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A B S T R A C T   

SARS, a new type of respiratory disease caused by SARS-CoV, was identified in 2003 with significant levels of 
morbidity and mortality. The recent pandemic of COVID-19, caused by SARS-CoV-2, has generated even greater 
extents of morbidity and mortality across the entire world. Both SARS-CoV and SARS-CoV-2 spreads through the 
air in the form of droplets and potentially smaller droplets (aerosols) via exhaling, coughing, and sneezing. Direct 
detection from such airborne droplets would be ideal for protecting general public from potential exposure 
before they infect individuals. However, the number of viruses in such droplets and aerosols is too low to be 
detected directly. A separate air sampler and enough collection time (several hours) are necessary to capture a 
sufficient number of viruses. In this work, we have demonstrated the direct capture of the airborne droplets on 
the paper microfluidic chip without the need for any other equipment. 10% human saliva samples were spiked 
with the known concentration of SARS-CoV-2 and sprayed to generate liquid droplets and aerosols into the air. 
Antibody-conjugated submicron particle suspension is then added to the paper channel, and a smartphone-based 
fluorescence microscope isolated and counted the immunoagglutinated particles on the paper chip. The total 
capture-to-assay time was <30 min, compared to several hours with the other methods. In this manner, SARS- 
CoV-2 could be detected directly from the air in a handheld and low-cost manner, contributing to slowing the 
spread of SARS-CoV-2. We can presumably adapt this technology to a wide range of other respiratory viruses.   

1. Introduction 

We have recently witnessed the worldwide pandemic of severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), causing the coro
navirus disease 2019 (COVID-19). While morbidity and mortality have 
occurred mostly with individuals with pre-existing conditions, they can 
also occur in healthy individuals (Fozouni et al., 2020). The current 
number of COVID-19 deaths amounts to 5,373,552 worldwide at the 
time of writing, clearly indicating the seriousness of this pandemic (htt 
ps://www.worldometers.info/coronavirus/). COVID-19 diagnostics 
have typically been carried out on the nasopharyngeal swabs and 
recently on the nasal swabs from the infected patients (Zenhausern et al., 
2021). However, since SARS-CoV-2 spreads through the air, it may be 
too late to contain its spread by testing the infected individuals. The best 
approach would be direct detection from the air. 

Bioaerosol refers to particulate matter with life characteristics sus
pended in the air (Hinds, 1982). Bioaerosol sizes range from 0.02 to 30 
μm. In SARS-CoV-2, water droplets are generated from the human 
mouth through exhaling, coughing, and sneezing. SARS-CoV-2, with a 
diameter of 0.1 μm, has been believed to spread through the droplets >5 
μm (thus “droplets” but not “aerosols”). Therefore, 6-feet or 2-m phys
ical distancing has emerged as a safety precaution (WHO, 2021). 
However, several reports have been made that SARS-CoV-2 can spread 
with droplets smaller than 5 μm (i.e., aerosols) (Vuorinen et al., 2020; 
Chia et al., 2020; Hwang et al., 2021; Chen et al., 2020). 

While the best practice to prevent SARS-CoV-2 infection is a face 
mask (Zhang et al., 2020), it is not perfect in capturing all bioaerosols, 
especially when SARS-CoV-2 spreads through smaller droplets and 
aerosols. In addition, some people cannot wear face masks due to 
medical conditions, and some others are not willing to wear face masks. 
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The best practice might be the direct detection from the air. However, 
the number of viruses in such air samples tends to be very low, which 
cannot easily be detected conventionally. Typically, air samplers are 
necessary to increase the number of captured viruses. There are three 
widely adopted methods for collecting viruses (or bacteria) from the air: 
impaction, impinging, and filtration (Terzieva et al., 1996; Fronczek and 
Yoon, 2015). The impaction method is the most common, where aero
sols are aerodynamically separated by size according to their diameter. 
In the impinging method, the air is sucked in and passed through a 
device containing a liquid buffer to collect viruses or bacteria. The 
filtration method is economical and straightforward, where bioaerosols 
are collected using a fibrous or membrane filter. For all three methods, 
an additional incubation for more than 24 h may be required due to the 
small number of viruses and bacteria in the air. Very few papers have 
been published to detect the COVID-19 aerosols from the air directly. In 
the small number of such published works, droplets/aerosols were 
collected using the traditional air samplers for a long time, and con
ventional laboratory analyses were used, such as reverse transcription 
polymerase chain reaction (RT-PCR) and enzyme-linked immunosor
bent assay (ELISA) (Piri et al., 2021; Su et al., 2020). These methods are 
not easy to be implemented in the field and cannot rapidly provide 
results. 

In this study, we propose a handheld, rapid, low-cost, smartphone- 
based paper microfluidic assay capable of directly detecting SARS-CoV-2 
in the droplets/aerosols from the air, without the need for an air sampler 
and the long collection time. We designed a system that simulates a 
human cough using a simple sprayer in a controlled chamber. Droplets/ 
aerosols are passively collected directly on the paper microfluidic chips 
without using any collector, pump, fan, or filter. Antibody-conjugated 
submicron fluorescent particle suspension is then added to the paper 
microfluidic chip, inducing antibody-antigen binding and subsequent 
particle aggregation. A low-cost smartphone-based fluorescence micro
scope was fabricated, used to quantify the extent of this particle ag
gregation from the microscopic images, and confirmed the presence of 

SARS-CoV-2 from the air. To the best of our knowledge, this work is 
the first demonstration of direct bioaerosol capture and subsequent 
immunoassay on a single platform. The device and method can slow the 
spread of SARS-CoV-2 and other emerging respiratory viruses. 

2. Materials and methods 

2.1. SARS-CoV-2 samples 

SARS-CoV-2 Isolate USA-WA1/2020, was deposited by Dr. Natalie J. 
Thornburg at the U.S. Centers for Disease Control Prevention (CDC) and 
obtained from the World Reference Center for Emerging Viruses and 
Arboviruses (WRCEVA). SARS-CoV-2 was passaged on mycoplasma 
negative Vero cells (ATCC #CCL-81) at a MOI of 0.005 for 48 h. Su
pernatant and cell lysate were combined, subjected to a single freeze- 
thaw, and then centrifuged at 3000 RPM for 10 min to remove cell 
debris. Concentration ranged from 106 PFU/mL to 107 PFU/mL, corre
sponding to 2–6 ng/mL, respectively. Virus stock was poured into a 15- 
cm petri dish and irradiated in a Bio-Rad GS Gene Linker UV Chamber on 
the ‘sterilize’ setting twice for 90 s with a brief swirl in between. Com
plete inactivation of virus was confirmed by standard plaque assay or 
50% tissue culture infectious dose (TCID50). All live virus manipulations 
were performed in a biosafety level 3 laboratory and procedures were 
approved by the University of Arizona’s Institutional Biosafety 
Committee. 

2.2. Antibody conjugation to fluorescent polystyrene particles 

Yellow-green fluorescent carboxylated polystyrene particles 
(CAYF500NM; Magsphere, Inc., Pasadena, CA, USA) were used for 
assaying SARS-CoV-2. According to the manufacturer, their diameter 
was 500 nm, the excitation peak was 488 nm (blue), and the emission 
peak was 509 nm. Rabbit polyclonal antibody to SARS-CoV-2 (40588- 
T30; SinoBiological, Inc., Wayne, PA, USA) was covalently conjugated to 

Fig. 1. Assay procedure. (a) Chamber design with dimensions and the placements of a paper microfluidic chip and a sprayer. (b) Fluorescence images of a paper 
microfluidic channel for 0 ng/mL (control) and 600 pg/mL (sample) UV-inactivated SARS-CoV-2 in 10% saliva. Three different images from a single channel were 
taken with a benchtop fluorescence microscope. (c) The assay procedure, starting from the air collection, antibody-particles, smartphone-based fluorescence 
microscopic imaging, and image processing with the MATLAB script. 
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the particles via carbodiimide reaction. Detailed information and opti
mizations can be found in the previous works (Chung et al., 2019, 2021; 
Kim et al., 2021; Park and Yoon, 2015). The final particle concentration 
was 0.06 μg/μL, optimized for showing the maximum extent of particle 
aggregation (Chung et al., 2021; Kim et al., 2021). Particle stocks were 
stored in a refrigerator. 

2.3. Paper microfluidic chip 

The paper microfluidic chip was designed, optimized, and wax- 
printed in the same way used in the previous work (Kim et al., 2021; 
Chung et al., 2021). There were four channels in each chip. Each channel 
was 21 mm long and 2.4 wide, with dumbbell-shaped squares at both 
ends (Fig. 1). Nitrocellulose paper was used (CN95; Sartorius, Goettin
gen, Germany). Capillary flow rate is 65–115 s over 40 mm as reported 
by the manufacturer. Thickness is 240–270 μm. 

2.4. Air chamber 

A fish tank was purchased and used as an air chamber (Fish Tanks 
Direct, North Venice, FL, USA). A hole was drilled on one side, where a 
sprayer (Amber Spray Bottles, Maredash, Shenzhen, China) was inserted 
and sealed. Fig. 1A shows the schematics and dimensions of this air 
chamber. A photograph of this chamber is shown in Supplementary 
Fig. S1. The chamber dimension (e.g., 24-inch length) roughly corre
sponds to the one-tenth scale of a typical classroom, as demonstrated in 
the previous work (Kwon et al., 2014). Following the requirements from 
Research Laboratory and Safety Services at the University of Arizona, 
the chamber was inspected, approved for this research, placed within a 
chemical hood, sprayed with ethanol, thoroughly wiped before and after 
all experiments. Air collection experiments were performed at the 
biosafety level 2 laboratory. 

2.5. Direct air sampling on paper microfluidic chips and assay procedure 

UV-inactivated SARS-CoV-2 was spiked into the 10% v/v human 
saliva solutions (from human donors, confirmed negative for SARS-CoV- 
2) with varying concentrations and loaded to the sprayer. The final 
concentration was 600 pg/mL, comparable to that in human saliva from 
active COVID-19 patients (Zhu et al., 2020). Concentrations of 0, 200, 
400, and 800 pg/mL were additionally used to demonstrate the quan
tification capability. A paper microfluidic chip was placed 6 in (15.2 cm; 
one-quarter point of the chamber length), 12 in (30.5 cm; one-half 
point), or 24 in (61 cm; full length) away from the sprayer nozzle. We 
sprayed two times manually (simulating typical human coughs), 
consuming 3 mL, as well as five times (simulating repetitive human 
coughs) consuming 7.5 mL. Spraying made the paper chips wet. We 
waited for 15 min and collected the paper microfluidic chips from the 
chamber. The chips were incubated at room temperature for additional 
10 min, allowing liquid to be evaporated. 4 μL of antibody conjugated 
particle suspension was then pipetted to the center of each channel and 
incubated for another 5 min allowing the particles to interact with the 
viruses. 

2.6. Smartphone-based fluorescence microscopic imaging of paper 
microfluidic chips 

A smartphone-based fluorescence microscope was designed and built 
following the method described in Chung et al. (2021), with the modi
fications described below. A commercial microscope attachment to a 
smartphone was purchased and used (MicroFlip 100-250x High Power 
Pocket Microscope; Carson Optical, NY, USA). A 460 nm LED 
(WP7113QBC/G; Digi-Key Electronics, MN, USA) was used as a light 
source for the excitation of fluorescent particles. The excitation wave
length is slightly shorter than the peak excitation of the particles (488 
nm) to avoid the overlap with the emission signal while providing 

sufficient excitation to the particles, as confirmed with the fluorescence 
images. A 9-V battery powered this LED. Acrylic films (#382 and #15; 
Color Filter Booklet; Edmund Optics, AZ, USA) were used as the low-cost 
excitation and emission filters, placed between the microscope attach
ment and smartphone camera. A smartphone camera (Samsung Galaxy 
S20 FE 5G; Samsung Electronics America, Inc., NJ, USA) was used to 
image each paper channel and isolate only the aggregated particles, 
which will be discussed in the following section. All components (a 
microscope attachment, an LED, a 9-V battery, acrylic filter, and a 
smartphone) are mounted on a foldable stand and stage designed in 
SolidWorks and 3D-printed using Creality Ender-3 (Shenzhen Creality 
3D Technology Co. Ltd.; Shenzhen, Guangdong, China) with PETG 
filament (Overture; Wilmington, DE, USA). For the comparison purpose, 
a benchtop fluorescence microscope was also used to image the paper 
chips, whose procedure can be found in the previous work (Kim et al., 
2021). 

2.7. Image processing 

The MATLAB (The MathWorks, Inc.; Natick, MA, USA) script used in 
this study is based on the previous work (Chung et al., 2019; Kim et al., 
2021). Fluorescence images were acquired from five different locations 
of each channel since the field-of-view (FOV) was small and could not 
represent the overall particle aggregation behavior over the length of the 
channel. Each image was split into three color channels (red, green, and 
blue). The green channel images were used to capture the green fluo
rescence (peaked at 509 nm) of the particles. The color histogram of the 
fluorescence signal was investigated to optimize the intensity threshold 
value. The pixels with the intensities lower than 60 (out of 255) were 
eliminated to remove background noise, which was optimized through a 
series of experiments using only the fluorescent particles on the paper. 
(For the benchtop fluorescence microscope analysis, the threshold value 
was 200). The images were then binarized (black and white). Next, size 
thresholding was applied to isolate only the aggregated particles. Only 
the spheres with 10–400 pixels were considered (the same size thresh
olding was used for the benchtop fluorescence microscope analysis); all 
other spheres are considered noise or artifacts (especially dust). 

2.8. Air sampling on paper microfluidic chips under forced fan circulation 

Two computer case cooling fans (NFD1293259B–2F; Y.S. Tech., 
Garden Grove, CA, USA, and FD08025, Masscool, Walnut, CA, USA) 
were installed in the chamber, as shown in Fig. 3. A simple voltage 
divider circuit controlled the speed of fans and subsequently circulation 
rate. Two fans are installed to circulate the air in one circular direction. 
All other conditions were the same as those described in section 2.5. 

3. Results and discussion 

Two types of antibodies were used to assay SARS-CoV-2 from the air 
samples. One was rabbit monoclonal antibody, and the other was rabbit 
polyclonal antibody, both to SARS-CoV-2. Experiments were initially 
conducted by sequentially pipette-adding the SARS-CoV-2 solution (0 
and 600 pg/mL in 10% saliva) and the antibody-particle suspension on 
each paper microfluidic channel to demonstrate the initial feasibility. A 
benchtop fluorescence microscope was used for this initial investigation, 
and the results are shown in Fig. 1B. A substantial number of particle 
aggregations were found from the fluorescence microscopic images of 
the paper microfluidic channels, demonstrating the capability of iden
tifying SARS-CoV-2 using this method. (We have conducted the same 
experiments using monoclonal antibody conjugated particles, using 
rabbit monoclonal anti-SARS-CoV-2, catalog number 40588-R0004 
from SinoBiological, Inc., and found that the extent of particle aggre
gation was much inferior to that with a polyclonal antibody. Refer to 
Supplementary Fig. S2.) 

The overall procedure is shown in Fig. 1C. Droplets and aerosols 
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containing SARS-CoV-2 are generated from a sprayer and passively 
collided with the paper microfluidic chips. The SARS-CoV-2 concen
tration of 600 pg/mL (or 600 fg/μL) was determined from the typical 
SARS-CoV-2 concentration found among COVID-19 infected patients 
(Zhu et al., 2020). The amount of SARS-CoV-2 colliding to the paper 
microfluidic chip should be much lower than that inside the sprayer, and 
the fraction settling within a single channel would be even lower than 
that. The control was the 10% saliva without any SARS-CoV-2. Only the 
pixels representing aggregated particles were summed using the MAT
LAB script from the fluorescence microscope images. 

We first investigated whether our sensor system works with a 
benchtop fluorescence microscope. Fig. 2A shows the pixel counts of 
aggregated particles on the paper microfluidic chip, where the SARS- 
CoV-2 samples were sprayed at the distances of 6, 12, and 24 inches 
(15.2, 30.5, and 60 cm, respectively), corresponding to the quarter, half, 
and full length of the air chamber (Fig. 1A). Polyclonal antibody con
jugated particles were used in all further experiments. Total pixel counts 
decreased as the distance increased from 6 to 24 inches, indicating that 
the number of captured droplets/aerosols in each channel decreased 

with the distance. Means and standard errors were collected from four 
different experiments, each time using different paper microfluidic 
chips. The results with 6 and 12 inches were significantly different from 
those of the negative controls (0 pg/mL 10% saliva) (p < 0.05). Fig. 2B 
shows the result with five-times spraying. Higher pixel counts were 
recorded at 12 and 24 inches than those with two-times spraying, 
improving the results. However, the pixel counts at 6 inches were 
significantly lower than those of 12 inches. They were also lower than 
those with two-times spraying at 6 inches. We have noticed that liquids 
were falling off from the paper microfluidic chip, as shown in Supple
mentary Fig. S3, leading to the loss of liquid and subsequently inefficient 
capturing. All raw images are summarized in Supplementary Fig. S4. 

Experiments were repeated using a smartphone-based fluorescence 
microscope. The diagram of the internal light path and the photographs 
of the smartphone-based fluorescence microscope are shown in Sup
plementary Fig. S5. Five images were collected from a single channel 
since the FOV of a smartphone microscope was smaller than that of a 
benchtop fluorescence microscope. Fig. 3A and B shows the results. 
Overall, the pixel counts are lower than those with a benchtop 

Fig. 2. Assay results with a benchtop fluorescence microscope. Pixel counts from three different images of a single channel were summed and used as a single data 
point. Experiments were repeated four times (each time with three images), each using a different paper microfluidic chip. Average pixel counts (n = 4) are plotted 
with the error bars representing standard errors, each time with different spraying/capture and with different paper microfluidic chips. (a) With two-times spraying, 
and (b) with five-times spraying. * denotes p ≤ 0.05, **p ≤ 0.01, and n.s. = not significant. 

Fig. 3. Assay results with a smartphone-based fluorescence microscope. Pixel counts from five different images of a single channel were summed and used as a single 
data point. Experiments were repeated four times (each time with five images), each using a different paper microfluidic chip. Average pixel counts (n = 4) are 
plotted with the error bars representing standard errors. (a) With two-times spraying, (b) with five-times spraying, and (c) two-times spraying and fans installed. n =
4, each time with different spraying/capture and with different paper microfluidic chips; * denotes p ≤ 0.05; ** denotes p ≤ 0.01; n.s. denotes not significant. 
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fluorescence microscope. However, the trend is identical: the pixel 
counts decreased as the distance increased, and the five-times spraying 
at 6-inch distance did not work. The sample data was significantly 
different from that of the control group at a 6-inch distance. All raw 
images used in Fig. 3A and B are summarized in Supplementary Fig. S6. 

To demonstrate the quantification capability, we have conducted 
additional experiments with varying concentrations (0, 200, 400, 600, 
and 800 pg/mL) with two-times spraying at a 6-inch distance. The result 
was shown in Supplementary Fig. S7, showing satisfactory linearity (R2 

= 0.956). Most data points are significantly different (p < 0.05) from 
that of 0 pg/mL except for 800 pg/mL, although its p-value of 0.053 is 
still close to 0.05. Using this linear regression equation, we can convert 
the sample assay results shown in Fig. 3A to the concentration: 570, 40, 
and 0 pg/mL, respectively. Considering 600 pg/mL concentration, the 
paper microfluidic chips at 12-inch and 24-inch distances captured 7% 
and 0% of the same at 6-inch distance, respectively. 

Additional experiments were performed to see if this method could 
be applied to the environment that can better represent the air- 
conditioned rooms. As shown in Fig. 3C and Supplementary Fig. S8, 
two fans were installed inside the chamber, designed to circulate the air. 
A paper chip was installed on the same side of the sprayer. Larger 
droplets can be visually identified using a bright light bulb, as shown in 
Supplementary Fig. S8. Most larger droplets traveled from the right-side 
sprayer to the other direction at least 24 inches, indicating that larger 
droplets must travel for a minimum of 48 inches to reach the paper chip. 
Smaller droplets and aerosols can travel farther than 48 inches, although 
they cannot be identified from the photographs. 

The assay results are summarized in Fig. 3C. With viruses and fans off 
(third column), the pixel counts were not significantly different from 
those with no virus (i.e., deionized water) and fans off (first column) and 
fans on (second column). Comparison of third and fourth columns (fans 
off vs. on, both with viruses) indicates that viruses could not be captured 
on the paper chip with no air circulation. Comparison of second and 
fourth columns (with vs. without viruses, both with fans on) shows that 
there were no false positives. The average pixel counts with viruses and 
fans (fourth column) are 740 ± 100, showing a significant difference 
from the other three (p ≤ 0.01). This number is smaller than the 6-inch 
sample data shown in Fig. 3A but higher than the 12-inch and 24-inch 
sample data, indicating the role of air circulation towards effective 
virus capture on paper chips. All raw images used in Fig. 3C are sum
marized in Supplementary Fig. S9. 

4. Conclusion 

We collected the SARS-CoV-2 from the sprayed droplets/aerosols 
directly on a paper microfluidic chip without using any sampler device. 
Neither pumps nor fans were necessary (besides the fans used to simu
late air conditioning) to collect these droplets, and the collection was 
entirely passive. Assays were conducted directly on the paper micro
fluidic chip, without the need for sample collection, transfer, dilution, 
and purification. Antibody conjugated particle suspension was pipette- 
added to the channel, allowing particle aggregation induced by 
antibody-virus binding. A smartphone-based fluorescence microscope 
captured fluorescent images, and a MATLAB script isolated and quan
tified particle aggregation. Despite the small number of viruses captured 
on each channel, we could detect them with only two sprays (presum
ably equivalent to two coughs) at a 6-inch (15.2 cm) distance. Successful 
capture and detection were also demonstrated with the air circulated 
through the chamber. The method requires a paper microfluidic chip 
(neither pre-loading nor immobilization was necessary), antibody- 
particle suspension, and a smartphone-based fluorescence microscope 
(requiring low-cost and off-the-shelf components, such as an LED, a 9-V 
battery, acrylic film, and a microscope attachment. The total cost of 
parts and supplies for a smartphone-based fluorescence microscope was 
US$46.60 (excluding a smartphone), as shown in Supplementary 
Table S1. It is also foldable and handheld, whose dimension is 10 cm × 5 

cm x 10 cm, as shown in Supplementary Fig. S10. The method and de
vice can be adapted for detecting other respiratory viruses and bacteria 
by changing the antibody and optimizing the particle concentration, etc. 
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