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ABSTRACT: Since the COVID-19 pandemic is expected to
become endemic, quantification of severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) in ambient waters is
critical for environmental surveillance and for early detection of
outbreaks. Herein, we report the development of a membrane-
based in-gel loop-mediated isothermal amplification (mgLAMP)
system that is designed for the rapid point-of-use quantification of
SARS-CoV-2 particles in environmental waters. The mgLAMP
system integrates the viral concentration, in-assay viral lysis, and
on-membrane hydrogel-based RT-LAMP quantification using
enhanced fluorescence detection with a target-specific probe.
With a sample-to-result time of less than 1 h, mgLAMP
successfully detected SARS-CoV-2 below 0.96 copies/mL in
Milli-Q water. In surface water, the lowest detected SARS-CoV-2 concentration was 93 copies/mL for mgLAMP, while the
reverse transcription quantitative polymerase chain reaction (RT-qPCR) with optimal pretreatment was inhibited at 930 copies/mL.
A 3D-printed portable device is designed to integrate heated incubation and fluorescence illumination for the simultaneous analysis
of nine mgLAMP assays. Smartphone-based imaging and machine learning-based image processing are used for the interpretation of
results. In this report, we demonstrate that mgLAMP is a promising method for large-scale environmental surveillance of SARS-CoV-
2 without the need for specialized equipment, highly trained personnel, and labor-intensive procedures.

KEYWORDS: SARS-CoV-2, RT-LAMP, hydrogel, membrane,
environmental quantification of SARS-CoV-2 in milliliters of environmental water samples

1. INTRODUCTION

The pandemic of coronavirus disease 2019 (COVID-19) is
predicted to become endemic with seasonal fluctuations.1,2

The SARS-CoV-2 virions and their RNA are known be shed in
the feces of infected individuals at a concentration of 102−108
copies/g.3−5 Depending on the sanitary practices, the viral
RNA is discharged in wastewater and surface waters.6

Detection of SARS-CoV-2 RNA in river water and wastewater
has been widely reported globally such as in Italy,7 Japan,8 and
Brazil.9 In Spain, SARS-CoV-2 RNA was detected in
wastewater before the first local case was confirmed.10 Thus,
large-scale environmental surveillance is necessary for early
warning of potential outbreaks, for population-wide infection
prevalence monitoring via wastewater-based epidemiology
(WBE), and for a better public health response tuning.7,10−15

Therefore, development of rapid and inexpensive point-of-
sampling testing technologies for large-scale environmental
surveillance is needed to avoid the use of specialized

equipment, highly trained personnel, and labor-intensive
laboratory procedures.16

Detection of SARS-CoV-2 is based on nucleic acid analysis
(NAA) using primarily reverse transcription quantitative
polymerase chain reaction (RT-qPCR).8,10,11,17−19 RT-qPCR
is not readily adaptable for large-scale environmental
surveillance especially in resource-limited settings due to its
requirement for a specialized thermocycling instrument and
the need for highly trained personnel. Furthermore, RT-qPCR
does not produce absolute quantification. In addition, RT-
qPCR targeting SARS-CoV-2 is sensitive to inhibitors that are
present in wastewater, leading to false-negative results.20,21 To
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address these challenges, isothermal NAA methods, such as
loop-mediated isothermal amplification (LAMP), are used for
environmental quantification of other microbial pathogens
including Zika virus,22 astrovirus,23 MS2,24 Escherichia coli, and
Enterococcus spp.25,26 RT-LAMP quantification has higher
tolerances to inhibitors and shorter amplification times (e.g.,
30 min) compared to RT-qPCR.24,27,28 Huang et al. used a
portable in-gel LAMP platform for the sensitive detection of
MS2 coliphage in wastewater, while RT-qPCR failed to
produce a positive result.24 RT-LAMP has been used in
portable SARS-CoV-2 detection platforms for use on clinical
samples.29,30 However, isothermal methods have yet to be
developed for detecting SARS-CoV-2 in environmental water
samples.
Point-of-use (POU) NAA for environmental surveillance

normally requires the implementation of complex procedures
required for sample preparation, including viral particle
concentration, RNA extraction, and subsequent purification.19

SARS-CoV-2 loads observed in surface water and wastewater
are typically lower than the detection limit of RT-qPCR.6,8,10

Therefore, SARS-CoV-2 viral particles are commonly con-
centrated from 50 to 500 mL water sample, for example, by
ultracentrifugation,31 ultrafiltration,11 polyethylene glycol
(PEG) precipitation,32 or electronegative membrane filtra-
tion.8,11 The recovery rates using these methods for the SARS-
CoV-2 concentration of samples taken from wastewater and
surface waters are poorly understood, while the recovery rates
for similar-structured surrogates are generally in the range of
26.7−65.7%.11 The other existing in-field virus concentration
technologies, such as nanofiltration via superabsorbent
polymer microspheres33,34 and bag-mediated filtration,35 may
be readily adaptable for SARS-CoV-2. For RNA concentration
and purification, specialized commercial kits for environmental
samples are commonly employed, but they involve a series of
manual operations.8,11,19,31,32 These sample preparation steps
take at least 2 h and require specialized instruments.
Integration of sample preparation is needed for the develop-
ment of rapid, sensitive, and POU quantification platforms
targeting SARS-CoV-2 in environmental waters.
Herein, we report on a membrane-based in-gel loop-

mediated isothermal amplification (mgLAMP) system for
absolute quantification of SARS-CoV-2 in environmental water
samples within a 1 h time frame. SARS-CoV-2 was successfully
detected by mgLAMP below 0.96 copy/mL in Milli-Q water
and 93 copies/mL in surface water. The mgLAMP assay and
setup development is presented, and its performance was
characterized in SARS-CoV-2-spiked Milli-Q water, river water
samples, and wastewater samples. We further demonstrated the
feasibility of POU applications by developing a portable device
that integrates heat incubation, fluorescence illumination, and a
cloud-based smartphone image analysis algorithm for inter-
pretation of quantitative results. We demonstrate that our
integrated portable platform can be reliably used for the POU
absolute quantification of SARS-CoV-2 in environmental water
samples. Our mgLAMP, as an NAA-based platform, has been
adapted for the detection of other microbial pathogens and can
be modified easily for use in other sample matrices (e.g.,
clinical samples).

2. MATERIALS AND METHODS
2.1. SARS-CoV-2 Strains and Preparation of Standard

Materials. Inactivated SARS-CoV-2 strains were purchased
from the American Type Culture Collection (ATCCVR-

1986HK, 1.92 × 105 copies/μL, Lot #70036071, 4.25 × 105

copies/μL, Lot #70037781, Manassas, VA) and ZeptoMetrix
(NATSARS(COV2)-ST, 9.3 × 105 copies/mL, Buffalo, NY).
Viral RNA was extracted using a QIAampDSP Viral RNA Mini
Kit (Qiagen, Germantown, MD) recommended by the centers
for disease control and prevention (CDC)36 following the
manufacturer’s protocol. The spiked SARS-CoV-2 concen-
trations were estimated based on the target concentrations
provided by ATCC and ZeptoMetrix, which were determined
by droplet digital PCR (ddPCR) and PCR, respectively. It is
assumed that the extraction efficiency of the above-mentioned
commercial extraction kit is comparable to that of the
extraction protocols used by ZeptoMetrix and ATCC.

2.2. mgLAMP Assay Development. 2.2.1. Primer
Selection. In total, the performances of 11 sets of RT-LAMP
primers targeting various regions in SARS-CoV-2 genome were
evaluated.30,37−40 These primers were compared using in-tube
RT-LAMP assays of extracted ZeptoMetrix SARS-CoV-2 RNA.
The sequences are tabulated in Table S1. All primer oligos
were ordered from Integrated DNA Technologies (IDT,
Coralville, IA) and resuspended in nuclease-free water
(Thermo Scientific, Waltham, MA) as 100 μM stock solutions.
The primer oligos of each set were combined in nuclease-free
water to make a 10× primer mix for a final concentration of 1.6
μM forward inner primer (FIP) and backward inner primer
(BIP), 0.2 μM forward primer (F3) and backward primer
(B3), and 0.8 μM loop forward (LF) and/or loop backward
(LB). RT-LAMP assays were set up as described by the
WarmStart LAMP Kit (DNA and RNA) (E1700, New England
Biolabs, NEB, Ipswich, MA) and run in a qPCR platform
(6300 Realplex4, Eppendorf, Hamburg, Germany) in the FAM
channel. The assay recipe and temperature protocols are
specified in Table S2a. The extracted ZeptoMetrix SARS-CoV-
2 RNA was spiked at 186, 93, 18.6, and 9.3 copies per reaction.
Milli-Q water was used as the non-template control (NTC, the
same hereinafter in all RT-LAMP, mgLAMP, and RT-qPCR
tests). The samples and NTCs for each primer set were tested
in triplicates.

2.2.2. In-Assay Viral Lysis. For the development of an
extraction-free RT-LAMP assay, the viral lysis performance of
Triton X-100 and Triton X-405 (Sigma-Aldrich, St. Louis,
MO), as assay additives, was evaluated using in-tube RT-
LAMP on primer set 3. Both detergents were prepared as 10%
stock by dilution in water. RT-LAMP assays were tested with
0.3, 0.5, and 0.7% Triton X-100 and 0.5% Triton X-405R
(recipe and temperature protocol as listed in Table S2b).
ZeptoMetrix SARS-CoV-2 particles were spiked at 186 copies
per reaction. As a comparison, no-Triton controls were
included with the same spiking concentration of extracted
RNA and SARS-CoV-2 particles from ZeptoMetrix. The
samples and NTCs for each tested detergent concentration
and no-detergent controls were tested in triplicates. Similar
tests were conducted for primer set 11 with ZeptoMetrix
SARS-CoV-2 particles spiked at 186, 93, 18.6, and 9.3 copies
per reaction (the recipe and temperature protocol are provided
in Table S2c).

2.2.3. Quenching of Unincorporated Amplification Signal
Reporter Design and Testing. The Quenching of Unincorpo-
rated Amplification Signal Reporter (QUASR) quenching
probes for primer set 11 with 7−17 nucleotides (nt)
complementary to the 5′-ends of FIP and BIP were
theoretically studied. The DINAMelt web server41 was used
to calculate the secondary structure formation and ΔG25°C and
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the melting temperature (Tm) of probes versus each primer.
Fluorophore-labeled FIP and BIP primers (5′FAM-FIP and
5′FAM-BIP) and four 3′ Iowa Black FQ (IBFQ)-labeled
quenching probes were obtained from IDT. The purchased
q u e n c h i n g p r o b e s i n c l u d e q F I P 1 2 n t ( 5 ′ -
TTTCTTCTGTCTCTG-3′IBFQ), qFIP17nt (5′-AT-
GAAACTCAAGCCTTA-3 ′ IBFQ) , qBIP10nt (5 ′ -
TCTGTCTCTG-3 ′ I BFQ) , a nd qB IP15n t ( 5 ′ -
TTTCTTCTGTCTCTG-3′IBFQ). To prepare the 10×
primer mix when using quenching probes, the regular non-
labeled FIP or BIP was replaced by the corresponding 5′FAM-
FIP or 5′FAM-BIP at the same concentration of 1.6 μM. Each
quenching probe was tested at concentrations of 1.6, 2.4, and
3.2 μM (the recipe and temperature protocol are provided in
Table S2d). The extracted ATCC SARS-CoV-2 RNA was
spiked at 384, 192, and 96 copies per reaction. After the RT-
LAMP reaction, the tubes were illuminated by an E-gel Safe
imager (Invitrogen, Carlsbad, CA) and imaged using a Google
Pixel 4 (Google, Mountain View, CA) smartphone camera
with night mode. To avoid ambient light interference, the
images were processed (MATLAB R2017b, MathWorks,
Natick, MA) to force zeros in the red channel and measure
the fluorescence intensity in the green channel using the
interactive “impixelinfo” function. Three random points were
measured in each tube.
2.3. mgLAMP Procedure and Setup Optimization.

2.3.1. Membrane Pore Size Selection. All the porous track-
etched polycarbonate (PCTE) membranes were purchased
from Sterlitech Corporation (Kent, WA). PCTE membranes
(Ø13 mm) with pore sizes of 50, 80, 100, and 200 nm were
tested. Milli-Q water (1 mL; Milli-Q, Millipore, Billerica, MA)
spiked with 4.25 × 105 copies/mL ATCC SARS-CoV-2
particles was filtered through each PCTE membrane on top of
a 13 mm PETE drain disc using a disposable 13 mm Swinnex
filter holder (Sigma-Aldrich, St. Louis, MO) by hand. After
filtration, the viral RNA of the retained SARS-CoV-2 particles
on PCTE membranes was extracted using the Quick-RNA
Fecal/Soil Microbe Microprep Kit (Zymo Research, Irvine,
CA) and analyzed by RT-qPCR using an UltraPlex 1-Step
ToughMix kit (4×) (QuantaBio, Beverly, MA) and a 2019-
nCoV CDC EUA Kit (IDT, Coralville, IA), all following the
manufacturer’s protocol. The extracted RNA of the raw ATCC
SARS-CoV-2 stock was serially diluted by 10 to 105 times as
respective standard curve templates. The Milli-Q water-filtered
PCTE membrane of each pore size was also subject to the
extraction process as the extraction NTC.
2.3.2. mgLAMP Protocol and Setup Optimization. The

ATCC SARS-CoV-2 particle-spiked Milli-Q water (1−100
mL) was filtered through a PCTE membrane (Ø13 mm with
80 nm pores) on top of a 13 mm PETE drain disc (Sterlitech
Corporation, Kent, WA) using a disposable 13 mm Swinnex
filter holder by hand. The PETE drain disc was used as a mesh
spacer to avoid the PCTE membrane damage during high-
pressure or fast flow condition and to allow the even
distribution of viral particles on the PCTE membrane. After
filtration, the PCTE membrane was dried at room temperature
and then placed on a 75 mm × 25 mm VWR VistaVision
Microscope Slide (VWR International, Radnor, PA) using a
mixture of 1 μL of 50% PBS buffer (Corning, Corning, NY)
and 50% glycerol (Sigma-Aldrich, St. Louis, MO). A Frame-
Seal in situ PCR and Hybridization Slide Chamber (9 × 9 mm;
Bio-Rad, Hercules, CA) was placed onto the membrane as a
vessel for further mgLAMP assay. The PEG hydrogel was

formed through the thiol-Michael addition reaction between
the four-arm PEG acrylate [molecular weight (MW): 10 K,
Biochempeg, Watertown, MA] and thiol-PEG-thiol (MW: 3.4
K, Laysan Bio, Arab, AL) at a molar ratio of 1:2. The 30 μL
optimized mgLAMP reaction contained 5% (w/v) hydrogel,
15 μL of 2× WarmStart LAMP Master Mix, 0.5% Triton X-
100, 1 U/μL RNase Inhibitor Murine (NEB, Ipswich, MA),
0.02 U/μL Antarctic Thermolabile UDG (NEB, Ipswich, MA),
700 μM dUTP (NEB, Ipswich, MA), 1.6 μM FIP and 5′ FAM-
BIP, 0.2 μM F3 and B3, 0.4 μM LB, 2.4 μM qBIP15nt, and
nuclease-free water. The above mgLAMP reaction mix was
immediately loaded into the chamber, covered with a
transparent film (ThermalSeal RT Sealing Film, Genesee
Scientific, San Diego, CA), allowed to gel at room temperature
for 5 min, and then incubated in a PCR machine (MJ Research
PTC-100, Watertown, MA) at 65 °C for 30 min. To optimize
the setup, the mgLAMP performance was studied with varying
gel concentrations (2.5, 5, 7.5, and 10%) and incubation times
(30, 35, and 40 min).

2.4. mgLAMP Imaging. The end point fluorescence image
of the mgLAMP incubation chamber was illuminated by the E-
gel Safe imager and captured using a Google Pixel 4
smartphone camera using the night mode. The fluorescence
image was also captured by a Leica DMi8 fluorescence
microscope (Leica Microsystems, Wetzlar, Germany) to
calibrate the counting of amplicon dots using ImageJ 1.52a
software.42 For 3D imaging of a post-reaction mgLAMP slide,
an inverted confocal fluorescence microscope (ZEISS LSM
980 with Airyscan 2, Zeiss, Oberkochen, Germany) was used
in the FAM channel with a 20× objective. The accompanied
software (ZEN blue 3.3, Zeiss, Oberkochen, Germany) was
employed for z-stack image acquisition and 3D rendering.

2.5. Environmental Sample Characterization, Prep-
aration, and Prefiltration. Surface water samples were
collected from a suburban river in the Godawari Botanical
Garden, Godawari Khola, Nepal (27°35′50″N 85°22′59″E,
Figure S1). Wastewater samples, including raw influent
samples and primary effluent samples, were collected in
California from a local water reclamation plant serving a
population of approximately 1 million people. The total
suspended solid (TSS) value of each water sample was
determined according to Standard methods 2540 D43 by
filtering a 20 mL water volume through a TSS glass fiber filter
(pore size 1.5 μm, diameter 47 mm, Hach Company, Loveland,
CO) and weighing the residues dried at 104 °C. Dynamic light
scattering (DLS) measurements were conducted using Nano-
Brook ZetaPALS and its accompanied software (Brookhaven
Instruments, Holtsville, NY) for environmental samples before
and after virus dislodging. Each sample of 200 μL was
homogenized right before the DLS measurement by manual
shaking and was loaded into a disposable cuvette (Eppendorf,
Hamburg, Germany). The particle size distribution was
analyzed in the software with an angle of 90°, a wavelength
of 659.0 nm, and a refractive index of 1.330. ZeptoMetrix
SARS-CoV-2 particles were spiked in environmental samples
with a final concentration of 93−9300 copies/mL. The
ZeptoMetrix SARS-CoV-2 particle-spiked Milli-Q water was
used as a positive control. Prior to mgLAMP analysis,
environmental samples were prefiltered as described in
Supporting Information Text S5.

2.6. Cloud-Based Image Analysis and Portable Device
Prototyping. For automated signal counting, a machine
learning model was developed using the AutoML Vision
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Figure 1. Workflow of mgLAMP. (i) Filtration. (ii) Reagent loading. (iii) Sealing. (iv) Incubation. (v) Imaging and result reading.

Figure 2. Selection of membrane, in-assay viral lysis, and QUASR probes. (a) Recovered amount of SARS-CoV-2 viruses during membrane
filtration using PCTE membranes with pore sizes of 0.05, 0.08, 0.10, and 0.20 μm, as quantified by RT-qPCR. Error bars represent standard
deviations from independent triplicates. (b) RT-LAMP amplification curves for assays containing 0.5% Triton X-405R; 0.3, 0.5, and 0.7% Triton X-
100; and no Triton controls for spiked samples (SARS-CoV-2 particles at 186 copies per reaction) and NTCs. No-Triton controls also included
samples spiked with the same concentration of extracted RNA. (c) Example pictures of the RT-LAMP reactions using QUASR taken by a
smartphone under the E-gel imager. Four quenching probes (qFIP12nt, qFIP17nt, qBIP10nt, and qBIP15nt) were tested at concentrations of 1.6,
2.4, and 3.2 μM. The upper row tubes contained extracted SARS-CoV-2 RNA spiked at 384 copies per reaction. The lower row shows the
corresponding NTCs.
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module of the Google Cloud Platform (Google, Mountain
View, CA). To establish the model, 10 fluorescence micro-
scope images were uploaded to Google Cloud Storage, and all
signals in those images were labeled manually. Each image with
more than 50 signals was split into a 3 × 3 grid (a total of nine
smaller images), and each of the smaller images was uploaded
and labeled separately to meet the Google Cloud Vision’s limit
of 50 signals per image. All the images uploaded were
categorized randomly as training, testing, and validation images
with an 8:1:1 ratio. Training of the machine learning model
used the high-accuracy goal setting and 27 node hours. The
trained model was deployed with 1 node for online access. To
assess the accuracy of our trained model, 16 new smartphone
images were analyzed and compared with manual counts. A
portable device (Figure S3) was designed to integrate heating,
fluorescence illumination, and fluorescence emission filtering.
The prototype was assembled with electrical components
purchased from Digikey (Thief River Falls, MN) and
Programmed Scientific Instruments (Arcadia, California), and
plastic structures were fabricated by 3D printing (Makerbot
METHOD X, Makerbot, Brooklyn, NY) using PLA and ABS
filaments (Makerbot, Brooklyn, NY).

3. RESULTS AND DISCUSSION
3.1. System Workflow of mgLAMP. The workflow of

mgLAMP for the analysis of a SARS-CoV-2-spiked Milli-Q
water sample as an example from sample-in to result-out is
shown in Figure 1: (i) 1−100 mL of sample is filtered through
a PCTE membrane that contains pores of 80 nm (as will be
introduced in Section 3.2) to retain the SARS-CoV-2 virus
particles while allowing smaller particles and molecules to pass.
The eliminated molecules may include inhibitors to the RT-
LAMP reaction, such as humic acids and heavy metals. PCTE
membranes were previously demonstrated to be capable of
bacterial concentration from complex matrices and compatible
with the LAMP reaction.44 (ii) On a glass slide with a Frame-
Seal incubation chamber, a mixture of PEG hydrogel
monomers and RT-LAMP reagents is added on top of the
virus-loaded membrane. (iii) The hydrogel is allowed to
crosslink within minutes and then (iv) subject to 30 min of
RT-LAMP reaction in the mgLAMP prototype device. The
reagents contain Triton X-100 for in-assay viral lysis. As the
RT-LAMP reaction vessel, the PEG hydrogel has high
tolerance to environmental inhibitors by limiting their
diffusion,24,45 while a large amount of amplification products
are generated.46 The target-specific QUASR probe facilitates
fluorescence amplicon dot formation in the hydrogel. (v) With
the fluorescence illumination in the mgLAMP prototype,
fluorescent signals can be imaged and counted in a cloud server
to deliver absolute quantification.
3.2. Membrane Filtration to Retain SARS-CoV-2

Particles. The membrane in mgLAMP functions both as a
filter that retains the target viral particles and as a carrier for
direct RT-LAMP analysis. Selection of an optimal pore size of
the membrane plays a crucial role in establishing the mgLAMP
capability since viral capture is based on size exclusion. SARS-
CoV-2 is an enveloped spherical virus, with the diameter
ranging from 60 to 140 nm and spikes protruding 9−12 nm.47

Considering the possible aggregation of viral particles, PCTE
membranes with pore sizes of 50, 80, 100, and 200 nm were
compared for the recovered amount of spiked SARS-CoV-2 in
Milli-Q water. The threshold cycles of all extraction NTCs and
RT-qPCR NTCs were observed to be below the detection

limit (the same results hereinafter from all RT-qPCR NTCs).
As shown in Figure 2a, membranes with 100 nm and 200 nm
pores had similar recovery rates of spiked SARS-CoV-2 viral
particles, and membranes with 80 nm pores captured the most
viral particles, allowing for further employment of the
mgLAMP system. The results show that viruses were mostly
dispersed individual particles. The absence of severe viral
particle aggregation would facilitate more accurate downstream
mgLAMP analysis by providing ample separation among the
amplicon dots (vide inf ra Section 3.5). Larger pore sizes would
allow more virus particles to slip through, leading to a lower
recovery efficiency. The smallest pore size tested (50 nm)
theoretically should retain the most viral particles, but higher
pressures may build on the membrane due to reduced flow
reduction and possible pore blockage. For viruses with an
enveloped structure similar to SARS-CoV-2, high pressures
were found to induce conformational changes that shrink the
particle volume or even displace the spike proteins.48 This may
result in viral particles squeezing through the membrane pores
and evading downstream analysis.

3.3. Establishment of the Extraction-Free RT-LAMP
Assay. For the 11 published sets of RT-LAMP primers
targeting various regions in the SARS-CoV-2 genome,30,37−40

the relative performance was compared using in-tube
amplification of the extracted SARS-CoV-2 RNA (Table S3).
Here, we define a preliminary limit of detection (PLOD) as the
lowest target concentration tested that all triplicates show true
positive results in order to facilitate the discussion of assay
establishment and optimization results. Based on this
comparison, primer sets 3,38 6,39 10, and 1130 had the lowest
PLOD at 93 copies per 20 μL reaction with no false positives
observed in triplicates of NTCs. For these four primer sets, the
amplification curves were examined to compare their
amplification efficiency (Figure S4). Based on the rise time,
the order of amplification efficiency was observed to be primer
set 10 ≈ 11 > 3 > 6. The most efficient primer sets were 10 and
11. It should be noted that we followed COVID-related
publications closing for any new or more efficient primer sets.
Before we found primer sets 10 and 11, primer set 3 was used
in some of the mgLAMP optimization experiments.
Effective viral lysis is a cornerstone for robust NAA-based

detection. To seamlessly connect membrane filtration and
downstream RT-LAMP assays on the membrane, an
extraction-free workflow is needed. SARS-CoV-2 has 30 kb
of single-stranded RNA packed in a lipid envelope with
membrane proteins and enveloped proteins embedded.49 As
alternatives to commercial kit-based SARS-CoV-2 RNA
extraction and purification, simplified methods have been
developed, including heating at or above 95 °C, followed by
centrifugation for debris removal and proteinase K digestion,
followed by heat inactivation prior to adding RT-LAMP
reagents.50−52 However, these methods were often reported to
have compromised sensitivity while still requiring high-
temperature treatment, which would not be suitable for our
virus-loaded membranes. Non-ionic detergents, including
Triton X-100, X-405R, and Tween 20, have been used to
extract viral RNA by preassay incubation.53−56 They were
found to be well tolerated in PCR or LAMP assay.56 Therefore,
we hypothesized that a non-ionic detergent can lyse viral
particles in-assay during RT-LAMP. To test the hypothesis, we
assessed the in-assay viral lysis performance of Triton X-100
and Triton X-405R by comparing Triton-added RT-LAMP
assays using directly spiked inactivated SARS-CoV-2 particles
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to Triton-free assays spiked with extracted RNA. RT-LAMP
reactions were monitored with real-time fluorescence emitted
by a DNA-intercalating LAMP dye, and the amplification
curves are shown in Figure 2b. All the target-spiked samples,
either viral particles or extracted RNA, contained targets at a
well-above-PLOD concentration of 186 copies per reaction.
Without a detergent additive, directly spiked SARS-CoV-2
particles went undetected in all triplicates, whereas samples
spiked with extracted RNA had a consistent time-to-threshold
value of 23.11 ± 0.32 min. Across all tested conditions, 0.5%
Triton X-100 was observed to be optimal with a comparably
short and consistent time-to-threshold value of 22.35 ± 1.58
min. This result indicates that the spiked viral particles were
successfully lysed by 0.5% Triton X-100 in the assay to release
their RNA templates for amplification. It was also observed
that for Triton X-100, increasing concentrations led to reduced
slopes of the exponential amplification phase. The deceleration
of amplification was likely due to the inhibition effect of high
non-ionic detergent concentration on the DNA polymerase
activity.57 Our results agree with the observation by Rabe and
Cepko that increasing Triton X-100 concentration from 0.1 to
3% delayed the time to threshold and reduced the plateaued
fluorescence intensity.56 On the other hand, 0.5% Triton X-
405R, which was found optimal for lysis of potato leafroll
virus,55 was observed to be either incompetent for SARS-CoV-

2 lysis or highly inhibitory to our RT-LAMP assay. It is
noteworthy that the effect of a non-ionic detergent additive to
RT-LAMP may vary for individual primer sets. In similar in-
assay viral lysis experiments conducted using another primer
set (number 11), non-specific amplifications were observed for
NTCs of all Triton X-100 concentrations (Table S4), which
could be resolved by designing product-specific probes such as
QUASR58 or molecular beacons.59,60 The observed difference
in the effect of Triton X-100 on different primer sets could be
due to the distinctive configuration of each target region since
non-ionic detergents were reported to enhance PCR
amplification by stabilizing DNA polymerase and preventing
formation of secondary structures.61 Overall, without any
sample pretreatment or reagent removal required, our
extraction-free RT-LAMP assay using 0.5% Triton X-100 was
able to lyse the viral particles during the RT-LAMP reaction
with no noticeable delay in amplification.

3.4. Enhancement of RT-LAMP Specificity and
Fluorescence Contrast Using Quenching Probes. To
prevent the false-positive results caused by non-specific primer
hybridization that have been previously reported for
LAMP,62−64 we designed and tested primer-specific probes
that utilize the interactions between a dye-labeled primer and
the complementary oligonucleotides as quenching probes as
reported by Ball et al.58 for QUASRs. For QUASR-based

Figure 3. Effect of gel concentration and z-stack 3D rendering of neighboring amplicon dots. (a−d) Example fluorescence images of mgLAMP
taken by the Leica DMi8 fluorescence microscope using gel concentrations of 2.5, 5, 7.5, and 10% with SARS-CoV-2 particles spiked at 9.3 × 103

copies/mL. Scale bar, 2 mm. (e) Amplicon dot counts observed at gel concentrations of 5, 7.5, and 10%. Error bars represent standard deviations
from independent triplicates. (f) 3D image of adjacent amplicon dots in 5% gel based on z-stack experiments performed on the confocal
fluorescence microscope. Color indicates the depth of a point in the z-direction.
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fluorescence detection, one of the LAMP primers that forms a
loop with its own amplification product, which can be FIP,
BIP, LB, and LF, is fluorescently labeled at the 5′-end
(FluoroP). To quench the unamplified FluoroP, a quenching
probe with complementary oligonucleotides to FluoroP is
labeled at the 3′-end by a dark quencher molecule. Upon
extension of FluoroP when the target is present in the sample,
a thermodynamically favorable self-binding of this primer
allows for the release of the quenching probe, thus emitting
fluorescence signals. For the FIP and BIP of primer set 11,
probes with 7−17 nt were theoretically screened (Supporting
InformationText S1 and Table S5) based on the Tm and
ΔG25°C values of the probe−primer hybrid, primer−product
hybrid, as well as the interference of the quenching probe with
other primers. The results indicate that the probes of varying
lengths generally have low interference with other primers in
reaction (Tm <10 °C) and under room temperature (ΔG25°C >
−5 kcal mol−1). These probes also have limited self-dimer
formation. However, due to the low GC content at the first 10
nt of 5′-ends of FIP and BIP at 40 and 50%, respectively, the
probes need to have lengths >9 nt to achieve a probe−primer
Tm > 40 °C. Therefore, the quenching probes shorter than 10
nt were disregarded for further experimental tests.
The fluorescence contrast and the interference to

amplification of the QUASR quenching probes were then
experimentally studied for qFIP12nt, qFIP17nt, qBIP10nt, and
qBIP15nt using extracted RNA in regular in-tube RT-LAMP.
The probe-FluoroP Tm values for these four designs span from
43.2 to 61.6 °C. The images of NTCs and target-spiked
samples for 1.6, 2.4, and 3.2 μM of the quenching probes are
shown in Figure 2c, with fluorescence intensity measurements
taken in triplicates and signal-to-noise (S/N) ratios tabulated
in Table S6. The S/N values were calculated based on the ratio
of the mean fluorescence intensity of target-spiked samples and
NTCs. Generally, extending the probe length for each FluoroP
or increasing the concentration of each probe resulted in lower
background fluorescence in NTC without noticeably reducing
the fluorescence intensity of the positive samples except for
qFIP17nt. For each quenching probe, sufficient S/N was
achieved with 3.2 μM qFIP12nt, 2.4 μM qFIP17nt, 2.4 μM
qBIP10nt, and 2.4 μM qBIP15nt. Using the above concen-
trations, the PLODs of assays using the four QUASR designs
were tested with extracted RNA. As shown in Table S7, the
lowest PLOD at 192 copies per reaction was achieved with
both qFIP12nt and qBIP15nt. For qFIP17nt, the probe−
primer hybridization has the highest Tm at 61.6 °C, which
implicates a considerable extent of primer binding at an RT-
LAMP temperature of 65 °C and thus hindered the
amplification. Our results agree with the observations reported
by Ball et al. that the quencher would be non-inhibitory when
the probe−primer Tm falls below 5 °C lower than the reaction
temperature.58 For qBIP10nt, stochasticity might have been
accountable for the higher PLOD observed. Therefore, based
on its optimal quenching of background fluorescence, highest
S/N, and lowest PLOD, 2.4 μM qBIP15nt was selected for
further mgLAMP development. Before the QUASR probing
strategy was selected, the performances of QUASR and
another target-specific probe named molecular beacon57,58

were also investigated and compared (Supporting Informa-
tionText S2 and Figure S5).
3.5. Optimization and Performance of mgLAMP in

Spiked Milli-Q Water. The gel concentration affects the
hydrogel mesh size.65 A proper mesh size allows the diffusion

of small molecules in the reagent while confining larger-sized
targets loaded on the membrane, which might be critical for
efficient amplification in mgLAMP. Gel concentrations varying
from 2.5, 5, 7.5, to 10% were tested. The typical microscope
images of mgLAMP are shown in Figure 3a−d with the
corresponding smartphone images shown in Figure S6. Dot
counts are shown in Figure 3e. Larger amplicon dots were
observed with decreasing gel concentration, which theoretically
leads to larger mesh size and thus increased diffusivity.65 In 5
and 7.5% gel, the sizes and boundaries of the formed amplicon
dots were discernible and clear in smartphone images. With
10% gel, the fluorescent amplification products appeared to be
highly localized by the hydrogel network, forming faint and
small amplicon dots hardly visible using the smartphone.
Below a 2.5% gel concentration, the amplicon dots became
uncountable as the boundaries between amplicon dots were
barely formed (Figure 3a). This result indicates that hydrogel
crosslinking at a 2.5% concentration did not sufficiently limit
the diffusion of amplification products. Other than expanding
the dot size, reducing the gel concentration from 10 to 5% also
boosted the dot count from 80 ± 26 to 201 ± 21, which could
be explained by higher amplification efficiency with a loosened
hydrogel network leading to increased diffusivity of amplifica-
tion intermediate structures and amplification products.46

Therefore, a gel concentration of 5% was used further in this
study. At this gel concentration, the incubation time was
optimized to be 30 min (Supporting InformationText S3 and
Figure S7).
In the SARS-CoV-2 particle-spiked Milli-Q water, the

performance of optimized mgLAMP was compared with an
RT-qPCR standard (Supporting InformationText S4 and
Figure S8). No amplicon dot was observed in mgLAMP
NTCs. SARS-CoV-2 was successfully detected by mgLAMP
below 0.96 copies/mL from 100 mL of water with a dynamic
range covering up to 9600 copies/mL. Compared to direct
RT-qPCR, mgLAMP has the advantage of simplified sample
processing, minimal instrumentation requirements, an absolute
quantification capability, and a much lower detectable target
concentration due to the integrated viral concentration. At
high viral loads, the accuracy of mgLAMP benefited from the
clarity of the boundaries between amplicon dots. To examine
the boundary of closely located dots, we performed a z-stack
experiment to construct a 3D image of three closely located
amplicon dots, and the results are shown in Figure 3f. The z-
direction represents the depth across the Frame-Seal chamber
with the PCTE membrane sitting at around z = 0. The small
amplicon dot with the fluorescence centered at around x = 250
μm and y = 200 μm, and its adjacent larger dot has a clear
boundary with low fluorescence across the z-direction. The
asymmetrical shape of the smaller amplicon supports the
theory of fluorescence boundary formation by local depletion
of amplification resources.24,66 The three amplicon dots appear
to have originated and extended in all directions from the same
z-depth at approximately 150 μm, which roughly corresponds
to where target RNAs would locate when the viral particles
were retained during membrane filtration. The absence of viral
particle aggregation during filtration would thus allow ample
space between RNA templates for amplicon dot growth
through amplification and diffusion of products. Compared to
other in-gel amplification in published studies where extracted
nucleic acid was spiked,24,66 the amplicon dots in mgLAMP
feature clearer boundaries between adjacent dots, which is
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likely due to the horizontal distribution of targets without
entanglement or z-overlap.
3.6. mgLAMP for SARS-CoV-2 Quantification in

Environmental Waters. Raw environmental samples inevi-
tably contain varying size of particles and a variety of complex
chemical and biological components that may inhibit
amplification. Before analyzing surface water and wastewater
samples by mgLAMP, spiked SARS-CoV-2 particles were
detached from aggregated suspended solids through a
dislodging process in which large particles including sand
and plankton were blocked out by either one or two tiers of
prefiltration before the 80 nm PCTE membrane, as described
in Supporting InformationText S5. Smaller and potentially
inhibitory molecules were filtered out. However, the TSS
values of surface water, raw influent, and primary effluent were
separately determined to be 430.00, 99.58, and 55.12 mg/L,
respectively. The DLS analysis results shown in Figure S9
revealed that the particle size in surface water was observed to
be relatively uniform at a size close to 500 nm, which is larger
than the size of the SARS-CoV-2 virus. Raw wastewater
influent and primary effluent had particle sizes ranging from
180.8 to 7582.5 nm, which made it easier to separate SARS-
CoV-2 particles from other larger particles in surface water.
Therefore, a tiered prefiltration of surface water was simpler
(i.e., the second tier was omitted as described in Supporting
InformationText S5) than in the case of raw influent and
primary effluent. Figure 4 shows the performance of mgLAMP
for SARS-CoV-2-spiked surface water. As can be seen in Figure
4a−e, no significant difference on amplicon dot size was
observed between different template concentrations ranging
from 93 to 4650 copies/mL. No amplicon dot was observed in
mgLAMP NTCs. Although the amplicon dot size was
significantly decreased at a template concentration of 9300
copies/mL, the dots were still with well-defined boundaries. As
shown in Figure 4g, mgLAMP showed a significant linear
correlation (R2 = 0.9565) between the copies/mL in the matrix
of surface water and successfully detected below 93 copies/mL.
For surface water with SARS-CoV-2 spiked at a concentration
of 930 copies/mL, RT-qPCR was completely inhibited even
when combined with an optimal sample preparation process
reported by Ahmed et al.,67 which involves addition of 25 mM
MgCl2, electronegative membrane filtration, and RNA

extraction using a commercial kit. As shown in Figure S9,
there were still considerable proportions of smaller particles in
raw influent and primary effluent after the dislodging process,
which not only made SARS-CoV-2 difficult to separate but also
introduced a higher level of inhibitors into the mgLAMP assay
such that the current lowest detectable SARS-CoV-2
concentration using mgLAMP in both raw influent and
primary effluent increased to 9300 copies/mL. More efficient
and easier sample pretreatment steps are needed for detecting
SARS-CoV-2 wastewater matrices.
Moreover, mgLAMP is also demonstrated to be capable of

bacterial detection and quantification (Supporting Informa-
tionText S6 and Figure S10). For example, the lowest detected
concentration with 100% detection rate for E. coli and
Salmonella Typhi (S. Typhi) using mgLAMP in Milli-Q water
is as low as 40 cells/mL. The versatility of the mgLAMP
approach should be suitable for analysis of pathogen (e.g.,
influenza) quantification in general.

3.7. Proof of Portability: Smartphone Imaging,
Machine Learning-Based Image Processing, and a
Portable Prototype. To demonstrate the POU applicability
of mgLAMP, we developed an image processing algorithm for
mgLAMP pictures taken by a smartphone on the portable
mgLAMP prototype. Quantitative mgLAMP results were
generated by counting the amplification dots. As an alternative
to fluorescence microscopy, smartphone imaging of the
fluorescence amplification dots was shown to be robust
enough to deliver comparable image quality for dot counting.24

Paired with smartphone imaging, our image processing
algorithm can be used for point-of-sample collection
quantitative result determination. A machine learning model
was trained for 27 node hours using the AutoML Vision
module of the Google Cloud Platform by feeding 10
fluorescence microscope mgLAMP images with labeled
amplicon dots. Models trained with up to 96 mgLAMP images
(94 fluorescence microscope images and 2 smartphone
images) and 20−54 node hours of training time yielded
lower recognition accuracy, likely due to overtraining.68,69 We
then tested the trained model with 16 new mgLAMP images
and compared the model-recognized signals with visual
assessment. An example of this approach is shown in Figure
5a,b. In this image, 20 out of 24 signals were correctly

Figure 4. Performance of mgLAMP for SARS-CoV-2-spiked surface water. (a−e) mgLAMP amplicon dots for varying concentrations of SARS-
CoV-2-spiked surface water samples. (f) No template control. All images were taken by the Google pixel 4 under the E-gel Safe imager. (g)
Comparison of measured SARS-CoV-2 concentration to the spiked concentration in surface water.
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recognized by AutoML vision with no false positive and 4 false
negatives. For the 16 tested images, the results from the
machine learning algorithm were close to those obtained by
manual counting (y = 0.9926x, R2 = 0.992) (Figure 5c). The
deviations from manual counting were mostly false negatives
due to the low fluorescence intensity of the dots or vague
boundaries between the adjacent dots with occasional false
positives. Furthermore, our portable prototype (Figure 5d) was
assembled with 3D-printed parts and commercially available
electrical components. The prototype is able to run nine
mgLAMP reactions simultaneously through 30 min of RT-
LAMP heating at 65 °C, fluorescence excitation with high-
powered LEDs, and fluorescence emission filtering (Figure 5e).
The estimated cost of the prototype is approximately $500.
This compact, low-cost mgLAMP system can run assays
without access to biological laboratories or the need for bulky
lab-based equipment.
Overall, we have developed an mgLAMP system for rapid

POU quantification of SARS-CoV-2 particles in environmental
waters. Key advantages of mgLAMP include the built-in
sample enrichment, the high tolerance to inhibitors, the
capability of absolute quantification, the low risk of aerosol
contamination, and easy adaptation for other microbial
pathogens. For surface water, the current lowest detected
concentration of 93 copies/mL may fall above the SARS-CoV-
2 load in the sample. A higher volume can be loaded to avoid
false negative when low target concentration is suspected. For
wastewater samples, further improvement on mgLAMP
detection performance might be possible through introducing

more rigorous pretreatment steps such as density-based
separation of sediment.70 To potentially commercialize
mgLAMP for in-field environmental testing, further research
is needed on optimization of the prototype for consistent
performance under various environmental settings and
conditions, on reagent lyophilization and storage, and on
more testing of real-world environmental samples. We
acknowledge the following limitations of our mgLAMP system:
solid removal for environmental samples would inevitably lead
to some loss of target, causing false negatives or lower counts;
the dynamic range of up to 104 copies per assay may not be
directly applicable without dilution when the target concen-
tration is very high; and adaptation for detection of another
microorganism might be unwieldy if in-assay lysis is not viable..
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