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Abbreviations: (HCoV), Human Corona virus; (COVID-19), 
coronavirus-disease-2019; (WHO), World Health Organization; 
(LAMP), loop-mediated isothermal amplification; (LFDs), lateral 
flow devices

Introduction
SARS-CoV-2 virus, named by the International Committee on 

Taxonomy of Viruses,1 is an α -coronavirus that belongs to the family 
of Coronaviridae. Its crown-shaped viral cover is a characteristic 
of this virus family.2−4 The α -andβ -corona virus are recognized 
as human corona virus (HCoV) and are the cause of disorders and/
or severe respiratory tract complications in immunocompromised 
people, matured people and newly born. HCoV such as SARS-CoV, 
MERS-CoV y SARS-CoV-2 is responsible for severe lower respiratory 
tract acute conditions such as pneumonia and bronchitis although 
mild symptoms such as common colds or asymptomatic conditions 
have also been observed.6−12 In March 2020 the SARS-CoV-2 virus 
caused the COVID-19 (coronavirus-disease-2019 acronym) which 

was classified as a pandemic by the World Health Organization 
(WHO).1,13−16 According to the Johns Hopkins University, in August 
2020, 17,639,185 COVID-19 confirmed cases were recorded and 
resulting in 680,575 worldwide deaths.16 Based on the above data and 
other statistics reported by the WHO,11 it was determined a SARS-
CoV-2 virus fatality rate of 5.3-8.4%18 and the reproduction number of 
1.4-6.5 (estimated number of infections for each infected patient).17−19 
These values are higher to pandemics or epidemics caused by virus in 
the past. Also, it has been reported a very high rate of SARS-CoV-2 
virus transmission which is bigger than other viruses.20

To avoid SARS-CoV-2 infections and COVID-19 disease outbreaks 
it is necessary to detect the virus.21 The virus detection process is 
carried out in three main steps: 1) the concentration and extraction 
of the RNA of the virus, 2) the viral gene amplification and 3) the 
viral detection.22 The polymerase chain reaction (RT-PCR or PCR) 
is the most conventional technique to the amplification of genetic 
sequences (RNA and DNA respectively) in temperature cycles and 
the real time quantitative PCR (qRT-PCR) is used complementarily 
to the virus identification and quantification. However, this technique 
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Abstract

The SARS-CoV-2 virus generates severe respiratory tract complications such as pneumonia 
and bronchitis and mild symptoms such as common colds or asymptomatic conditions. 
The SARS-CoV-2 presence in human feces and in treated/untreated wastewater suggests a 
transmission way that could generate local outbreaks, in addition to other type of diseases 
or disorders. Based on the above, in this work it was proposed the assembly of a lateral flow 
device (LFD) to determine the SARS-CoV-2 presence in wastewater samples. In the LFD 
a wastewater sample capillary flowed through four membranes: sample zone, conjugate 
delivery zone, reaction zone and the reactive adsorption zone. The virus amplification was 
achieved by the novel reverse transcription loop-mediated isothermal amplification (RT-
LAMP) at the sampling point. The membranes preconditioning processes and the use of 
membranes with 5-20 nm porous size increased the capillary flow rate and it was promoted 
the interaction of the gen of SARS-CoV-2 with the capture agents in the reactive adsorption 
zone. Additionally, the sensibility of the detection was improved using several methods for 
the immobilization of the capture agents on the reaction zone membrane. The RT-LAMP 
method combined with the assembled LFD allowed an efficient SARS-CoV-2 detection at 
the sampling point in a simple way, cheap and fast compared to conventional and expensive 
RT-PCR.

Keywords: SARS-CoV-2 detection, SARS-CoV-2 in wastewater, point-of-care devices 
(POC), LAMP RNA-virus amplification, wastewater-based epidemiology (WBE), lateral 
flow devices (LFDs)
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is expensive and requires qualified personal to the operation.23 Other 
popular methods to the virus identification are CRISPR-CAS12 
or SHERLOCK based on CRISPR which also need professional 
personal for its operation.24,25 Also, serological tests can be carried 
out in humans to the virus identification by means of the antibodies 
generated into the host.26

The virus gene amplification can be achieved using isothermal 
amplification methods (for the RNA or DNA viral genomes) together 
with another technique for the identification of the virus (qualitatively 
or quantitative). The loop-mediated isothermal amplification (LAMP) 
is a novel methodology for the amplification of genetic sequences in a 
specific, easy and fast way. LAMP is a low-cost technique compared 
with conventional methodologies. Also, LAMP technique can be 
carried out at the sampling point without the necessity of expensive 
material or tools.27,28

The SARS-CoV-2 transmission in humans compared to other 
HCoV types is by droplets generated by breathing, sneezing, coughing, 
sputum, as well as by direct contact with infected people or surfaces 
that contain the virus.26−29 Several studies have shown the SARS-
CoV-2 presence in feces and urine of infected people, the presence 
of the virus has also been determined in wastewater, groundwater, 
drinking water, seawater, soil, sediment, and sludge; the presence of 
the SARS-CoV-2 virus and its viral RNA in human feces has been 
reported in recent studies.30−40 The presence of virus in water bodies 
could promote the transmission of diseases and local infections. Even 
the WHO (World Health Organization) have stablished procedures to 
the water treatment to the eradication of known virus, their persistence 
time could be enough to reach other organisms, mutate and/or change 
their characteristics.41

Virus monitoring studies in wastewater are designed primarily to 
detect enteric viruses without viral envelope, which are responsible 
for infections of the gastrointestinal system and are also associated 
with possible upper respiratory tract infections.41−44 Viruses with 
viral envelopes (such as HCoV) have not been widely monitored 
in wastewater. However, some types of HCoV have been detected 
in human feces,31,32 which suggests a possible route of fecal-oral 
transmission. Therefore, it is important to develop and standardize 
methods for the detection of HCoV in “wastewater”. Some studies 
have shown the presence of HCoV in wastewater and treated water.45−48 
In the 2004 SARS (a type of HCoV) outbreak in Beijing, China, some 
publications reported the presence of the virus in treated or disinfected 
water from hospitals treating infected patients49 and a SARS outbreak 
was also associated in a residential complex due to the presence of this 
virus in the water system.50

Water is a vehicle for the dispersion of pathogens, promoting 
infectious outbreaks. Through RT-qPCR analysis, concentrations of 
up to 106 virus copies/liter were determined in treated or untreated 
water in Italy, China, Israel, Turkey, Spain, the Netherlands, the 
United States, France, and Australia.51−57 However, due to the few 
studies carried out with viral envelope viruses, the analysis method 
for the detection of the SARS-CoV-2 virus has not been standardized. 
In this sense, the methods of extraction and concentration of the virus 
should be improved taking as a precedent the procedures reported for 
other types of viruses.42−44 Currently, the RT-qPCR technique is the 
most widely used to validate and quantify the presence of the virus; 
however, it is necessary to establish the differences and similarities 
between the preparation of environmental samples and clinical 
diagnostic samples.58

Detection of various agents, including nucleic acid sequences, can 
also be performed by point-of-care (POC) detection devices, which 

are specifically designed for the detection of target analytes. Its main 
characteristic is the portability and ease of being carried out at the 
sampling site or without the need to purchase and use expensive and 
complex equipment for detection. These devices have been used for 
early disease diagnosis, food safety monitoring, and environmental 
contamination, and allow the presence of target analytes to be 
determined by simple visual inspection by colorimetry, mainly using 
Au nanoparticles.59−65 Detection is based on 1) pretreatment and 2) 
determination of target analytes (nucleic acids, proteins, ions, or 
chemical molecules). However, sample pretreatment and DNA/
RNA extraction methods need to be further developed for greater 
efficiency. POC devices specifically designed for the detection of 
target analytes, without considering the DNA/RNA extraction itself, 
are more efficient and are known as lateral flow devices (LFDs). 
LFDs are sensitive, specific, rapid, portable, inexpensive, easy to use, 
biocompatible, and contain capture agents to detect target analytes.66 
The detection is carried out by means of the capillary flow of the 
sample through different membranes, whose porous structure and 
surface chemical characteristics allow the detection of target analytes, 
through the adsorption of the target analyte with capture agents on 
the surface of the membranes. Physicochemical properties, such as 
pore size, surface area, and hydrophobicity/hydrophilicity, affect 
capillary forces and determine capillary flow velocity and adsorption 
force of target analytes. The selection of membranes must be made 
based on the adsorption capacity and balance, as well as their surface 
properties. The presence of superficial polar groups, such as hydroxyl 
and carboxylic groups is highly desired due to the strong interaction 
with the peptide bonds of proteins, which are used as capture 
agents, in addition to allowing specific binding with the protein. 
Additionally, materials must allow for adequate capillary flow time 
to prevent membrane wettability from significantly decreasing the 
adsorption capacity of capture agents. Cellulose, cotton, fabric, and 
fiberglass-based membranes are commonly used because they meet 
the mentioned characteristics. However, cellulose-based composites 
are currently beginning to be used with specifically designed fabrics, 
polyester, fibers or composites. The use of different blocking, dragging 
and conditioning solutions to provide the surface with hydroxyl and 
carboxyl groups has also been reported.67−69

Information collected through nucleic acid detection can be used 
for epidemiological monitoring based on wastewater studies (WBEs). 
WBE monitoring is commonly performed to track drugs, pesticides, 
personal care products, persistent organic pollutants, pathogens, 
among others.70−74 This approach could be successfully used to 
monitor the presence of the SARS-CoV-2 virus in wastewater and 
take corresponding sanitary actions. Ahmed et al., 2020 determined, 
by means of numerical simulations using the Monte Carlo method, 
the number of people infected as a function of the concentration of the 
SARS-CoV-2 virus (determined by RT-qPCR) in wastewater samples. 
In this study, 171-1090 infected were estimated, which was consistent 
with the clinical observations carried out in Australia, although they 
recommended further validation of the methodology to obtain more 
precise and conclusive results.75 It has been proposed that WBE 
monitoring could be used to monitor the presence of the SARS-CoV-2 
virus in wastewater, which would make it possible to identify the 
geographic distribution of the excreted virus within communities.76 
In addition, the evolution of the virus would be monitored even 
when its presence is not evident through clinical diagnosis due to 
the asymptomatic nature of patients and super saturation of clinical 
cases.77−80 Also, the efficiency of public health measures such as social 
distancing, isolation or emergency closures could be determined as 
interventions to prevent the spread of COVID-19.81 Nemudryi et 
al., 2020 reported that some states in the United States of America 
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have adopted wastewater surveillance to determine the phylogeny 
of SARS-CoV-2 virus strains and monitor the efficacy of public 
health interventions,82 similarly studies have been proposed in the 
Netherlands, France and Australia.83,51

This work proposes the new assemble of lateral flow devices 
coupled with RT-LAMP molecular reactions to obtain a fast and 
cheap method for the detection of genetic fragments of SARS-CoV-2 
in wastewater treatment plants and local water systems.

Material and methods
Materials

FTIC, Streptavidine, Biotina, anti-FTIC, anti-biotin, Bovine serum 
albumin (BSA), phosphates buffer solution (PSB), Chloroauric acid 
(HAuCl4), sodium citrate (Na3C6H5O7), potassium carbonate (K2CO3), 
Au NPs, Membrane Hi-Flow™ Plus HF180 and C083 Cellulose 
Absorbent Sample Pads acquired from Sigma-Aldrich were used 
without further treatment. A QuantiTect Reverse Transcription kit 
and RNeasy Power Microbiome extraction kit were obtained from 
Qiagen (Hilden, Germany). A 0.45 nm pore diameter nitrocellulose 
membrane was purchased from Millipore (Burlington, MA, USA). 
Bst 3.0 enzyme, Bst buffer, and MgSO4 were purchased from New 
England Biologicals (NEB, MA, USA). dNTPs mix 10 mM, nuclease-
free water and SYBR Safe DNA gel stain were obtained from Thermo 
Fisher Scientific (Waltham, MA, USA). HCl, tris acetate buffer (TAE 
10X) was purchased from Sigma-Aldrich (St Louis, MO, USA). All 
chemicals were of analytical grade. Aqueous solutions were prepared 
with Milli-Q water. 

Extraction and concentration of SARS-CoV-2 RNA

Wastewater samples were taken from the effluent in the region 
of Juriquilla, Querétaro since June 2022 to February 2023. These 
samples were concentrated using the electronegative membrane 
method due to its high detection limit for SARS-CoV-2 genes. The 
pH of the sample was adjusted to 3.5 with 2 N HCl, and the samples 
were filtered through a negatively charged nitrocellulose membrane 
with pores of 0.45 μm in diameter (Millipore, Netherlands). The 
membranes were cut and used in an RNA extraction kit, Power kit 
RNeasy Power Microbiome kit (Qiagen, Germany).45,46

RT-LAMP assay

First, we performed reverse transcription for 5 µL of RNA using a 
QuantiTect Reverse Transcription Kit (Qiagen, Germany) according 
to the manufacturer’s instructions. We then prepared the RT-LAMP 
reaction of 50 μL, each reaction containing 3 μL MgSO4 (NEB), 
5 μL Bst buffer (NEB), 5 μL 2 mM dNTPs (Thermo Scientific), 2 
μL 10X primer core mix, 2 μL 10X primer loop mix, 10 U Bst 2.0 
DNA polymerase (NEB), 4 μL cDNA, and nuclease free water, which 
was added to complete the total volume of 50 μL. We designed the 
specific primers for the SARS-CoV-2 N gene (see Table 1), using 
the tool PrimerExplorer V5 (https://primerexplorer.jp/e/). The RT-
LAMP reactions were verified using standard electrophoresis in 1% 
agarose gel with SYBR Safe DNA Gel Stain to verify the correctness 
of the amplification products. Lastly, the RT-LAMP amplicons were 
validated through sequencing on the data base of ncbi (https://www.
ncbi.nlm.nih.gov/nuccore/om522662).

The main advantages of LAMP method compared with 
conventional RT-PCR are the follow: 1) The LAMP technique, like 
PCR, can amplify specific fragments of DNA which allows highly 
sensitive detection of pathogens. 2) The effectiveness of LAMP is 

based on the design of primers that must be very specific. 3) Unlike 
PCR, LAMP requires 4 to 6 primers. 5) The method uses a DNA 
polymerase (BST enzyme) with strand displacement activity and, 
with Retrotranscription (RT) activity. This displacement amplification 
property does not require PCR step to denature (90°C). 6) It is 
isothermal, that is, the reaction occurs at the same temperature 60°C 
continuously, which is an important advantage over traditional PCR. 
7) High amplification efficiency: DNA is amplified 109 – 1010 times 
in 15 to 75 minutes. 8) One of the great advantages is related to greater 
tolerance to inhibitors and less infrastructure and time to perform the 
reactions and obtain the results at molecular level.

Dipstick for Lateral Flow assay (LFD)

To detect LAMP products by LFD, FIP was 5′-labeled with biotin 
and a fluorescein isothiocyanate (FITC)-labeled (LF) probe for use 
in subsequent LFD assay steps. The biotinylated RT-LAMP product 
hybridizes with a FITC-labeled probe specific for the target DNA. This 
was designed between primers B1c and B2 for molecular hybridization 
detecting FITC-biotinylated LAMP product. Upon application to the 
dipstick, the hybridization product complexes with gold-labeled anti-
FITC specific antibodies. The immune complexes continue to diffuse 
through the analytical membrane. By overflowing the test band with 
biotin-specific molecules immobilized on the test band, the labeled 
immune complexes are captured and produce a red test band over 
time. Labeled immune complexes are not captured at the test line but 
overflow the control band and are immobilized by species-specific 
antibodies. An intense control band is generated over time. Primer 
sequences are shown in Table 1. According to the LFD test protocol 
(Milenia Genline HybriDtect, Germany), after completion of the 
biotin-labeled RT-LAMP reaction without heat inactivation, 8 μL of 
RT-LAMP reaction product (hybridized product) was added to 100 μL 
of detection buffer in a new tube. Finally, the LFD strip was immersed 
in the mixture. Detection results were determined by observing the 
control and test lines on the LFD strips.

Determination of RT-LAMP-LFD specificity

To determine the specificity of our system design and procedure, 
we performed RT-LAMP assays by annealing the seasonal H1N1 
influenza genome and LAMP assays with DNA from A549 cells, then 
we confirmed the results on a 1% agarose gel, data not shown.

Evaluation of RT-LAMP-LFD sensitivity

LAMP-LFD sensitivity was evaluated against 10-fold serial 
dilutions of a positive control template (synthetic N gene of SARS-
CoV-2). These dilutions ranged from 1 copy to 1000 copies, with 
nuclease-free water included as a negative control (NTC). To validate 
our results, each concentration was tested three times. We also 
performed a RT-LAMP colorimetric assay, reactions were performed 
in 25 μL reaction volumes. 

Applicability of the RT-LAMP-LFD assay to field 
samples

The 12 water samples collected from Queretaro, Mexico were 
assayed using LAMP-LFD and the results were compared with those 
obtained using conventional colorimetric RT-LAMP assays. Ultrapure 
water was used instead of RNA template in the negative control. 
The results of the standard RT-LAMP reaction were analyzed by 
1% agarose gels and sequencing. RT-LAMP reaction products were 
analyzed using LFD strips.
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Results and discussion 
LAMP-Lateral Flow assays 

To validate RT-LAMP assays that amplify the N gene of the 
SARS-CoV-2 virus, we first performed a series of dilutions using a 
synthetic N gene in colorimetric RT-LAMP assays as shown in Figure 
1. The colorimetric RT-LAMP reaction produces a magenta to yellow 
color change when the gene of interest is amplified. The RT-LAMP 
reaction was performed at 63°C for 30 minutes using the primers 
listed in Table 1. As shown in Figure 1, our RT-LAMP assay achieves 
up to one copy of the synthetic N gene.

Table 1 RT-LAMP primers for the detection of SARS-CoV-2 N gene from 
wastewater samples

 F3 CCAGAATGGAGAACGCAGTG 0.2
B3 CCGTCACCACCACGAATI 0.2

N FIP AGCGGTGAACCAAGACGCAG- 1.6
GGCGCGATCAAAACAACG

Amplicon: BIP AATICCCTCGAGGACAAGGCG- 1.6
AGCTCTTCGGTAGTAGCCAA

215 pb F2 GGCGCGATCAAAACAACG 0.8
Flc AGCGGTGAACCAAGACGCAG 0.8
B2 AGCTCTTCGGTAGTAGCCAA 0.8

 Blc AATICCCTCGAGGACAAGGCG 0.8

Figure 1 End-point measurements to detect RT-LAMP products of N genes. 
(a) Output characteristic curves of synthetic N gene, N3=1000 copies of 
N gene, N4=100 copies, N5=10 copies, N6=1 copy and negative template 
control (NTC) samples.

RT-LAMP-LFD sensitivity 

After setting up the RT-LAMP conditions with the synthetic 
N gene for the colorimetric reaction, we decided to determine the 
sensitivity of our RT-LAMP-LFD system by performing a series of 
dilutions using the synthetic N gene as a template. As shown in Figure 
2, our RT-LAMP-LFD system has a detection limit of one copy of 
the N gene, similar to the results obtained with the colorimetric RT-
LAMP reaction shown in Figure 1.

Water sample analysis with RT-LAMP-LFD assays 

Twelve RNA samples from wastewater effluents from the area of 
Querétaro, Mexico, a negative control for the N gene and a positive 
control which is the synthetic N gene were analyzed by the RT-LAMP-
LFD assay. All twelve field water samples were positive for the 
SARS-CoV-2 N-gene detected by the RT-LAMP-LFD assay (Figure 
3). To ensure experimental accuracy, the positive samples were further 
analyzed by colorimetric RT-LAMP and sequencing of the RT-LAMP 
products. As expected, the results obtained by RT-LAMP-LFD are 
reliable, and this confirms us that this system is functional for the 
detection of SARS-CoV-2 virus N from wastewater samples.

Figure 2 Sensitivity of RT-LAMP-LFD of SARS-CoV-2 using a synthetic N gene 
and no template control (NTC). Serial dilution of synthetic N gene; N3=1000 
copies, N4=100 copies, N5=10 copies, N6=1 copy, respectively.

Figure 3 Analysis of wastewater samples (A) RT-LAMP-LFD and (B) RT-LAMP 
colorimetric assay. NTC, negative control without addition of RNA or cDNA 
template. C+, positive control with a synthetic N gene and twelve wastewater 
samples from Queretaro, Mexico.

Conclusion
The novel RT-LAMP-LFD method developed in this work can be 

used for the detection of the SARS-CoV-2 virus genome, in a time 
of 30 minutes (excluding the extraction and concentration step of the 
genetic material), at a constant temperature of 63°C. This device does 
not require expensive equipment or highly qualified personnel for its 
use, which makes it a methodology that can be used on site to assist in 
the work of environmental epidemiological monitoring. 

Acknowledgments
This work was supported by the Project Support Program for 

Research and Technological Innovation (PAPIIT) of UNAM (Project 
TA100621).

Conflicts of interest
The authors declare that they have no conflict of interest.

References
1. Wu Y, Ho W, Huang Y, et al. SARS-CoV-2 is an appropriate name for the 

new coronavirus. Lancet. 2020;395(10228):949−950. 

2. Wang XW, Li J, Jin M, et al. Study on the resistance of severe acute 
respiratory syndrome-associated coronavirus. J Virol Methods. 
2005;126(1-2):171–177. 

https://doi.org/10.15406/jmen.2024.12.00410
https://pubmed.ncbi.nlm.nih.gov/32151324/
https://pubmed.ncbi.nlm.nih.gov/32151324/
https://pubmed.ncbi.nlm.nih.gov/15847934/
https://pubmed.ncbi.nlm.nih.gov/15847934/
https://pubmed.ncbi.nlm.nih.gov/15847934/


Developing lateral-flow devices for the fast and cheap detection of SARS-cov-2 in wastewater: a potential 
tool to monitoring local virus outbreaks by wastewater based epidemiology

20
Copyright:

©2024 Castillo-Villanueva et al.

Citation: Castillo-Villanueva E, Alvarez-Amparán MA, Valdivia-Anistro J, et al. Developing lateral-flow devices for the fast and cheap detection of SARS-cov-2 in 
wastewater: a potential tool to monitoring local virus outbreaks by wastewater based epidemiology. J Microbial Exp. 2024;12(1):16‒21. 
DOI: 10.15406/jmen.2024.12.00410

3. Cui J, Li F, Shi ZL, et al. Origin and evolution of pathogenic 
coronaviruses. Nat Rev Microbiol. 2019;17(3):181e192. 

4. Wang Q, Vlasova AN, Kenney SP, et al. Emerging and re-emerging 
coronaviruses in pigs. Curr Opin Virol. 2019;34:39−49. 

5. Dong Y, Mo X, Hu Y, et al. Epidemiology of COVID-19 among children 
in China. Pediatrics. 2020;145:e20200702. 

6. Wang L, Shi Z, Zhang S, et al. Review of Bats and SARS. Emerg Infect 
Dis. 2006;12(12):1834−1840. 

7. Park GJ, Osinski A, Hernandez G. et al. The mechanism of RNA capping 
by SARS-CoV-2. Nature. 2022;609(7928):793–800. 

8. Su S, Wong G, Shi W, et al. Epidemiology, genetic recombination, and 
pathogenesis of coronaviruses. Trends Microbiol. 2016;24(6):490−502.

9. Forni D, Cagliani R, Clerici M, et al. Molecular evolution of human 
coronavirus genomes. Trends Microbiol. 2017;25(1):35−48. 

10. Fehr AR, Perlman S. Coronaviruses: an overview of their replication and 
pathogenesis. In: Helena JM et al, editors. Coronaviruses: Methods and 
Protocols. Springer Science+Business Media: New York; 2015. 1−23 p.

11. Zhu N, Zhang D, Wang W, et al. A novel coronavirus from patients with 
pneumonia in China, 2019. N Engl J Med. 2020;382(8):727−733. 

12. Huang C, Wang Y, Li X, et al. Clinical features of patients 
infected with 2019 novel coronavirus in Wuhan, China. Lancet. 
2020;395(10223):497−506. 

13. Organización Mundial de la Salud. R&D Blueprint and COVID-19; 
2020. 

14. Yoo JH. The fight against the 2019-nCoV outbreak: an arduous march 
has just begun. J Korean Med Sci. 2020;35(4):e56. 

15. Zhang YZ, Holmes EC. A genomic perspective on the origin and 
emergence of sars-cov-2. Cell. 2020;181(2):16223−16227. 

16. Universidad Johns Hopkins. COVID-19 Dashboard by the Center for 
Systems Science and Engineering (CSSE); 2020. 

17. Boldog P, Tekeli T, Vizi Z, et al. Risk assessment of novel coronavirus 
COVID-19 outbreaks outside China. J Clin Med. 2020;9(2):571. 

18. Wang C, Horby PW, Hayden FG, et al. A novel coronavirus outbreak of 
global health concern. Lancet. 2020;395(10223):470–473. 

19. Park JE, Jung S, Kim A. MERS transmission and risk factors: a 
systematic review. BMC Public Health. 2018;18(1):574. 

20. Islam H, Rahman A, Masud J, et al.  A Generalized overview of SARS-
CoV-2: Where does the current knowledge stand?. Electron J Gen Med. 
2020;17(6):em251. 

21. Hellewell J, Abbott S, Gimma A, et al. Feasibility of controlling 
COVID-19 outbreaks by isolation of cases and contacts. Lancet Glob 
Health. 2020;8(4):e488–e496. 

22. To KK, Yip CC, Lai CY, et al. Saliva as a diagnostic specimen for 
testing respiratory virus by a point-of-care molecular assay: a diagnostic 
validity study. Clin Microbiol Infect. 2019;25(3):372−378. 

23. Corman VM, Landt O, Kaiser M, et al. Detection of 2019 novel 
coronavirus (2019-nCoV) by real-time RT-PCR. Euro Surveill. 
2020;25(3):2000045. 

24. Broughton JP, Deng X, Yu G, et al. CRISPR–Cas12-based detection of 
SARS-CoV-2. Nat Biotechnol. 2020;38(7):870−874. 

25. Kellner MJ, Koob JG, Gootenberg JS, et al. SHERLOCK: nucleic acid 
detection with CRISPR nucleases. Nat Protoc. 2019;14(10):2986–3012. 

26. Liu W, Liu L, Kou G, et al. Evaluation of nucleocapsid and spike protein-
based enzyme linked immunosorbent assays for detecting antibodies 
against SARS-CoV-2. J Clin Microbiol. 2020;58:6:e00461−20.

27. Lopez Marzo AM, Pons J, Blake DA, et al. All integrated and highly 
sensitive paperbased device with sample treatment platform for Cd2+ 
immunodetection in drinking/tap waters. Anal Chem. 2013;85(7):3532–
3538. 

28. Yang XX, Forouzan O, Brown TP, et al. Integrated separation of blood 
plasma from whole blood for microfluidic paper-based analytical 
devices. Lab Chip. 2012;12(2):274–280. 

29. Kutter J, Spronken M, Fraaij P, et al. Transmission routes of respiratory 
viruses among humans. Curr Opin Virol. 2018;28:142−151. 

30. Rusinol M, Girones R. Summary of excreted and waterborne viruses. In: 
Rose JB, Jiménez-Cisneros B, editors. Global Water Pathogen Project. 
Michigan State University, E. Lansing, MI: UNESCO; 2017. 1−20 p.

31. Risku M, Lappalainen S, Räsänen S, et al. Detection of human 
coronaviruses in children with acute gastroenteritis. J Clin Virol. 
2010;48(1):27−30. 

32. Jevsnik M, Steyer A, Zrim T, et al. Detection of human coronaviruses in 
simultaneously collected stool samples and nasopharyngeal swabs from 
hospitalized children with acute gastroenteritis. Virol J; 2013. 

33. Corsi SR, Borchardt MA, Spencer SK, et al. Human and bovine 
viruses in the Milwaukee river watershed: hydrologically relevant 
representation and relations with environmental variables. Sci Total 
Environ. 2014;490:849–860. 

34. Givens CE, Kolpin DW, Borchardt MA, et al. Detection of hepatitis E 
virus and other livestock-related pathogens in Iowa streams. Sci Total 
Environ. 2016;566–567:1042–1051. 

35. Katz A, Peña S, Alimova A, et al. Heteroaggregation of an enveloped 
bacteriophage with colloidal sediments and effect on virus viability. Sci 
Total Environ. 2018;637–638:104–111. 

36. Nag R, Whyte P, Markey BK, et al. Ranking hazards pertaining to 
human health concerns from land application of anaerobic digestate. Sci 
Total Environ. 2020;710:136297. 

37. Chen C, Gao G, Xu Y, et.al. SARS-CoV-2–positive sputum and feces 
after conversion of pharyngeal samples in patients with COVID-19. Ann 
Intern Med. 2020;170(12):832–834. 

38. Pan Y, Zhang D, Yang P, et al. Viral load of SARS-CoV-2 in clinical 
samples. Lancet Infect Dis. 2020;20(4):411−412. 

39. Lodder W, Husman AR. SARS-CoV-2 in wastewater: potential 
health risk, but also data source. Lancet Gastroenterol Hepatol. 
2020;5(6):533−534. 

40. Nghiem LD, Morgan B, Donner E, et al. The COVID-19 pandemic: 
Considerations for the waste and wastewater services sector. Case Study. 
Chem Environ Eng. 2020;1:100006. 

41. Núñez-Delgado A. What do we know about the SARS-CoV-2 
coronavirus in the environment?. Sci Total Environ. 2020;727:138647. 

42. Hill VR, Polaczyk AL, Hahn D, et al. Development of a rapid method 
for simultaneous recovery of diverse microbes in drinking water by 
ultrafiltration with sodium polyphosphate and surfactants. Appl Environ 
Microbiol. 2005;71(11):6878–6884. 

43. Lewis GD, Metcalf TG. Polyethylene glycol precipitation for recovery 
of pathogenic viruses, including hepatitis A virus and human rotavirus, 
from oyster, water, and sediment samples. Appl Environ Microbiol. 
1988;54(8):1983–1988. 

44. Fumian TM, Leite JPG, Castello AA, et al. Detection of rotavirus 
A in sewage samples using multiplex qPCR and an evaluation of 
the ultracentrifugation and adsorption-elution methods for virus 
concentration. J Virol Methods. 2010;170(1-2):42–46. 

45. Ramírez-Chavarría RG, Castillo-Villanueva E, Alvarez-Serna BE, et al. 
Loop-mediated isothermal amplification-based electrochemical sensor 
for detecting SARS-CoV-2 in wastewater samples. J Environ Chem Eng. 
2022;10(3):107488. 

https://doi.org/10.15406/jmen.2024.12.00410
https://pubmed.ncbi.nlm.nih.gov/30531947/
https://pubmed.ncbi.nlm.nih.gov/30531947/
https://pubmed.ncbi.nlm.nih.gov/30654269/
https://pubmed.ncbi.nlm.nih.gov/30654269/
https://pubmed.ncbi.nlm.nih.gov/32179660/
https://pubmed.ncbi.nlm.nih.gov/32179660/
https://pubmed.ncbi.nlm.nih.gov/17326933/
https://pubmed.ncbi.nlm.nih.gov/17326933/
https://pubmed.ncbi.nlm.nih.gov/35944563/
https://pubmed.ncbi.nlm.nih.gov/35944563/
https://pubmed.ncbi.nlm.nih.gov/27012512/
https://pubmed.ncbi.nlm.nih.gov/27012512/
https://pubmed.ncbi.nlm.nih.gov/27743750/
https://pubmed.ncbi.nlm.nih.gov/27743750/
https://pubmed.ncbi.nlm.nih.gov/25720466/
https://pubmed.ncbi.nlm.nih.gov/25720466/
https://pubmed.ncbi.nlm.nih.gov/25720466/
https://pubmed.ncbi.nlm.nih.gov/31978945/
https://pubmed.ncbi.nlm.nih.gov/31978945/
https://pubmed.ncbi.nlm.nih.gov/31986264/
https://pubmed.ncbi.nlm.nih.gov/31986264/
https://pubmed.ncbi.nlm.nih.gov/31986264/
https://www.who.int/teams/blueprint/covid-19
https://www.who.int/teams/blueprint/covid-19
https://pubmed.ncbi.nlm.nih.gov/31997618/
https://pubmed.ncbi.nlm.nih.gov/31997618/
https://pubmed.ncbi.nlm.nih.gov/32220310/
https://pubmed.ncbi.nlm.nih.gov/32220310/
https://coronavirus.jhu.edu/map.html
https://coronavirus.jhu.edu/map.html
https://pubmed.ncbi.nlm.nih.gov/32093043/
https://pubmed.ncbi.nlm.nih.gov/32093043/
https://pubmed.ncbi.nlm.nih.gov/31986257/
https://pubmed.ncbi.nlm.nih.gov/31986257/
https://pubmed.ncbi.nlm.nih.gov/29716568/
https://pubmed.ncbi.nlm.nih.gov/29716568/
https://www.ejgm.co.uk/article/a-generalized-overview-of-sars-cov-2-where-does-the-current-knowledge-stand-8258
https://www.ejgm.co.uk/article/a-generalized-overview-of-sars-cov-2-where-does-the-current-knowledge-stand-8258
https://www.ejgm.co.uk/article/a-generalized-overview-of-sars-cov-2-where-does-the-current-knowledge-stand-8258
https://pubmed.ncbi.nlm.nih.gov/32119825/
https://pubmed.ncbi.nlm.nih.gov/32119825/
https://pubmed.ncbi.nlm.nih.gov/32119825/
https://pubmed.ncbi.nlm.nih.gov/29906597/
https://pubmed.ncbi.nlm.nih.gov/29906597/
https://pubmed.ncbi.nlm.nih.gov/29906597/
https://pubmed.ncbi.nlm.nih.gov/31992387/
https://pubmed.ncbi.nlm.nih.gov/31992387/
https://pubmed.ncbi.nlm.nih.gov/31992387/
https://pubmed.ncbi.nlm.nih.gov/32300245/
https://pubmed.ncbi.nlm.nih.gov/32300245/
https://pubmed.ncbi.nlm.nih.gov/31548639/
https://pubmed.ncbi.nlm.nih.gov/31548639/
https://pubmed.ncbi.nlm.nih.gov/32229605/
https://pubmed.ncbi.nlm.nih.gov/32229605/
https://pubmed.ncbi.nlm.nih.gov/32229605/
https://pubmed.ncbi.nlm.nih.gov/23445438/
https://pubmed.ncbi.nlm.nih.gov/23445438/
https://pubmed.ncbi.nlm.nih.gov/23445438/
https://pubmed.ncbi.nlm.nih.gov/23445438/
https://pubs.rsc.org/en/content/articlelanding/2012/lc/c1lc20803a
https://pubs.rsc.org/en/content/articlelanding/2012/lc/c1lc20803a
https://pubs.rsc.org/en/content/articlelanding/2012/lc/c1lc20803a
https://pubmed.ncbi.nlm.nih.gov/29452994/
https://pubmed.ncbi.nlm.nih.gov/29452994/
https://www.waterpathogens.org/book/summary-of-excreted-and-waterborne-viruses
https://www.waterpathogens.org/book/summary-of-excreted-and-waterborne-viruses
https://www.waterpathogens.org/book/summary-of-excreted-and-waterborne-viruses
https://pubmed.ncbi.nlm.nih.gov/20233673/
https://pubmed.ncbi.nlm.nih.gov/20233673/
https://pubmed.ncbi.nlm.nih.gov/20233673/
https://pubmed.ncbi.nlm.nih.gov/23379823/
https://pubmed.ncbi.nlm.nih.gov/23379823/
https://pubmed.ncbi.nlm.nih.gov/23379823/
https://pubmed.ncbi.nlm.nih.gov/24908645/
https://pubmed.ncbi.nlm.nih.gov/24908645/
https://pubmed.ncbi.nlm.nih.gov/24908645/
https://pubmed.ncbi.nlm.nih.gov/24908645/
https://pubmed.ncbi.nlm.nih.gov/27318519/
https://pubmed.ncbi.nlm.nih.gov/27318519/
https://pubmed.ncbi.nlm.nih.gov/27318519/
https://pubmed.ncbi.nlm.nih.gov/29747115/
https://pubmed.ncbi.nlm.nih.gov/29747115/
https://pubmed.ncbi.nlm.nih.gov/29747115/
https://pubmed.ncbi.nlm.nih.gov/32050363/
https://pubmed.ncbi.nlm.nih.gov/32050363/
https://pubmed.ncbi.nlm.nih.gov/32050363/
https://pubmed.ncbi.nlm.nih.gov/32227141/
https://pubmed.ncbi.nlm.nih.gov/32227141/
https://pubmed.ncbi.nlm.nih.gov/32227141/
https://pubmed.ncbi.nlm.nih.gov/32105638/
https://pubmed.ncbi.nlm.nih.gov/32105638/
https://pubmed.ncbi.nlm.nih.gov/32246939/
https://pubmed.ncbi.nlm.nih.gov/32246939/
https://pubmed.ncbi.nlm.nih.gov/32246939/
https://www.sciencedirect.com/science/article/pii/S2666016420300049
https://www.sciencedirect.com/science/article/pii/S2666016420300049
https://www.sciencedirect.com/science/article/pii/S2666016420300049
https://pubmed.ncbi.nlm.nih.gov/32315907/
https://pubmed.ncbi.nlm.nih.gov/32315907/
https://pubmed.ncbi.nlm.nih.gov/16269722/
https://pubmed.ncbi.nlm.nih.gov/16269722/
https://pubmed.ncbi.nlm.nih.gov/16269722/
https://pubmed.ncbi.nlm.nih.gov/16269722/
https://pubmed.ncbi.nlm.nih.gov/2845860/
https://pubmed.ncbi.nlm.nih.gov/2845860/
https://pubmed.ncbi.nlm.nih.gov/2845860/
https://pubmed.ncbi.nlm.nih.gov/2845860/
https://pubmed.ncbi.nlm.nih.gov/20804786/
https://pubmed.ncbi.nlm.nih.gov/20804786/
https://pubmed.ncbi.nlm.nih.gov/20804786/
https://pubmed.ncbi.nlm.nih.gov/20804786/
https://pubmed.ncbi.nlm.nih.gov/35251932/
https://pubmed.ncbi.nlm.nih.gov/35251932/
https://pubmed.ncbi.nlm.nih.gov/35251932/
https://pubmed.ncbi.nlm.nih.gov/35251932/


Developing lateral-flow devices for the fast and cheap detection of SARS-cov-2 in wastewater: a potential 
tool to monitoring local virus outbreaks by wastewater based epidemiology

21
Copyright:

©2024 Castillo-Villanueva et al.

Citation: Castillo-Villanueva E, Alvarez-Amparán MA, Valdivia-Anistro J, et al. Developing lateral-flow devices for the fast and cheap detection of SARS-cov-2 in 
wastewater: a potential tool to monitoring local virus outbreaks by wastewater based epidemiology. J Microbial Exp. 2024;12(1):16‒21. 
DOI: 10.15406/jmen.2024.12.00410

46. Ramírez-Chavarría RG, Castillo-Villanueva E, Alvarez-Serna BE, 
et al. Automatic analysis of isothermal amplification via impedance 
time-constant-domain spectroscopy: A SARS-CoV-2 case study. 
Chemosensors. 2023;11(4):230. 

47. Bibby K, Peccia J. Identification of viral pathogen diversity in 
sewage sludge by metagenome analysis. Environ Sci Technol. 
2013;47(2013):1945–1951

48. Blanco A, Abid I, Al-Otaibi N, et al. Glass wool concentration 
optimization for the detection of enveloped and non-enveloped 
waterborne viruses. Food Environ Virol. 2019;11(2):184–192

49. Wang XW, Li JS, Guo TK, et al. Concentration and detection of SARS 
coronavirus in sewage from Xiao Tang Shan Hospital and the 309th 
hospital. J Virol Methods. 2005;128(1-2):156–161. 

50. McKinney KR, Gong YY, Lewis TG. Environmental transmission of 
SARS at Amoy Gardens. J Environ Health. 2006;68(9):26–30.

51. Kitajima M, Ahmed W, Bibby K, et al. SARS-CoV-2 in wastewater: 
State of the knowledge and research needs. Sci Total Environ. 
2020;739:139076. 

52. La Rosa G, Iaconelli M, Mancini P, et al. First detection of SARS-CoV-2 
in untreated wastewater in Italy. Sci Total Environ. 2020;736:139652. 

53. Zhang D, Ling H, Huang X, et.al. Potential spreading risks and 
disinfection challenges of medical wastewater by the presence of severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral RNA in 
septic tanks of Fangcang hospital. Sci Total Environ. 2020;741:140445. 

54. Bar-Or I, Yaniv K, Shagan M, et.al. Regressing SARS-CoV-2 sewage 
measurements onto COVID-19 burden in the population: a proof-
of concept for quantitative environmental surveillance. Front Public 
Health. 2021;9:561710. 

55. Kocamemi BA, Kurt H, Hacio S, et al. First dataset on SARS-CoV-2 
detection for Istanbul wastewaters in Turkey. medRxiv prepint; 2020.

56. Randazzo W, Cuevas-Ferrando E, Sanjuan R, et al. Metropolitan 
wastewater analysis for COVID-19 epidemiological surveillance. Int J 
Hyg Environ Health. 2020;230:113621. 

57. Wurtzer S, Marechal V, Mouchel J, et al. Time course quantitative 
detection of SARS-CoV-2 in parisian wastewaters correlates with 
COVID-19 confirmed cases. medRxiv; 2020  

58. Ahmed W, Bertsch PM, Bivins A, et.al. Comparison of virus 
concentration methods for the RT-qPCR-based recovery of murine 
hepatitis virus, a surrogate for SARS-CoV-2 from untreated wastewater. 
Sci Total Environ. 20920;739:139960. 

59. Land KJ, Boeras DI, Chen XS, et al. Reassured diagnostics to inform 
disease control strategies, strengthen health systems and improve patient 
outcomes. Nat Microbiol. 2019;4(1):46–54. 

60. Hudson K. Get bedside results with point of care testing. Nurs Manag. 
2005;36(1):45–46. 

61. Gootenberg JS, Abudayyeh OO, Zhang F. Multiplexed and portable 
nucleic acid detection platform with Cas13, Cas12a, and Csm6. Science. 
2018;360(6387):439–444. 

62. Tapper EB, Parikh ND, Waljee AK, et al. Diagnosis of minimal hepatic 
encephalopathy: a systematic review of point-of-care diagnostic tests. 
Am J Gastroenterol. 2018;113(4):529–538.

63. Reddy B, Hassan U, Seymour C, et al. Point-of-care sensors for the 
management of sepsis. Nat Biomedical Eng. 2018;2(9):640–648. 

64. Magiati M, Sevastou A, Kalogianni DP. A fluorometric lateral flow assay 
for visual detection of nucleic acids using a digital camera readout. 
Mikrochimica Acta. 2018;185(6):314. 

65. Raja RK, Nguyen-Tri P, Balasubramani G, et al. SARS-CoV-2 and its 
new variants: a comprehensive review on nanotechnological application 
insights into potential approaches. Appl Nanosci. 2023;13(1):65–93. 

66. Ince B, Sezgintürk MK. Lateral flow assays for viruses diagnosis: 
Up-to-date technology and future prospects. Trends Analyt Chem. 
2022;157:116725. 

67. Yang MZ, Zhang W, Yang JC, et.al. Skiving stacked sheets of paper into 
test paper for rapid and multiplexed assay. Sci Adv. 2017;3(12):eaao4862. 

68. Bonacchini GE, Bossio C, Greco F, Mattoli V, et al. Tattoo-paper 
transfer as a versatile platform for all-printed organic edible electronics. 
Adv Mater. 2018;30(14):e1706091. 

69. Tang RH, Liu LN, Zhang SF, et al. A review on advances in methods 
for modification of paper supports for use in point-of-care testing. 
Microchim Acta. 2019;186:521 

70. López-García E, Postigo C, Barceló D, Alda. The value of wastewater-
based epidemiology in the estimation of alcohol consumption. Curr 
Opin Env Sci Health. 2019;9:19−25. 

71. van Nuijs ALN, Castiglioni S, Tarcomnicu I, et al. Illicit drug 
consumption estimations derived from wastewater analysis: a critical 
review. Sci Total Environ. 2011;409(19):3564–3577. 

72. Lorenzo M, Picó Y. Wastewater-based epidemiology: current status and 
future prospects. Curr Opin Env Sci Health. 2019;9:77−84. 

73. Qi R, Huang YT, Liu JW, et al. Global prevalence of asymptomatic 
norovirus infection: a meta-analysis. EclinicalMedicine. 2018;2(3):50–
58. 

74. Johansson MA, Vasconcelos PFC, Staples JE. The whole iceberg: 
estimating the incidence of yellow fever virus infection from the number 
of severe cases. Trans R Soc Trop Med Hyg. 2014;108(8):482–487. 

75. Ahmed W, Angel N, Edson J, et al. First confirmed detection of 
SARSCoV-2 in untreated wastewater in Australia: a proof of concept for 
the wastewater surveillance of COVID-19 in the community. Sci Total 
Environ. 2020;728:138764. 

76. Daughton C. The international imperative to rapidly and inexpensively 
monitor community-wide Covid-19 infection status and trends. Sci Total 
Environ. 2020;726:38149. 

77. Lai CC, Liu YH, Wang CY, et al. Asymptomatic carrier state, acute 
respiratory disease, and pneumonia due to severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2): facts and myths. J Microbiol 
Immunol Infect. 2020;53(3):404−412. 

78. Mizumoto K, Kagaya K, Zarebski A, et al. Estimating the asymptomatic 
proportion of coronavirus disease 2019 (COVID-19) cases on board 
the diamond princess cruise ship, Yokohama, Japan. Euro surveillance. 
2020;25(10):1–5. 

79. Tang A, Tong ZD, Wang HL, et.al. Detection of novel coronavirus by 
RT-PCR in stool specimen from asymptomatic child, China. Emerg 
Infect Dis. 2020;26:1–5. 

80. Mao K, Zhang H, Yang Z. Can a paper-based device trace COVID-19 
Sources with wastewater-based epidemiology? Environ Sci Technol. 
2020;54(7):3733−3735. 

81. Randazzo W, Truchado P, Cuevas-Ferrando E, et al. SARS-CoV-2 RNA 
in wastewater anticipated COVID-19 occurrence in a low prevalence 
area. Water Res. 2020;181 115942. 

82. Nemudryi A, Nemudraia A, Surya K, et al. Temporal detection and 
phylogenetic assessment of SARS-CoV-2 in municipal wastewater. Cell 
Rep. 2020;1(6): 100098. 

83. Medema G, Heijnen L, Elsinga G, et al. Presence of SARS-Coronavirus-2 
RNA in sewage and correlation with Reported COVID-19 prevalence in 
the early stage of the epidemic in The Netherlands. Environ Sci Technol 
Lett. 2020;7(7):511–516. 

https://doi.org/10.15406/jmen.2024.12.00410
https://www.mdpi.com/2227-9040/11/4/230
https://www.mdpi.com/2227-9040/11/4/230
https://www.mdpi.com/2227-9040/11/4/230
https://www.mdpi.com/2227-9040/11/4/230
https://pubmed.ncbi.nlm.nih.gov/23346855/
https://pubmed.ncbi.nlm.nih.gov/23346855/
https://pubmed.ncbi.nlm.nih.gov/23346855/
https://pubmed.ncbi.nlm.nih.gov/30903596/
https://pubmed.ncbi.nlm.nih.gov/30903596/
https://pubmed.ncbi.nlm.nih.gov/30903596/
https://pubmed.ncbi.nlm.nih.gov/15964082/
https://pubmed.ncbi.nlm.nih.gov/15964082/
https://pubmed.ncbi.nlm.nih.gov/15964082/
https://pubmed.ncbi.nlm.nih.gov/16696450/
https://pubmed.ncbi.nlm.nih.gov/16696450/
https://pubmed.ncbi.nlm.nih.gov/32758929/
https://pubmed.ncbi.nlm.nih.gov/32758929/
https://pubmed.ncbi.nlm.nih.gov/32758929/
https://pubmed.ncbi.nlm.nih.gov/32464333/
https://pubmed.ncbi.nlm.nih.gov/32464333/
https://pubmed.ncbi.nlm.nih.gov/32599407/
https://pubmed.ncbi.nlm.nih.gov/32599407/
https://pubmed.ncbi.nlm.nih.gov/32599407/
https://pubmed.ncbi.nlm.nih.gov/32599407/
https://pubmed.ncbi.nlm.nih.gov/35047467/
https://pubmed.ncbi.nlm.nih.gov/35047467/
https://pubmed.ncbi.nlm.nih.gov/35047467/
https://pubmed.ncbi.nlm.nih.gov/35047467/
https://www.medrxiv.org/content/10.1101/2020.05.03.20089417v1.full.pdf
https://www.medrxiv.org/content/10.1101/2020.05.03.20089417v1.full.pdf
https://pubmed.ncbi.nlm.nih.gov/32911123/
https://pubmed.ncbi.nlm.nih.gov/32911123/
https://pubmed.ncbi.nlm.nih.gov/32911123/
https://www.medrxiv.org/content/10.1101/2020.04.12.20062679v1
https://www.medrxiv.org/content/10.1101/2020.04.12.20062679v1
https://www.medrxiv.org/content/10.1101/2020.04.12.20062679v1
https://pubmed.ncbi.nlm.nih.gov/32758945/
https://pubmed.ncbi.nlm.nih.gov/32758945/
https://pubmed.ncbi.nlm.nih.gov/32758945/
https://pubmed.ncbi.nlm.nih.gov/32758945/
https://pubmed.ncbi.nlm.nih.gov/30546093/
https://pubmed.ncbi.nlm.nih.gov/30546093/
https://pubmed.ncbi.nlm.nih.gov/30546093/
https://pubmed.ncbi.nlm.nih.gov/15644717/
https://pubmed.ncbi.nlm.nih.gov/15644717/
https://pubmed.ncbi.nlm.nih.gov/29449508/
https://pubmed.ncbi.nlm.nih.gov/29449508/
https://pubmed.ncbi.nlm.nih.gov/29449508/
https://pubmed.ncbi.nlm.nih.gov/29533396/
https://pubmed.ncbi.nlm.nih.gov/29533396/
https://pubmed.ncbi.nlm.nih.gov/29533396/
https://pubmed.ncbi.nlm.nih.gov/31015684/
https://pubmed.ncbi.nlm.nih.gov/31015684/
https://pubmed.ncbi.nlm.nih.gov/29869125/
https://pubmed.ncbi.nlm.nih.gov/29869125/
https://pubmed.ncbi.nlm.nih.gov/29869125/
https://pubmed.ncbi.nlm.nih.gov/34131555/
https://pubmed.ncbi.nlm.nih.gov/34131555/
https://pubmed.ncbi.nlm.nih.gov/34131555/
https://pubmed.ncbi.nlm.nih.gov/35815063/
https://pubmed.ncbi.nlm.nih.gov/35815063/
https://pubmed.ncbi.nlm.nih.gov/35815063/
https://pubmed.ncbi.nlm.nih.gov/29214218/
https://pubmed.ncbi.nlm.nih.gov/29214218/
https://pubmed.ncbi.nlm.nih.gov/29460421/
https://pubmed.ncbi.nlm.nih.gov/29460421/
https://pubmed.ncbi.nlm.nih.gov/29460421/
https://link.springer.com/article/10.1007/s00604-019-3626-z
https://link.springer.com/article/10.1007/s00604-019-3626-z
https://link.springer.com/article/10.1007/s00604-019-3626-z
https://www.sciencedirect.com/science/article/abs/pii/S2468584418300989
https://www.sciencedirect.com/science/article/abs/pii/S2468584418300989
https://www.sciencedirect.com/science/article/abs/pii/S2468584418300989
https://pubmed.ncbi.nlm.nih.gov/20598736/
https://pubmed.ncbi.nlm.nih.gov/20598736/
https://pubmed.ncbi.nlm.nih.gov/20598736/
https://www.sciencedirect.com/science/article/abs/pii/S2468584418300965
https://www.sciencedirect.com/science/article/abs/pii/S2468584418300965
https://pubmed.ncbi.nlm.nih.gov/31193628/
https://pubmed.ncbi.nlm.nih.gov/31193628/
https://pubmed.ncbi.nlm.nih.gov/31193628/
https://pubmed.ncbi.nlm.nih.gov/24980556/
https://pubmed.ncbi.nlm.nih.gov/24980556/
https://pubmed.ncbi.nlm.nih.gov/24980556/
https://pubmed.ncbi.nlm.nih.gov/32387778/
https://pubmed.ncbi.nlm.nih.gov/32387778/
https://pubmed.ncbi.nlm.nih.gov/32387778/
https://pubmed.ncbi.nlm.nih.gov/32387778/
https://pubmed.ncbi.nlm.nih.gov/32315842/
https://pubmed.ncbi.nlm.nih.gov/32315842/
https://pubmed.ncbi.nlm.nih.gov/32315842/
https://pubmed.ncbi.nlm.nih.gov/32173241/
https://pubmed.ncbi.nlm.nih.gov/32173241/
https://pubmed.ncbi.nlm.nih.gov/32173241/
https://pubmed.ncbi.nlm.nih.gov/32173241/
https://pubmed.ncbi.nlm.nih.gov/32183930/
https://pubmed.ncbi.nlm.nih.gov/32183930/
https://pubmed.ncbi.nlm.nih.gov/32183930/
https://pubmed.ncbi.nlm.nih.gov/32183930/
https://pubmed.ncbi.nlm.nih.gov/32202421/
https://pubmed.ncbi.nlm.nih.gov/32202421/
https://pubmed.ncbi.nlm.nih.gov/32202421/
https://pubmed.ncbi.nlm.nih.gov/32425251/
https://pubmed.ncbi.nlm.nih.gov/32425251/
https://pubmed.ncbi.nlm.nih.gov/32425251/
https://pubmed.ncbi.nlm.nih.gov/32904687/
https://pubmed.ncbi.nlm.nih.gov/32904687/
https://pubmed.ncbi.nlm.nih.gov/32904687/
https://pubmed.ncbi.nlm.nih.gov/37566285/
https://pubmed.ncbi.nlm.nih.gov/37566285/
https://pubmed.ncbi.nlm.nih.gov/37566285/
https://pubmed.ncbi.nlm.nih.gov/37566285/

	Title
	Abstract
	Keywords
	Abbreviations
	Introduction
	Material and methods 
	Materials
	Extraction and concentration of SARS-CoV-2 RNA 
	RT-LAMP assay 
	Dipstick for Lateral Flow assay (LFD) 
	Determination of RT-LAMP-LFD specificity 
	Evaluation of RT-LAMP-LFD sensitivity 
	Applicability of the RT-LAMP-LFD assay to field samples 

	Results and discussion  
	LAMP-Lateral Flow assays  
	RT-LAMP-LFD sensitivity  
	Water sample analysis with RT-LAMP-LFD assays  

	Conclusion
	Acknowledgments
	Conflicts of interest 
	References
	Table 1
	Figure 1
	Figure 2
	Figure 3

