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ARTICLE INFO ABSTRACT

Keywords: Airborne transmissibility of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has highlighted the
Aerosol urgent need for aerosol monitoring of SARS-CoV-2 to prevent sporadic outbreaks of COVID-19. The inadequate
SARS-CoV-2

sensitivity of conventional methods and the lack of an on-site detection system limited the practical SARS-CoV-2
monitoring of aerosols in public spaces. We have developed a novel SARS-CoV-2-in-aerosol monitoring system
(SIAMs) which consists of multiple portable cyclone samplers for collecting aerosols from several venues and a
sensitive “sample-to-answer” microsystem employing an integrated cartridge for the analysis of SARS-CoV-2 in
aerosols (iCASA) near the sampling site. By seamlessly combining viral RNA extraction based on a chitosan-
modified quartz filter and “in situ” tetra-primer recombinase polymerase amplification (tpRPA) into an inte-
grated microfluidic cartridge, iCASA can provide an ultra-high sensitivity of 20 copies/mL, which is nearly one
order of magnitude greater than that of the commercial kit, and a short turnaround time of 25 min. By testing
various clinical samples of nasopharyngeal swabs, saliva, and exhaled breath condensates obtained from 23
COVID-19 patients, we demonstrate that the positive rate of our system was 3.3 times higher than those of the
conventional method. Combining with multiple portable cyclone samplers, we detected 52.2% (12/23) of the
aerosol samples, six times higher than that of the commercial kit, collected from the isolation wards of COVID-19
patients, demonstrating the excellent performance of our system for SARS-CoV-2-in-aerosol monitoring. We
envision the broad application of our microsystem in aerosol monitoring for fighting the COVID-19 pandemic.
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1. Introduction

Transmission of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) among people occurs mainly through exposure to respi-
ratory fluids that contain infectious virus (Prather et al., 2020). People
can release droplets and aerosols by coughing, sneezing, and some
normal exhalation behaviors such as breathing, speaking, and singing
(Alsved et al., 2020; Morawska and Milton, 2020; Stadnytskyi et al.,
2020). After quickly evaporating into droplet nuclei, SARS-CoV-2
aerosols can float and be transported over long distances (Morawska
et al., 2009), remain viable and infectious for several hours (van Dor-
emalen et al., 2020), accumulate in enclosed spaces, and be inhaled deep
into the lungs leading to more severe infection (Chu et al., 2020; Milton,
2020). The emergence of new SARS-CoV-2 variants, Delta (Planas et al.,
2021) and Omicron (Karim and Karim, 2021), which have higher
airborne transmissibility, have prompted the urgent need for monitoring
of SARS-CoV-2 aerosols. Routinely monitoring SARS-CoV-2 aerosols at
hotspot locations will contribute to the early warning capability of a
COVID-19 outbreak, the effective restraint of the transmission chain,
rapid work resumption, and the well-organized reopening of schools
(Liu et al., 2020; van Doremalen et al., 2020).

Unfortunately, effective detection of SARS-CoV-2 in aerosols is not as
easy as the routine analysis of human clinical samples. First, SARS-CoV-
2 in aerosols is usually present at a low concentration ranging from 1 to
10 viruses/m> (Liu et al., 2020). Supposing a sampler with a flow rate of
100 L/min is used for aerosol collection, the final concentration of vi-
ruses in the solution is often less than 30 copies/mL after half an hour of
sampling, which is far below the limit of detection (LOD) of commer-
cially available kits (Pokhrel et al., 2020). Second, the analysis of aerosol
samples should be carried out on-site with a short turnaround time. In
this way, immediate actions, such as tracing close contacts and dis-
infecting contaminated space, can be conducted timely once
SARS-CoV-2 is found in aerosols. However, current tests of SARS-CoV-2
heavily rely on centralized laboratories and specialized personnel for
nucleic acid extraction and thermal cycling, which in turn slows down
the assay and is not fit for on-site aerosol monitoring. There is an urgent
need to develop a sensitive, rapid, and automatic molecular diagnosis
platform that can be coupled to a highly efficient aerosol sampler to
detect SARS-CoV-2 in aerosols.

Fully integrated instruments such as GeneXpert® (Cepheid), Fil-
mArray® (BioFire®), and cobas® (Roche) have been developed and
commercialized for the automated diagnosis of infectious diseases
before the COVID-19 pandemic (Li, Z. et al., 2021). However, the sen-
sitivities of these systems, which are either inferior to or close to that of
commercial kits based on RT-qPCR, are insufficient for viral aerosol
analysis. To simplify the structure of the instrument and shorten the
testing time, isothermal amplification technologies such as recombinase
polymerase amplification (RPA) (Cherkaoui et al., 2021), loop-mediated
isothermal amplification (LAMP) (He et al., 2021), and rolling circle
amplification (RCA) (Chaibun et al., 2021) have been invented and
employed for SARS-CoV-2 detection (Esbin et al., 2020). However, the
limits of detection (LOD) of these isothermal amplification systems are
insufficient for viral aerosol analysis. Improving the LOD of these
isothermal amplification technologies will aid in addressing the chal-
lenges faced by the on-site detection of infectious viruses in aerosols.

In the current study, we present the development of a novel SARS-
CoV-2-in-aerosol monitoring system (SIAMs) which consists of
portable cyclone samplers for collecting and concentrating aerosols from
venues and an ultrasensitive “sample-to-answer” microsystem that can
be deployed nearby for analyzing collected aerosol samples. Besides the
highly efficient collection of aerosols from an enclosed space by the
aerosol sampler, the newly developed “sample-to-answer” microsystem
employing an integrated microfluidic cartridge for analysis of SARS-
CoV-2 in aerosols (iCASA) can provide ultra-high sensitivity of 20
copies of viruses per mL, which is nearly one order of magnitude better
than conventional RT-qPCR, and a rapid turnaround time of 25 min. The
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excellent performance of the SIAMs was demonstrated through analysis
using mock samples and clinical samples. We envision that SIAMs will
play a critical role in the detection and early warning of a COVID-19
epidemic, breaking the transmission chain, and the resumption of
work and schools.

2. Methods and materials
2.1. Chemicals and reagents

Chitosan (medium molecular weight), lithium acetate (LiAc), urea,
magnesium acetate (MgAcy), and glycidoxypropyltrimethylsilane
(GPTMS) were all purchased from Sigma-Aldrich. 2-(N-morpholino)-
ethanesulfonic acid (MES), EDTA standard solution, yeast tRNA, and
dithiothreitol (DTT) were purchased from Shanghai Macklin Biochem-
ical, China. Diethylpyrocarbonate-treated water (DEPC water) and TE
buffer (Tris-EDTA, pH 9.0) were obtained from Beyotime Biotechnology
(Shanghai, China). The quartz filter paper was obtained from Whatman
(@ 47 mm, QMA). All solutions were prepared in water purified to 18.2
MQ cm by Milli-Q Advantage A10.

2.2. Fabrication of iCASA

Both the 3D block and the planar chip were made of poly methyl
methacrylate (PMMA) and fabricated using a CNC milling machine. The
air sac of the iCASA was formed by sealing the niche on one side of the
block with a piece of the rubber film. The fabrication process of the non-
adhesive patterns and punched holes on the double-sided adhesive tape
(DS tape) with an acrylic foam base (4910 VHB, 3M) is shown in Fig. S4.
The assembled iCASA should be kept at room temperature for at least 24
h before use to achieve maximum adhesive strength of the tape.

2.3. Tetra-primer recombinase polymerase amplification (tpRPA) for
detecting SARS-CoV-2 RNA

The sequences of the SARS-CoV-2 were obtained from the National
Center for Biotechnology Information database (NCBI Reference
Sequence: NC_045512.2). The primers and the probes in the tpRPA were
designed using the online Primer-BLAST program (https://www.ncbi.
nlm.nih.gov/tools/primer-blast). All the primers and the probes were
synthesized and purified using HPLC by Shanghai Sangon Biotech,
China. The tpRPA was performed using the Rapid Isothermal Amplifi-
cation kit (Amplification Future Biotech., Yantai, China) with the primer
listed in Supplementary Table 1 targeting the open reading frame 1a and
1b (ORF1ab) of SARS-CoV-2. The RPA reaction in PCR tubes was carried
out at 42 °C for 30 min on the iCASA system and a Bio-rad CFX96
Touch™ Real-Time PCR Detection System.

2.4. Preparation of chitosan-modified filter paper

In the process of chitosan modification, a 10 x 2 cm? large piece of
quartz filter paper (@ 47 mm, QMA, Whatman, GE Healthcare, Pitts-
burgh, PA) was first activated with a pirana solution (H2SO04:H205, 7:3,
v/v) for 30 min. After washing with deionized water (DI water) three
times, the treated filter paper was submersed into a chitosan solution
(0.05% (w/v) in 0.1% acetic acid, pH 6.0). After a 5-min incubation,
1.67% (v/v) GPTMS was added to the solution and reacted at room
temperature overnight on a tube roller. The filter paper was then washed
three times with DI water and dried completely at 50 °C in a vacuum
drying oven. The chitosan-modified filter paper was sealed in a plastic
bag and stored in a dryer until use. When needed, 3.5-mm-diameter
discs of chitosan-modified filter paper were punched off using a
manual puncher and then assembled into the iCASA at room
temperature.


https://www.ncbi.nlm.nih.gov/tools/primer-blast
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2.5. Optimization of lysis buffer for RNA extraction

Standard RNA templates containing the N gene of SARS-CoV-2 were
prepared for optimizing and measuring the isolation efficiency of
chitosan-modified filter paper for viral RNA extraction using a probe-
based RT-qPCR assay based on the N2 target of the CDC assay (Hol-
shue et al., 2020). RT-qPCR was performed using One Step Prime-
Script™ III RT-qPCR Mix (TAKARA) with the following primers: the
forward primer 5'-TTA CAA ACA TTG GCC GCA AA-3' and the reverse
primer 5-GCG CGA CAT TCC GAA GAA-3'. The RT-qPCR assay was run
using a TaqManTM probe with the following sequence: 5'-FAM-ACA ATT
TGC CCC CAG CGC TTC AG-BHQ1-3'. All the PCR assays were carried
out on the Bio-rad CFX96 System with an RT step of 52 °C for 5 min
followed by 45 cycles with a denaturing step of 95 °C for 5 s and an
annealing and elongation step of 60 °C for 30 s. We evaluated the per-
formance of the chitosan-modified filter paper combined with the
tetra-primer RPA for the detection of viral RNA using 2019-nCoV RNA
reference material (National Institute of Metrology, China).

2.6. Preparation and operation of iCASA

Before the analysis of samples, 30 pL of RPA reagents were loaded
into the reagent reservoir using a 100-pL microsyringe and 1.5 pL of
magnesium acetate (MgAcy) solution was pre-dried in the Mg?" reser-
voir at 50 °C. Before sample loading, 0.5 mL of 2X lysis buffer containing
2 pg/mL of yeast tRNA was loaded into the sample reservoir. Then, 0.5
mL of these samples were directly pipetted into the sample reservoir,
where the samples were mixed with the lysis buffer. For aerosol samples,
the collected samples were directly transferred into the sample reser-
voir. After loading reagents and samples, the chip was sealed with
rubber plugs and placed in the cartridge tray of the instrument. The
remainder of the analytical processes was performed automatically
without any manual operations.

2.7. System characterization using quality control reference materials

The LOD of iCASA was determined using the commercially available
SARS-CoV-2 pseudoviral RNA weak positive quality control reference
material (National Institute of Metrology, China) containing the com-
plete N gene, the complete E gene, and a segment of ORFlab gene. For
highly sensitive detection of SARS-CoV-2, the sensitivity was evaluated
using 1 mL of 1x lysis buffer with 1 pg/mL of yeast tRNA containing
1,000, 200, 100, 50, and 20 copies of SARS-CoV-2 pseudoviral RNA.
After preparing the sample solution, the mixture was loaded into the
iCASA and analyzed automatically. The reaction time of tetra-primer
RNA was 20 min.

2.8. Analysis of nasopharyngeal swabs, saliva, exhaled breath
condensates, air outlet swabs, and aerosol samples

To evaluate the performance of our system, a total of 23 nasopha-
ryngeal swab samples, 18 saliva samples, 20 exhaled aerosols and
droplets (EBC) samples, 21 surface swab samples of air outlets, and 23
aerosol samples were collected at Beijing Ditan Hospital, Capital Med-
ical University by the colleagues from the Center for Disease Control and
Prevention of Chaoyang District of Beijing with informed consents from
patients. Samples of exhaled breath condensate were collected from
COVID-19 patients using a BioScreen II device (Beijing BioCTech, Bei-
jing, China) for 5 min. Aerosols were collected from isolation wards
using a portable cyclone sampler for 30 min. The surface swab samples
of air outlets were collected by swirling the cotton swabs wetted with
viral transport media (VTM) for 3 cycles on the surfaces of the air outlets
in the isolation wards. Then, the swabs were transferred into VTM for
storage. Before the on-chip analysis, all samples were incubated at 56 °C
for 30 min to inactivate viruses. A volume of 500 pL of the nasopha-
ryngeal swab, saliva, surface swab, and EBC samples, and 1 mL of
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aerosol samples were loaded into the iCASA and the viral RNA of SARS-
CoV-2 was tested automatically in the “sample-to-answer” microsystem.
To compare with traditional testing based on RT-PCR, we extracted RNA
from 200 pL of each sample and tested these samples a commercial
detection kit (Jiangsu Bioperfectus Technologies, Nanjing, China) with
primers and probes targeting the ORF1ab and N genes of SARS-CoV-2.

3. Results and discussion
3.1. Collection of bioaerosols using high-flow portable cyclone samplers

The SIAMs consists of portable cyclone samplers for collecting
aerosols into a collection tube with 2 mL of lysis buffer and a sensitive
“sample-to-answer” microsystem with eight throughputs for detecting
highly diluted viruses collected in the lysis buffer. Multiple aerosol
samplers can be simultaneously deployed in several small rooms or
several spots in a large public indoor space to collect aerosols. After
unloading the collection tube, the tube can directly screwed onto a
disposable cartridge, which can then put into the analyzer deployed
nearby for the on-site and automated nucleic acid analysis. This sample
loading process minimizes potential risks of infection and makes the
process easy to operate without pipetting (Fig. 1A).

The airborne particle collection was conducted using a portable
cyclone sampler described previously (Li, X. et al., 2021). While air
swirls within the cyclone pipe, the particles hit the pipe wall due to the
centrifugal force induced by the swirling motion and fall to the collec-
tion tube (Fig. S1A). By collecting the polystyrene latex (PSL) micro-
spheres that were aerosolized using a BGI Collison Nebulizer (Mesa
Labs) (Fig. S1B), the cutoff size (dsg) of the sampler was determined to
be 0.806 pm, at which the collection efficiency was 50% (Fig. 1C and
Table S1), and the collection efficiency reached nearly 100% when the
size increased 2.371 pm. To ensure the safety of the sampling staff
during the aerosol collection, we directly used the lysis buffer for col-
lecting aerosols and measured the viral activation of the lysis buffer.
Compared with the control, the N gene concentration of SARS-CoV-2
D614G in P1 Vero cells decreased significantly after incubation with
SARS-CoV-2 D614G of different dilutions (1:100, 1:500 first treated with
1X lysis buffer), and almost no viral RNA was detected in P2 or P3 Vero
cells, illustrating that this collection solution sufficiently inactivated
viruses (Fig. S2).

3.2. “Sample-to-answer” cartridge following “3D extensible” design
paradigm

For monitoring the SARS-CoV-2 aerosols at congregate settings, we
developed the ultrasensitive “sample-to-answer” microsystem based on
an integrated cartridge. By following a “3D extensible” microfluidic
design paradigm presented previously by our group (Geng et al., 2019,
2020), we developed the slim, cassette-like iCASA with dimensions of
87 x 15 x 50 mm, which consisted of a three-dimensional block, a piece
of double-sided adhesive tape, and a planar chip ((Fig. 1B and S3)). The
block with milliliter-scale drilled reservoirs representing the macroscale
section of the cassette was employed for storing reagents and collecting
waste. The planar chip with microliter-scale channels and chambers
representing the microscale portion was used for precise liquid trans-
portation, nucleic acid extraction, and amplification reaction. The block
and the chip were permanently bonded together using a piece of adhe-
sive tape (DS tape, 4910 VHB, 3M) with pre-defined non-adhesive pat-
terns and punched holes for valve structures. The design provides the
microfluidic cartridge with the capability of processing both microliter-
and nanoliter-scale solutions simultaneously, which is critical for
analyzing large-volume samples. To fully enclose the entire cartridge, an
air sac was designed on the side of the block. With a small vent groove on
the sidewall of the waste reservoir to the air sac, the air was expelled
from the cartridge into the sac during the plunger driving process. In
addition, the sample reservoir was also used as a collection tube in the
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Fig. 1. Schematic illustration of the SIAMs. (A) The workflow of the SIAMs includes the sample collection with a portable cyclone sampler followed by detection on
an ultrasensitive “sample-to-answer” microsystem. (B) The structure of the disposable iCASA consists of a three-dimensional block (i), a piece of double-sided ad-
hesive tape (ii), and a planar chip (iii). (C) Physical collection efficiency curves of the aerosol sampler when collecting polystyrene latex microspheres with different

sizes ranging from 0.487, 0.604, 0.698, 0.806, to 4.217 pm.

aerosol sampler and a detachable tube was used to transfer samples from
the sampler to the cartridge (Fig. S3C).

The structure and the operation of the iCASA is shown in Fig. 1A and
S6. Firstly, 1 mL of the viral lysis buffer containing the collected aerosols
was injected from the sample reservoir through a check valve (in) into
the reaction chamber (c1) by the plunger. At this step, the viral RNA was
captured by a piece of filter paper embedded in the reaction chamber.
After washing the filter paper with diethylpyrocarbonate (DEPC) water
from the washing reservoir, RPA reagents stored in the reagent reservoir
were injected into the Mg?" reservoir to dissolve the pre-dried MgAc,
and initiate the RPA reaction. The initiated RPA reaction reagents were
then further driven into the reaction chamber, where the targeted viral
RNA captured by the filter paper was amplified in siti, and the fluores-
cence signal was detected by the instrument. During the entire opera-
tion, all the waste was collected in the waste reservoir and the air
pressure change was balanced by the air sac on the side of the chip. Up to
eight chips could be loaded side by side into control and detection in-
strument. The detailed 3D structure of the instrument shown in Fig. 4A
and S5 contains a CNC (computer numerical control) plunger array for
fluid actuation, electronics for temperature control, and optics for
fluorescence detection.

3.3. Chitosan-modified filter paper for highly efficient extraction and
enrichment of viral RNA

Degradation of the viral RNA during the sample pretreatment and
hyperthermia inactivation, inadequate elution of the captured RNA, and
confined sample volume of the amplification reaction system led to
deficiencies of viral RNA during the processes of viral-RNA extraction
and amplification, which seriously decreased the total sensitivity of
nucleic acid amplification tests (NAATSs) based on RT-PCR. Our group
previously demonstrated high efficient DNA extraction using a piece of
chitosan-modified filter paper (Gan et al., 2017; Gu et al., 2019). Here,
we utilized chitosan-modified filter paper which function as a
solid-phase media to efficiently extract viral RNA. Since no elution step
was performed, all the captured RNA on the filter was used for the
amplification, leading to a significant improvement in the sensitivity.

Unlike the conventional silica-based extraction methods employing a
bind-wash-elute step (Hoss and Paabo, 1993), the chitosan-modified
filter paper only used the capture and wash steps. The amplification
reagents can be directly loaded and mixed with the filter paper for “in
situ” amplification (Fig. 2A). At the capture step, negative-charged
nucleic acids will be efficiently bound by the positive-charged fibers
via electrostatic adsorption and the physical trapping effect. Interest-
ingly, the chitosan-modified filter paper will firmly capture the nucleic
acid under physical trapping and prevent the elution of captured DNA by
the wash buffer and the loading reagents (Fig. 2A). By utilizing these
characteristics of the chitosan-modified filter paper, we effectively
simplified the structure of the iCASA and dramatically improved the
sensitivity of testing.

To optimize and evaluate the RNA extraction of the chitosan-
modified filter paper, we designed a simplified microdevice with a sin-
gle chamber containing the embedded filter paper. The device was
reversibly sealed with a piece of tape (4905 VHB, 3M), so that the filter
can be taken out from the chamber for the in-tube RT-qPCR after the
RNA capture in the device (Fig. 2B). First, we optimized the pH value in
the lysis buffer and found the Ct value reached the lowest of 31.7 when
the pH of the buffer was 5.0 (Fig. 2C). Next, the use of carrier RNA is a
common strategy to improve RNA extraction efficiency (Shaw et al.,
2009). Here, we chose yeast tRNA as carrier RNA and optimized its input
amount in the lysis buffer. With the increase of yeast tRNA from 0.4 to
2.0 pg/mL, the Ct values decreased from 36.5 to 35.0 (Fig. 2D).
Considering too much carrier RNA could decrease the specificity of RPA,
we chose 2.0 pg/mL of yeast tRNA in the lysis buffer for the following
experiments. We next measured the enrichment ratio of
chitosan-modified QF on the simplified device using 2000 copies of
standard RNA templates in different volumes of the lysis buffer. The
capture efficiencies of chitosan-modified fibers were reduced from
68.9%, 66.2%, and 44.8%, to 19.7% when the sample volume was
increased from 0.2, 0.5, and 1.0, to 2.0 mL, respectively. Correspond-
ingly, the enrichment ratio was 138, 331, 448, and 394 (Fig. 2E).
Therefore, we chose 1.0 mL as the optimal sample volume since the
enrichment ratio was the highest while the capture efficiency remained
near 50%.
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different sample volumes (n = 3 independent repeats).
3.4. The tpRPA for ultrasensitive detection of SARS-CoV-2 RNA

Another restricting factor for ultrasensitive detection of viral RNA is
the specificity and sensitivity of amplification. To increase the sensi-
tivity and shorten the assay time, we developed a tpRPA system with
four primers, an outside and an inside primer pair, that worked syn-
chronously to amplify the target sequences efficiently instead of two
primers in the conventional double-primer RPA (dpRPA) (Fig. 3A). In
the tpRPA system, the sequences of the primers (Table S2) were carefully
optimized to avoid primer dimers and the concentrations of the primers

B

and probe were also optimized to achieve ultrasensitive detection
(Fig. S7 and Fig. S8). We compared the tpRPA and the dpRPA in tubes
using 20 copies of the standard reference materials of SARS-CoV-2 RNA
in each 20-pL reaction system. Contrary to the barely distinguishable
amplification curves of the positive and the negative tests in the dpRPA,
the distinction between the positive and the negative tests of the tpRPA
was much more remarkable (Fig. 3B). We then measured the LOD of the
tpRPA in the tubes and found that even 5 copies of RNA could be
distinguished (Fig. 3C and S9).

Next, when RNA extraction based on the chitosan-modified filter
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Fig. 3. The tpRPA for the ultrasensitive detection of SARS-CoV-2. (A) Schematic of tpRPA. Compared with the conventional dpRPA, the outside and the inside primer
pairs amplify the template synchronously. (B) Comparison of tpRPA with dpRPA for detecting 20 copies of template. (C) The determination of the LOD of the tpRPA
for detecting viral RNA. (D) The determination of the LOD of the viral RNA extraction based on the chitosan-modified glass filter coupled with in situ tpRPA for SARS-
CoV-2 detection. (E) Distribution of fluorescent intensities along the dotted line AB in the fluorescent images. (F) Amplification curves and Tp values of amplification-

in-filter and the amplification-in-buffer. ND: Not detectable.



S. Lietal

paper was coupled with in situ tpRPA, we achieved the detection of 10-
copies/mL viral RNA (Fig. 3D and S9). To better understand the “in situ”
tpRPA, we compared the distributions of the amplicons in the reaction
chambers between the amplification-in-filter (“in situ” RPA) and the
amplification-in-buffer (conventional RPA), in which 200 copies of RNA
template were either captured in the filter before the RPA reagent
loading or filled into the reactor with the RPA reagents. As shown in
Fig. 3E, the amplicons were highly concentrated within the filter, and
the fluorescent signal was about 6 times higher than that in the chamber.
By contrast, the amplification-in-buffer demonstrated a much more
uniform distribution of the amplicons across the entire reactor (Fig. 3E
and S10). This difference illustrates that the amplification mainly
occurred within the filter where the template was captured, and the
amplicons did not diffuse out freely. From the fluorescent amplification
curves, we found the highly concentrated amplicons in the
amplification-in-filter resulted in a shorter quantification time (Tq) (6
min) and a higher final fluorescent intensity (8-fold) than those in the
amplification-in-buffer, illustrating significant advantages of the on-
chip analysis (Fig. 3E and F).

In order to further evaluate the sensitivity of the iCASA, we loaded 1
mL of the viral lysis buffer containing different amounts of pseudovi-
ruses from 1000 copies down to zero into the cartridges and evaluated
the LOD of the iCASA system. As shown in Fig. 4C, compared with the
unchanged fluorescence of the group of zero-copies pseudoviruses, the
fluorescence signal of all three parallel groups of 20 copies/mL was
significantly increased after 20 min of amplification, demonstrating the
LOD of the iCASA system reached 20 copies/mL. In addition, the
quantification time was also linearly correlated with the logarithm of
viral concentration (R? is 0.997), illustrating the quantitative perfor-
mance of our system.

3.5. Ultrafast and ultrasensitive detection of SARS-CoV-2 clinical samples
using the iCASA

To validate the capability of our system for analyzing clinical
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samples, we obtained nasopharyngeal swab samples from 23 COVID-19
patients and analyzed these samples using the iCASA system together
with the commercial kit based on RT-qPCR (Fig. S11). The total
analytical time of our system including sample loading, extraction, and
tpRPA was only 25 min (Fig. 4B). About 0.5 mL of each sample was first
mixed with 0.5 mL of the viral lysis buffer and then loaded into the
cartridge. In parallel, 0.5 mL of the sample was analyzed using the
commercial kit based on magnetic bead-based RNA extraction and RT-
PCR, which took about 2-3 h. The results demonstrated that the posi-
tive detection rate of our platform was 82.6% (19/23), which was
significantly high than the 39.1% (9/23) of the commercial kit (Fig. 5
and S12). More importantly, all the samples that were found to be
positive by the commercial kit were equally detected by our system,
illustrating the excellent performance of our system.

Some studies have found that the analysis of saliva specimens can
provide a similar sensitivity compared with nasopharyngeal swabs for
COVID-19 diagnosis (Bastos et al., 2021). Here, we evaluated the per-
formance of our platform for the SARS-CoV-2 detection in 18 saliva
samples obtained from the same group of 23 patients. We achieved a
61.1% (11/18) positive detection rate using our system, while there was
only one positive result using the commercial kit based on RT-qPCR
(Fig. 5).

Since the transmission of SARS-CoV-2 is mainly through exhaled
aerosols and droplets, the sampling of exhaled aerosols and droplets
(EBC) is regarded as a promising noninvasive approach for the diagnosis
of COVID-19 (Sawano et al., 2021). A BioScreen II device (Beijing Bio-
CTech, Beijing, China) was employed to collect 20 EBC specimens from
the same group of 23 patients following the protocols provided by the
manufacturer. During the sampling process, a patient breathed normally
through a disposable straw into an electrically cooled tube, in which air
condenses to liquid. After gathering for 5 min, about 2 mL of EBC was
collected (Fig. 5 and S12), and 0.5 mL of EBC samples were mixed with
0.5 mL of the lysis buffer and loaded into the iCASA for analysis. As a
comparison, 0.2 mL of EBC samples were analyzed using the commercial
kit independently. We achieved a 30% (6/20) positive detection rate for
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Fig. 4. Performance evaluation of the iCASA for the ultrasensitive detection of SARS-CoV-2 RNA. (A) The 3D structure of the integrated microsystem, including a
moving motor, a fluid actuation motor, and a fluorescence scanning motor. Photos of the microsystem and eight iCASA mounted in the cartridge tray of the

microsystem. (B) Timeline of the analytical procedure, including viral RNA capture, washing, dissolution of Mg

2* jons, injection of the RPA mixture, and tetra-primer

RPA amplification. (C) The LOD of the iCASA for ultrasensitive detection of SARS-CoV-2 RNA. The LOD was measured using the quality control reference materials of
SARS-CoV-2 diluted in the 1-mL buffer. NTC, Negative-template control. (n = 3, mean + SD).
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the analysis of the EBC specimens in contrast to the all-negative results
provided by the commercial kit, illustrating the better performance of
our platform for the noninvasive diagnosis of COVID-19.

Our system is capable of detecting low levels of SARS-CoV-2 rapidly
due to the following improvements: (i) The chitosan-modified filter
paper was used for viral RNA extraction for up to 1 mL of samples and “in
situ” amplification without elution; (ii) The tpRPA was developed to
replace the conventional two-primer system so that both the sensitivity
and the reaction speed were improved; (iii) The enrichment of ampli-
cons and primers by chitosan modified filter paper increased the RPA
reaction rate and reduced the detection time; (iv) The automated
microsystem employed an integrated cartridge, in which the filter-based
RNA extraction and the “in situ” tpRPA were seamlessly integrated,
increasing the sensitivity by effectively using the initial reaction stage of
tpRPA with the highest reaction efficiency.

3.6. On-site monitoring of SARS-CoV-2 RNA in aerosols using the SIAMs

Aerosol monitoring in hotspot sites, such as hospitals, airports, and
conference centers is essential for severing transmission chains of
COVID-19. However, it is still a big challenge because of the insensitive
detection and the tedious analysis of SARS-CoV-2 aerosols. To evaluate
the performance of SIAMs for the sensitive detection of viral aerosols, we
simulated the bioaerosol generation, collection, and detection in a Class
II A2 biosafety cabinet (Fig. 6A). Aerosols were generated using a
medical compressed atomizer (DE-WY400; Shenzhen dedakj-health,
Shenzhen, China) and collected using a portable cyclone sampler. We
successfully detected viral RNA when the concentrations of the pseu-
dovirus of SARS-CoV-2 were 10%, 10°, and 10? copies/mL, and the Tq
values of these groups also had an approximately linear relationship
(Fig. 6B and C), verifying the effectiveness of SIAMs for aerosol
monitoring.

To further validate the feasibility of aerosol SARS-CoV-2 detection in
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Fig. 6. Ultrasensitive detection of SARS-CoV-2 in aerosols using the SIAMs. (A) Photograph of the experimental setup of the generation and collection of SARS-CoV-2
aerosols in a class II A2 biosafety cabinet. (B) Amplification curves of mock aerosol samples generated from different viral concentrations of 10%, 10%, and 10% copies/
mL. The experiments are repeated three times. (C) Tq values of mock aerosol samples at different viral concentrations. (D) Heatmap of the analyses of 23 SARS-CoV-2
aerosol samples and 23 surface swabs of air outlets collected from isolation wards of COVID-19 patients and 12 negative samples. (E) Statistical results of aerosol and
aerosol-related samples indicates that the positive detection rate of the SIAMs was approximately three times that of the commercial kit. ND: Not detectable.
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areal setting, we next analyzed 23 aerosol samples. By using our system,
we achieved a positive rate of 85.7% (18/21), which was notably higher
than the 8.7% (2/23) of the commercial kit based on RT-PCR (Fig. 6D
and E). We further analyzed surface swab specimens collected from air
outlets in the isolating ward of these COVID-19 patients, where the
aerosol particles are most likely to be deposited. Using our testing sys-
tem, we identified 11 (11/13, 84.6%) surface swab samples that were
significantly higher than those of the commercial kit (6/23, 26%).
Overall, these data demonstrate the practical effectiveness and
outstanding performance of SIAMs, which provide a superior platform
for environmental monitoring.

Based on the outstanding performance of our platform and the ur-
gent need for aerosol monitoring, we envision wide usage of SIAMs in
the following application scenarios: (i) Routine monitoring of SARS-
CoV-2 aerosols at places where crowds congregate such as theatres,
markets, conference rooms, and offices, instead of testing each indi-
vidual, to maintain the normal running of the economy and society
without disturbance under the prospect of the long-term coexistence
with SARS-CoV-2; (ii) Monitoring SARS-CoV-2 aerosols at high-risk
places such as fever clinics, isolation hospitals, and isolation hotels, to
find loopholes in the epidemic prevention and lower the risks of sec-
ondary transmission; (iii) Monitoring SARS-CoV-2 aerosols at places
where passengers congregate such as airports, railway stations, subway
stations, cruise ships, and border ports, to break the cross-border
transmission of COVID-19; (iv) Routine monitoring of SARS-CoV-2
aerosols in logistics centers such as customs, express distribution cen-
ters, warehouses, and refrigerated transportation chains, for monitoring
and controlling the SARS-CoV-2 transmission through transportation
and logistics.

4. Conclusion

In the fight against the COVID-19 pandemic, there exists a constant
balance between effective control of COVID-19 outbreaks and the eco-
nomic price of the preventive measures. Instead of testing each indi-
vidual, the monitoring of aerosols in a public space is analogous to
grouping all people for a single test. As a result, the costs can be
significantly reduced and the disturbance to normal activities can be
minimized. The sensitivity of this indirect testing of a person should be
extremely high to eliminate false-negative results. Using SIAMs, we
achieved the detection of 20 copies/mL of SARS-CoV-2 RNA within 25
min and demonstrated the outstanding performance of iCASA using a
total of 105 COVID-19 samples. By enhancing the sensitivity of ampli-
fication testing, shortening the assay time, and enclosing the testing
streamline into a fully integrated chip, we have taken a step toward the
automatic detection of viral aerosols for fighting against future pan-
demics of unknown infectious diseases. Nevertheless, facing the
commercialization of the SIAMs, additional advances are still required.
In the SIAMs, the aerosol sample still needs to transfer from the aerosol
sampler to the chip, and the integration of aerosol sampling into our
microfluidic chip will further increase the immediacy of aerosol moni-
toring and reduce the demand for personnel.
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