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ABSTRACT: Severe acute respiratory syndrome-coronavirus 2 (SARS-
CoV-2) is still spreading around the globe causing immense public health
and socioeconomic problems. As the infection can progress with mild
symptoms that can be misinterpreted as the flu, self-testing methods that
can positively identify SARS-CoV-2 are needed to effectively track and
prevent the transmission of the virus. In this work, we report a point-of-
care toolkit for multiplex molecular diagnosis of SARS-CoV-2 and
influenza A and B viruses in saliva samples. Our assay is physically
programmed to run a sequence of chemical reactions on a paper substrate
and internally generate heat to drive these reactions for an autonomous
extraction, purification, and amplification of the viral RNA. Using our
assay, we could reliably detect SARS-CoV-2 and influenza viruses at
concentrations as low as 50 copies/μL visually from a colorimetric analysis. The capability to autonomously perform a traditionally
labor-intensive genetic assay on a disposable platform will enable frequent, on-demand self-testing, a critical need to track and
contain this and future outbreaks.

KEYWORDS: SARS-CoV-2, influenza virus, multiplexed molecular diagnosis, point-of-care RNA test, programmed paper microfluidics,
isothermal PCR amplification

Since the first report of atypical pneumonia cases in Wuhan,
China, at the end of 2019, the causative agent has been

identified as a new betacoronavirus named severe acute
respiratory syndrome-coronavirus 2 (SARS-CoV-2).1−6 Due
to its rapid spread around the globe, the World Health
Organization (WHO) declared the coronavirus disease 2019
(COVID-19) a pandemic on 11 March 2020.1−6 Besides its
efficient transmission, a challenging aspect of the disease is that
it could be asymptomatic or its symptoms could easily be
interpreted as due to flu complicating identification of people
infected with the virus.5−10 In fact, the Center for Disease
Control and Prevention recently emphasized the importance of
differentiating between SARS-CoV-2, influenza A, and
influenza B viruses, all of which lead to similar respiratory
symptoms.11 As such, there is an urgent need for tests that can
positively identify COVID-19 cases to enable timely response.
SARS-CoV-2 can currently be detected by molecularly

amplifying the virus RNA sampled through a nasal swab or
from saliva as the reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) kit is, in fact, widely used to
diagnose COVID-19.7−10 Although RT-qPCR is a sensitive
and accurate method, it has several limitations to be employed
in decentralized settings. First, the process typically employs a
bulky and expensive thermal cycler, leading to a prolonged
amplification process.12−17 While miniaturized RT-qPCR
approaches using handheld instruments18−20 could accelerate
the amplification process, these techniques still rely on external

equipment for sample preparation and/or data analysis which
can potentially hinder their use on-site. Moreover, the RT-
qPCR is vulnerable to inhibitors such as body fluids (blood,
urine, sweat, etc.), which demands painstaking steps for high-
purity RNA extraction by trained technicians with sophisti-
cated laboratory instruments.21−24 Direct RT-qPCR methods
that can skip RNA extraction steps25,26 can be used to simplify
the process but at the expense of reduced sensitivity.27 On the
other hand, tracking the transmission of a virus with
nonspecific symptoms requires frequent self-testing with
simple-to-use, standalone kits that can perform molecular
amplification in a point-of-care (POC) assay setting.
Isothermal polymerase chain reaction (PCR) techniques

that amplify a specific region of an RNA without the need for
thermocycling are attractive for developing POC molecular
tests.12−17 The reverse transcription loop-mediated isothermal
amplification (RT-LAMP) is a particularly robust and highly
sensitive technique with rapid response.21−24 The RT-LAMP
employs four to six primers to specifically amplify target RNA
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sequences at 60−72 °C even in the presence of the
inhibitors.16,17 Furthermore, the Bst polymerase used in the
RT-LAMP is highly resistant to high concentrations of
inhibitory substances.22−24 Also, because the Bst polymerase
exhibits strong reverse transcription activity at elevated
temperatures up to 72 °C, the RT-LAMP does not require

an additional enzyme for reverse transcription of viral RNA to

cDNA.23,28 While the RT-LAMP was successfully performed

on a paper substrate24,28−34 or on a miniaturized device35−37

together with colorimetric detection of amplicons, these

attempts fell short of achieving a standalone, sample-to-answer

Figure 1. Design of the assay and its operation. (a) Photographs showing components of the developed POC toolkit. The top cover is a plastic
cover for the thermal isolation of the running assay. The internal heat module (IH module) consists of several reservoirs filled with CaO powder,
water, and wax. A cellulose paper strip is placed between the CaO and water reservoirs to carry the water to the CaO reservoir. The extraction and
detection module (ED module) is a multilayered paper platform. The flow paths for manipulating different reagents are defined by imprinting on
the paper with a water-insoluble ink (brown). Timers were imprinted (green) on the flow paths to introduce controlled amounts of delay to the
flow of different reagents. (b) Exploded image of the ED module showing individual layers. Two paper layers imprinted with features were
laminated in between polymer tapes and were coupled through the detection spots punched out of filter paper pretreated with chemicals for RNA
extraction. The primer mixtures specifically targeting SARS-CoV-2 and influenza A and B viruses were dried in front of the detection spots to be
carried by the RT-LAMP buffer flow on the second paper layer. (c) Time-lapse images of the ED module showing its capability to coordinate the
delivery of four dye solutions simultaneously loaded into the module. The dye solutions were used instead of the actual sample and reagents for
visual investigation. The images show the state of the module at selected timepoints: the delivery of the saliva sample (yellow), proteinase K
(green), DI water (red), and RT-LAMP buffer (blue) to the detection spots. (d) Schematic showing the procedure to operate the developed assay.
The presence of SARS-CoV-2 and influenza A and B viruses in the processed sample can be visually identified by the color changes in the
corresponding detection spot.
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POC assay as the RNA extraction and amplification still
required human intervention or external instruments.
Here, we report a fully integrated POC toolkit for multiplex

molecular diagnosis of SARS-CoV-2 and influenza A and B
viruses from saliva. To extract, amplify, and detect viral RNAs,
we designed a paper-based device with a built-in capillary flow
regulation, enabled by timers imprinted on flow paths to
produce controlled delays. The controlled routing of the
capillary flow on paper enabled multiple reagents to be
sequentially delivered to the assigned detection spots,
providing a mechanism for automated extraction of the viral
RNA and also a timely introduction of reaction buffer for
amplification. The colorimetric RT-LAMP was then automati-
cally performed on all detection spots at a fixed temperature
maintained by a calibrated exothermic reaction. The presence
of any of the SARS-CoV-2 and influenza A and B viruses in the
sample was then exposed through color changes in the
corresponding detection spots.

■ RESULTS AND DISCUSSION

Assay Design and Operation. Our assay is composed of
a multilayered paper platform for RNA extraction, amplifica-
tion, and colorimetric detection (ED module) sandwiched
between an internal heat module (IH module) for driving the
RT-LAMP process at the bottom and a top cover for thermal
isolation (Figure 1a). To generate heat within the assay, the IH
module contains calcium oxide (CaO), which reacts with water
in an exothermic reaction, and a peripheral wax that functions
as a temperature regulator by melting at the desired
temperature. The exothermic reaction is triggered through a
cellulose strip that carries water from a reservoir at a fixed rate
to an otherwise isolated CaO. The chemical reactions are
carried out on the paper component (ED module), which
routes multiple capillary flow streams to sequentially introduce
reagents to the detection spot for RNA extraction and RT-
LAMP reaction. The flow paths on the paper were created by
simply imprinting with different types of water-insoluble inks
when defining channel boundaries or timers to delay flow for a
preset duration.
The 3D capillary flow network in the assay was established

through stacked layers of paper laminated in between polymer
tapes (Figure 1b). The tape at the top was patterned to create
inlets for the sample and RNA extraction reagents. The first
paper layer was designed to collect these reagents and deliver
them to the sample in sequence with set delays in between.
The detection spots were cutouts from a commercial filter
paper pretreated with chemicals for cell lysis and preservation
of the extracted nucleic acid and were positioned to receive
flow from paper layers both above and below. Among those
five detection spots, three central ones (purple) were used for
extraction and detection of viral RNA from SARS-CoV-2 and
influenza A and B viruses, respectively. Two peripheral spots
(white) were pretreated to serve as positive (PC) and negative
control (NC). The detection spots were also coupled to a
second paper layer below, designed to release the RT-LAMP
buffer once the viral RNA is extracted. A double-sided tape
between the two paper layers not only held them together but
also ensured the RNA extraction and the RT-LAMP reagents
remained isolated except on the detection spots. The
components that gave our assay the multiplex detection
capability were the dried primer mixtures specifically targeting
SARS-CoV-2 and influenza A and B viruses deposited in front

of the detection spots to be carried by the RT-LAMP buffer
flow.
Our assay was physically programmed via features imprinted

on paper for automated sequential execution of a set of
chemical processes to extract the viral RNA. We constructed
the fluidic circuit on paper using two water-insoluble inks with
differing affinities to the laminating polymer tape: one (brown)
that permanently adhered to the polymer tape to define the
flow boundaries and another (green) that gradually delami-
nated from the polymer tape when wetted to create delay lines
(timers) on the flow paths at strategically chosen nodes.
Desired delays between flows of different reagents were set by
tuning the width of the timers (see the Materials and
Methods). We optimized the assay geometry to achieve the
desired reagent flow sequence with target incubation times
through testing with dye solutions (Figure 1c). In the
optimized design, the deposited 20 μL sample (represented
by yellow dye) was funneled toward the detection spots as a
thin timer blocked the backflow until the next reagent arrived.
Proteinase K solution (green, 30 μL) reached the detection
spots in 3 min, while 60 μL of deionized (DI) water for
washing (red) took 10 min to surpass a thick timer. RT-LAMP
buffer (blue, 100 μL), flowed on the paper layer below, arrived
at the detection spots in 20 min, a time duration we set for
completing the RNA extraction process.
Once all reagents were delivered to the detection spots, the

colorimetric RT-LAMP reaction was initiated by triggering the
exothermic reaction in the IH module with water poured into
the designated reservoir (Figure 1d). To minimize thermal loss
and evaporation, the inlets were sealed with tape (Figure S1),
and the device was covered for 1 h to complete the RT-LAMP.
At the end of the process, amplicons from a specific gene of the
target virus were detected from a change in the color of the
detection spots (see the Materials and Methods). Among the
three central detection spots, the one next to the PC spot
targeted the SARS-CoV-2, while the middle spot and the next
one screened for influenza A and B viruses, respectively. A
saliva sample was only scored positive for any one of the three
viruses if there was a color change (from pink to yellow) in the
corresponding detection spot along with a color change in the
PC spot and no change in NC spot color to ensure against
artifacts.

Characterization and Optimization of Viral RNA
Extraction. To determine the optimum substrate for building
the detection spots in our assay, we compared the performance
of commercially available RNA sampling papers. Because both
RNA extraction and amplification were to be performed on the
detection spots, in our experiments, we aimed to identify a
medium that was not only efficient in extracting the virus RNA
but also compatible with RT-LAMP process. We characterized
three commercial nucleic acid sampling papers along with
cellulose and nitrocellulose paper as controls using samples
prepared by spiking inactivated SARS-CoV-2 intact virus
particles into saliva samples collected from healthy donors
under Georgia-Tech Institutional Review Board (IRB)-
approved protocol. To quantify the amount of viral RNA on
each paper, we subjected 2.5 mm-diameter discs punched out
from papers to real-time RT-LAMP (see the Materials and
Methods for details). We found that the FTA Elute card
required the least time of amplification for a detectable RNA
signal yielding the smallest time threshold (Tt) value of 24.9
min, while measured Tt values obtained from FTA card and
RNASound card were 41.02 and 37.15 min, respectively
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(Figure 2a). As anticipated, the cellulose and nitrocellulose
papers did not show any amplification since neither of these
incorporated chemicals needed for RNA extraction. Compar-
ing the tested substrates based on ΔTt values, obtained by
subtracting the Tt value from that of the PC, we concluded that
the FTA Elute card could extract viral RNA with the highest
efficiency and was also compatible with RT-LAMP reaction
(Figure 2b).
Next, we tested the FTA Elute card when integrated into our

assay as detection spots and investigated the RNA extraction
performance. The paper device was programmed to automati-
cally deliver the same set of reagents to the FTA Elute card
spots. Once the SARS-CoV-2-spiked saliva samples were
processed on the device, the extracted viral RNA was
recovered by separating the spots from the device and
amplified through real-time RT-LAMP. The results demon-
strated successful extraction of SARS-CoV-2 RNA from the
sample on the device (Figure 2c). Importantly, we measured
the Tt value to be similar to those achieved by manual
processing of the saliva sample with the FTA Elute card
following the manufacturer’s instructions (24.9 min vs 28.07

min), showing that the automated RNA extraction coordinated
by the built-in flow control within the device was equally
efficient.

Autonomous RNA Amplification and Colorimetric
Detection. To amplify the extracted and purified viral RNA
directly on the device without relying on an external process,
we internally generated the heat needed to carry out the RT-
LAMP reaction through an exothermic reaction

+ →

Δ = −H

CaO(s) H O(l) Ca(OH) (s)

65.2 kJ/mol
2 2

r

In a reservoir below the extracted RNA, CaO powder was
made to react with water that was continuously carried from
the neighboring reservoir via a cellulose paper strip (Figure
3a). While the exothermic reaction produced sufficient heat, it
failed to provide an isothermal environment with the device
temperature overshooting to levels (∼90 °C) that could
inactivate the Bst polymerase (Figure 3b). In an attempt to
regulate the device temperature at a level optimal for the RT-
LAMP reaction (60−72 °C), we surrounded the reaction

Figure 2. Characterization and optimization of viral RNA extraction. (a) Amplification plots from the real-time RT-LAMP of the extracted SARS-
CoV-2 on five different filter papers: cellulose and nitrocellulose paper as controls and three commercially available nucleic acid sampling papers.
No amplifications were observed on the cellulose and nitrocellulose papers. Amplification occurred on the FTA, FTA Elute, and RNASound cards
with different Tt values. For each amplification, measurements were performed in pairs to ensure against artifacts. (b) Measured mean Tt value
differences (ΔTt) for different papers tested. The error bars represent the standard deviation (n = 3). (c) Measured amplification curve when the
SARS-CoV-2 RNA was autonomously extracted by an ED module equipped with detection spots made out of the FTA Elute card and was
subsequently subjected to real-time RT-LAMP outside of the device.
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chamber with a candelilla wax that melts at ∼68−72 °C.
Melting of the wax was confirmed to not only rectify
temperature spikes but also store the heat to be dissipated at
the desired temperature (Figure 3b). With this setup, it took
∼10 min to reach the desired temperature range, which was
well before the 20 min mark for the arrival of RT-LAMP buffer
at the detection spot. Furthermore, the isothermal conditions
could be maintained for the desired duration depending on the
starting amount of CaO in the reaction chamberfor example,
5 g of CaO powder was found to produce ∼68 °C for >90 min
(Figure 3c). As a functional test, we employed the designed IH
module to perform a conventional tube-based RT-LAMP
reaction and confirmed successful RNA amplification (Figure
S2).
Next, we investigated the colorimetric output of the assay to

determine the amount of time required for the RNA
amplification to produce a signal that could reliably be
detected. Saliva samples (20 μL) spiked with 1000 copies (50
copies/μL) of SARS-CoV-2 were processed on the complete
assay, and the gradual color changes on the SARS-CoV-2
detection spot could visually be observed over time (Figure
3d). Beyond 40 min, the SARS-CoV-2 spot color changed
from pink to yellow, as well as the PC spot color. On the other
hand, the NC spot remained to be pink with no observable
color changes validating the amplification reaction as the
source of the colorimetric signal. The amplification reaction on
each spot was independently verified by adding a fluorescent
intercalating dye to the reaction (Figure S3). Normalized color
intensities at the PC, NC, and SARS-CoV-2 spots were

calculated from camera images via digital image processing
(see the Materials and Methods) (Figure 3e). The measure-
ments showed that the colors began changing after 20 min
right when the RNA amplification started with the arrival of
the RT-LAMP buffer. The largest change in the colorimetric
signal was between 20 and 40 min followed by increasingly
diminishing gains. Based on these results, we concluded 60
min to be sufficiently long to reliably read the assay results.

Multiplex Detection of SARS-CoV-2 and Influenza A
and B Viruses. Next, we tested using the optimized POC
toolkit and the assay protocol for multiplex detection of SARS-
CoV-2 and influenza A and B viruses in saliva samples. Samples
spiked with controlled amounts of either one of these virus
types were processed on the device with no external
interference except for depositing the saliva sample, reagents,
and water into the designated ports at the onset. To determine
the limit of detection (LoD) for the assay, we processed
samples with virus concentrations varying from 0.5 to 5000
copies/μL (10 to 105 copies per 20 μL of saliva) and evaluated
color changes in the detection spots after 60 min (Figure 4a).
For all samples tested, a concentration of 0.5 copies/μL was
found to be below the LoD of our assay as the detection spot
color was indistinguishable from that of the NC. Although a
concentration of 5 copies/μL for all virus types on average
produced detectable color changes (∼7.4−12.7%), results
showed a relatively high variation between measurements with
a coefficient of variation (CV) of ∼0.61−0.74 (Figure 4b).
Assuming this statistical spread of the data to be due to the
noise in our assay, we chose to define results with a CV of <

Figure 3. Autonomous RNA amplification and colorimetric detection. (a) Schematic showing the functions of individual components of the IH
module. The exothermic reaction of CaO with water produces heat, and the melting of the wax regulates the temperature of the device to the
desired range for the RNA amplification. (b) Measured temperature of the device with (red) and without (black) the wax following the onset of the
exothermic reaction. The melting of the wax regulates the device temperature at ∼68−72 °C and prevented a temperature spike that would
inactivate the Bst polymerase. (c) Measured device temperature loaded with different amounts of CaO. CaO (5 g) could maintain an isothermal
environment at ∼68 °C for >90 min. (d) Images of the detection spots taken at different timepoints showing the changes in the spot colors as the
reaction progresses. The images show the color on PC and SARS-CoV-2 spots changing from pink to yellow after 40 min, while the color on NC
spot remains pink for the whole tested duration. (e) Measured color intensity of the PC, NC, and SARS-CoV-2 spots as functions of the reaction
time. Error bars in all panels represent the standard deviation (n = 3).
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0.33 as reliably detectable virus concentration levels when
determining the assay LoD. Consequently, we identified 50
copies/μL to be the LoD for our assay, which consistently
produced a drastic change in the color intensity (∼25−35%)
with a CV of ∼0.13−0.32 (Figure 4b). Further increases in
virus concentration beyond 50 copies/μL produced higher
signals but with relatively smaller increases in the colorimetric
signal levels.
We also found our assay to be successful in discriminating

SARS-CoV-2 from the influenza A and B viruses. The
colorimetric signals were produced exclusively from the
detection spots corresponding to the target virus type with
no noticeable cross-talk between detection spots reserved for a
different virus type (Figure 4b). Furthermore, experiments
with control samples with no spiked viruses did not produce
false positive signals, further validating the specificity of our
assay. These results also demonstrate the feasibility of scaling
the technology for multiplex detection of more virus types or
even different strains of SARS-CoV-2 on the same assay.
Application of the Assay on COVID-19 Patient

Samples. Following the characterization of our assay with
simulated virus-spiked saliva samples, we finally applied our
assay to test saliva samples collected from COVID-19 patients.
Processed patient samples (n = 3) were each independently
tested by the vendor via RT-qPCR and confirmed to be
positive for SARS-CoV-2 (Table S2). In agreement with these
data, our assay was able to detect SARS-CoV-2 in all tested
patient samples with color changes clearly visible on the
detection spot dedicated to the detection of SARS-CoV-2

(Figure 5a). Furthermore, patient samples produced virtually
no cross-talk as the mean normalized signal intensities
measured on the detection spots reserved for the influenza A
and B viruses were ∼2.0 and 2.4%, respectively, while the
average normalized signal from the SARS-CoV-2 was ∼33.1%
(Figure 5b).
To test the specificity of the assay, we also processed saliva

samples collected from healthy donors (n = 3) according to
Georgia IRB-approved protocols along with the patient
samples. These control samples were all negative for SARS-
CoV-2 and influenza A and B viruses producing mean
normalized intensity changes of ∼1.3, ∼1.4, and ∼1%,
respectively. Taken together, these results confirmed the
validity of our assay and demonstrated the feasibility of
applying the technology on actual patient saliva samples for the
multiplexed molecular detection of SARS-CoV-2 and influenza
A and B viruses.

■ CONCLUSIONS

Symptoms due to COVID-19 could easily be mixed with those
from the common flu. We developed a POC assay that can
reliably perform multiplex molecular detection of SARS-CoV-2
and influenza A and B viruses down to 50 copies/μL in human
saliva samples. Despite the purposely frugal nature of the assay
presented in this work, multistep, multireagent chemical
reactions for virus RNA extraction, purification, and
amplification could all be autonomously performed within
the device without compromising on the sensitivity or
specificity of any of these reactions. Considering the SARS-

Figure 4. Multiplex detection of SARS-CoV-2 and influenza A and B viruses. (a) Assay results corresponding to the saliva samples spiked with
different copy numbers of SARS-CoV-2, influenza A, and influenza B viruses. Among the three central detection spots, the left one tests for the
presence of SARS-CoV-2, the middle one tests for influenza A, and the right spot tests for the influenza B virus. The change in the color of a spot
indicates a positive result for the targeted virus. (b) Plots below the images show the measured color intensities for each test as functions of virus
copy number. Error bars represent the standard deviation (n = 3).
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CoV-2 still threatening our lives with an increasing number of
new infections every day, our work has the potential to
contribute to the efforts in addressing the critical need for
POC testing to positively identify COVID-19 infections by
simplifying conventionally complex and labor-intensive genetic
assays.

■ MATERIALS AND METHODS
Fabrication of the Extraction and Detection Module (ED

Module). To fabricate the first and second paper layers, 25 × 45 mm
of the tissue paper (Kimtech Science Kimwipes delicate task wipers,
Kimberly-Clark, Irving, TX) was immersed in a blocking buffer
[0.25% (v/v) Tween-20 and 5% (w/v) bovine serum albumin in
phosphate-buffered saline (PBS)] for 1 h. After washing in PBS and
fully drying, one side of the tissue paper was covered with clear tape,
followed by line drawing using an automatic drawing machine
(Silhouette CAMEO, Silhouette America, Lindon, Utah) with two
water-insoluble inks. A Sharpie metallic permanent marker was used
for drawing the channel boundaries. A Sharpie ultrafine point marker
was used to create timers. Each of 5 μL primer mixtures targeting
SARS-CoV-2 and influenza A and B viruses was dropped and dried on
the assigned locations in the second paper layers. The double-sided
tape was then attached for aligning and bonding the first and second
layer, and five holes as the location of detection spots were punched
using a 2.5 mm biopsy punch. To prepare the detection spots, five
spots were punched out from a Whatman FTA Elute Card using a 2.5
mm biopsy punch. Three spots were placed in the central three holes
in the aligned layers. The two remaining spots were washed and
located in the remaining holes at both ends, serving as PC and NC.
The SARS-CoV-2 PC template (N gene, 1000 copies/μL, 1 μL) and
SARS-CoV-2 primer (New England BioLabs, MA) were predried on
the PC spot. The primer mixtures targeting SARS-CoV-2 and

influenza A and B viruses were dried on the NC spot. After placing
the detection spots in the designated locations, the device was sealed
with clear tape on the top (with four inlet holes) and bottom.

Capillary Flow Control in Paper. The capillary flow on a
laminated paper can be controlled by drawing patterns on the paper
with two water-insoluble inks with different levels of hydro-
phobicity.38 The region patterned with a more hydrophobic ink
(Sharpie metallic permanent marker) is permanently tethered to the
sheath tape with no void formation, acting as channel boundaries to
guide the flow. The region patterned with the less hydrophobic ink
(Sharpie ultra fine point marker) eventually separates from the sheath
tape when wetted, leaving the void to be formed at the interface
between the patterned region and the tape. The flow is delayed until
the void becomes large enough to allow the flow to proceed, acting as
a timer. By imprinting and modifying the timer geometry (e.g.,
thickness or number) at strategic nodes, different flow delays are
assigned to different reagents, enabling sequential flow into the
desired locations following a programmed sequence.

Fabrication of the Internal Heat Module (IH Module). All of
the IH module components were designed using Solidworks software
(SolidWorks Corp., Waltham, MA). The dimensions of the individual
components designed to form the IH module can be seen in Figure
S4. These designs were printed using a 3D printer (ProJet 3510 HD)
with VisiJet M3-X as a structural material. To dewax the uncured
supporting material, the printed components were soaked in mineral
oil (Durvet, Blue Springs, MO) at 65 °C with sonication for 1 h and
washed with soapy water, DI water, and ethanol, sequentially. After
drying, the filler primer (Rust-Oleum, Automotive Filler Primer
Spray) was sprayed on the components to render the surface smooth.
After drying for 10 min, white paint (Rust-Oleum, Painters Touch 2X
Spray Paint Matte White) was sprayed on them and fully dried. The
pellets of candelilla wax (Tm = 68−72 °C, 15 g) were melted in a
laboratory oven at 80 °C, and the melted wax was poured into the wax

Figure 5. Application of the assay on COVID-19 patient samples. (a) Assay results corresponding to the saliva samples from three different
COVID-19 patients (left) and healthy donors as controls (right). The leftmost and rightmost spots on the assay are PCs and NCs, respectively.
Among the three central detection spots, the left one tests for the presence of SARS-CoV-2, the middle one tests for influenza A, and the right spot
tests for the influenza B virus. The change in the color of the left spot for patient samples indicates a positive result for the SARS-CoV-2. (b) Plots
below the images show the corresponding normalized color intensities for each spot for all tested saliva samples from COVID-19 patients (left) and
healthy donors (right).
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reservoir in the IH module. After solidifying the wax at room
temperature, the strip of cellulose paper was located across the
reservoirs of water and CaO powder, and 5 g of CaO powder was
loaded into the center reservoir.
Characterization of Commercial RNA Sampling Papers. To

compare the RNA extraction performance and compatibility with RT-
LAMP, three commercial nucleic-acid sampling papers [Whatman
FTA Card, Whatman FTA Elute Card (GE Healthcare, UK), and
RNASound RNA Sampling cards (FortiusBio LLC, CA)] were tested
with cellulose and nitrocellulose paper as controls. Saliva samples (50
μL) spiked with an inactivated SARS-CoV-2 intact virus particle were
applied onto each paper, and the samples were air-dried for more than
3 h. The dried samples on paper were punched out using a 2.5 mm
biopsy punch, and each of them was placed into sterile micro-
centrifuge tubes for the following washing steps. The punched discs
were then triple-washed in 500 μL of DI water through gentle
vortexing and centrifugation. Following the final wash, the washed
discs were used for real-time RT-LAMP which was conducted on a
QuantStudio 6 Flex real-time PCR system (Applied Biosystems,
Foster City, CA). Whenever the reaction was conducted, the PC and
NC were operated together.
Preparation of Real-Time/Colorimetric RT-LAMP Buffer. The

reaction buffer for real-time/colorimetric RT-LAMP was obtained
from a SARS-CoV-2 Rapid Colorimetric LAMP Assay Kit (New
England BioLabs, MA). For real-time RT-LAMP, the buffer consists
of 12.5 μL of WarmStart colorimetric LAMP 2X master mix with
UDG, 2.5 μL of guanidine hydrochloride (0.4 M), 2.5 μL of the
primer mixture, 3.5 μL of nuclease-free water, and 2 μL of fluorescent
intercalating dye (1 μM, SYTO 9 green fluorescent nucleic acid stain,
ThermoFisher Scientific, MA). Either 2 μL of SARS-CoV-2 PC or
nuclease-free water was added to the prepared buffer for PC and NC
reaction. For testing RNA sampling papers, the punched papers and
an additional 2 μL of nuclease-free water were added to the prepared
buffer. For colorimetric RT-LAMP, the buffer consists of 12.5 μL of
WarmStart colorimetric LAMP 2X master mix with UDG, 2.5 μL of
guanidine hydrochloride (0.4 M), and 10 μL of nuclease-free water.
The principle for colorimetric detection is based on sensing pH
change. The protons are released during the RT-LAMP as the
byproducts and are accumulated in the buffer solution, which
decreases pH significantly. The pH decrease in the buffer can visually
be detected using pH-sensitive dyes (e.g., phenol red).39,40

Primer Mixtures Targeting SARS-CoV-2 and Influenza A
and B Viruses. The primer mixture targeting SARS-CoV-2 was
obtained from the SARS-CoV-2 Rapid Colorimetric LAMP Assay Kit.
The primer sequences targeting influenza A and B viruses were
referred to previous literature41,42 and synthesized by oligo synthesis
service (ThermoFisher Scientific, CA); each primer concentration was
8 μM forward/reverse inner primers, 4 μM loop primers, and 2 μM
forward/reverse outer primers. Each primer mixture (5 μL) was dried
on the assigned locations in the second paper layer. All primer
sequences are listed in Table S1.
Virus Sample Preparation. The inactivated viruses of SARS-

CoV-2 (NATtrol SARS-CoV-2 External Run Controls) and influenza
A (NATtrol Influenza A H1N1 External Run Controls) and B
(NATtrol Influenza B External Run Controls), which have been
chemically modified to render them noninfectious but are intact virus
particles, were purchased from ZeptoMetrix Corporation (Buffalo,
NY, USA). Saliva samples were collected from healthy donors
according to protocols approved by IRB of Georgia Institute of
Technology. To estimate the virus copy number in samples, each
undiluted virus sample was spiked to the collected saliva and the
spiked samples were processed using the ED module. The detection
spots were taken out from the device using a tweezer, and the
extracted viral RNA was eluted in 20 μL of nuclease-free water. The
concentration of the eluted RNA was quantified using a NanoDrop
1000 spectrophotometer (ThermoFisher Scientific, Wilmington, DE,
USA) and converted to copy number based on RNA genome size of
each virus: 30 kb for SARS-CoV-2, 13.5 kb for influenza A, and 14.5
kb for influenza B virus. Then, the spiked samples were serially diluted
to control the virus concentration (5000−0.5 copies/μL). PCR-

confirmed COVID-19 patient saliva samples were obtained from Lee
Biosolutions, Inc. (Maryland Heights, MO, USA).

Quantification of Color Intensity. The images of the five
detection spots were captured after the RT-LAMP reaction and were
individually analyzed using the ImageJ program (http://imagej.nih.
gov/ij/). The raw images were split into separate RGB channels, and
the green channel image was used for quantification; the green is a
complementary color of pink-colored RT-LAMP buffer. Measured
color intensities in each spot were divided by the intensity in the NC
spot for normalization.
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