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Abstract: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has caused
worldwide losses from all points of view. Although there are e�cient vaccines against this virus, rapid
detection remains essential for controlling its spread. The gold standard for the COVID-19 diagnostic is
the use of quantitative real time polymerase chain reaction (RT-qPCR) from naso-/oro-pharyngeal swabs
and, alternatively, saliva specimens. A faster alternative to the RT-qPCR method, the colorimetric reverse
transcription loop-mediated isothermal ampli�cation (cLAMP) has a good sensitivity and speci�city and has
been proposed as an e�cient screening method. In this study, we analyzed several sets of LAMP primers for
COVID-19 testing using puri�ed RNA samples and raw saliva samples, and tested several reaction conditions.
Our results showed that the sensitivity of cLAMP reactions on raw saliva samples can be signi�cantly
augmented by the addition of guanidine hydrochloride to levels, which allow its use for COVID-19 screening.
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Introduction

With over 106 million infections and over two million fatalities, the SARS-CoV-2 pandemic heavily impacted
the year 2020 in basically all socio-economic sectors [1,2]. In December 2020, both the US Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) approved the P�zer-BionTech mRNA
vaccine for emergency use, and a consistent economic recovery has been witnessed ever since. This was swiftly
followed by emergency authorizations of several other vaccines; however, given the continuous appearance of
novel SARS-CoV-2 mutated strains, the management of the SARS-CoV-2 pandemic requires the prompt,
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sensitive and inexpensive detection of any infection to impede further viral spread, controlling the evolution
of the pandemic, and the accurate tracing of infected contacts [3,4].

The gold standard for SARS-CoV-2 diagnosis/detection is quantitative real time polymerase chain reaction
(RT-qPCR). The method is highly sensitive and speci�c but requires expensive machines/instruments (real
time thermocycler) and well-trained personnel, since the procedure is laborious and the interpretation of
the results is not always straight forward. For the time being, the RT-qPCR method is not suitable for large
population screening applications [5,6].

Rapid antigen tests are currently widely used as screening tools because they are not time-consuming, and do
not require special equipment or highly trained personnel; however, due to their lower sensitivity, they are
not the most fortunate alternative to RT-qPCR [4,7].

SARS-CoV-2 infection diagnostics is generally based on the collection of upper (naso- and oro-pharyngeal
swabs) and lower (sputum, bronchoalveolar lavage �uid) respiratory tract specimens. The collection of naso-
and oro-pharyngeal swabs is unpleasant and requires close contact between the healthcare worker and the
patient, increasing the probability of viral contamination. Several research groups have turned their attention
towards saliva, which is much easier and safer to collect; furthermore, depending on the disease stage, the
saliva viral load could be higher compared to naso-pharyngeal swab specimens [6,8–10]. Depending on the
method used, the sensitivity of saliva tests varies between 69.2% and 100% [8].

The need for a rapid, sensitive, and speci�c method has led many research groups to explore the possible use of
isothermal ampli�cation, more speci�cally, the colorimetric loop-mediated isothermal ampli�cation (cLAMP)
for SARS-CoV-2 detection [11–15]. The LAMP assay is based on the reverse transcription of SARS-CoV-2
RNA to cDNA followed by isothermal ampli�cation using a set of six primers, and colorimetric monitoring
(e.g., using phenol red) of pH changes occurring during target genomic ampli�cation by the Bst 2.0 WarmStart
DNA Polymerase. LAMP is highly speci�c (due to the six primers needed to amplify the target sequence),
does not require expensive machines or trained personnel, and can deliver results in 30–60 min [6,16]. The
sensitivity of LAMP is comparable to that of RT-qPCR, and has been reported to be even higher for unpuri�ed
native samples, which makes it suitable for on-site SARS-CoV-2 testing and screening [6,17,18].

In the present work, we describe our attempt to set up and optimize a LAMP diagnostic method for the
detection of SARS-CoV-2 on raw saliva samples. We tested several primers published at the time of performing
the experiments and compared their performance with that of LAMP primers of our own design. We show
that cLAMP sensitivity could be augmented by the addition of guanidine hydrochloride, while increasing the
incubation time or the incubation temperature has deleterious e�ects.

Materials and Methods

Sample Collection and Processing

Nasopharyngeal swabs and saliva were collected from COVID-19 patients hospitalized at the “Victor Babes”
Hospital for Infectious Diseases, Timis, oara, Romania. Upon arrival in the lab, all samples were stored at
−20 ◦C until further use, in a fashion which precluded any link to the identity of the patients.

The project was approved by the Ethics Committee of the “Victor Babes” University of Medicine and
Pharmacy, Timis, oara, Romania. All patients provided written informed consent.
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RT-qPCR Confirmation

Viral RNA was puri�ed from naso-pharyngeal swabs on a Maxwell RSC automated Instrument, using a
Maxwell® RSC Viral TNA kit (Promega); the viral RNA concentration and purity were estimated using
a Nanodrop 1000 spectrophotometer. All samples were then tested for SARS-CoV-2 presence using the
GeneFinder Plus RealAmp kit, according to the manufacturer’s protocol. All RT-qPCR runs were validated
using both a positive and a negative control.

Saliva Samples Pretreatment

Saliva samples were collected in sterile recipients, centrifuged for 30 s at 1000× g and the supernatant stored at
−20 ◦C until further use; the samples containing food residues and mucus were discarded. All saliva samples
were inactivated before processing by adding 40 µL solution of 25 mM NaOH/0.2 mM EDTA solution to
100 µL raw saliva, followed by a brief vortexing and further heat inactivation at 95 ◦C for 10 min. After cooling
on ice, we added 40 µL of 40 mM Tris HCl solution.

Primer Design

The SARS-CoV-2 sequences were retrieved from the NCBI GenBank database (www.ncbi.nlm.nih.gov).
Except for Rd-Moh and Na-YZ primers (described by Mohon et al. and Zhang et al.), all the LAMP primers
(Rd1, N1, S1, Gapdh) were designed using Primer Explorer V5 and veri�ed by Primer-BLAST (NCI) [19,20].
The schematic representation of LAMP primers is shown in Figure 1. The primer sequences are shown in
Table 1.

Table 1. Sequences of the primers used.

Label Sequence 5′-3′

Rd1-F3 ACAAAGCCTTACATTAAGTGG
Rd1-B3 CACCATCAACAAATATTTTTCTCAC
Rd1-FIP TGGGTGGTATGTCTGATCCCAATAGATTTGTTAAAATATGACTTCACGG
Rd1-BIP TGTGTTAACTGTTTGGATGACAGATGTAGGTGGGAACACTGT
Rd1-LF CGGTCAAAGAGTTTTAACCTCTCTT
Rd1-LB TGCATTCTGCATTGTGCAAACT

Label Sequence 5′-3′

N1-F3 TGGCTACTACCGAAGAGCT
N1-B3 TGCAGCATTGTTAGCAGGAT
N1-FIP TCTGGCCCAGTTCCTAGGTAGTGACGAATTCGTGGTGGTGA
N1-BIP AGACGGCATCATATGGGTTGCAGCGGGTGCCAATGTGATC
N1-LF ACCATCTTGGACTGAGATCTTTCAT
N1-LB ACTGAGGGAGCCTTGAATACACC

Label Sequence 5′-3′

Rd-Moh-4-F4 ACATGCTTAGAATTATGGCC
Rd-Moh-4-B4 GCTTGACAAATGTTAAAAACACT
Rd-Moh-4-FIP TTGAGCACACTCATTAGCTAATCTATCACTTGTTCTTGCTCGCA
Rd-Moh-4-BIP GAGTGAAATGGTCATGTGTGGCGCATAAGCAGTTGTGGCA
Rd-Moh-4-LPF GACAAGCTACAACACGTTGTATGT
Rd-Moh-4-LPB ACTATATGTTAAACCAGGTGGAACC

www.ncbi.nlm.nih.gov
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Table 1. Cont.

Label Sequence 5′-3′

Na-YZ-F3 TGGCTACTACCGAAGAGCT
Na-YZ-B3 TGCAGCATTGTTAGCAGGAT
Na-YZ-FIP TCTGGCCCAGTTCCTAGGTAGTCCAGACGAATTCGTGGTGG
Na-YZ-BIP AGACGGCATCATATGGGTTGCACGGGTGCCAATGTGATCT
Na-YZ-LF GGACTGAGATCTTTCATTTTACCGT
Na-YZ-LB ACTGAGGGAGCCTTGAATACA

Label Sequence 5′-3′

S1-F3 GGTGTTTATTACCCTGACAAAG
S1-B3 GTACCAAAAATCCAGCCTC
S1-FIP CATGGAACCAAGTAACATTGGAAAATTTTCAGATCCTCAGTTTTACATTC
S1-BIP CTCTGGGACCAATGGTACTAAGAGGACTTCTCAGTGGAAGCA
S1-LF GAAAGGTAAGAACAAGTCCTGAGT
S1-LB CTGTCCTACCATTTAATGATGGTGT

Label Sequence 5′-3′

Gapdh-F3 AGAACGGGAAGCTTGTCATC
Gapdh-B3 CGAACATGGGGGCATCAG
Gapdh-FIP GACGTACTCAGCGCCAGCATATCTTCCAGGAGCGAGATCC
Gapdh-BIP GCGTCTTCACCACCATGGAGACAGAGGGGGCAGAGATGA
Gapdh-LF CGCCCCACTTGATTTTGGA
Gapdh-LB TGCAGGGGGGAGCCAAAAG

Figure 1. Schematic representation of the RT-LAMP primers.

cLAMP Procedure

cLAMP reactions were performed following the New England BioLabs recommended protocol, using the
Warm Start Colorimetric LAMP 2X Master Mix (NEB M1800L). The 25 µL LAMP reaction mix contained
12.5 µL WarmStart Colorimetric LAMP 2X Master Mix, 2.5 µL LAMP Primer Mix (10X) (16 µM Forward
Inner Primer—FIP and Backward Inner Primer—BIP, 2 µM F3 and B3, 4 µM Loop Forward—LF and Loop
Backward LB), 1 µL target RNA and 9 µL RNase/DNase free H2O. LAMP mixtures were incubated at 65 ◦C
for 30–45 min in a closed lid Water Bath/Thermoblock. Sample photographs were taken using an iPhone XS
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cellular phone camera. Samples which turned color from pink (the original color of phenol red) to yellow
were considered positive (Figure 2A).

Figure 2. Typical colorimetric and electrophoretic LAMP results for RdRp primers. (A) cLAMP results showing
LAMP ampli�cation (1–3) with speci�c change in color from pink to yellow. (B) Electrophoforetic aspect of RdRp
amplicon migration in electric �eld: 5, 10: positive samples; 22: negative sample; H2O: negative control 1 (distilled
water); RNA: negative control 2 (mouse RNA).

We tested several reaction conditions: temperatures (65 and 70 ◦C) and incubation time (30 and 45 min);
furthermore, we attempted to optimize the procedure by adding 3 µL (5 µM �nal concentration) or 6 µL (10
µM �nal concentration) of guanidine hydrochloride 40 mM.

The LAMP ampli�cation products were visualized by gel electrophoresis on 2% agarose gel stained with
ethidium bromide (Figure 2B).

Calculations

Sensitivity (true positive rate) was calculated as the ratio true positive
true positive+false negative .

Speci�city (true negative rate) was calculated as the ratio true negative
true negative+false positive .

All statistical tests were performed using Prism 9.2.0 for Mac.

Results

RT-qPCR Confirmation Using the GeneFinder

We used the GeneFinder RT-qPCR kit to con�rm the presence of SARS-CoV-2 in 33 naso-pharyngeal swab
samples. The GeneFinder kit tests were used to identify the presence of the RdRp, N and E genes in the
SARS-CoV-2 genome. The ampli�cation characteristics for the three genes are presented in Table 2.
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Table 2. Cycle threshold (Ct) characteristics for the RdRp, N and E ampli�cation curves.

RdRp E N

Average Ct 26.29 26.67 26.09
Standard Deviation 4.031 4.325 3.509
Variation Coe�cient (%) 15.34 16.22 13.45
Median 26.32 26.33 26.05
Min/Max 14.74/36.24 21.24/41.91 20.80/37.54

A one-way ANOVA Tukey multiple comparisons test showed that there were no statistically signi�cant
di�erences between the three data sets, with adjusted p values of 0.998 (RdRp vs. N gene), 0.9965 (N gene
vs. E gene) and 0.994 (RdRp vs. E gene). Furthermore, the Pearson correlation analysis showed a very good
correlation between RdRp, N and E genes (r > 0.92, p < 0.0001) in the RT-qPCR assay. Altogether, these data
suggest that, in the context of the RT-qPCR assay, all three genes were equally suitable to detect the presence
of SARS-CoV-2 in the naso-pharyngeal samples.

Colorimetric LAMP on Purified Viral RNA

First, we tested the Rd-Moh-4 and Na-YZ primers on the same 33 positive samples and on additional 30
negative viral RNA samples. After 30 min of incubation at 65 ◦C, the calculated sensitivities of Rd-Moh-4
and Na-YZ primers were 93% and 97% respectively; further incubation to 45 min did not alter these results.
Speci�city calculations for Rd-Moh-4 showed 88% at 30 min, with a surprising decrease to 73% at 45 min;
unexpectedly, for Na-YZ primers, all negative samples turned positive, therefore, speci�city was 0 (Table 3).
An overall analysis of the Ct value correlation with the cLMAP assay results indicated a surprisingly modest
(r = 0.623) statistically signi�cant correlation (p = 2.15 × 10−0.3) only for the RdRp gene.

Table 3. Overall performance of LAMP assays on RNA extracted from nasopharyngeal swabs from positive and
negative patients.

Time (min) 30 45

LAMP primer Rd-Moh-4 Na-YZ Rd1 N1 S1 Gapdh Rd-Moh-4 Na-YZ Rd1 N1 S1 Gapdh

Positive RNA samples 30 30 30 30

cLAMP positive result 28 29 13 30 19 33 28 29 14 30 21 30

Sensitivity % 93 97 43.3 100 58 100 93.3 96.6 46.7 100 70 100

Negative RNA samples 41 30 41 30

cLAMP negative result 36 0 30 0 25 30 30 0 30 0 21 30

Speci�city % 88 0 100 0 83 100 73 0 100 0 70 100

Next, we tested primers of our own design (Rd1, N1 and S1) on another set of 30 samples. Rd1 showed a
low sensitivity, 39% at 30 min and 42% at 45 min, while speci�city reached 100% (both at 30 and 45 min).
S1 sensitivity was 58% at 30 min and 64% at 45 min, with a speci�city of 80% at 30 min and 83% at 45 min.
Of note, four negative samples turned an unusual orange color at 45 min; however, the gel electrophoresis
analysis showed they are trully negative results. Intriguingly, similar to the Na-YZ primers, N1 showed 100%
sensitivity but 0% speci�city (Table 3), most probably due to an unspeci�c polymerization. Since in our
previous RT-qPCR experiment, only RdRp was correlated to the cLAMP results, we focused on RdRp
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ampli�cation as a control method for cLAMP. RdRp Ct values were signi�cantly and strongly correlated with
Rd1 (r = −0.898; p = 1.8 × 10−11 and r = −0.916, p = 1.24 × 10−12 at 30 and 45 min, respectively). Correlation
coe�cients were more modest for S1 primers: r = −0.73; p = 4.6 × 10−6; and r = −0.69, p = 2.1 × 10−5.

Of note, all (positive and negative) samples turned yellow for Gapdh primers, indicating that the enzyme is
functional under the speci�c conditions of our protocol.

Colorimetric LAMP on Raw Saliva Samples

Next, we investigated whether the LAMP primers may be used to detect the presence of SARS-CoV-2 in saliva
samples. Unexpectedly, in the cLMAP on saliva setting, Rd-Moh showed zero speci�city (data not shown)
and was further excluded from our analysis.

The use of Rd1 and S1 primers on 60 positive saliva samples yielded a sensitivity of 17% and 80%, respectively,
at 30 min incubation at 65 ◦C. The analysis of 20 negative saliva samples showed a 100% speci�city for Rd1
and 75% for S1. Increasing the incubation time to 45 min had no e�ect on sensitivity, while S1 speci�city
unexpectedly dropped to 35% (Table 4). All samples turned positive when tested with the Gapdh control. The
results were reproducible over a two-week period of time, with saliva samples stored aliquoted at −20 ◦C.
Of note, no information regarding the qRT-PCR kit used (or the Ct values) for the COVID-19 RT-qPCR
diagnostic in naso-pharyngeal swabs could be retrieved. Furthermore, no information regarding the time of
saliva collection relative to the RT-qPCR diagnostic time was provided.

Table 4. Overall performance of LAMP assays for (positive and negative) raw saliva samples for Rd1 and S1 primers at
65 ◦C.

Time (min) 30 45

LAMP primer Rd1 S1 Gapdh Rd1 S1 Gapdh

Positive RNA samples 60

cLAMP positive result 10 48 60 11 48 60

Sensitivity % 17 80 100 18 80 100

Negative RNA samples 20

cLAMP negative result 20 15 20 20 7 20

Speci�city % 100 75 100 100 35 100

Colorimetric LAMP Testing in the Presence of Guanidine Hydrochloride

Since Rd1 showed an excellent speci�city, we tried to increase its sensitivity by supplementing the LAMP
reaction mix with guanidine hydrochloride at �nal concentrations of 5 µM and 10 µM [21].

In a di�erent set of 20 positive saliva samples, 5 µM and 10 µM guanidine hydrochloride signi�cantly
augmented the Rd1 sensitivity at 30 min from an initial 15% to 55% and 90%, respectively. The testing of 20
negative saliva samples showed a speci�city of 100% for 5 µM guanidine hydrochloride and 85% for 10 µM
guanidine hydrochloride. Of note, the speci�city for 5 µM and 10 µM guanidine hydrochloride reaction
mix dropped to 70% and 40%, respectively, when the incubation time was extended to 45 min (Table 5).



TimisoaraMed. 2022, 2022(1), 1 8

Furthermore, an increase in the incubation temperature to 70 ◦C decreased the sensitivity, regardless of the
time of incubation (data not shown).

Table 5. Overall performance of LAMP assays for (positive and negative) saliva samples for Rd1 and S1 primers at 65 ◦C,
in the presence of guanidine.

Time (min) 30 45

Rd1 primer
no
guanidine
HCl

5 µM
guanidine
HCl

10 µM
guanidine
HCl

no
guanidine
HCl

5 µM
guanidine
HCl

10 µM
guanidine
HCl

Positive RNA samples 20

Result positive samples 3 11 16 3 11 16

Sensitivity % 15 55 80 15 55 80

Negative RNA samples 20

Result negative samples 20 20 18 20 14 8

Speci�city % 100 100 90 100 70 40

Discussion

The LAMP assay has multiple advantages compared to the RT-PCR method: it eliminates the need for a
thermocycler (since the ampli�cation takes place at a constant temperature), and the target ampli�cation can
be monitored by using pH sensitive dyes such as phenol red (since the addition of each nucleotide to the
nascent strand liberates a proton). Here, we showed that the direct detection of SARS-CoV-2 in native, raw
saliva samples by cLAMP is feasible even in suboptimal conditions, and its sensitivity can be signi�cantly
improved by the addition of guanidinium hydrochloride.

The sensitivity of LAMP assay has been shown to be lower compared to the RT-qPCR assay, irrespective
of its use on raw or puri�ed samples [15]. The reports on LAMP assay show widely variable performances;
in this respect, the performance of our cLAMP method of analysis of saliva samples is in line with data
communicated by others [8,22,23]. Pasomsub et al. reported an 84.2% sensitivity and 98.9% speci�city for a
qRT-PCR-based analysis of saliva samples, using nasopharyngeal swabs as a reference [24]. An even higher
sensitivity was noted by To et al. and Azzi et al.: 91.7% and 100% of the saliva samples tested were positive,
respectively, while Becker et al. communicated the lowest sensitivity (69.2%) [25].

The e�ciency of cLAMP tests based on monitoring the change in pH during target ampli�cation is in�uenced
by the level of SRAR-CoV2 load in the sample. Dao Thi et al. reported that only 10% of the cLAMP reactions
turned positive on RNA samples with Ct between 30 and 35. However, this cannot explain the di�erences in
cLAMP sensitivities observed in tests performed on puri�ed RNA samples, since the naso-pharyngeal swabs
analyzed showed an average Ct of around 26 for all three genes (RdRp, N and E).

Since a LAMP assay should be able to detect as low as two copies of SARS-CoV-2 RNA, we are tempted to
speculate that the di�erences in sensitivity re�ect the impact of improper RNA sample handling (repeated
thawing/freezing cycles, contamination with nucleases, etc.) [14].

Our saliva pretreatment protocol included 10 min heat treatment at 95 ◦C; heat is known to inactivate the
virus, protect its RNA from degradation (by inactivating nucleases) and to improve SARS-CoV-2 detection
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in LAMP assays [26]. Furthermore, together with the detergents and NaOH used, the heat contributes to the
denaturation of viral proteins and promotes the access of Bst2 to the viral genome.

Multiple additives (DMSO, polyethylene glycol, betaine and guanidinium hydrochloride) have been tested
for their ability to improve the performance of cLAMP [21]. In our raw saliva experiments, the addition
of guanidium hydrochloride to a �nal concentration of 10 µM signi�cantly improved sensitivity, possibly
through the denaturation of salivary ribonuclease inhibitors, and enhanced the base pairing of the primers
with the target DNA strand [21]. However, we were not able to see a lower detection time, as previously
reported by Zhang et al. (2020), or improvements in speci�city (data not shown).

The sensitivity and speci�city of our cLAMP assay on saliva samples is obviously inferior to that of the
RT-qPCR method on nasopharyngeal swabs. Nevertheless, at 80% overall sensitivity and speci�city, our
method compensates for this due to its rapid turnaround and simplicity. It has been shown that saliva cLAMP
assays turn positive at rather high viral loads (>102 viral copies/µL) (Kobayashi et al., 2021) [27]. However, in a
clinical, epidemiologically relevant setting, it is important to identify the individuals with high transmissibility
potential, which correlates with higher viral loads [28]. Furthermore, the e�ciency of a surveillance protocol
depends on the frequency and the turnaround time of the test used, rather than on its sensitivity [29].

The importance of salivary testing is underlined by the recent observation that saliva viral load correlates with
clinical severity [30]. The salivary viral load is maximal in the �rst two days of the symptomatic period and
declines steadily (together with transmissibility) in the next seven to nine days; this suggests that salivary testing
should best be used as s screening method, especially at the very beginning of the symptomatic period [31].

Due to the limited number of biological samples included in our study, we could not stratify the cohorts
and analyze the in�uence of other factors such as the age, sex, drinking and smoking habits, and severity of
disease. Age and gender have been shown to signi�cantly in�uence viral shedding and clearance; this would
explain the reported di�erences in testing results, with older males more often testing positive after the 5th
day of disease [32,33]. Patients’ compliance is another issue which has negatively impacted our study; not only
were the patients reluctant to provide saliva samples, but a signi�cant number of these samples contained
food contaminants, despite our speci�c request for a minimum of 60 min fasting before collection. Food
contaminants might contain polymerase inhibitors, while food decay could lead to signi�cant changes in pH
and thus signi�cantly impact the �nal result [34].

In conclusion, the isothermal 10 µM guanidinium chloride spiked cLAMP procedure on raw saliva samples
could be taken into consideration as a reliable self-testing procedure, since its ease of use clearly compensates
for the lower sensitivity and speci�city.
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