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Abstract

Early and accurate detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

and influenza viruses at the point-of-care is crucial for reducing disease transmission during 

the current pandemic and future flu seasons. To prepare for potential cocirculation of these 

two viruses, we report a valve-enabled, paper-based sample preparation device integrated with 

isothermal amplification for their simultaneous detection. The device incorporates (1) virus lysis 

and RNA enrichment, enabled by ball-based valves for sequential delivery of reagents with no 

pipet requirement, (2) reverse transcription loop-mediated isothermal amplification, carried out in 

a coffee mug, and (3) colorimetric detection. We have used the device for simultaneously detecting 

inactivated SARS-CoV-2 and influenza A H1N1 viruses in 50 min, with limits of detection at 

2 and 6 genome equivalents, respectively. The device was further demonstrated to detect both 

viruses in environmental samples.

Graphical Abstract
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of the 

ongoing pandemic of coronavirus disease 2019 (COVID-19), which has resulted in over 4.3 

million deaths worldwide as of August 10, 2021.1 The main challenges associated with the 

COVID-19 pandemic include nonspecific clinical symptoms such as fever, a large number of 

asymptomatic individuals who are undiagnosed and contribute to the disease transmission, 

and lack of rapid diagnostic tools.2,3 With expected cocirculation of respiratory viruses 

such as influenza viruses during flu seasons, these challenges require early and rapid virus 

detection at the point-ofcare (POC) for reducing disease transmission. SARS-CoV-2 and 

influenza viruses can cause contagious respiratory illnesses with similar symptoms; thus, 
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it is very important to have an ability to tell them apart by detecting these two viruses 

simultaneously for clinical and resource management.

The “gold-standard” test recommended by the World Health Organization (WHO) and the 

U.S. Centers for Disease Control and Prevention (CDC) for the detection of SARS-CoV-2 

is the reverse transcription polymerase chain reaction (RT-PCR). This test is generally 

performed in a laboratory setting, takes several hours to complete, and requires expensive 

equipment and highly trained personnel. It often takes 1–2 days from sample collection 

to result-reporting because the collected sample needs to be transported to a laboratory, 

where it is often first stored frozen before being processed using nucleic acid extraction 

and purification protocols prior to RT-PCR. The sample preparation protocols also require 

laboratory equipment such as centrifuges and often include spin columns for a solid-phase 

extraction step. Transportation and storage of samples are not needed if POC devices are 

used, reducing the sample-to-answer time. POC devices must include the sample preparation 

steps and require no laboratory equipment, thus facilitating their use by nonspecialized 

personnel. The existing POC systems such as Cepheid’s Xpert still require countertop 

equipment and are generally expensive. It should be noted that sample preparation steps 

have been eliminated from some SARS-CoV-2 detection systems.4,5 However, these 

approaches can reduce detection sensitivity. For example, Thi et al. showed that the 

detection sensitivity was reduced from 97.5% with sample preparation to 86% without 

sample preparation in their reverse transcription loop-mediated isothermal amplification 

(RT-LAMP) assay systems.5

Some POC devices are based on antigen tests, such as the Panbio Covid-19 Ag Rapid 

Test device (Abbott),6 and they are often used for rapid screening. However, the limited 

sensitivity of antigen tests can result in false negatives, leading to detrimental consequences 

during pandemics.7 Efforts have been made to increase their detection sensitivity including 

various biosensors.8,9 It is generally recognized that nucleic acid amplification tests (NAAT) 

are more sensitive, and they are often preferred over antigen tests, especially for reducing 

disease transmission by asymptomatic and presymptomatic persons.10 Moreover, NAAT 

are easily adapted for the detection of different viruses11,12 and can thus be configured to 

allow users to test for SARS-CoV-2, influenza, and other respiratory viruses at the same 

time. Multiplexed nucleic acid diagnostic tools will be useful to help control the COVID-19 

pandemic and for influenza outbreaks, as well as for patient care.13

The first two SARS-CoV-2 NAAT POC kits approved for emergency use authorization 

(EUA) by the U.S. Food and Drug Administration (FDA) are the Lucira all-in-one test kit 

and the Cue test for home and over the counter (OTC) use.14 The Lucira kit combines 

RT-LAMP with colorimetric detection, while the Cue test employs an unspecified isothermal 

amplification followed by electrochemical detection. Many POC testing platforms have 

been reported for influenza virus detection, including RT-LAMP devices,15–17 microfluidics­

based RT-PCR,18 and other nucleic acid isothermal amplification assays.19 Similarly, POC 

platforms for SARS-CoV-2 detection have been developed to incorporate RT-PCR,20 RT­

LAMP,5,21,22 other amplification methods,23,24 and those combined with CRISPR.25–27
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However, little effort has been exerted for the development of POC platforms for 

simultaneous detection of SARS-CoV-2 and other respiratory viruses such as influenza 

viruses. Chung et al. used the BD MAX system,13 and Mostafa et al. employed a Cepheid 

Xpert28 for detection of SARS-CoV-2 and influenza viruses in healthcare settings. Others 

have developed portable platforms for detection of these viruses, but all of these require 

laboratory equipment for sample preparation.29,30 Ji et al. reported a centrifugal RT-PCR 

microfluidic device for SARS-CoV-2 and influenza virus detection, but the device needs an 

instrument for spinning, thermocycling, and optical detection steps.30 To our knowledge, 

there is no POC device available for simultaneous detection of SARS-CoV-2 and influenza 

viruses that includes all the necessary steps from sample to answer in a portable testing 

platform without the need of bulky or expensive laboratory equipment that requires power 

outlets at the time that this manuscript was written.

We have developed a duplex valve-enabled lysis, paper-based RNA enrichment, RNA 

amplification device (2-plex VLEAD) for multiplexed detection of SARS-CoV-2 and 

influenza viruses with no requirement for pipets and power outlets. This 2-plex VLEAD 

integrates (1) paper-based sample preparation using ball-based valves for sequential delivery 

of reagents and (2) RT-LAMP in a commercially available, battery-operated coffee mug with 

(3) colorimetric detection. The device consists of two sets of components fabricated in one 

platform with each set dedicated to one type of virus. The sample preparation process starts 

by sliding a part of the device to open valves sequentially that discharge various reagents 

for RNA extraction and purification while collecting RNA onto a paper pad. The reagents 

needed for sample preparation are preloaded in the device, thus requiring no pipetting at 

the POC. RNA collected on the paper pad is then amplified by RT-LAMP followed by 

colorimetric detection. This 2-plex VLEAD is low-cost and easy to use, providing results at 

the POC in a much shorter time than RT-PCR, with similar sensitivity.

EXPERIMENTAL SECTION

Device Fabrication.

The detection unit was made of a polycarbonate layer, a double-sided adhesive tape, two 

layers of thermoplastic films, and a paper pad as shown in Figure 1a and Figure S1b 

(Supporting Information). The polycarbonate layer was shaped into a 2 cm × 2 cm square 

from a 3 mm-thick polycarbonate sheet (McMaster-Carr, Elmhurst, IL) using a CNC milling 

machine (Sherline Products, Vista, CA), and a well of 4 mm diameter was created in 

the center. To create the laminated paper pad, one piece of Whatman 1 chromatography 

paper (Fisher Scientific) and two 75 μm-thick polyester thermal bonding lamination films 

(Lamination Plus, Kaysville, UT, USA) were cut into 3.5 mm-diameter circles using a 

Graphtec Craft Robo-S cutting plotter (Graphtec Corporation, Yokohama, Japan). The paper 

was then sandwiched between the two films and passed through a heated laminator, GBC 

Catena 65 Roll Laminator (GBC, Lake Zurich, IL, USA), set at a rolling speed of “1” and at 

a temperature of 220 °F as previously described.31 The laminated paper pad was attached to 

the polycarbonate container using double-sided adhesive tape (3M 9087 white bonding tape, 

R. S. Hughes, Sunnyvale, CA), forming the detection unit.
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A commercial 3D printer, Ultimaker 3 (Ultimaker, Geldermalsen, Netherlands), was used 

to fabricate the buffer unit and the mixing unit. The devices were printed using polylactic 

acid (PLA) with polyvinyl alcohol (PVA) as a support material. The print layer height 

was set to 0.06 mm, and the infill density was set to 100% for PLA and PVA. The ball 

valves used for each well were 4.0 mm-diameter corrosion-resistant 316 stainless-steel balls 

(McMaster-Carr). To prevent accidental displacement or movement of the ball valves, a 

small amount of Akrowax 130 (Akrochem, Akron, OH, USA) was placed around the balls 

to melt and resolidify, forming a breakable bond between the balls and the buffer unit. An 

exploded view of the 2-plex VLEAD and the valve concept are shown in Figure 1, and a 

picture of the device is shown in Figure S1.

RT-LAMP Reaction.

Each 25 μL RT-LAMP mix contained 2.5 μL of a 10× isothermal amplification buffer, 

8 U of a Bst 2.0 WarmStart DNA polymerase, 7.5 U of a WarmStart RTx reverse 

transcriptase, 2.5 μL of a 10× concentrated primer mix, and final concentrations of 1.4 

mM deoxynucleotide triphosphate (dNTPs) and 6 mM MgSO4. The 25 μL volume was 

filled using nuclease-free water (not DEPC-treated). Except for the nuclease-free water and 

dNTPs from Thermo Fisher (MA, USA), all other reagents in the RT-LAMP mix were 

obtained from New England Biolabs (NEB, Ipswich, MA, USA). The 10× primer mix for 

SARS-CoV-2 contained 16 μM FIP/BIP, 2 μM F3/B3, and 8 μM LF/LB (Table S1). The 10× 

primer mix for influenza A H1N1 contained 16 μM FIP/BIP, 2 μM F3/B3, and 4 μM LF/LB 

(Table S2). The primers were obtained from Integrated DNA Technologies (Coralville, Iowa, 

USA) and were chosen by following the literature.32,33

In addition, 0.5 units of the antarctic thermolabile uracil-DNA glycosylase (UDG) and 0.7 

mM deoxyuridine triphosphate (dUTP) were added to the 25 μL RT-LAMP mix described 

above. UDG and dUTP were used to eliminate possible carryover contamination, reducing 

nonspecific amplification and potential false positives. UDG has been widely used to prevent 

carryover contamination without compromising sensitivity in LAMP and other nucleic acid 

amplification assays.34–36 Initial work on the primer concentration comparison for SARS­

CoV-2, the specificity tests, and the environmental sample experiments were carried out 

using the regular RT-LAMP mix. All other experiments were performed with UDG and 

dUTP added.

To achieve RT-LAMP without the need of connecting to a power outlet, we chose a 

commercially available, battery-powered coffee mug (Ember Technologies, Inc., Westlake 

Village, CA) as a heated water bath as we reported previously.31 Prior to being placed in the 

coffee mug containing water at 62.5 °C, the detection units were sealed using two pieces of 

tape (Fellows) to cover the bottom and top parts. After 25 min of incubation, the detection 

units were taken out for colorimetric detection, which was carried out by adding 0.5 μL of 

10,000× concentrate SYBR green I in dimethyl sulfoxide (Thermo Fisher). We used SYBR 

green for endpoint detection of amplicons because its color change can be visualized by the 

naked eyes or recorded using a smartphone camera. To help in visualization, an ULAKO 

blue LED flashlight (Amazon, WA, USA) powered by one AA battery was used to observe 

the green fluorescence if target viruses were present. The amplified products can also be 
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verified by gel electrophoresis. Note that RT-LAMP produces a mixture of different sizes of 

amplicons, generating many gel bands as opposed to one specific gel band with RT-PCR.37

Real-Time RT-LAMP.

We used a commercial real-time thermal cycler to verify the incubation time required for 

SARS-CoV-2 and influenza A H1N1 virus assays. The real-time RT-LAMP experiments 

were carried out by adding 0.5 μL of a 10× concentrate SYBR green I nucleic acid gel 

stain in dimethyl sulfoxide (Thermo Fisher) to the 25 μL RT-LAMP reaction mix. The 

fluorescence signal from the reactions was read through the QuantStudio 3 real-time PCR 

system (Thermo Fisher).

For both viruses, four concentrations were used along with no-template controls (NTC), and 

three replications were carried out. For SARS-CoV-2 real-time assay, 104, 103, 102, and 10 

genome equivalents (GEs) were spiked into the 25 μL RT-LAMP reactions. For influenza A 

H1N1 virus assay, RNAs of viruses in the amounts of 600, 60, 6, and 1.2 TCID50 (median 

tissue culture infectious dose) were spiked into the 25 μL RT-LAMP reactions.

For the experiments to study the effects of primer concentrations (Figure S2c), we used 

SARS-CoV-2 RNA of three RNA amounts (104, 103, and 102 GEs) and compared the 

effects of two different primer concentrations. The RT-LAMP mixtures were incubated 

for 45 min to analyze which primer conditions would give faster amplification without 

producing nonspecific amplification. For the endpoint colorimetric detection in Figure S2a, 

we compared RT-LAMP results after 20, 25, and 30 min of incubation at 62.5 °C. Three 

sets of repeat experiments were carried out for each primer concentration. The same SARS­

CoV-2 RNA concentration was used for all the positive controls (102 GEs).

Assay Sensitivity and Specificity.

To assess the sensitivity of the RT-LAMP assay for detection of SARS-CoV-2, RNA 

was extracted from a stock of SARS-CoV-2/human/USA/UF-1/2020 (GenBank accession 

no. MT295464). The genome equivalents per microliter (GEs/μL) of the extracted RNA 

were estimated from a standard curve based on an RT-PCR assay38 and corresponded to 

approximately 1 × 106 GEs/μL. Serial dilutions (10-fold) were made using RNA storage 

solution (Invitrogen), and 1 μL of purified RNA of the different concentrations was used in 

the 25 μL RT-LAMP reactions, along with an NTC.

For the influenza A H1N1 virus, RNA was extracted and purified using a Zymo Viral 

Magbead kit (Zymo Research) from a stock of the influenza virus H1N1 strain A/Mexico/

4108/2009 that was at a titer of 6 × 106 TCID50/mL. Again, 10-fold serial dilutions were 

made using RNA storage solution, and 1 μL of purified RNA at different concentrations was 

added into the 25 μL RT-LAMP reactions, along with an NTC. For more accurate results, 

different dilutions were made between 6 and 0.03 TCID50/μL.

We determined the detection specificities of SARS-CoV-2 and influenza A H1N1 virus 

assays by carrying out the following experiments: (a) we used the primer set for SARS­

CoV-2 detection to test the genomic RNAs of SARS-CoV-2, influenza A H1N1, and CoV­

OC43, respectively, to confirm if it would not produce nonspecific amplification for the 
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latter two, and (b) we used the primer set for influenza A H1N1 virus detection to test these 

three virus RNAs. For both experiments, 1 μL of each virus RNA sample was added into the 

25 μL RT-LAMP reactions, along with an NTC.

Multiplexed Detection.

The 2-plex VLEAD operation starts with adding a 140 μL sample into each mixing well, 

which is the recommended volume used in a commercial QIAamp Viral RNA mini kit 

(QIAGEN). Immediately after, the mixing unit slides to the first reservoirs of the buffer unit, 

which have been preloaded with 560 μL of lysis buffer (AVL, QIAGEN), discharging them 

into the mixing unit to mix with each sample. To keep the 1:4:4 volume ratio of sample:lysis 

buffer:binding buffer as in the kit protocol, 560 μL of ethanol has been preloaded into the 

second reservoirs as the binding buffer. After the lysis buffer flows down, the mixing unit 

is moved to the second reservoirs to discharge the binding buffer, which promotes RNA 

absorption onto the paper pad as the solution goes through the detection units. After these 

solutions go completely through the paper, the mixing unit is slid again one at a time to the 

third and fourth reservoirs, which are preloaded with 1 mL of AW1 and AW2 (QIAGEN) 

wash buffer, respectively. Finally, the detection units are removed from the mixing unit 

followed by adding the 25 μL RT-LAMP mix into each unit and incubating them in the 

coffee mug at 62.5 °C for 25 min.

For heat-inactivated SARS-CoV-2 samples and in real-world situations, 140 μL samples are 

added to the mixing wells as described above followed by the discharge of the lysis buffer 

through the ball valve. However, as a safety precaution for our experiments, the influenza A 

H1N1 virus samples were mixed with AVL at a ratio of 1:4 in a biosafety level 2+ laboratory 

prior to processing the sample in the device. Thus, in this case, the lysed sample would be 

added to the mixing unit followed by the discharge of the binding buffer, using only three of 

the four wells in the buffer unit.

Environmental Samples.

Environmental samples were collected between February and March of 2020 by swabbing 

a handle of the main entry door of a building at the University of Florida, as described 

previously.39 The environmental samples tested in this work were enumerated as samples 

#1, #2, #3, #4, and #5 corresponding to their collection on February 19, February 20, 

February 21, March 2, and March 4, respectively.39 RNA was purified from the samples 

using a QIAamp Viral RNA mini kit, and the purified RNA was stored at −80 °C in the 

presence of a SUPERase-In RNase inhibitor (Thermo Fisher). For our experiments, samples 

were created by mixing 3.5 μL of purified RNA of the five different environmental samples 

with 14 μL of AVL buffer and 14 μL of ethanol in a biosafety hood. The 31.5 μL mix was 

loaded into the detection unit using a pipette. After the sample mix had completely gone 

through the paper pad, 100 μL of AW1 was passed through the unit followed by 100 μL of 

AW2. After RNA enrichment and purification, the detection units went through RT-LAMP 

amplification as described above.

Controls and samples were run in parallel for both viruses, SARS-CoV-2 and influenza A 

H1N1 viruses. Their preparation was in the following order: negative controls, samples, 
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and positive controls. This order was chosen to reduce the opportunities of possible 

contamination during sample handling, preventing possible false positives. For the negative 

controls, nuclease-free water was added. For positive controls, 1 μL of purified RNA of each 

virus was added to the respective RT-LAMP mix.

RESULTS AND DISCUSSION

Device Design and Fabrication.

Figure 1a shows the design of the 2-plex VLEAD for the simultaneous detection of SARS­

CoV-2 and influenza A viruses, while a picture of the assembled device is shown in Figure 

S1 (Supporting Information). Additionally, the supplementary video shows the parts of 

the 2-plex VLEAD and the sample preparation process. The device consists of a buffer 

unit in the top, a mixing unit in the middle, and two detection units at the bottom. We 

borrowed the concept of our previously reported singleplex VLEAD device for Zika virus 

detection.31 In addition to the difference in the multiplexing capability between singleplex 

and duplex devices, the 2-plex device has another sliding mechanism in the middle for an 

extra support. Since the 2-plex device simultaneously processes two samples in the same 

sequence, both detection units will be ready for the subsequent step. In addition to the 

multiplexing capability, the 2-plex VLEAD enables one user to operate at the POC, which is 

more advantageous than two singleplex VLEAD devices that are preferably operated by two 

people at the same time (or one person with two devices operated in sequence). The 2-plex 

VLEAD also reduces fabrication cost and time compared to two singleplex devices.

The device integrates all the necessary steps for NAAT, including virus lysis, RNA 

enrichment and purification, amplification, and detection. Fluid-control valves are employed 

to perform sample preparation by sequential release of the reagents from the buffer unit 

into the mixing unit without the need of basic laboratory equipment. The valves consist of 

stainless-steel balls placed at the bottom of each buffer well to prevent the reagents from 

flowing down until desired. These ball-based valves protrude 1.5 mm from the bottom of 

the buffer unit so that the pins in the mixing unit, designed to be at the same level as the 

bottom surface of the buffer unit, lift the balls up allowing the reagents to flow down when 

the pins are aligned with the balls, as shown in Figure 1b. To prevent the balls from lifting up 

while sliding the mixing unit before the pins are aligned with the balls, two gaps are created 

as clearance at the top of each mixing well to let the balls pass. Additionally, to prevent 

ball displacement and fluid leakage during device transportation, a breakable bond is created 

between the ball and the reservoir using a biocompatible wax. First, a small piece of a wax 

is placed around each ball valve followed by heating the device to melt the wax. The wax 

is then cooled down to resolidify around the ball and create a bond to prevent any undesired 

ball movement. The bond is breakable later on when a pin lifts up the ball.

The RNA enrichment process is driven by the capillary forces generated by the 

chromatography paper in the detection units, eliminating the need of external equipment. 

An untreated cellulose chromatography paper was chosen for RNA enrichment because it 

has shown better results for RNA enrichment of influenza viruses when compared with the 

glass-fiber paper and FTA card.17 Additionally, the device does not require an elution step as 

in the QIAGEN kit, where the purified RNA needs to be eluted before amplification, which 

Manzanas et al. Page 8

ACS Sens. Author manuscript; available in PMC 2022 November 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



has significant disadvantages: (1) the purified RNA is diluted during elution and (2) not all 

the RNA on the column can be eluted. Involving no RNA transfer between tubes as in the 

lab operation, this device avoids possible contamination and degradation issues.

Compared to other multiplexed POC platforms developed for simultaneous detection of 

SARS-CoV-2 and influenza viruses, our platform offers a higher sensitivity and specificity 

than those antigen tests29 due to amplification and genetic identification and processing of 

larger sample volumes (140 μL in our device) than typical microfluidic platforms such as the 

centrifugal RT-PCR microfluidic devices that can process a few μL of samples.30 The ability 

of processing a larger sample volume can lead to a lower limit of detection since more virus 

RNA is enriched onto the paper pad of the detection unit.

Compared to the Lucira kit mentioned above, our platform offers simultaneous detection 

of two pathogens rather than SARS-CoV-2 only. In addition, the Lucira kit uses nasal 

swab samples, while the 2-plex VLEAD can also process saliva samples,31 which is more 

acceptable to users. Another difference is that we use a dye to interact with the amplicons 

directly, while the Lucira kit detects a pH change from amplification, in which the sensitivity 

can be affected by the buffer used.

To address the potential commercial use, we have calculated the cost of the 2-plex VLEAD 

and the related reagents. As shown in Table S3, each 2-plex device costs $2.19 using a 

3D printer. This price is expected to reduce significantly if injection molding is used for 

large-scale production. The total reagent cost for both SARS-CoV-2 and influenza virus 

assays is $8.93 (Table S3). This is based on the retail price that we paid; the wholesale price 

is likely much lower. For comparison, each Lucira kit costs about $50.

RT-LAMP Reaction Time.

We determined the time needed for optimal RT-LAMP detection of the target virus using 

the QuantStudio-3 real-time amplification system. For SARS-CoV-2, all samples containing 

various concentrations of RNA reached a plateau within 25 min as shown in Figure 2a. 

The reactions were incubated for 35 min, and no nonspecific amplification was observed in 

the NTC. These results were reinforced by data in Figure S2, which confirmed that a 25 

min RT-LAMP reaction time was sufficient to detect SARS-CoV-2 RNA in our device. This 

25 min amplification time is significantly shorter than the conventional RT-PCR used for 

COVID-19 diagnosis.40,41 Note that RT-LAMP involves many complicated reaction steps, 

and the resulting fluorescence signal does not necessarily correlate with the starting viral 

load. However, the threshold time (Ct) measured by the instrument can be used to correlate 

with the viral load as in RT-PCR.42 Figure 2b shows the calibration curve, indicating the 

feasibility of semiquantitative SARS-CoV-2 detection.

We used H1N1 pdm2009 as an example of the influenza A virus for this work, and 

the real-time RT-LAMP assay results are shown in Figure 2c. All samples in different 

concentrations reached a plateau within 20 min. The reactions were incubated for 35 min, 

and no nonspecific amplification was observed in the NTC. The results suggest that a 20 

min incubation was sufficient for detecting influenza A viruses in our device. However, we 

used a 25 min incubation for simultaneous detection of SARS-CoV-2. Figure 2d shows the 
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calibration curve between the threshold time and the influenza A virus amount, indicating 

that semiquantitative detection is feasible as shown previously.17 Note that the threshold 

time was automatically reported from the real-time PCR machine.

Effects of Primer Concentrations.

For the detection of SARS-CoV-2 genomic RNA, we chose the RT-LAMP primers 

developed by Baek et al.32 However, the primer concentrations used by Baek et al.32 (5 

μM for external primers F3 and B3, 20 μM for internal primers FIP and BIP, and 5 μM for 

loop primers LF and LB) are different from what we previously reported (2 μM for F3/B3, 

16 μM for FIP/BIP, and 8 μM for LF/LB),31 which were based on recommendations by the 

RT-LAMP reagent manufacturer, NEB. Therefore, we compared these two procedures, and 

the results using either real-time RT-LAMP or colorimetric detection are shown in Figure 

S2.

Using the NEB primer concentrations reported previously,31 a color change in the reaction 

tube was observed after 20 min of RT-LAMP for a sample containing 100 GEs of virus 

RNA (Figure S2b). The color change was more pronounced after 25 min of RT-LAMP 

in another tube (note that separate tubes must be used for each condition because the 

colorimetric detection was carried out at the end of RT-LAMP). In contrast, no color change 

was observed after 20 min of RT-LAMP, and the color change was observed only after 

25 min of RT-LAMP when we employed the primer concentrations used by Baek et al.32 

These results were confirmed using real-time RT-LAMP assay (Figure S2c), in which the 

signals were observed a bit later under the conditions used by Baek et al. than under the 

NEB conditions for all three concentrations of SARS-CoV-2 viruses. This difference in the 

RT-LAMP time between two experimental conditions was larger for 102 GEs of virus RNA 

than 103 and 104 GEs of virus RNA. It should be noted that good specificity was attained 

using both approaches, with no nonspecific amplification after 45 min of RT-LAMP when 

no template was present (NTC in Figure S2c). On the other hand, the condition used by 

Baek et al. showed better linear correlation between the number of GEs and the threshold 

time than the NEB conditions (Figure S2d). For the following experiments, we chose to 

employ the NEB conditions.

Assay Sensitivity and Specificity.

The RT-LAMP assay for SARS-CoV-2 detection showed high sensitivity and a limit of 

detection (LoD) of 2 GEs. We first studied the assay using 100, 10, and 1 GEs of SARS­

CoV-2 as shown in Figure 3a,b and observed the positive signals in all three replicates 

of 100 and 10 GEs. For 1 GE samples, we observed only two out of three replicates, 

indicating that the LoD of our assay is at least 10 GEs. The results were confirmed using 

gel electrophoresis (Figure 3c). Note that these RNA samples were directly combined with 

the RT-LAMP mix for testing in the detection units. To further determine the LoD between 

1 and 10 GEs, we carried out the second experiment using 10, 5, 2, and 1 GEs of SARS­

CoV-2 and observed positive signals in all three replicates of 10, 5, and 2 GEs as shown 

in Figure S3. Similarly, we observed positive signals in only two out of three replicates for 

1 GE samples. These results are summarized in Table 1. The capability of detecting 2 GEs 

of SARS-CoV-2 shows that our device has a comparable limit of detection to, if not better 
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than, the gold-standard RT-PCR assay developed by CDC (which is 5 copies/reaction40,43), 

as well as other RT-LAMP assays for SARS-CoV-2 detection in the literature.21,44 Note 

that the 2-GE LoD was obtained from samples containing RNA that is equivalent to the 

corresponding virus genome.

Similarly, the assay for the influenza A virus showed an LoD of 0.06 TCID50, which is 

approximately 6 GEs (based on about 100 GEs per virion and 1 virion corresponds to 1 

TCID50 unit). We studied the RT-LAMP assay using concentrations from 6 TCID50 to 0.003 

TCID50 of influenza A viruses and observed the positive signals in all five replicates of 0.06 

TCID50 and higher, as shown in Figure 3d,e. However, for samples containing less than 0.06 

TCID50, we did not observe signals in any replicates. The results were also confirmed by 

gel electrophoresis (Figure 3f). This LoD of 6 GEs is at least similar, if not better, when 

compared to other RT-LAMP assays for detection of influenza viruses at the POC, which 

is in the range of 10 to 100 copies per reaction.15,16 Overall, RT-LAMP assays for both 

SARS-CoV-2 and influenza A viruses have an LoD of <10 GEs per reaction, which is 

comparable to the gold-standard RT-PCR assays.

Figure 4 shows that both assays for SARS-CoV-2 and influenza A viruses have good 

specificity in our devices. The SARS-CoV-2 assay showed no cross-reactivity with influenza 

virus A and human coronavirus OC43 (CoV-OC43) as shown in Figure 4a,b. CoV-OC43 is 

a coronavirus that is known to infect humans and cause the common colds. Similarly, the 

influenza A virus assay showed no cross-reactivity with SARS-CoV-2 and CoV-OC43 as 

shown in Figure 4c,d. These experimental results are expected because the SARS-CoV-2 

primers had been previously tested against a panel of RNA samples of related coronaviruses, 

a panel of human and avian influenza viruses, and a panel of other respiratory disease­

causing viruses.32 The RT-LAMP primers for influenza A H1N1 viruses had also been tested 

previously against other subtypes of influenza A viruses, though they have not been tested 

against any coronaviruses.33

Device Testing Using Control Samples.

Using the device in Figure 1a, we were able to detect SARS-CoV-2 and influenza A viruses 

using inactivated virus samples (Figure 5a). We obtained heat-inactivated SARS-CoV-2 

samples, containing the cell lysate and the supernatant from Vero E6 cells infected with 

SARS-CoV-2, from BEI Resources (USA-WA1/2020, NR-52286), which were deposited 

by CDC. The influenza A H1N1 pdm2009 was produced by the laboratory of Dr. John 

Lednicky as reported previously,45 and the samples in cell culture media were lysed with 

AVL buffer in a biosafety level 2+ environment to meet the safety requirement. The total 

time for sample preparation to flow the respective solutions through the device and to enrich 

RNA onto the paper pad in the detection unit was about 25 min.

Multiplexed Detection Using Environmental Samples.

We tested five environmental samples that were spared from another study.39 These samples 

were identified with numbers only and blinded to the researchers who performed 2-plex 

assays. The results were then provided back to the investigator of the previous study and 

compared with those results using RT-PCR.39 The comparison shows that we were able 
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to detect both viruses, SARS-CoV-2 and influenza A H1N1 in sample #3, which is in 

agreement with the results obtained by RT-PCR and sequencing.39 Figure 5b shows the 

detection results of sample #2 that contains the influenza A virus only. All results for five 

environmental samples are summarized in Table 2. Since the samples were the leftovers 

from the previous study,39 some of them are insufficient for replicate experiments. Overall, 

however, we demonstrated the decent specificity and sensitivity of our assay, with only 1 

false positive and 1 false negative among a total of 19 experiments. The results correspond 

to a 90.0% (9/10) positive percent agreement (PPA), an 88.9% (8/9) negative percent 

agreement (NPA), and an overall percent agreement of 89.5% (17/19).

CONCLUSIONS

We have developed a rapid and sensitive multiplexed POC testing platform, the 2-plex 

VLEAD, for simultaneous detection of SARS-CoV-2 and influenza A H1N1 viruses in 

50 min (~25 min for sample preparation and ~25 min for RT-LAMP assay). To our 

knowledge, our 2-plex VLEAD is the first POC platform that can simultaneously detect both 

viruses using NAAT integrating all the necessary steps including sample preparation, RNA 

amplification, and detection into a single platform without the need of bulky or sophisticated 

laboratory equipment. Other platforms have been reported for POC detection using NAAT 

for SARS-CoV-221,46 or influenza viruses,15,18,47 for laboratory settings using NAAT for 

both viruses,48,49 and for healthcare setting detection approved by the FDA for emergency 

use authorization.50 Nevertheless, they are not for multiplexed detection of SARS-CoV-2 

and other respiratory viruses such as influenza viruses at the POC. A multiplexed POC 

platform will be useful for testing individuals suspected of either SARS-CoV-2 or influenza 

infections, especially during flu seasons.

The 2-plex VLEAD can be adapted for testing different variants of SARS-CoV-2, subtypes 

of influenza viruses (e.g., A and B), or other types of viruses, depending on the need and 

potential outbreaks. The reagents can be prepackaged in the buffer unit for storage and 

transportation for testing at the POC, and the ball-based valves have been shown no leakage 

for several weeks when wax was used to fix the ball to the respective buffer well. The 

RT-LAMP mix can also be preloaded in disposable pipettes and stored in ice coolers. One 

alternative is to use lyophilized RT-LAMP reagents as reported elsewhere.51,52 Therefore, 

the platform has the potential to help reduce disease transmission by bringing the tests close 

to patients or other sites in need.

One limitation of the colorimetric detection used in this work is its binary results: yes or 

no, representing the presence or absence of viruses. It is sufficient for some situations, 

for example, when people only need to know if they are infected or not. However, it is 

unsatisfactory for other circumstances, for instance, when people want to know their viral 

loads. For the latter, an instrument capable of real-time detection is required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Exploded view of the 2-plex VLEAD. The device consists of three components, 

including a buffer unit, a mixing unit, and two detection units. The buffer unit contains 

four wells in each side for storage of a lysis buffer, a binding buffer, and two washing buffers 

for sample preparation. In each well of the buffer unit, one stainless-steel ball is placed at the 

bottom that functions as the valve as explained in (b). The mixing unit has one well in each 

side, and it slides under the buffer unit through the sliding tracks on both sides and in the 

middle. At the bottom of each mixing well, a protrusion is created for inserting a detection 

unit. The detection unit contains a paper pad that is laminated between two thermoplastic 

films and attached to the polycarbonate well layer using a double-sided adhesive tape. The 

components are numerically marked and explained in the legend box. (b) Two-dimensional, 

cross-sectional view of the ball-based valve mechanism. The valves are closed when the 

balls function as plugs for the buffer wells while protruding slightly at the bottom. The 

valves are actuated by the pins in the mixing unit that lift the balls up when the pins are 

aligned with the balls after sliding, releasing the reagents into the mixing unit.
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Figure 2. 
(a) Real-time RT-LAMP amplification for SARS-CoV-2 showing fluorescent signals of 

104, 103, 102, and 10 genome equivalents (GEs) as a function of the reaction time. NTC, 

no-template control. The average of three replicates was used. The y-axis represents the 

difference (Delta) between reactions (Rn) for the sample and the control. (b) Calibration 

curve between the threshold time (Ct) and SARS-CoV-2 GEs in each reaction (in the log 

scale). The error bars indicate one standard deviation, generated from three replicates of 

each concentration of SARS-CoV-2 RNA samples. (c) Real-time RT-LAMP amplification 

for the influenza A virus, showing fluorescent signals of 600, 60, 6, and 1.2 median tissue 

culture infectious dose (TCID50) of the influenza A virus as a function of the RT-LAMP 

time. NTC, no-template control. The average of three replicates was used. (d) Calibration 

curve between the threshold time (Ct) and influenza A virus TCID50 in each reaction (in the 

log scale). The error bars indicate one standard deviation, generated from three replicates of 

each concentration of influenza A virus RNA samples.
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Figure 3. 
(a) Pictures of the detection units taken under room light after RT-LAMP assay at 62.5 

°C for 25 min. Amounts of SARS-CoV-2 RNA are marked on the devices, 100, 10, and 1 

GEs, as well as a negative control (N). (b) Same devices as (a) under a blue LED. (c) Gel 

electrophoresis of those samples in (a). The left lane is for the DNA ladder, while other 

lanes are marked at the top. (d) Pictures of the detection units taken under room light after 

RT-LAMP assay at 62.5 °C for 25 min. Amounts of influenza A virus RNA are indicated, 6, 

3, 1.2, 0.6, 0.12, 0.06, and 0.03 TCID50, as well as a negative control (N). (e) Same devices 

as (d) under a blue LED. (f) Gel electrophoresis of those samples in (d). The left lane is for 

the DNA ladder, while other lanes are marked at the top.
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Figure 4. 
(a) Pictures of the detection units under room light using SARS-CoV-2 assay with samples 

containing SARS-CoV-2 RNA (S), influenza A virus RNA (F), CoV-OC43 RNA (O), and no 

RNA (N). (b) Same devices in (a) under a blue LED. (c) Pictures of the detection units under 

room light using influenza A virus assay with samples containing influenza A virus RNA 

(F), SARS-CoV-2 RNA (S), CoV-OC43 RNA (O), and no RNA (N). (d) Pictures of the same 

devices in (c) under a blue LED.
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Figure 5. 
(a) Simultaneous detection of heat-inactivated SARS-CoV-2 and influenza A H1N1 viruses 

using the 2-plex VLEAD device. Pictures of (1) a positive control in a tube for SARS-CoV-2 

assay, (2) a detection unit after processing the SARS-CoV-2 sample, (3) a negative control 

in a tube for SARS-CoV-2 assay, (4) a positive control in a tube for influenza A virus assay, 

(5) a detection unit after processing the influenza A H1N1 virus sample, and (6) a negative 

control in a tube for influenza A virus assay, are on the left. Pictures were taken under a blue 

LED. Gel electrophoresis results of these samples are shown on the right, in which the left 

lane is the DNA ladder, while other lanes are marked at the top. (b) Multiplexed detection 

of SARS-CoV-2 and influenza A H1N1 viruses in environmental sample #2. Pictures of 

detection units for influenza A H1N1 virus assay: (7) a positive control, (8) sample #2, and 

(9) a negative control and for SARS-CoV-2 assay: (10) a positive control, (11) sample #2, 

and (12) a negative control, are on the left. Gel electrophoresis results of these samples are 

shown on the right, in which the left lane is the DNA ladder, while other lanes are marked at 

the top.
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Table 1.

RT-LAMP Assay Results for SARS-CoV-2 Detection

RNA amount (GEs) first experiment
a

second experiment
a

total
a

100 3/3 3/3

10 3/3 3/3 6/6

5 3/3 3/3

2 3/3 3/3

1 2/3 2/3 4/6

NTC 0/3 0/3 0/6

a
Note: the results are listed as the number of positive results/the number of experiments.
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Table 2.

RT-LAMP Assay for Environmental Samples and Its Comparison with RT-PCR

sample no. SARS-CoV-2 detected
a

RT-PCR
b

influenza A H1N1 detected
a

RT-PCR
b

1 0/1 no 1/1 yes

2 0/2 no 2/2 yes

3 2/2 yes 2/2 yes

4 0/2 no 2/3 yes

5 0/2 no 1/2 no

a
Note: the results are listed as the number of positive results/the number of experiments.

b
“Yes” or “no” indicates whether the SARS-CoV-2 or influenza A H1N1 virus was present or absent in the corresponding samples based on 

RT-PCR.
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