP swabs using Chemagen MSM I
(PerkinElmer, Germany) with the Chemagic viral
DNA/RNA kit special H96 following the manufac-
turer’s instructions (PerkinElmer). This kit uses mag-
netic particles with high affinity to nucleic acid and
low protein binding. We assessed the concentration
of the samples by spectrophotometry (Nanodrop,
ThermoScientific, Massachusetts, USA). The RT-
qPCR and RT-LAMP tests were performed immedi-
ately following RNA isolation.
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RT-qPCR

RT-qPCR was performed using the 2019-nCoV CDC EUA
commercial kit (Integrated DNA Technologies, IDT, lowa,
USA) and TagPath™ 1-step RT-qPCR MM (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufac-
turer’s instructions. First, RT-qPCR was validated using
the 2019-nCoV_N_positive control (Integrated DNA
Technologies, IDT) and analyzing three different regions
of the viral N-gene: N1, N2, and N3. To correlate the Ct
value to the number of viral copies, a serial dilution of
the 2019-nCoV_N_positive control (IDT) was performed
(1, 1:10, 1.20, 1:40, 1:100, 1:1000) (1 uL of positive control is
equivalent to 200,000 copies of virus).

Afterward, 3 uL of isolated RNA in a final volume of
10pL were amplified using the QuantStudio 7 Flex PCR
System (Thermo Fisher Scientific) under the following con-
ditions: 15 min at 55°C, 2min at 95°C and 45 cycles at 95°C
for 30s and 55°C for 30s. RNAseP POP7 was used as a
control for human RNA isolation. Results were analyzed
using QuantStudio™ Real-time PCR software v 1.2
(Thermo Fisher Scientific). Samples were considered posi-
tive when one or more viral N-genes amplified at a cycle
threshold (Ct) < 40. Detection of the human RNaseP POP7
gene is essential to validate the RT-qPCR results, and
results without amplification of this gene were considered
invalid.

RT-LAMP primer design

The RT-LAMP primer sets used in this study were designed
against the N, E, and ORF1 genes of SARS-CoV-2 described
by Zhang et al.,* and the primers against the RN AseP POP7
human gene were from the SARS-CoV-2 LAMP Diagnostic
Assay (version 1.2) (New England Biolabs). Primers were
synthesized by Conda laboratories (Madrid, Spain). For the
test, we used a 10x primer mix containing 2 uM each of the
F3 and B3 primers, 4 uM each of the forward loop (FL) and
backward loop (BL) primers, and 16 M each of the forward
inner primer (FIP) and backward inner primer (BIP). The
FIP and BIP were HPLC purified (Table 1).

Colorimetric RT-LAMP primer assay

Colorimetric reactions were performed at room tempera-
ture in a total volume of 20 pL per reaction using 10 uLL of
the WarmStart Colorimetric RT-LAMP 2X Master Mix
(M1800, New England Biolabs), 2L of 10X primer mix
(Table 1), 1 pL guanidine hydrochloride at a final concen-
tration of 40mM (Sigma, Misuri, USA), and 4pL of
nuclease-free water (ThermoFisher). Finally, 3L of RNA
were added. Reaction mixes were then incubated in a ther-
mocycler at 65°C for 40 min with the lid heated to 75°C.
Reactions were stopped by placing tubes on ice for 2 min,
and photographs were taken using a conventional camera.

RNA 2019-nCoV_N_positive control (IDT) was used in
each experiment. RN AseP POP7 was amplified as a control
of human RNA isolation. Samples were considered
negative if the original pink color of the phenol red was
maintained and positive if the pink color turned to
yellow-orange for the SARS-CoV-2 and RNAse POP7
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Table 1. Sequences of RT-LAMP primers sets used in the colorimetric RT-LAMP assay.

Gene N-A

GeneN-A-F3 TGGCTACTACCGAAGAGCT

GeneN-A-B3 TGCAGCATTGTTAGCAGGAT

GeneN-A-LF GGACTGAGATCTTTCATTTTACCGT

GeneN-A-LB ACTGAGGGAGCCTTGAATACA

GeneN-A-FIP TCTGGCCCAGTTCCTAGGTAGTCCAGACGAATTCGTGGTGG

GeneN-A-BIP AGACGGCATCATATGGGTTGCACGGGTGCCAATGTGATCT
ORF1a-A

ORF1a-A-F3 CTGCACCTCATGGTCATGTT

ORF1a-A-B3 AGCTCGTCGCCTAAGTCAA

ORF1a-A-LF CCGTACTGAATGCCTTCGAGT

ORF1a-A-LB TTCGTAAGAACGGTAATAAAGGAGC

ORF1a-A-FIP GAGGGACAAGGACACCAAGTGTATGGTTGAGCTGGTAGCAGA

ORF1a-A-BIP CCAGTGGCTTACCGCAAGGTTTTAGATCGGCGCCGTAAC
Gene N2

GeneN2-F3 ACCAGGAACTAATCAGACAAG

GeneN2-B3 GACTTGATCTTTGAAATTTGGATCT

GeneN2-LF GGGGGCAAATTGTGCAATTTG

GeneN2-LB CTTCGGGAACGTGGTTGACC

GeneN2-FIP TTCCGAAGAACGCTGAAGCGGAACTGATTACAAACATTGGCC

GeneN2-BIP CGCATTGGCATGGAAGTCACAATTTGATGGCACCTGTGTA
Gene E1

GeneE1-F3 TGAGTACGAACTTATGTACTCAT

GeneE1-B3 TTCAGATTTTTAACACGAGAGT

GeneE1-LF CGCTATTAACTATTAACG

GeneE1-LB GCGCTTCGATTGTGTGCGT

GeneE1-FIP ACCACGAAAGCAAGAAAAAGAAGTTCGTTTCGGAAGAGACAG

GeneE1-BIP TTGCTAGTTACACTAGCCATCCTTAGGTTTTACAAGACTCACGT

RNaseP-POP7

RNaseP POP7-F3 TTGATGAGCTGGAGCCA
RNaseP POP7-B3 CACCCTCAATGCAGAGTC
RNaseP POP7-LF ATGTGGATGGCTGAGTTGTT
RNaseP POP7-LB CATGCTGAGTACTGGACCTC

RNaseP POP7-FIP
RNaseP POP7-BIP

GTGTGACCCTGAAGACTCGGTTTTAGCCACTGACTCGGATC
CCTCCGTGATATGGCTCTTCG TCTTACATGGCTCTGGTC

genes, with the exception of the positive control, which
does not contain the RNase POP7 gene.

Agarose gel electrophoresis

Agarose gel electrophoresis was performed on 14 samples
to verify the RT-LAMP reaction. One half of each RT-LAMP
reaction was electrophoresed on a 2% agarose gel in 1x
TAE buffer (40nM Tris, 20mM acetic acid, 1mM EDTA)
at 90V for 90min. Agarose gels were imaged under UV
light using a Quantum transilluminator (Biotech,
Canada). Lanes containing a laddering pattern indicated
RT-LAMP-positive samples.

Statistical analysis

To evaluate the performance of the RT-LAMP assay in
SARS-CoV-2 positive and negative patients, we estimated
the sensitivity and specificity values. The 95% confidence
interval (95% CI) was reported using the Wilson score
method. RT-qPCR is considered the gold standard for this
evaluation. Statistical analyses were performed using
NCSS 2020 Statistical Software (NCSS, LLC. Kaysville,
UT, USA, ncss.com/software/ncss).

Results

Our study was designed to investigate the effect of RNA
quality on the sensitivity and specificity of the colorimetric
RT-LAMP assay and evaluate its suitability as an alterna-
tive to RT-qPCR testing for detecting SARS-CoV-2 in RNA
isolated from nasopharyngeal swabs. First, to determine
the optimal incubation time, we incubated the RT-LAMP
reactions for 20, 30, and 40 min at 65°C. Optimal results
were obtained after 40 min of incubation at 65°C. Then,
we tested different primer sets (Table 1) and found that
primers targeting the N-A gene worked best with these
incubation conditions (data not shown).

Finally, we established the correlation between the
number of viral copies and Ct value using the N-A gene
primer set with the 2019-nCoV_N_positive control. The
minimum number of copies of virus that could be detected
by the RT-LAMP technique was 2 x 10? copies, which cor-
responds to a qPCR Ct value of 35 (Figure 1).

RNA samples subjected to different freeze/thaw cycles
(group 0) and fresh RNA extracts (group 1) were tested
using the RT-LAMP protocol. In group 0, 11 samples were
detected as positive and 29 samples as negative (Figure 2
(@)). In group 1, 16 positive and 2 negative samples were
detected (Figure 2(b)). In all groups, the positive control
was amplified and no amplification occurred in the NTC.
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Figure 1. Determination of the correlation between the number of viral copies
and Ct value. (a) Serial dilutions of 2019-nCoV_N_positive control were tested
by RT-gPCR (b) RT-LAMP results from different dilutions and the non-
control-template (NTC) after 40 min of incubation at 65°C are shown.

(A color version of this figure is available in the online journal.)

Therefore, the results were considered valid (Figure 2(c)
and (d)).

To determine the sensitivity and specificity of the RT-
LAMP approach, we compared it to RT-qPCR, which is
considered the gold-standard. Among 36 total RT-
qPCR-positive group 0 samples, only 11 were detected as
positive by the RT-LAMP assay (30.56%, 95% CI: 18.0%-
46.86%) (Figure 2(a), Table 2). However, the sensitivity
reached 100% among samples with a Ct value <25
(Figure 3(a)). Moreover, the RT-LAMP technique allowed
identification of all RT-qPCR-negative samples (true nega-
tives), resulting in a specificity of 100% (95% CI: 51.01%-
100.0%) (Figure 2(a)).

To evaluate whether the low sensitivity was caused by
low RNA quality due to freezing/thawing, we performed
the same experiment using fresh RNA samples (group 1).
The sensitivity in this group of samples increased to 94.14%
(95% CI: 73.02%-98.95%) (Figure 2(b), Table 2) and reached
100% sensitivity when the Ct threshold was increased to
<35 (Figure 3(b)). However, the specificity was only
50.0% (95% CI: 9.4%-90.55%) (Figure 2(b)). This reduced
specificity could be due to the low number of negative
samples in this group.

The RT-LAMP results were further verified by 2% aga-
rose gel electrophoresis, which revealed different band pat-
terns between positive and negative RT-LAMP samples.
Positive RT-LAMP samples had a common band pattern,
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Figure 2. Classification of true positive (TP), true negative (TN), false positive
(FP), and false negative (FN) numbers and RT-LAMP test results compared to
standard RT-gPCR results in samples with some cycles of freezing/thawing (a)
and fresh samples (b). End point color change photographs of RT-LAMP using
RNA samples with some cycles of freezing/thawing (a) and fresh RNA samples
(b). (A color version of this figure is available in the online journal.)

Table 2. Sensitivity values of RT-LAMP technique compared to the gold
standard RT-gPCR method.

% of sensitivity (95% C.l.)

Group O (Nt = 40) Group 1 (Nr=19)

Cr<35 30.5% (18-46.9) 94.1% (73-98.8)
Cr<30 80.0% (49-94.3) 100% (78.4-100)
Cr<25 100% (56.6-100) 100% (74.1-100)

as recently reported by Dao Thi et al, whereas RT-
LAMP-negative samples produced a smear pattern (Figure 4).

In summary, using fresh RNA extracts resulted in
increases in true positive results and decreases in false neg-
ative results. Moreover, all positive group 0 samples
detected by RT-LAMP had Ct values <25. We were not
able to detect group 0 samples with Ct>30. However, the
RT-LAMP technique was able to detect group 1 samples
with Ct values between 8 and 35.

Discussion

RT-LAMP is a simple and rapid assay to detect SARS-CoV-2
in RNA samples. RNA isolation before detection is a crucial
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Figure 3. RT-gPCR and RT-LAMP results using RNA subjected to different
freeze/thaw cycles (a) and fresh RNA samples (b), stratified by Ct values.
Specificity and sensitivity values are calculated from these numbers.

+ + - + - + +

-c+ - -

Figure 4. RT-LAMP reaction product was analyzed on a 2% agarose gel. The
typical band pattern was observed in samples with a successful RT-LAMP
reaction. These samples turned yellow after 40 min of incubation at 65°C.

+ symbol indicates samples with RT-LAMP positive reaction, — symbol indicates
samples with RT-LAMP negative reaction.

step to ensure high specificity and sensitivity of this
method. In this study, we address the potential of the RT-
LAMP assay for viral detection in fresh RNA samples of
patients suspected to have COVID-19. Our experiments
were performed using RNA subjected to freeze/thaw
cycles following extraction (group 0) and fresh RNA
extracts (group 1). We validated our RT-LAMP results
using the standard RT-qPCR method.

Once we established the optimal conditions for the RT-
LAMP technique, the results showed a high sensitivity to
detect synthetic SARS-CoV-2 until Ct~35. When the test
was transferred to RNA from real cases, this sensitivity
was reduced to Ct ~25 in non-fresh samples (group 0)
and Ct ~35 in fresh RNA samples (group 1). As the Ct
value increased, the detection capacity for true-positive
samples by the RT-LAMP technique decreased. Sensitivity
of the RT-LAMP technique decreased by approximately 10
Ct when RNA samples from group 0 (frozen samples) were
used. Therefore, the use of fresh RNA samples enables the
detection of infections in patients with a lower viral load.

It is important to isolate the RNA from specific NP
swabs because not all samples are compatible with RT-
LAMP techniques. Some NP sample types may contain
inhibitors in the transport media that make the RT-LAMP
test less effective. Moreover, the RT-LAMP approach was
only able to detect SARS-CoV-2 in samples with high levels
of virus and Ct values less than 24 when NP swabs were
tested directly without an RNA isolation step.”"?
Furthermore, Bruce ef al. recently published that RT-qPCR
directly from NP swabs results in a 4-Ct drop in
sensitivity."?

There have been some attempts to perform RT-LAMP
assays directly in clinical samples other than NP swabs.
Some studies reported that the RT-LAMP protocol can
detect SARS-CoV-2 directly from saliva, but only from
patients with severe to very severe disease'* or when the
saliva sample is collected in the early phase of symptom
onset, when the viral load of SARS-CoV-2 is high.'?
Consequently, there are studies that demonstrate increased
sensitivity of the RT-LAMP technique in combination with
RNA extraction from any clinical sample.>*®

Understanding the duration of infectivity can help us to
control the pandemic. The duration of infectivity and its
correlation with viral load remain poorly understood.
Recently, Scola et al. found that positive culture growth
decreased progressively accordingly to viral load. They
observed a strong correlation between Ct value and infec-
tivity in a cell culture model. Patients with Ct values equal
to or above 34 did not excrete infectious viral particles and
were therefore not infectious.'” Thus, it is important to be
able to rapidly detect positive samples with a Ct below 35
with the RT-LAMP protocol. We also demonstrated the
importance of using fresh RNA samples to detect all
patients with the ability to infect others.

We conclude that the colorimetric RT-LAMP technique
can be useful in identifying COVID-19 patients using fresh
RNA extracts. Moreover, these results suggest that the RT-
LAMP test is less sensitive with RNA samples that have
undergone some cycles of freezing/thawing than with
fresh RNA extracts. Although this protocol requires a
prior RNA isolation step, the results obtained from fresh
RNA extracts have a sensitivity of 94.14% and can detect
patients with a lower viral load.

In the current work, we optimized the RT-LAMP
approach using fresh RNA samples to visually detect
SARS-CoV-2 and proposed a schematic protocol for
COVID-19 testing (Supplemental Figure 1). Importantly,
this technique could be extended to rapidly and efficiently
detect other emerging pathogens as well.
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