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BACKGROUND During the coronavirus disease 19 (COVID-19) pandemic, diagnostic testing of the general population proved 
challenging due to limitations of the gold-standard diagnostic procedure using reverse transcription real-time polymerase chain 
reaction (RT-qPCR) for large-scale testing on the centralised model, especially in low-resource areas.

OBJECTIVES To address this, a point-of-care (PoC) diagnostic protocol for COVID-19 was developed, providing fast, reliable, and 
affordable testing, particularly for low-mid develop areas.

METHODS The PoC diagnostic process combines a simple paper-based RNA extraction method housed within a 3D-printed plastic 
device with a colorimetric reverse transcription loop-mediated isothermal amplification (RT-LAMP) assay. Nasopharyngeal/
oropharyngeal swabs (NOS) and saliva samples were tested between 2020 and 2021, with the assistance of Santa Catarina’s State 
Health Secretary, Brazil.

FINDINGS The developed diagnostic protocol showed a limit of detection of 9,900 copies and an overall diagnostic specificity of 
98% for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from 1,348 clinical analysed samples. The diagnostic 
sensitivity was 95% for NOS samples, 85% for early morning saliva, and 69% for indiscriminate saliva.

MAIN CONCLUSIONS In conclusion, the developed device successfully extracted SARS-CoV-2 viral RNA from swabs and saliva 
clinical samples. When combined with colorimetric RT-LAMP, it provides results within 45 min using minimal resources, thus 
delivering a diagnostic kit protocol that is applicable in large-scale sampling.
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In March 2020, the World Health Organization 
(WHO)(1) officially announced the global pandemic sta-
tus of the coronavirus disease 2019 (COVID-19), which 
is caused by the Betacoronavirus severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) and trans-
mitted through the air.(2) In 2021, Latin America, India, 
and Africa surfaced as the epicentres of this pandemic, 
wherein there were notable records of reported cases.(3) 
In Brazil, the mortality rates associated with COVID-19 
were subject to significant concern, primarily due to the 
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increased frequency of death misclassification.(4) More-
over, it is worth noting that the epidemic’s progression 
was heterogeneous across different Federal Units.(5) 
Furthermore, the overall mortality rates witnessed an 
upswing, which can be attributed to the indirect COV-
ID-19-related fatalities caused by the overburdening of 
the healthcare system.(6)

One of the primary challenges in mitigating the pan-
demic is establishing reliable methods for testing and 
surveying infected patients and enhancing testing capa-
bilities.(6,7) However, the current gold standard diagnosis 
procedure, reverse transcription real-time polymerase 
chain reaction (RT-qPCR), is time-consuming, expensive, 
and relies on high-cost equipment and qualified laborato-
ry personnel. Additionally, samples often require process-
ing in central laboratories, leading to sampling overload.

During the COVID-19 pandemic, innovative diag-
nostic alternatives were developed to obtain faster, sim-
pler, and more affordable diagnostic results.(8,9,10) In this 
scenario, a potentially beneficial approach would be to 
utilise molecular diagnostics in a point-of-care (PoC) 
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mode, with a low-cost, easy, and fast RNA extraction 
procedure, followed by isothermal amplification of a 
molecular target (e.g.: reverse transcription loop-medi-
ated isothermal amplification (RT-LAMP).(11,12,13) Iso-
thermal amplification represents a favourable alterna-
tive for PoC given that the equipment involved is more 
cost-effective, exhibits superior processing speed, and is 
characterised by heightened ease of use. Also, several 
studies have demonstrated that the detection of SARS-
CoV-2 through RT-LAMP, with a colorimetric readout, 
yields sensitive and specific outcomes that are compa-
rable to those of reverse transcription-polymerase chain 
reaction.(3,10,14,15,16) Besides, the saliva utilisation (instead 
of nasopharyngeal swabs) emerged as an effective solu-
tion for PoC devices, since (i) the virus is present and 
replicates in salivary glands, (ii) it is a non-invasive, and 
(iii) an easy self-collecting sample.(17,18,19)

In this study, the development of a PoC molecular 
testing method for COVID-19 is presented. This ap-
proach utilises paper-based RNA extraction, housed 
on a 3D-printed biodegradable plastic cassette, provid-
ing a simple and rapid method for extracting SARS-
CoV-2 RNA. After the RNA extraction, a colorimetric 
RT-LAMP assay targeting three genomic regions of the 
SARS-CoV-2 genome is conducted. This diagnostic test 
was developed and validated during the COVID-19 pan-
demic and has proven to be a simple, robust, and con-
sistent molecular diagnostic test, delivering results from 
nasopharyngeal swabs or crude saliva within 45 min. 
This molecular testing kit offers an accessible, easy, and 
simple PoC option to improve diagnosis in low-resource 
areas or during high demand for diagnostics.

SUBJECTS AND METHODS

Samples

SARS-CoV-2 genome control - The COVID-19 diag-
nosis was set up and established by evaluating the sensi-
tivity of the RT-LAMP colour-change diagnostic meth-
od, using a synthetic SARS-CoV-2 RNA genome (Twist 
Bioscience #102024) as RNA positive control. Multiple 
serial dilutions of the RNA genome control were used to 
test the entire pipeline.

Clinical sampling - All samples used in this study 
were obtained from suspected cases of COVID-19 or 
Severe Acute Respiratory Syndrome, collected for of-
ficial diagnosis purposes by the Central Laboratory of 
Public Health Authority of Santa Catarina State (Brazil) 
(LACEN-SC). Samples were collected between the third 
and eighth day after the onset of symptoms, following 
the Brazilian Health Authorities’ protocols.(20)

Clinical blind samples - To validate the diagnostic 
protocol with clinical samples, Nasopharyngeal or/and 
oropharyngeal swab (NOS) blind samples, maintained 
in Viral Transport Medium (VTM), were kindly do-
nated by LACEN-SC. Those samples were randomly 
selected from patients who sent samples for official 
COVID-19 diagnosis throughout Santa Catarina State. 
Sample processing, RNA extraction, and RT-qPCR as-
say performed by LACEN-SC followed the Ministry of 

Health’s recommendation and used either the Charité 
Institute or the United States Centre of Diseases Control 
protocols,(20) with commercial RNA extraction kits. All 
donated samples were tested in parallel with the diag-
nostic kit protocol from this study and then compared 
with the official diagnostic.

Clinical samples - To test the fully operational diag-
nostic kit in field situations, different clinical samples 
were collected and tested. Biological samples were ob-
tained through a second nasopharyngeal swab (NS) col-
lection from the same patient after the official sample 
collection was performed and later sent to LACEN-SC. 
The NS was collected and only the swab tips were trans-
ferred to sterile tubes containing 100 μL of lysis buffer 
(1.75M GuSCN, 66.7% 2-propanol, and 1x RNASecure) 
and stored at -20ºC until analysis. Indiscriminate saliva 
(IS) was collected throughout the day with no restric-
tion, and early morning saliva (EMS) collected before 
feeding, water consumption, or dental hygiene was also 
evaluated. Saliva samples were self-collected in plastic 
tubes and sent to the laboratory for analysis. Samples 
from NS and IS were collected from the same patients 
at the Tubarão Municipality COVID-19 test facility, and 
EMS samples were collected from patients at Nossa Sen-
hora da Conceição Hospital (Santa Catarina State, Bra-
zil) with the support of the local health authority (SMS-
Tubarão). Additionally, IS and EMS were collected at 
the Florianópolis Municipality COVID-19 test facility 
(Santa Catarina State, Brazil) with the support of the lo-
cal health authority (SMS-Florianópolis).

Ethics approval and consent to participate

All individuals who provided samples for this study 
were fully informed about the experimental procedures 
and provided their consent before participation. The de-
velopment of this project was conducted in compliance 
with all ethical and personal data protection require-
ments, which were carefully evaluated by the ethical 
committee (CAAE: 30764120.2.0000.0121). This en-
sured that the research adhered to the highest standards 
of ethics and safety for both human subjects and per-
sonal data.

Sample processing and RNA extraction

To validate the PoC pipeline, three RNA extraction 
methods were employed as follows: (i) Ethanol precipi-
tation with centrifugation was used as a control group 
since it involves ethanol and glycogen for RNA precipi-
tation similar to the cassette-based extraction method; 
(ii) an RNA-extraction cassette method using a 3D print-
ed device instead of a centrifuge, aiming to meet PoC 
requirements; and (iii) a commercial kit - Column ex-
traction was employed to evaluate the sensitivity of the 
entire pipeline, providing a benchmark for comparison 
with the RNA-extraction cassette method. Each RNA 
extraction method is detailed below and the experimen-
tal design is explained in Supplementary data (Fig. 1).

Ethanol precipitation - The RNA extraction proto-
col was based on an alcohol precipitation assay adapted 
from Cao et al.(21) and Rodriguez et al.(22) This extrac-
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tion method was performed on NOS, NS, and IS sam-
ples. The swab tips of the NS were placed into sterile 
tubes containing 100 μL of lysis buffer, effectively in-
activating the virus while preserving viral RNA. For 
the IS samples, 33 μL of saliva was added to a plastic 
tube (1.5 mL) containing 100 μL of lysis buffer, while 
for the VTM samples from LACEN-SC, 25 μL of VTM 
was added to a plastic tube (1.5 mL) containing 75 μL 
of lysis buffer. Glycogen co-precipitant at 20 mg/mL 
(Sigma-Aldrich G1767) was added to each mixture 
and centrifuged at 15,800 g for 15 min. The resulting 
supernatant was removed, and 100 μL of 70% ethanol 
was added to the tube and centrifuged at 15,800 g for 5 
min. This process was repeated with 100 μL of 100% 
ethanol, after which the supernatant was removed, and 
the tubes were left open to air-dry for 10 min at room 
temperature on the benchtop. Finally, the RNA pellets 
were resuspended in 50 μL of nuclease-free water. All 
centrifugation steps were performed at 4ºC using an 
Eppendorf centrifuge model 5415R.

RNA-extraction cassette - To assemble a PoC diag-
nostic kit, a 3D-printed plastic device for paper-based 
RNA extraction was developed to carry out the RNA 
extraction assay (Fig. 1 - .stl archive available upon re-
quest). Fig. 1A shows the hitch parts (01) in the piece on 
the left, as well as the pressure applied by the absorbent 

pad (06) on the piece on the right. Furthermore, the left 
piece contains a protuberance (05) with both an absor-
bent paper (any paper towel), and a Polyether Sulfone 
(PES) membrane (MERK, GPWP14250), as well as a 
sample port with a basin around it (02). In Fig. 1B, the 
assembled device is displayed, including the sample port 
(02), the PES membrane (03), and the absorbent paper 
(04). This depiction provides a clear visual representa-
tion of the various components of the cassette and its 
positioning. The circular PES filter paper (Fig. 1) with a 
diameter of 7 mm and a pore size of 0.22 μm was placed 
on a 6 cm2 absorbent paper pad to retain approximate-
ly 400 μL of liquid waste. The plastic device used for 
RNA extraction was designed and 3D printed on a GT-
MAX3D CORE A2V2 printer using the biodegradable 
and plant based polylactic acid polymer (PLA) (Fig. 1). It 
has a surface area of 6.1 cm2 split into two layers: an up-
per part with a circular sample entrance of 6 mm diam-
eter for the PES filter paper, and a lower part designed 
to house the PES membrane and the absorbent pad.(22) 
The designed cassette has been patented pending (BR 
10 2021 00889), entitled “Molecular diagnostic point-of-
care testing kit for Covid-19,” by the World Intellectual 
Property Organization (WIPO).(23)

The RNA-extraction cassette procedure employed 
an adapted ethanol precipitation protocol. The lysis buf-
fer was mixed with either saliva or VTM samples in a 
1:3 ratio: 25 μL of VTM to 75 μL of buffer, and 33 μL 
of saliva to 100 μL of buffer. Glycogen co-precipitant 
at 20 mg/mL (Sigma-Aldrich G1767) was added to each 
mixture, which was then pipetted into the entrance port 
of the PES membrane. Capillary action drew the liq-
uid phase through the membrane, while the solid phase 
composed of the RNA-Glycogen precipitate was re-
tained on the PES membrane. The PES membrane was 
subsequently washed with 150 μL of 70% ethanol and 
100 μL of 100% ethanol sequentially. The absorbent pad 
absorbed the liquid phase during each rinse. Thereafter, 
the PES membrane was transferred to a 1.5 mL plastic 
tube. The tubes were left open for 1 minute to allow the 
PES membrane to air-dry. Finally, 50 µL of nuclease-
free water was added to the tube and resuspended for 30 
s to release the RNA from the PES membrane.

Commercial kit - Column extraction - The efficiency 
of the developed RNA-extraction cassette was evaluated 
by comparing its results with those using the Qiagen 
RNeasy Mini Kit (QIA74104), following the manufac-
turer’s instructions. All viral RNA standardised con-
trol samples used in this study were SARS-CoV-2 full 
nonoverlapping genome fragments (Twist Bioscience 
#SKU 102019), with 1 × 106 RNA copies per microliter, 
diluted appropriately in nuclease-free water. Triplicate 
RNA extraction assays using different sample concen-
trations of SARS-CoV-2 control RNA (100, 500, 1,000, 
5,000, 25,000, and 50,000 copies) were simultaneously 
performed using both the Qiagen RNeasy Mini Kit and 
RNA-extraction cassette. Then, the samples were sub-
mitted to the optimised Colorimetric RT-LAMP assay to 
evaluate the limit of detection (LoD) of the RNA extrac-
tion procedure. To further evaluate the analytical sen-

Fig. 1: the 3D-printed RNA-extraction cassette. The two distinct parts 
of the 3D-printed cassette are visualised open in (A), where the hitch 
parts (01) are observed in the piece on the left, and the pressure exerted 
on the absorbent pad (06) in the right piece. It is also possible to view 
the protuberance (05) with the absorbent paper and the polyether sul-
fone (PES) membrane, and the sample port with a basin around (02). 
The assembled cassette is visible on (B), to which the sample port (02), 
the PES membrane (03), and the absorbent paper (04) can be observed.
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sitivity of the RNA-extraction cassette, the experiment 
was repeated using saliva from a healthy patient. It was 
tested in five replicates with sample concentrations of 
3,300, 6,600, 9,900, and 13,200 viral RNA copies.

Colorimetric RT-LAMP

The COVID-19 specific primers (As1e, N2, and E1) 
targeting the viral genome positions Orf1a, N, and E, 
respectively, and described by Rabe & Cepko(24) and 
Zhang et al.(25) were used. All primers were resuspend-
ed in nuclease-free water and combined to make a 10x 
primer mix as follows for each set: FIP and BIP (16 μM 
each), F3 and B3 (2 μM each), LF and LB (4 μM each). 
The LAMP assay was carried out in a final volume 
of 20 μL containing: 2 μL from each of the three 10x 
primer mixes, 10 μL of WarmStart Colorimetric Lamp 
2X Master Mix (M1800), and 4 μL of the target RNA. 
The reaction was carried out at 65ºC for 30 min in a 
dry bath (Kasvi). Every RT-LAMP assay was executed 
with a negative control (replacing RNA with nuclease-
free water), and a positive control (1,000 RNA copies 
per reaction of the Synthetic SARS-Cov-2, Twist Biosci-
ence #SKU 102019). The colorimetric RT-LAMP assay 
allows a naked-eye analysis of the results with pink as 
negative and yellow as positive samples. Different co-
lours, such as orange, were considered inconclusive. To 
avoid misinterpretation, the same group of people were 
responsible for all colorimetric results analysis.

Validation of the LAMP assay with clinical samples

To validate the diagnostic process, a test was con-
ducted on 1,348 clinical samples classified into six cat-
egories based on the type of sample, origin, and RNA 
extraction method, as follows: (1) nasopharyngeal swab 
samples collected in Tubarão and extracted by ethanol 
precipitation using centrifugation (NSC); (2) indiscrimi-
nate saliva samples collected in Tubarão and extracted 
by ethanol precipitation using centrifugation (ISC); 
(3) nasopharyngeal and oropharyngeal swab samples 
provided by LACEN-SC and extracted by ethanol pre-
cipitation using centrifugation (NOSC); (4) nasopha-
ryngeal and oropharyngeal swab samples provided by 
LACEN-SC and extracted with RNA-extraction cassette 
(NOSD); (5) indiscriminate saliva samples collected in 
Florianópolis and extracted with RNA-extraction cas-
sette (ISD) and (6) early morning saliva collected in Flo-
rianópolis and extracted with RNA-extraction cassette 
(EMSD) [Supplementary data (Fig. 1)].

Statistical analysis

To evaluate the accuracy of the RT-LAMP assay, the 
results obtained were compared with those of the RT-
qPCR assay performed by LACEN-SC. The comparison 
was done for true positive (patients positive in both RT-
LAMP and RT-qPCR), true negative (patients negative 
in both RT-LAMP and RT-qPCR), false positive (pa-
tients negative in RT-qPCR but positive in RT-LAMP), 
and false negative (patients positive in RT-qPCR but 
negative in RT-LAMP) cases, following the methodol-
ogy described by Lakens.(26) The diagnostic sensitivity, 
specificity, negative predictive value, and positive pre-

dictive value were calculated using MedCalc Statistical 
Software version 19.2.6 (MedCalc Software bv, Ostend, 
Belgium; www.medcalc.org; 2020). Additionally, Cohen 
Kappa was calculated using the VassarStats platform 
(available at http://vassarstats.net/).

RESULTS

COVID-19 PoC diagnostic kit LoD

The sensitivity of the COVID-19 PoC diagnostic kit 
was assessed by comparing the RT-LAMP LoD using 
the RNA-extraction cassette method with a gold stan-
dard commercial kit - Column extraction method (Qia-
gen RNeasy Mini Kit). This comparison was conducted 
across various dilutions of the synthetic SARS-CoV-2 
genome in nuclease-free water. Following RNA extrac-
tions, the colorimetric results of the RT-LAMP assay 
were analysed [Supplementary data (Fig. 2A)], revealing 
a LoD of 1,000 copies for the commercial kit - Column 
extraction method, and 25,000 copies for the RNA-ex-
traction cassette method. However, the probit regression 
analysis suggested that the LoD for the RNA-extraction 
cassette method would be 9,883.56 (p < 0,0001) copies 
[Supplementary data (Fig. 2B)]. So, to further establish 
the LoD of the PoC COVID-19 diagnostic kit, a second 
experiment was executed in five replicates of positive 
control in the same fashion as the previous experiment 
using just the RNA-extraction cassette and saliva from a 
healthy patient instead of nuclease-free water. The colo-
rimetric RT-LAMP results (Fig. 2A) indicated a LoD of 
9,900 copies (or 300 copies/μL), while the probit regres-
sion analysis resulted in a LoD (within 95% reliability) 
of 8,633.85 copies (p = 0.0366) (Fig. 2B-C).

Colorimetric RT-LAMP detection of SARS-CoV-2 in 
clinical samples

A comparative analysis was conducted between the 
colorimetric RT-LAMP results from this study and the 
LACEN-SC RT-qPCR results to determine the diagnos-
tic accuracy of the assay. The diagnostic accuracy evalu-
ation involved the calculation of sensitivity, specificity, 
positive predictive value (PPV), negative predictive val-
ue (NPV), and Cohen’s Kappa (Table). In all six sample 
categories, the specificity was above 97%, and 3% were 
deemed inconclusive due to orange colour output. The 
RT-LAMP assay time was optimised to 30 min using 
the combination of all three primer sets (As1e, N2, and 
E1),(24,25) compared to the 50 min required when each 
set of primers was evaluated individually, or 40-45 min 
when the primers were evaluated in pairs [Supplemen-
tary data (Fig. 3)]. So, the time from sample RNA ex-
traction to assay visual result was 45 min using the PoC 
RNA-extraction cassette method.

The diagnostic results for the RNA extraction meth-
ods (i) ethanol precipitation, and (ii) RNA-extraction 
cassette, are detailed below.

Diagnostic results for RNA extraction by ethanol 
precipitation in centrifuge - In this study, the NSC, ISC, 
and NOSC clinical samples had their RNA extracted 
using a standard ethanol precipitation method with cen-
trifugation. Also, to reduce patient discomfort and ac-
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celerate the collection process, saliva was self-collected 
by patients in 50 mL plastic tubes indiscriminately, and 
its viability for COVID-19 detection was tested. The ef-
ficiency of saliva as a biological sample for COVID-19 
diagnosis was compared to swab samples. A total of 174 
swab samples (NSC) and 266 indiscriminate saliva sam-
ples (ISC) were analysed to evaluate the performance of 

Fig. 2: limit of detection (LoD) of the RNA-extraction cassette meth-
od using control RNA and saliva from a healthy patient. (A) Reverse 
transcription loop-mediated isothermal amplification (RT-LAMP) 
colorimetric results from control RNA dilutions extracted with the 
RNA-extraction cassette. (B) Probit regression analysis curve con-
sidering five independent replicates with different copies per sample. 
(C) Table with the hit rate (%) reached in all replicates.

the colorimetric RT-LAMP assay for COVID-19 diag-
nosis. The diagnostic results for NSC samples showed a 
sensitivity of 80%, specificity of 97%, and Cohen’s Kap-
pa of 0.8, while the diagnostic results for ISC samples 
showed a sensitivity of 70%, specificity of 99%, and Co-
hen’s Kappa of 0.75. In addition, a donation of 292 swab 
blind samples from LACEN-SC (NOSC) collected ac-
cording to State protocols was received, which were also 
extracted using ethanol precipitation in a centrifuge. The 
diagnostic results showed a sensitivity of 92%, a speci-
ficity of 99%, and a Cohen’s Kappa of 0.92.

Diagnostic results for RNA-extraction cassette - To 
validate the RNA-extraction cassette method, an analy-
sis of 99 swab samples (NOSD) from LACEN-SC, and 
480 saliva samples from SMS-Florianópolis (ISD) was 
conducted. The combination of the RNA-extraction cas-
sette with the colorimetric RT-LAMP reaction resulted 
in the development of a portable PoC diagnostic kit. In 
the NOSD group, the diagnostic kit yielded 95% sensitiv-
ity, 99% specificity, and Cohen’s Kappa of 0.93. Saliva 
samples were tested with the RNA-extraction cassette 
method to further explore the viability of alternative bio-
logical samples. The ISD samples were collected in the 
same manner as mentioned before, showing 69% sensi-
tivity, 99% specificity, and Cohen’s Kappa of 0.73. To 
make the saliva samples more standardised and favour 
the sample’s viral load, early morning saliva samples 
were collected from suspected COVID-19 cases without 
food and water consumption or buccal hygiene.(18) A to-
tal of 37 samples (EMSD) were gathered, achieving 85% 
diagnostic sensitivity, 100% diagnostic specificity, and 
Cohen’s Kappa of 0.86.

DISCUSSION

In this study, the aim was to address the challenges 
posed by the rapid increase in demand for reliable di-
agnostics to combat the COVID-19 pandemic. A PoC 
molecular diagnostic kit was developed to facilitate, ac-
celerate, and reduce the cost of SARS-CoV-2 detection, 
consisting of an RNA-extraction cassette and RT-LAMP 
assay. Different clinical samples were used to validate 
a colorimetric RT-LAMP reaction, compatible with a 
3D-printed RNA-extraction cassette. Thus, a reliable, 
simple, and affordable COVID-19 PoC diagnostic kit 
was developed, enabling the testing of various biological 
samples.

LoD

The RNA-extraction cassette and RT-LAMP reac-
tion were optimised, achieving a LoD of 9,900 RNA 
copies (3 × 105 copies/mL or 3 × 102 copies/μL) com-
pared to 1,000 RNA copies when combining a commer-
cial kit - Column extraction method with the RT-LAMP 
reaction protocol [Fig. 2, Supplementary data (Fig. 2)]. 
Despite the difference, the LoD of the COVID-19 PoC 
diagnostic kit consistently detected sufficient RNA for 
accurate diagnostics, since the achieved LoD was under 
the observed RNA copy number for fatal cases (3.57 × 
109 copies/mL), survived cases (3.92 × 108 copies/μL), 
and asymptomatic cases (4.92 × 107 copies/μL) of COV-
ID-19 reported by Tsukagoshi et al.(27) with NS samples 
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(n = 370). Rodriguez et al.(22) used a similar methodology 
for RNA extraction for the H1N1 virus and reported a 
LoD of 106 copies/mL, which falls into the range of the 
PoC diagnostic kit reported LoD (3 × 105 copies/mL). 
Furthermore, the LoD of the PoC diagnostic kit falls 
within the range of COVID-19 saliva samples, reported 
from 104 up to 108 copies/μL,(28) indicating that the estab-
lished LoD can successfully detect COVID-19 positive 
patients both with NS and saliva samples.

The sensitivity of swab and saliva samples

Swab samples - The 1,348 clinical samples analysed 
were divided into six groups (Table) and were collect-
ed in parallel with LACEN-SC sampling, enabling the 
comparison of the RT-LAMP assay results with the of-
ficial state health authorities’ RT-qPCR results. The per-
formance of the molecular diagnostic kit was evaluated 
by focusing on three swab clinical groups: two of them 
were extracted by ethanol precipitation with centrifuga-
tion (NOSC and NSC), and the third was processed us-
ing the RNA-extraction cassette (NOSD) (Table). The 
diagnostic sensitivities achieved were 80% (NSC), 92% 
(NOSC), and 95% (NOSD), which are consistent with 
previous studies conducted by Aoki et al.(29) (79%; n = 
62), Dao Thi et al.(10) (72%; n = 768), and Chow et al.(15) 
(95%; n = 223) using commercial RNA extraction kits 
and detection through RT-LAMP. The lower sensitivity 
of 80% detected in Tubarão swab samples (NSC) may be 
due to their second examination from the same patient 
using a thinner swab. It is possible that the second col-
lection with a smaller swab resulted in a reduced viral 
load. Previous work by Dao Thi et al.(10) showed that a 
colorimetric RT-LAMP protocol with NS achieved a 
sensitivity of 97% in samples with Ct values below 30. 
However, the overall sensitivity was lower, likely due to 
higher Ct values, which represent lower viral loads and 
thus lower diagnostic sensitivity. Overall, the high sensi-
tivity obtained from LACEN-SC VTM samples (NOSC 
and NOSD: 92% and 95%, respectively) demonstrates 
that the ethanol precipitation and RNA-extraction cas-
sette methods were successful and efficient, especially 
when used for the first examination.

Saliva samples - The viability of saliva as an alterna-
tive specimen for COVID-19 detection was also evalu-
ated. Three of the six clinical groups analysed in this 
study (Table) comprised saliva samples: two of them 
involved IS, and one was composed of EMS. The IS 
samples were submitted to ethanol precipitation with 
centrifugation (ISC), and using the RNA-extraction cas-
sette method (ISD), resulting in a sensitivity of 70% and 
69%, respectively. These results are consistent with the 
findings of Nagura-Ikeda et al.(30) who reported similar 
percentages (70%) for the sensitivity of saliva samples 
extracted using a commercial kit and tested through RT-
LAMP. Another study conducted by Rao et al.(18) demon-
strated that saliva samples collected in the early morning 
had a higher detection rate in identifying the virus using 
RT-qPCR when compared to nasopharyngeal swabs. So, 
to further explore the use of saliva in PoC diagnostic, 
37 EMSD samples were collected and processed using 
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the RNA-extraction cassette, resulting in a sensitivity 
of 85%. This sensitivity aligns with similar findings re-
ported by Santos et al.(19) (80% for n = 485), and Lalli 
et al.(31) (85% for n = 30), both using indiscriminate sa-
liva through RT-LAMP testing. The former study used 
a commercial RNA extraction kit, while the latter em-
ployed an in-house saliva pre-treatment.

Other RT-LAMP parameters

The findings of this study show that both ethanol 
precipitation with centrifugation and RNA-extraction 
cassette methods were effective in detecting COVID-19 
in swab and saliva samples when combined with the col-
orimetric RT-LAMP assay.

The PPV values were > 94% for all six groups, which 
means a < 6% chance of producing a false-positive re-
sult (incorrectly identifying a negative case as positive). 
For NS, NOS, and EMS samples the NPV values were 
> 91%, resulting in < 9% chance of generating a false-
negative result (incorrectly identifying a positive case as 
negative) (Table).(32) Analysing the RNA-extraction cas-
sette samples from NOS and EMS, the PPV and NPV 
values were NOSD = 97% and 96%, and EMSD = 100% 
and 97%. This means that when combined with NOS 
in VTM samples or with EMS, the diagnostic kit (from 
RNA-extraction cassette to RT-LAMP) had a < 3% 
chance of producing a false-positive result, and a < 4% 
chance of generating a false-negative result. These re-
sults are consistent with Nawattanapaiboon et al.,(16) who 
analysed 2,120 NOS COVID-19 samples (nasopharyn-
geal and throat swabs) using a commercial extraction kit 
and RT-LAMP and yielded a PPV and an NPV of 99%.

The specificity values for all six groups analysed in 
this study were > 97.5%, which is consistent with previ-
ous COVID-19 research using swabs and saliva samples 
(specificity: 81% - 100%).(3,15,31) It is worth noting that 
the high specificity values obtained in this study for all 
six groups may be attributed to the use of three primer 
sets,(24,25) which are known to decrease nonspecific ampli-
fication, thus minimising the risk of false-positive results.

In this study, Cohen’s Kappa coefficient was em-
ployed to assess the agreement between two observers 
in their interpretations of RT-LAMP and RT-qPCR re-
sults for positive and negative samples. Cohen’s Kappa 
coefficient is a widely used measure of reliability.(33) The 
results for NOSC (k = 0.92) and NOSD (k = 0.93), as 
well as EMSD (k = 0.86), were consistent with previ-
ous studies of COVID-19 detection using saliva samples 
conducted by Santos et al.(19) (k = 0.89) and Kobayashi 
et al.(34) (k = 0.88), and nasopharyngeal swab samples 
conducted by Silva et al.(35) (k = 0.89). These findings 
suggest that the RT-LAMP method utilised in this study 
is highly reliable for COVID-19 detection.

Inconclusive RT-LAMP results

The colorimetric result is a useful approach for na-
ked-eye analysis, where in this study a pink colour indi-
cates a negative result, while a yellow colour indicates a 
positive result [Supplementary data (Fig. 4)]. However, 
it should be noted that a third colour, orange [Supple-
mentary data (Fig. 4B)], has been observed in approxi-

mately 3% of the results. To address this issue, Cui et 
al.(9) have suggested that orange results should be classi-
fied as positive, albeit with low viral loads. Meanwhile, 
Chow et al.(15) have established that pink or coral pink 
colour is indicative of a negative result, while yellow or 
amber colours are indicative of positive results. How-
ever, the results were classified according to the Aoki et 
al.(21) classification as inconclusive, suggesting that the 
samples should be reanalysed to prevent mislabelling of 
results as false positives or false negatives.

In conclusion

The streamlined solution offered by the PoC molecu-
lar diagnostic kit combines a user-friendly RNA-extrac-
tion cassette with colorimetric RT-LAMP [Supplementa-
ry data (Fig. 5)], facilitating decentralised on-site testing 
at local health centres. Results are provided within an 
hour using a common dry bath. Originally designed for 
COVID-19, this adaptable approach is suitable for other 
viral diseases, especially in low to middle-income coun-
tries facing frequent outbreaks. The development, test-
ing, and field use of this PoC tool involved various bio-
logical samples and eliminated the need for expensive 
and time-consuming commercial extraction kits. The ef-
ficacy of the diagnostic kit was validated through direct 
testing with a range of clinical samples, demonstrating 
its accuracy and affordability for viral diagnosis, par-
ticularly in resource-limited areas.
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