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Multi-scenario surveillance of respiratory
viruses in aerosols with sub-single-copy
spatial resolution

Bao Li1,2,8, Baobao Lin1,8, YanWang3,8, Ye Shi4,8, Wu Zeng1,2, Yulan Zhao2, Yin Gu5,
Chang Liu1, Hui Gao3, Hao Cheng3, Xiaoqun Zheng4, Guangxin Xiang 4,9 ,
Guiqiang Wang3,6,7,9 & Peng Liu 1,2,9

Highly sensitive airborne virus monitoring is critical for preventing and con-
taining epidemics. However, the detection of airborne viruses at ultra-low
concentrations remains challenging due to the lack of ultra-sensitive methods
and easy-to-deployment equipment. Here, we present an integrated micro-
fluidic cartridge that can accurately detect SARS-COV-2, Influenza A, B, and
respiratory syncytial virus with a sensitivity of 10 copies/mL. When integrated
with a high-flow aerosol sampler, our microdevice can achieve a sub-single-
copy spatial resolution of 0.83 copies/m3 for airborne virus surveillance with
an air flow rate of 400 L/min and a sampling time of 30minutes. We then
designed a series of virus-in-aerosols monitoring systems (RIAMs), including
versions of a multi-site sampling RIAMs (M-RIAMs), a stationary real-time
RIAMs (S-RIAMs), and a roaming real-time RIAMs (R-RIAMs) for different
application scenarios. Using M-RIAMs, we performed a comprehensive eva-
luation of 210 environmental samples from COVID-19 patient wards, including
30 aerosol samples. The highest positive detection rate of aerosol samples
(60%) proved the aerosol-based SARS-CoV-2 monitoring represents an effec-
tivemethod for spatial risk assessment. The detection of 78 aerosol samples in
real-world settings via S-RIAMs confirmed its reliability for ultra-sensitive and
continuous airborne virus monitoring. Therefore, RIAMs shows the potential
as an effective solution for mitigating the risk of airborne virus transmission.

The unprecedented crisis caused by the coronavirus disease 2019
(COVID-19) has cast an immense shadow over global public health1,2.
Compelling epidemiological data highlight that the airborne trans-
mission of SARS-CoV-2 contributed significantly to the COVID-19
pandemic3–7. Activities such as exhaling, speaking, or singing by an
infected person can all generate virus-laden droplets which rapidly

coalesce into aerosol particles with a diameter of less than 5 μm3.
These tiny SARS-CoV-2 particles can spread up to 10 m away and have
an average half-life of 1–3 h (other common respiratory viruses, such as
respiratory syncytial virus and influenza, have similar or potentially
longer half-lives)8–12, greatly increasing the risk of infection to nearby
people. In the past few years, it has been proved that SARS-CoV-2 can
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be transmitted by aerosols in various locations, such as hospitals6,13,
community settings14, public transportation15,16, schools17,18, bars17, and
gymnasiums18, even causing so-called “super-spreading events”19,20. As
a result, deploying rapid and sensitive surveillance devices for mon-
itoring contagious bioaerosols in highly crowded places has been
gradually regarded as an efficient and non-invasive means to contain
the disease spreading without interrupting normal social activities21,22.

Currently, themonitoring of viruses in the air is usually carried out
using a two-step analytical protocol: the viruses in aerosols are first
collected on-site with a bioaerosol sampler, and then the collected
samples are transported to a centralized laboratory and analyzedusing
conventional reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)23,24. While the characteristics of airborne pathogen
transmission have been extensively studied using this protocol, it still
falls short of embodying the quintessence of an optimal approach for
aerosol monitoring. We believe an ideal system for monitoring air-
borne viruses shouldpossess twokey attributes at the same time: ultra-
high sensitivity and short turnaround time, preferably enabling ultra-
sensitive and continuous real-time monitoring of aerosols to allow
early risk assessment and prompt interventions with a high spatio-
temporal resolution21. Pioneering clinical investigations into SARS-
CoV-2 concentrations at different hospital sites have revealed the
lowest aerosol concentration could be down to 3 copies/m3 occurred
outside the hospital6. The current RT-qPCR has a limit of detection of
~200-500 copies/mL25, which cannot effectively meet the needs for
accurate detection of respiratory viruses in aerosols because these
aerosol viruses can be considered to be infinitely diluted in the air.
Without more sensitive techniques, the current risk assessments for
individuals and environments can only be based on theoretical pre-
dications. The second consideration of the ideal system revolves
around achieving timely evidence-based responses for disrupting the
airborne pathogen transmission chain. However, many aerosol
detection methods that highly rely on centralized laboratories have
inherent limitations6,13,14,17, including the inability to conduct on-site
and extensive manual operations. Although continuous aerosol
detection devices have been reported26–29, those systems still face the
challenges of coordinating ultra-high sensitivity and specificity
simultaneously.

Previously, we have developed a SARS-CoV-2-in-aerosol monitor-
ing system (SIAMs), which can provide an impressive sensitivity of 20
copies/mL30. However, in the subsequent deployment of this system in
various scenarios, we found that the SIAMs still fall short in the
quantitative and multi-target detection capabilities due to the iso-
thermal amplification biochemistry, and cannot enable continuous
and automated monitoring due to the inability to efficiently store
reagents on double-sided tape valve-based microfluidic cartridges. In
addition, the aerosol collection and the analysis were still performed in
two separated devices and the manual sample transfer was inevitable.
To overcome these limitations, here we proposed an in-situ PCR
chemistry integrated into a brand-new designed, fully-enclosed
microfluidic cartridge for ultra-sensitive nucleic acid testing, achiev-
ing a remarkable sensitivity of 10 copies/mL (0.01copies/μL)—more
thanoneorder ofmagnitude improvementover commercial assay kits.
When integrated with a high-capacity 400 liters per minute (lpm)
aerosol sampler, the respiratory virus-in-aerosols monitoring system
(RIAMs) can achieve an unparalleled spatial resolution of 0.83 copies/
m3 and enable simultaneous detection of SARS-CoV-2 and three other
common respiratory viruses. To cater diverse scenarios, we developed
three different versions of aerosol monitoring systems, including a
multi-site sampling RIAMs (M-RIAMs), a stationary real-time RIAMs (S-
RIAMs), and a roaming real-time RIAMs (R-RIAMs). We conducted a
comprehensive evaluation of these systems using clinical environ-
mental samples in different settings. The results highlight the super-
iority of virus-laden aerosol detection as an environment-oriented
method over conventional methods. Meanwhile, to verify the

feasibility of our system in the real world, we successfully deployed
S-RIAMs in several typical locations to analyze aerosol samples. The
results demonstrate its excellent clinical applicability, firmly proving it
as the preferred method for aerosol monitoring.

Results
Integrated microfluidic cartridge for RIAMs
Our RIAMs platform has three different versions of airborne-virus
monitoring systems for different application scenarios, including
M-RIAMs formultiple-site sampling andon-site batchanalysis, S-RIAMs
for continuous real-time monitoring of airborne pathogens without
any manual intervention in a specific location, and R-RIAMs for con-
tinuously sampling and analysis of bioaerosols in a large indoor
environment (Fig. 1b). Inside of the RIAMs is the central biochemical
assay of in-situ PCR which provides the ultra-high sensitivity for virus
detection. The in-situ PCR utilizes a piece of chitosan-modified quartz
filter (QF) paper for nucleic acid extraction followed by PCR amplifi-
cation directly on the paper (Fig. 1c)31,32. Unlike the conventional solid-
phase nucleic acid extraction methods33, which employ a bind-wash-
elute protocol, the QF paper carries positive charges in the acidic
condition, leading to the adsorption of negative-charged nucleic acid
molecules. After a simple wash with water, PCR reagents are directly
loaded to soak the QF paper completely. Then, PCR occurs within the
QF paper and all the captured nucleic acids can be used for amplifi-
cation without any loss (Mechanisms of nucleic acid extraction and in-
situ amplification of QF paper can be seen in Supplementary
Method 1). This bind-wash-amplification assay not only provides an
ultra-high sensitivity for detecting viruses in aerosols, but also sim-
plifies the structures of the integrated microfluidic cartridge for
accommodating this process.

Once the central biochemistry is determined, we next designed a
fully integrated and enclosed microfluidic cartridge to accommodate
the assay using the “needle-plug/piston”mesoscopic design paradigm
in the “3D extensible” architecture developed previously by our group
(Fig. 1d)34–36. The mesoscopic design paradigm has a series of basic
elements, such as IN, OUT, MIX, etc., for various basic fluidic opera-
tions (Fig. 1e). For example, the IN element represents the basic fluidic
operation of loading a reagent into the microdevice, while the OUT
element is for driving a solution out of themicrodevice. In the process
of designing this cartridge, a reaction chamber containing an embed-
ded piece of QF paper is first designed for nucleic acid extraction and
amplification on a planner plastic chip, which is sealed with a piece of
pressure-sensitive membrane. By sequentially linking three IN ele-
ments to the reaction chamber, the sample loading, the washing, and
the PCR reagent loading can be realized in the cartridge. An OUT ele-
ment is linked to the reaction chamber as well to function as a waste
reservoir. A MIX element can replace the IN element for the PCR
mixture loading to realize the reconstitution of the lyophilized
reagents in the device. After the initial fluid function verification, the
microfluidic cartridge is further modified for injection molding in
order to achieve mass production (Supplementary Fig. 1). To operate
this microfluidic cartridge, we next built a compact control and
detection instrument using a modular design structure. This instru-
ment consists of a fluidic actuation module, a PCR thermal cycle
module, and a four-color fluorescence detection module and can
process twomicrofluidic cartridges at the same time (Fig. 1f). Once the
cartridge is inserted into the instrument, the entire analysis process
can be automatically conducted by the instrument.

Ultrasensitive detection of SARS-COV-2, Influenza A, B, and
respiratory syncytial virus
We first tested the performance of the QF paper for RNA extraction
and PCR amplification by using a simplified microdevice containing a
chamberwith a piece of QF paper. Once the RNA capture is finished on
the device, the QF paper is taken out from the chamber and put into a
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tube for PCR amplification (Supplementary Fig. 2b). Here we designed
a four-plex PCR system that can simultaneously detect four common
human respiratory viruses, including SARS-COV-2, Influenza A, B, and
respiratory syncytial virus (RSV) (Table S1, Supplementary Fig. 2a). A

concentration gradient of four respiratory viruses ranging from 1000
to 5 copies/mL was prepared to measure the limit of detection (LoD)
(Related information of reference materials used in performance
evaluation of RIAMs can be seen in Supplementary Method 2). The
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results showed that our assay achieved the ultra-low LoDs of 10, 5, 5,
and 5 copies/mL for SARS-COV-2, influenza A, influenza B, and RSV,
respectively (Fig. 2b), with a coefficient of determination of r2 = 0.72
for SARS-COV-2, r2 = 0.78 for Influenza A, r2 = 0.87 for Influenza B, and
r2 = 0.71 for RSV (Fig. 2c). We also verified that there are no cross-
reactions or non-specific amplifications in the four-plex PCR system
using a series of mixture samples (Fig. 2d).

Next, we test the sensitivity of the assay conducted in the car-
tridge using the compact instrument. The analytical process is shown
as follows (Fig. 2a and Supplementary Movie 1): 1-mL sample in lysis
buffer is first driven through the modified QF paper, where RNA is
captured, by the actuation plunger in the instrument. After that, 1 mL
of DEPC water is washed through the paper followed by the loading of
50-μL PCRmixture into the chamber. Finally, the OUT-waste container
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is closed and the thermal cycling is conducted in the chamber. The
amplification curves can be read out through the fluorescence inten-
sity emitted by the QF paper during the amplification reaction. We
prepared gradient samples containing varying amounts of pseudo-
viruses of these four respiratory viruses ranging from 1000 copies
down to zero. The on-cartridge results showed that our system
achieved a remarkable sensitivity with a LoD of 10 copies/mL for
all four respiratory viruses (Fig. 2e, and Supplementary Fig. 2c).
We also tested the detection of the Omicron variant of SARS-CoV-2
using the RIAMs, showing that 20 copies/mL of Omicron could
be detected with a good linear correlation between Ct values and
RNA concentration (Fig. 2f and Supplementary Fig. 2d). With further
optimization of the primers, this sensitivity can be improved to
10 copies/mL (Fig. 2g).

M-RIAMs for ultrasensitive virus-laden aerosol monitoring with
sub-single-copy spatial resolution
To analyze airborne viruses in aerosols, we employ a cyclone aerosol
sampler with a high air flow rate of 400 lpm to collect aerosol
particles30,37. As the air swirls in the cyclone pipe, the particles hit the
pipewall due to the centrifugal force generated by the swirlingmotion
and fall into the bottom collection tube containing virus lysis buffer
(The working principal of the aerosol sampler can be seen in Supple-
mentary Method 3 and Supplementary Fig. 4a). By using polystyrene
latex (PSL) microspheres with various diameters, we confirmed that
the sampler is capable of collecting particles as small as 200nm
(Supplementary Fig. 4b). We further measured the total collection
efficiency of the sampler using a cyclone pipe with a smooth inner
surface manufactured by injection molding (Supplementary Fig. 4c)
(Refers specifically to the number of particles collected in the aerosol
sampler)38. We found thatwhen the diameter exceeds 0.5 μm, the total
collection efficiency surpasses 80%, representing a significant
improvement over our previously reported total collection effi-
ciencies, whichwere all noticeably below 25%30,37. In addition, when the
particle size exceeds 2 μm, the total collection efficiency approaches
100% (Fig. 3b, Supplementary Fig. 4d, and Supplementary Method 4).
By using a slender silencer at the air outlet of the sampler, we further
reduced its working noise to alleviate the disturbance to relevant
personnel. We found that when the distance away from the sampler is
2m, the working noise can be significantly reduced to less than an
acceptable level of 65 dB (Fig. 3c and Supplementary Fig. 4e).

Here we proposed a multi-site sampling RIAMs (M-RIAMs) con-
taining multiple aerosol samplers for the application where the aero-
sols can be collected in several locations and then analyzed in a batch.
Since the samples must be transported from the sampling to the
analysis site, we designed that the sample container of the cartridge
can be directly used as the collection tube in the sampler. As a result,
once the aerosol collection is completed and the sample container is
capped at the sampling site, there is no need to open the cap again in
the rest of the analysis to guarantee the safety of the operator and to
eliminate the risk of sample cross-contamination (Fig. 3a). The spatial
virus resolution of RIAMs can be calculated by Eq. (1):

The spatial resolution of virus detection is dependent on sampling
conditions. When the sampling buffer is 1ml (all used for detection)
and the sampling time is 30min, and assuming that there is no wall
particle adsorption under ideal conditions (or we can compensate for
the efficiency by extending the sampling time), the spatial virus reso-
lution reaches the maximum value with a sub-single-copy spatial

resolution of 0.83 copies/m3, which is the highest spatial resolution
reported to date.

We investigated whether the detection results could be affec-
ted by unknown airborne impurities in different environments. We
conducted the aerosol collections for 30minutes in several loca-
tions, including public restroom, offices, corridors, and parking
lots. Then, we added 1 μL of 50 copies/μL SARS-CoV-2 pseudovirus
into a collection tube with 1 mL of lysis buffer to generate a positive
sample with a final concentration of 50 copies/mL (Supplementary
Fig. 5). We found that only the samples collected from parking lots
showed some false negative results (Fig. 3d), which can be resolved
by adding a piece of filter cotton to the air inlet of the cyclone
sampler (Fig. 3e).

Large-scale analysis of COVID-19 environmental samples using
M-RIAMs
We conducted a comprehensive evaluation of the M-RIAMs with
aerosol and surface swabbing samples collected from COVID-19
patient wards in Peking University First Hospital (Fig. 3f and Supple-
mentary Method 6). We first collected aerosol samples using the
cyclone aerosol sampler before and after the enhanced ventilation in
the samepatientward.We then analyzed these samples and found that
all four samples were positive before the enhanced ventilation, while
only one out of four tests remained positive after ventilation, and the
mean virus concentration of collected aerosol samples dropped sig-
nificantly, suggesting that the aerosol sample analysis can effectively
reflect the risk of aerosol transmission (Fig. 3g). Next, we collected
various environmental samples in wards to assess the effectiveness of
the aerosol analysis comparedwith the conventional surface swabbing
method for the assessment of infection risks. In each room, the aerosol
samples and six surface swabbing samples from the bedside table, the
patient collar, the bedding, the patient skin, the medical monitor, and
the pager were repeatedly collected 5 times at 1-hour intervals. Ulti-
mately, we tested a total of 210 environmental samples from fivewards
on different days. From the violin plots of Ct values of those collected
samples, we noticed that the median Ct values of the positive aerosol
samples was smaller than those of surface swabbing samples (typically
1-2 units lower than those of the swabbing samples) (Fig. 3h). Through
calculation, we found that the virus concentrations of most positive
aerosol samples ranged from 1.98–71.6 copies/m3 (only one sample
reached a virus concentration of 127.05 copies/m3) (Fig. 3i), which are
similar to those reported in literatures (Supplementary
Table 4)6,13,18,39–44. In addition, we found that indoor aerosol samples
showed the highest positivity rate of 60% (Fig. 3j), suggesting that
aerosol monitoring could be a more sensitive tool for detecting
environmental viruses than surface swabbing method18,45. The aerosol
samples can achieve the full coverage of the space and are not affected
by sampling site bias, allowing a more objective assessment of the
infection risks due to aerosol exposure.

In addition, we looked into the positive detection rates of the
samples collected on day 1 and 3 of the same ward and found that
the positive detection rate of the aerosols matched the patient’s

condition very well. As the patient’s condition improved from
severe to mild (as assessed by medical staff based on the patient’s
clinical symptoms)46,47, the positive detection rate dropped from
100% to 20%, while other environmental samples did not show a
similar discernible pattern (Fig. 3k). Furthermore, we found that the
aerosol samples collected from the wards with severe COVID-19

LoD of RIAMs
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patients have a higher positive detection rate than those from the
wards with mild COVID-19 patients, while this correlation was not
observed in other environmental samples (Fig. 3l). These results
highlight the potential of the aerosol monitoring for accurately
reflecting the patients’ disease status (in terms of individual viral
shedding).

S-RIAMs: design and performance evaluation for real-time virus-
laden aerosol monitoring
We next developed a stationary real-time RIAMs (S-RIAMs) for semi-
continuously monitoring of airborne pathogens in a specific location,
with manual intervention required for system cleanup for a positive
test result. The S-RIAMs consists of fourmodules: a cyclone bioaerosol
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Fig. 3 | M-RIAMs for comprehensive analysis of virus-laden aerosol samples.
a Workflow of M-RIAMs from aerosol sample collection to on-site or centralized
nucleic acid testing. b Physical collection efficiency curves of the aerosol sampler
when collecting polystyrene latex microspheres with different sizes ranging from
0.5, 0.8, 1.0, 1.5, and 2.0 μm. Error bars represent mean± SD (n = 3 collection effi-
ciency values from independent aerosol particle generation and collection
experiments). cWorking noise of the aerosol sampler with and without silencer at
different distances. Error bars represent mean ± SD (n = 3 independentlymeasured
noise values). d Performance assessment of M-RIAMs to detect mock samples to
test potential impurities in real aerosol samples. Error bars represent mean ± SD
(n = 8 independently collected aerosol samples). ND: not detected. e Performance
re-assessment of M-RIAMs that adds a piece of filter cotton to the air inlet of the
cyclone sampler to detect mock samples collected in the parking lots. Error bars
represent mean± SD (n = 8 independently collected aerosol samples). ND: not

detected. f Schematic diagram of sampling sites in wards for SARS-CoV-2 patients.
g Comparison of the virus concentration of aerosol samples collected before and
after indoor ventilation conditions in the same patient ward. Solid lines represent
themean values. (n = 4 independently collected aerosol samples).hViolinplotofCt
values of positive test results at seven environmental sampling sites, revealing that
aerosol samples show lower mean Ct values, i.e. better environmental virus risk
assessment. i Virus concentration in wards where aerosol samples were collected.
j Positive detection rates of the seven environmental samples, highlighting the
highest positive detection rate of aerosol samples. k Comparison of positive
detection rates of environmental samples from the same patient ward collected
and tested onday 1 andday 3. lPositive detection rates of environmental samples in
two wards for severe COVID-19 patients and two wards for mild COVID-19 patients
indicating that aerosol samples can better reflect the patients’ disease status (in
terms of individual viral shedding).
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sampler, an automated sampling unit, a loading tray which can store
up to 8 cartridges, and a control and detection system (Fig. 4a, b and
Supplementary Fig. 6). The S-RIAMscanbemodified and assembledon
a robotic chassis to form the roaming real-time RIAMs (R-RIAMs) for
continuously sampling and analysis of bioaerosols in a large indoor
environment (Fig. 4c and Supplementary Fig. 7). Unlike the M-RIAMs
which collects aerosols into a sample tube, the automated sampling
unit in the S-RIAMs and R-RIAMs can quantitatively inject the sample
liquid from the collection tube of the sampler into the sample con-
tainer of the cartridge via a needle using a peristaltic pump (Fig. 4d).
Once the sample is loaded, the loading tray can move the cartridge to
the multiplex PCR detection system for the virus detection (see Sup-
plementary Movie 2 and Supplementary Method 5). We verified the
adsorption of nucleic acids on the surface of the silicone tubing and
other components used for liquid transfer within S-RIAMs and
R-RIAMs. Results showed that the Ct values of these samples did not
change significantly, indicating no nucleic acid adsorption within the
sampling system (Fig. 4e). The total costs of the S-RIAMs and R-RIAMs
instrumentations as well as the disposable microfluidic cartridge are
listed in Supplementary Table 5. The cost of a single test includes a
microfluidic cartridge with PCR reagents, which is approximately
$ 2.75. We believe that the relatively low cost of each test can definitely
support the actual deployment of RIAMs in large-scale applications.

We then evaluated the capability of the S-RIAMs for monitoring
the airborne transmission of SARS-CoV-2 using a Whole-Body Inhala-
tion Exposure System (WIES), which can simulate real-world aerosol
environment by generating consistent aerosol particles through the
compression of a medical nebulizer (Fig. 5a). Using the S-RIAMs, we
successfully detected pseudovirus samples with a gradient of con-
centrations of SARS-CoV-2 generated by WIES with a coefficient of
determination r² = 0.81, validating the reliability of the S-RIAMs in
aerosol monitoring (Fig. 5b, c).

Real-world deployment of S-RIAMs for ultrasensitive aerosol
surveillance of SARS-CoV-2 and RSV
To validate the applicability of the S-RIAMs formonitoring SARS-CoV-2
and other respiratory aerosol viruses in real-world settings, we
deployed the S-RIAMs in several real-world locations, including the
office workplace, the centralized dormitories, and the pediatric wards
with RSV-positive infants in the hospital (Details of those samples can
be seen in SupplementaryMethod6). During theCOVID-19 epidemic in
China at the end of 2022, we deployed the S-RIAMs in an office space
and configured the system to run continuously for 6 consecutive
days from 8 a.m. to 8 p.m with a monitoring interval of 1.5 hour. In
total, 48 aerosol sampleswerecollected and analyzed. Fromtheplot of
summarized virus concentrations, we observed that the mean
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neonatal RSV-positive wards.

Article https://doi.org/10.1038/s41467-024-53059-x

Nature Communications |         (2024) 15:8770 8

www.nature.com/naturecommunications


concentration of spatial virus in each day initially increased and
then decreased, reaching a maximum on the fourth day, which is
228.6 copies/m3. The change of the positive detection rate followed a
similar pattern, highlighting the capability of the S-RIAMs to con-
tinuously and ultra-sensitively detect SARS-CoV-2 in aerosols (Fig. 5d).
Next, we conducted the aerosol monitoring around infected indivi-
duals within the student dormitory affected by the COVID-19 pan-
demic. The results showed the increasing trend of the spatial virus
concentration and positive detection rate on day 1 and 4, indicating a
gradual increase of the number of infected people (Fig. 5e). The results
demonstrated that the monitoring of airborne SARS-CoV-2 can reflect
the spread and the infection rate in a specific area. We also deployed
S-RIAMs at different locations that were confirmed virus-free, testing a
total of 16 samples. No false positives were detected for any of the four
viruses in these samples (Supplementary Fig. 8).

Other than SARS-CoV-2, RSV primarily causes respiratory infec-
tions in infants and young children, especially those under two years of
age48. Due to the issue of the uncomfortable sampling via nasophar-
yngeal swab for infants,webelieve the aerosol testing could be used as
a non-invasivemonitoringmethod of RSV infections.We totally tested
10 aerosol samples from 5 neonatal RSV-positive wards using the
S-RIAMs at the Second Affiliated Hospital of Wenzhou Medical Uni-
versity and the all-positive results demonstrated it is possible to
monitor the infection spread of RSV. Overall, themonitoring results of
S-RIAMs in these real-world settings convincingly demonstrate its
capability for highly sensitive and continuous airborne virus detection,
enabling the accurate assessment of the viral risk in a specific location.

Discussion
Airborne human infectious viruses pose a significant threat to public
health. Surveillance of SARS-CoV-2 and other respiratory viruses in
aerosols represents an alternative strategy that liberates the detection
from individuals. Previously, the aerosol surveillance remains chal-
lenging due to the lack of monitoring equipment with a high spatial
resolution and a rapid turnaround time, significantly reducing the
effectiveness of early virus risk assessment. In response, we have
developed theRIAMs, a systemcapable of achievingultra-sensitive and
continuousmonitoring of SARS-CoV-2 and other respiratory viruses in
aerosols. Compared to the SIAMs developed previously (Supplemen-
tary Table 3)30, the RIAMs has three key updates: the high-flow aerosol
sampler with an improved collection efficiency designed using a dry-
wall centrifugal mechanism, an ultra-sensitive detection chemistry
based on in-situ four-plex PCR, and a newly developed microfluidic
cartridge using the “needle-plug/piston” mesoscopic design
paradigm36. As a result, RIAMs demonstrates a superb sensitivity of
10 copies/mL, which is an order of magnitude higher than that
of commercial kits. When the aerosol sampling module operates at
400 lpm, the RIAMs can achieve an unparalleled sub-single-copy spa-
tial virus resolution of 0.83 copies/m³, making it the most sensitive
airborne virus detection device known to date.

To better meet the needs of different aerosol application sce-
narios, we have developed three different forms of aerosolmonitoring
systems: M-RIAMs, S-RIAMs, and R-RIAMs. Together, these three sub-
systems enable the RIAMs to support both offline and online multi-
mode aerosol monitoring. Using the M-RIAMs, we conducted the
comprehensive evaluation of the system using 210 environmental
samples (including 30 aerosol samples) collected from COVID-19
patient wards and demonstrated the superiority of aerosol virus sur-
veillance over other environmental surface swabbing samples. Addi-
tionally, we tested 78 aerosol samples using the S-RIAMs, showing the
excellent capability for ultrasensitive monitoring of SARS-CoV-2 and
other respiratory viruses in aerosols. We envision the widespread use
of the RIAMs in the following application scenarios so that relevant
personnel can take timely preventive measures to cut off the trans-
mission line of severe respiratory infectious diseases: (i) aerosol

monitoring in hospitals, such as fever clinics, wards, and public spaces,
to reduce the risk of nosocomial infections; (ii) aerosol monitoring in
locations with vulnerable people, such as kindergartens, primary
schools, and nursing homes, to safeguard their lives and health; (iii)
aerosol monitoring at airports, railway stations, border ports, and
other relevant sites to prevent cross-border spread of infectious
diseases.

One limitation of the current form of the RIAMs is that it can only
detect four airborne viruses simultaneously in each run. The diverse
range of pathogenic microorganisms surviving in the air, including
bacteria, fungi, and viruses, necessitates the future efforts to increase
the number of detection targets to provide a more objective and
comprehensive assessment of the infection risk for airborne patho-
gens. In addition, necessary real-world detection studies of influenza
and its subtypes, as well as more RSV samples, are needed to further
demonstrate the ability of RIAMs. Other improvements of the system
that need to be considered include the reduce of the cost, the short-
ening of the analytical time of each test and the completion of auto-
mated system cleanup of RIAMs. Furthermore, the effects of
adjustable flow mode on sampling efficiency, cutoff size, spatial virus
resolution, etc., as well as the changes in spatial virus depiction caused
by different sampling efficiencies can be studied49. Besides, regarding
aerosol particle collection, this study focused on the direct collection
of particles within the cyclone pipe. Further studies need to be con-
ducted to measure the “total” and “actual” collection efficiency, which
can be achieved using tracer aerosols, isokinetic sampling, or com-
parison with another reference sampler38, to more accurately evaluate
the actual collection efficiency of the sampler.

Methods
Reagents and materials
Detailed information about reagents and materials, including their
functions and commercial vendors, are provided in Supplementary
Table 2. Detailed item numbers of important reagents and materials
are mentioned in the description of the supplementary methods,
including the item numbers of polystyrene latex (PSL) microspheres
used to measure collection efficiency of the aerosol sampler and the
item numbers of RNA standards and pseudovirus reference materials
used for assay performance evaluation.

Fabrication and operation of the microfluidic cartridge
All the components of the microfluidic cartridge were designed using
AutoCAD 2019 and CATIA P3 V5R21 software for 2D and 3D drawings.
The microfluidic cartridge used in the validation experiments was
fabricated from polymethylmethacrylate (PMMA) using a CNCmilling
machine. For mass production, the final version of the cartridge was
produced using an injection molding process by Shenzhen Hechuan
Medical Technology Co., Ltd., China. During the biological experi-
ment, the cartridge was pre-loaded with all necessary reagents,
including 1mL of lysis buffer in the sample chamber, 1mL of DEPC
water in the washing chamber (purchased from Shanghai Beyotime
BiotechnologyCo., Ltd., China.), and 50μL of PCR reagent in the upper
part of the PCR reagent tube. The PCRmixwas provided as lyophilized
powder and stored in the lower part of the PCR reagent tube (pur-
chased from Zhuhai Bao Rui Biotechnology Co., Ltd., China.).

Preparation of chitosan-modified quartz filter paper
Chitosan with low molecular weight was purchased from Sigma-
Aldrich (St. Louis, MO). MES (2-(N-morpholino)-ethanesulfonic acid)
and GPTMS (3-glycidyloxypropyltrimethoxysilane) were purchased
from Shanghai Macklin Biochemical, China. The quartz filter (QF)
paper was produced from Ø 47mm diameter glass fiber filter paper
(QMA, Whatman, GE Healthcare, Pittsburgh, PA). All solutions were
prepared in water purified to 18.2 MΩ·cm by Milli-Q Advantage A10
(Millipore, Massachusetts, MA). The modified procedure, which has
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been previously published31,32, involves the mixing of a 0.1% MES
solution with a 1% chitosan solution, the adding of the filter paper to a
Petri dish containing the mixed reagents, and then the adding of the
GPTMS solution to the Petri dish. After the incubation at 75 °C for
24 hours, the filter paper was washed 3-4 times with ultrapure water
and dried at 50 °C to obtain the final chitosan-modified filter paper.
Before use, themodified filter paper canbe stored in a dry container to
avoid absorbing water.

Four-plex PCR assay
The primers and the probes of SARS-CoV-2, Influenza A, B, and RSV in
the four-plex PCR were designed using the online Primer-BLAST pro-
gram (https://www.ncbi.nlm.nih.gov/tools/primer-blast). And the
sequences of the primers and the probes can be found in Supple-
mentary Table 1. All the primers and the probes were synthesized and
purified using HPLC by Shanghai Sangon Biotech, China. All primers,
including forward and reverse primers for each respiratory virus, were
at a concentration of 0.5μM, and the concentration of the probes
were 0.3μM.

LoDs determination using quality control reference materials
To determine the LoDs of the four-plex PCR amplification, we added
2μL of viral RNA at various concentrations into 1-mL lysis buffer, with
final concentrations of 1,000, 200, 100, 50, 20, 10, and 5 copies/mL,
respectively. RNA extraction was conducted using the simplified
microfluidics chips embedded with Ø 3.5mm QF papers. After the
nucleic acid capture, these filter papers were then washed with 1mL of
DEPCwater to eliminate impurities from the lysis buffer. Subsequently,
the filter paper was transferred to a 25μL RT-qPCR amplification sys-
tem and RT-qPCRwas performed on an Applied Biosystems 7500 real-
time PCR system. The amplification protocol consisted of a 5-min RT
step at 52 °C, followed by 45 cycles of denaturation at 95 °C for 5 s, and
annealing and extension at 60 °C for 30 s. To determine the LoDs
provided by the microfluidic cartridge, 2μL of pseudoviruses at dif-
ferent concentrationswas added to the sample tubeof themicrofluidic
cartridge.Once the cartridge is transferred to the instrument, thebind-
wash-in-situ amplification step can be performed automatically in
45minutes. All information of the reference materials used in RIAMs
performance evaluation experiments can be found in Supplementary
Method 2.

PCR specificity testing
Pseudoviruses of the four viruses were added to 1mL of lysis buffer
without one of the four viruses. Those carrying all four viruses and
those without the virus were used as the positive and the negative
controls. The concentration of each virus is 200 copies/mL. The viral
RNA extractions were performed in the simplified microfluidic chips
described above and the RNA amplifications were performed on the
7500 real-time PCR system.

Performance verification of aerosol sampler
A customized air filter screen with a particle size of 100 μm (Item No.
F25F-102-102, ShenzhenBiocommaBiotechnologyCo., Ltd. China)was
installed in the air inlet of the sampler to remove large particles
(≥100 µm) in specific occasions, such as parking lots, where relatively
large amounts of dust exist.

The Whole-Body Inhalation Exposure System (WIES) was manu-
factured by PARI, Germany (purchased from Shanghai Yuyan Scientific
Instrument Co., Ltd., China.). Monodisperse green fluorescent poly-
styrene microspheres with diameters of 0.2, 0.5, 1, and 2 μm were
purchased fromWuxi Ruiger Biotechnology Co., Ltd., China. To verify
the capability of the aerosol sampler to collect particles of different
sizes, 3.5mL of microspheres of four different diameters were added
to the reagent tubes of the WIES aerosol generation system. Particle
size analysis and statistical evaluation were performed using a BD Aria

III flow cytometer after half an hour of aerosol generation and simul-
taneous parallel aerosol collection. It is important to note that due to
the chamber’s volume of 0.8m³ and the fact that it is not sealed,
additional air could be drawn into the chamber to dilute the samples
during the aerosol collection process.

Prototype design of M-RIAMs, S-RIAMs, and R-RIAMs
Prototype processing instruments forM-RIAMs, S-RIAMs, and R-RIAMs
were developed to demonstrate the automation feasibility of the sys-
tem by integrating off-the-shelf components, custom-designed com-
ponents using SolidWorks, custom electronic boards, and custom
software written in C. Custom-designed components were fabricated
using standard manufacturing methods, including commercial CNC
machining of aluminum components and stereolithography (SLA) 3D
printing. Commercially available components used in buffer transfer
of S-RIAMs and R-RIAMs included two Ditron-tech peristaltic pumps
(S100-2B, Ditron-tech Co., Ltd., Baoding, China), five BEION solenoid
pinch valves (P20NC12-02, Beionfluid Co., Ltd., Shanghai, China), an
Elveflow bubble remover, and two non-touch liquid-level sensors
(XKC-Y28-NC, XKC Technology Co., Ltd., Shenzhen, China). The
amplification protocol for the in-situ four-plex PCR within the RIAMs
device is the same as that of the Applied Biosystems 7500 RT-PCR
system.

Ethics declaration
All experiments conducted in real-world scenarios were approved by
the Science and Technology Ethics Committee of Tsinghua University
(Project Number: THU01-20230093). In the comparative experiment
using M-RIAMs on clinical aerosol samples in the ward and other
environmental samples, 210 clinical samples were sampled by collea-
gues from Peking University First Hospital. All samples were then
analyzed using our in-situ ultra-sensitive detectionmethods. Similarly,
for clinical aerosol RSV samples monitoring in wards using S-RIAMs,
experiments were conducted on-site at the Second Affiliated Hospital
of Wenzhou Medical University by colleagues from Wenzhou Medical
University. Of note, all patients from whom samples were collected
signed informed consent for the collection and analysis of various
environmental samples, including aerosol samples, from their
respective wards. The remaining experiments involving the use of the
S-RIAMs to analyze and detect infected office and school aerosol
samples were conducted with informed consent from all individuals
involved.

Data availability
The source data underlying Fig. 2b, d, e, f, Fig. 3b, c, d, e, g, h, i, Fig. 4e,
Fig. 5b, d, e, f, Supplementary Fig. 8 are provided as a Source data
file. Source data are provided with this paper.
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