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Airborne transmission of infectious diseases attracts great attention since the COVID-19
pandemic. Yet, there has been an intense dispute about aerosol transmission of the disease,
which is largely due to lack of qualified instruments for studying the subject. Air sampling plays a
critical role in all air pollution related study, and particularly critical for airborne pathogen
detection. Here, we designed and evaluated a portable and high volume (400 L min–1) cyclone
sampler named as Yao-CSpler using aerosolized Polystyrene (PS) uniform microspheres, Bacillus
subtilis var. niger, Pseudomonas fluorescens, and both indoor and outdoor air particles. The
experimental cutoff size of the Yao-CSpler was demonstrated to be 0.58 µm (while the calculated
theoretical value is 1.84 µm), and the sampler has shown stable microbial collection performances
for bacteria, fungi, and even viruses. The sampler had a physical collection efficiency of close
100% for particles of larger than 1 µm. Jet-to-liquid distance and sampling duration were shown
to substantially influence the sampler performance. Given the same sampling duration, the
performances of the Yao-CSpler were significantly higher than those of the traditional BioSampler
(SKC Inc.) in terms of samples’ bacterial diversity. The developed sampler coupled with a robot
has been successfully applied to sampling airborne SARS-CoV-2 in both Wuhan and Beijing during
the COVID-19 outbreaks. With a high sampling flow, the Yao-CSpler was shown to be able to
collect the SARS-CoV-2 with a detectable concentration level down to 9–219 viruses m–3 in clinical
settings housing COVID-19 patients. Further more efficient bioaerosol sampler, which is able to
rapidly capture low level pathogenic agents, is urgently required to better understand and confront
airborne transmission of infectious diseases.
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1 INTRODUCTION
There is a long standing challenge to address the threat from the exposures to the airborne
biological agents (Yao, 2018; Lioy et al., 2016; Mancon et al., 2018). This has been particularly
brought to the headline in the wake of the COVID-19 pandemic (Morawska and Cao, 2020;
Morawska et al., 2020; Zhang et al., 2020; Zuo et al., 2020). Airborne transmission of COVID-19
has been a subject of heated discussion and dispute lately (Marín‐García et al., 2021; Galbadage
et al., 2020; Gwenzi, 2020; Wong et al., 2020). Previously, as the world leading authority, the
World Health Organization, has not recognized the importance of aerosol exposure of SARS-CoV-2
despite of vast amount of evidences emerging (WHO, 2020a, b; Prather et al., 2020). The dispute
or discrepancy is partially due to the use of different terminologies on one hand by different
disciplines (WHO, 2020a, b; Prather et al., 2020; Wilson et al., 2020); and the other hand the
available qualified techniques or methods for biological aerosol studies are fewer or not readily
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available, and many of them are very outdated (Chen and Yao, 2018; Zheng et al., 2018). All these
problems contribute to the difficulty of studying the critical scientific questions in bioaerosol field
(Mainelis, 2020), including airborne transmission of COVID-19.
Over the past decades, there is a growing enthusiasm of investigating various aspects of
bioaersols, including the efforts of sampling instrumentation. For example, various samplers such
as SASS 2300 (Ma et al., 2020), Coriolis µ (Rufino de Sousa et al., 2020) and NIOSH sampler (Chen
et al., 2004; Lindsley et al., 2006) were developed. Due to atmospheric dilution, airborne pathogenic
species are often in low levels, and thus to capture such a low quantity of microorganisms in a
short time, a high volume sampler is needed. Additionally, there is a greater need for monitoring
various indoor environments for understanding the potential hidden microbial risk, and thus
portability of the sampler is often required especially for public indoor spaces. Among the target
microorganisms, efficient samplers for viruses are significantly lacking. Some studies for sampling
airborne viruses indicated that existing samplers exhibited poor performances due to small
sampling flowrates when collecting the viral particles (Prost et al., 2019; Rahmani et al., 2020).
Among others, the major technological challenge when sampling airborne viruses is the size of
the virus which requires a very small sampler’s cutoff size in order to collect them. A smaller cutoff
size is a tradeoff for a high power consumption and also the damages of the agents to be collected
because the sampling is based on the particle inertia (Bekking et al., 2019). Due to this significant
technological barrier, viral aerosol related work is difficult to be carried out, which partially
explains the mentioned dispute for the airborne transmission of COVID‐19. There is an increasing
use of cyclone sampler for sampling bioaerososls (Ma et al., 2020; Lane et al., 2020; Chia et al.,
2020; Wang et al., 2020). A cyclone sampler utilizes a centrifugal force to impact the particles into
liquid. The cyclone sampler has already been successfully demonstrated in sampling airborne
bacteria, fungi, and viruses (Cho et al., 2019; Chang et al., 2019; Guo et al., 2020). While reviewing
existing cyclone samplers, most samplers have a lower sampling low rate requiring a longer
sampling time, which has significant disadvantage in urgent biosafety scenarios. Importantly, for the
brief sampling time such a cyclone is not capable of collecting those less frequently occurring
species such as SARS‐CoV‐2 in the air. Besides, its influencing factors such as sampling duration
and collection liquid volume were not well characterized.
Here, this work, as an effort to counter increasing airborne biological threat, was carried out
to develop a portable cyclone sampler that is able to rapidly capture and concentrate low level
airborne bio‐agents while particularly achieving the following objectives: 1) Develop a new portable
high flow cyclone sampler especially for collecting those low level of pathogens such as pathogenic
viruses; 2) Characterize the performances of the developed sampler using both aerosolized and
ambient particles, and further compared it with the standard liquid sampler; 3) Couple the
developed sampler with a robot to achieve unmanned air sampling based on a predetermined
route. The results from this work would lend significant efforts to studying aerosol transmission
of infectious diseases.

2 MATERIALS AND METHODS
2.1 Sampler Design
The cyclone aerosol sampler, named as Yao‐CSpler, was designed following the configurations
shown in Fig. 1. It is a cyclone sampler which collects airborne particles into liquid at a sampling
flow rate of 400 L min–1. The sampler was designed with optimal dimensions via simulation to
achieve high performance by considering particle wall loss, collection efficiency and evaporation
rate. The sampler was operated by a fan that is powered by a battery. The dimensions of the Yao‐
CSpler are shown in Fig. 1(A), and the weight of the whole sampler is less than 4 kg. The sampler
was also designed to have a mesh filter (pore size 100 µm) installed to remove those larger
particles (> 100 µm). When operating, the Yao‐CSpler is provided with a collection liquid of 2–
3 mL as shown in Fig. 1(B). An example of the Yao‐CSpler is shown in Fig. 1(C). During the sampler
operation, the fan creates a vacuum, the airborne particles are then sucked into the cyclone as
shown in Fig. 1(B) as a motion of swirling toward the end of the collection vessel.
According to the research of the cyclone sampler in previous studies (Lapple, 1950; Leith and
Mehta, 1967), the cutoff size d50 can be estimated with the following equation:
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Fig. 1. Schematic diagram of the Yao‐CSpler: (A) Three‐view drawing and relevant dimensions of the cyclone pipe; (B) Detailed
diagram of the sampler’s components; (C) An example of new three‐dimensional model appearance of the Yao‐CSpler.
1

 g b  2
d50 = 3 

 2 pvg Ne 

(1)

µg is the gas viscosity, here is selected as 1.83 × 10–5 Pa·s; b is the width of gas inlet, take 14 mm
as the dimensions marked in Fig. 1(A); ρp is the particle density and take 1000 kg m–3 usually; νg is
the gas velocity through cyclone inlet, calculated with sampling flow rate (400 L min–1) and gas
inlet cross-sectional area (14 × 22 mm2); Ne is the effective number of turns the gas makes in the
cyclone, a constant value, typical of 5.
Using the Eq. (1), the theoretical cutoff size d50 of the Yao-CSpler is calculated as 1.84 µm.

2.2 Performance Measurements of the Yao-CSpler
2.2.1 Experimental setup and test particles
The experimental setup used for testing the physical performances of the Yao‐CSpler is shown
in Fig. 2(A). In order to determine the actual performance of the Yao‐CSpler, nebulized uniform
polystyrene latex (PSL) microsphere (Bangs Laboratories, Inc., Fishers, IN), Gram positive bacteria‐
B. subtilis, Gram negative bacteria‐P. fluorescens and indoor airborne particles were used to
evaluate the physical collection efficiencies and experimental cut‐off sizes of Yao‐CSpler sampler.
The PSL particles have mean sizes of 0.5, 0.8, 2.07, 3.11, and 5.15 µm as listed in Fig. 2(B).
P. fluorescence is often used as a sensitive bacteria to environmental stresses, while B. subtilis is
often used as a hardy species (Liang et al., 2012). The test particles also include indoor airborne
particles of 0.3–10 µm (the detectable aerodynamic size range of an Optical Particle Counter)
(OPC) (model 1.108; Grimm Technologies Inc., Douglasville, GA) (Fig. 2 (B)).

2.2.2 Characterization of collection efficiencies
As shown in Fig. 2(A), the test particles (PSL, B. subtilis and P. fluorescens) were aerosolized (at
the flow rate of 2.5 L min–1) into the laminarizer tube by the Collison Nebulizer (BGI Inc., Waltham,
MA) and diluted with particles‐free air to make up the difference of flow rate; meanwhile, the
Yao‐CSpler was placed near the outlet of the chamber to sample the airborne particles coming
out of the tube. The aerosolized particle concentrations close to the inlet and outlet of the Yao‐
CSpler were monitored by an OPC. The collection efficiencies of actual indoor airborne particles
were also evaluated with the OPC. The physical collection efficiencies of the Yao‐CSpler for various
particles were determined using the following equation: E = (1 – Coutlet/Cinlet) × 100%. The experimental
cutoff size of the Yao‐CSpler was also estimated using the collection efficiency curve. The 0.1–
10 µm particle movement trajectories inside the cyclone were simulated using ANASYS software
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Fig. 2. Lab testing and practical applications of the Yao‐CSpler: (A) Schematic diagram of the experimental setup for investigating
physical collection efficiencies of the Yao‐CSpler; (B) Type and size details of particles used for evaluation of the Yao‐CSpler:
polystyrene latex (PSL) microspheres, B. subtilis var. niger (Gram positive bacteria), P. fluorescens (Gram negative bacteria) and
indoor airborne particles; (C) Simulation graph of movement trajectories of 0.1–10 µm particles inside the cyclone using ANASYS
software; (D) Example of the unmanned Yao‐CSpler integrated with a robot was taking air samples automatically from a
quarantine hotel in Beijing.

(Fig. 2(C)). Larger particles (> 5 µm) were seen close to the cyclone wall and trapped on the
bottom, while a few smaller particles (≤ 1 µm) escaped the sampler. The detailed size‐dependent
particle efficiency curve is shown in Fig. 3(A).

2.3 Bioaerosol Sampling and Evaluation Including SARS-CoV-2
In addition to physical collection efficiencies of various particles, the collection performances
of the Yao‐CSpler for bioaerosols were also evaluated with both indoor and outdoor airborne
particles. The concentration of culturable microorganisms obtained by plate culturing (Luria‐Bertani
agar plate for bacteria; Sabouraud dextrose agar for fungi) and the total bacterial concentration
obtained by qPCR analysis were used to explore the effect of sampling time on the bioaerosol
collection performance of the Yao‐CSpler. Additionally, the survival of microorganisms under different
sampling durations was studied using a BackLight kit (L‐7012; Molecular Probes, Inc., Eugene, OR)
staining to visually characterize the biological activity of samples collected by the Yao‐CSpler.
Furthermore, airborne microbial community structures in the samples from the Yao‐CSpler were
compared with those collected by a well‐proven liquid impinging sampler‐BioSampler (SKC Inc.,
Eighty Four, PA) under three different outdoor pollution conditions (clean, haze and dusty) given
the same sampling duration. During the emergency period of COVID‐19 outbreaks, the Yao‐CSpler
integrated with a robot was further tested for sampling airborne SARS‐CoV‐2 in both Wuhan and
Beijing as shown in Fig. 2(D) (Zhou et al., 2020; Ma et al., 2020). The robot is a commercially
available intelligent delivery robot, and the model is PuduBot (Pudu tech. Inc.). It is 516 × 500 ×
1288 mm in machine dimensions, 35 kg in weight, the speed is 0.5–1.2 m s–1 and can support a
maximum load of 30 kg. It has 3D obstacle avoidance and visual positioning functions, and can
travel according to the established map and bypass obstacles by itself. After simple installation
and fixation, the robot assisted Yao‐CSpler moved along a pre‐determined route inside hospital
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or quarantine hotel as described in recent studies. The Yao‐CSpler uses a high‐flow fan to sample
the air, and moves smoothly on a pre‐set sampling route.

2.4 Statistical Analysis
The performances of the Yao‐CSpler under different sampling times were analyzed using
ANOVA or t‐test following a normality test, and the diversities of bacterial structures in the air
samples collected were evaluated using operational taxonomic units (OTU) (performed by usearch
software, V10), Shannon index (calculated with QIIME, V1.9.1). A p‐value of less than 0.05
indicates a statistically significant difference.

3 RESULTS AND DISCUSSION
This work designed and evaluated a new liquid cyclone sampler named as Yao‐CSpler for
collecting airborne bacteria, fungi and as an application for collecting airborne SARS‐CoV‐2 in
practical environments, and its influencing factors were studied.
Fig. 3(A) shows the physical collection efficiencies of the sampler when sampling aerosolized
particles and actual indoor particles. When collecting indoor airborne particles, the sampler
demonstrated an experimental cutoff size of 0.58 µm, and for particles larger than 1 µm the
physical collection efficiency reached about 100%. The efficiency of a cyclone sampler is related
to the designed size, speed of rotation in the cyclone, temperature, humidity and air characteristics.
The calculation of theoretical cutoff size d50 in this study is based on a classical calculation
method, i.e., time‐of‐flight theory (Lapple, 1950). Here, the inlet velocity (21.7 m s–1, Table 1) of
the Yao‐CSpler is higher than 14.24 m s–1 for a typical cyclone design as described in Lapple’s work
(Lapple, 1950). Besides, as a non‐numerical approach the time‐of‐flight theory has been
demonstrated to show limitations in predicting of the cyclone cutoff size (Zhao and Su, 2018). A
previous study also found that increasing the flowrate or velocity could improve the collection
efficiency under constant cyclone design size (Sigaev et al., 2006). The variations in cyclone design
could contribute to the differences between theoretical prediction and experimental measurement.
As observed from the figure, the collection efficiencies varied slightly for different types of
particles, although they had similar sizes, which might be due to different surface characteristics
of the particles that could impact the interaction of the particles and the collection media. For
example, the morphology, hydrophobic or hydrophilic features will influence the physical collection
efficiencies, cutoff size, viability of collected bio‐agents (Su et al., 2019; Matthew et al., 2008;
Viswanathan et al., 2017). For the aerosolized particles, most of them were surrounded by water
droplets, thus they are more likely to be adhered to the inner wall of the sampler or aggregated
with other particles into larger ones and retained by the sampler. Nonetheless, those droplets
could deposit on the cyclone walls and later descended into the collection liquid due to the gravity
and air stream blow. So their corresponding collection efficiencies were also higher as observed
from Fig. 3(A). The collection liquid loss also affects sampling efficiency, and it depends on the
distance between the downstream air outlet of the cyclone pipe and the collection liquid surface
(Jet‐to‐liquid). The shorter the distance, the more intense the collection liquid whirl, and higher
liquid loss was observed. So, too short distance may cause liquid splashing and additional loss as
Fig. S1 shown. A distance of 28 mm seemed to be a critical value at which liquid loss remained
relatively stable at a rate of 42 µL min–1, and according to the regression fitting in Fig. S2, the
minimum evaporation rate (without liquid splash) should be 36 µL min–1. The temperature and
environment humidity would also influence the evaporation speed (Kim et al., 2007). The liquid
loss was measured at 23°C and 60% relative humidity (RH) in this study.
When collecting indoor airborne particles for bacteria and fungi culturing, two‐minute sampling
seemed to have the best performance in measuring the culturable concentration of bacteria as
shown in Fig. 3(B). But the efficiency decreased when the sampling time increased to 5 minutes
or longer. As for the fungal concentration, 1 minute seemed to be optimal and the efficiency also
decreased when increasing the sampling time. The culturable fungal concentrations were much
lower than those of bacteria for any sampling durations tested. Likewise, for outdoor environments,
the similar findings were observed in Fig. 3(C): two‐minute sampling was optimal for measuring
the culturable bacteria concentration, and the efficiency decreased sharply with increasing
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Fig. 3. (A) Physical collection efficiencies curves of the Yao‐CSpler when collecting polystyrene latex (PSL) microspheres with
different sized (mean particle sizes: 0.5, 0.8, 2.07, 3.11, and 5.15 µm), indoor airborne particles and also nebulized bacteria:
P. fluorescence, B. subtilis; (B) and (C) Culturable microbes concentration, measured by the Yao‐CSpler, for the different sampling
durations both indoors and outdoors; (D) Total bacterial concentration sampled by the Yao‐CSpler from both indoors and
outdoors over the sampling durations (1, 2, 5, 10 minute); (E) DNA staining cells’ photos of lived (green dots) or dead (red dots)
bacteria particles in the Yao‐CSpler’s test‐samples with different sampling durations (1, 2, 5, 10, 30 minutes) indoors and outdoors,
respectively. All the data shown in (A)–(D) represent averages from at least three repeats and error bars stand for the standard
error.
sampling time. When measuring the total bacterial load in the air using the qPCR, the results in
Fig. 3(D) showed that one‐minute sampling might be optimal both for both outdoor and indoor.
The outdoor bacterial levels were found to be significantly higher than indoor ones, and the total
concentrations also decreased with increasing sampling time. Fig. 3(E) showed that for the same
sampling time outdoor bacterial levels were significantly higher than those detected indoors. And
the proportion of dead bacteria (red dots) increased as the sampling time increased, which
indicated that the viability of the collected airborne bacteria decreased when the sampling time
increased. During the operation of the Yao‐CSpler, it takes tens of seconds for the fan to achieve
a preset sampling velocity (400 L min–1), thus the actual collected air volumes were smaller than
those used for calculation. However, all the culturable microbial concentrations and total bacteria
concentrations were calculated using the theoretical air volume sampled during the corresponding
period, this deviation could be amplified especially for shorter sampling process. This can on the
other hand explain the obtained lower levels for the first one minute sampling. As for the sharper
drop of indoor total bacteria concentration, it was probably because the sampler also served as
an efficient air cleaner in the non‐ventilated basement laboratory where the experiments were
conducted. Thus over the time the indoor particle concentration decreased substantially. Conversely,
the total concentration of outdoor bacteria decreased slightly with the increase of sampling time,
it indicated that the Yao‐CSpler can maintain a stable total microbial collection efficiency in
outdoor or open spaces. Further, with increasing sampling time, the collection liquid loss, particle
bounce and reaerosolization problems occurred altogether (Riemenschneider et al., 2010). These
influencing factors contributed to the lower bioaerosol levels observed in longer sampling
duration as shown in Figs. 3(B–D). Especially for the concentration of culturable microorganisms,
the stronger reduction of outdoor bacterial concentration in Fig. 3(C) than Fig. 3(D) suggests that
a longer sampling period may damage the activity of microorganisms in the samples (Fig. 3(E)
also supports this finding). In addition, regardless the efficiency advantage of short‐time sampling
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as manifested from Figs. 3(B–D), the temporary background bioaerosol concentration changes
caused by natural ambient air‐flow could increase the uncertainty of short‐term sampling
(< 5 minutes) (Cox et al., 2020; Grinshpun et al., 2016). Therefore, the sampling duration of the
Yao‐CSpler should be carefully selected to meet specific research purposes. So if the focus of the
work is on the culturability of biological aerosols, a shorter sampling duration (less than 5 minutes)
should be selected; otherwise the detection of less frequent species is desired, a longer sampling
duration (e.g., 20–30 minutes) should be used. However, this has not been performed for viral
particle recovery in this work.
The sampling flowrate (400 L min–1) of Yao‐CSpler is about 32 times of a well‐proven liquid
impinging sampler named BioSampler (12.5 L min–1). In addition, the volume of collection liquid
(20 mL) used by BioSampler is also 6–10 times of that using Yao‐CSpler (2–3 mL). Thus, it will take
much longer time for the BioSampler to obtain the same amount of air samples. For lower viral
level, the collected samples by the BioSampler using the same sampling time might not be enough
for PCR detection. The Yao‐CSpler obtained more diversities of bacteria than the BioSampler in
outdoor environments. As shown in Fig. 4(A), outdoor bacterial OTU number obtained by the Yao‐
CSpler were 2–4 times those obtained by the BioSampler. Regardless of PM2.5 pollution conditions,
the bacterial structures obtained by both samplers differed substantially as observed in Fig. 4(B).
For clean and haze days, the recovered top 3 species using the BioSampler were Elizabethkingia
(17.4% on the clean day and 17.8% on the haze day), Pseudomonas (8.2% on both the clean and
haze days), and Acinetobacter (5.4% on the clean day and 7.2% on the haze day); while for the
dusty day the Enterobacter was the dominant species (73.7%), followed by BurkholderiaCaballeronia-Paraburkholderia (BCP) (5.0%) and Bacillus (2.6%). In contrast, using the Yao‐CSpler,
the top 3 species on the clean day were Sphingomonas (5.8%), Pseudarthrobacter (2.9%), and
Planococcus (2.6%), on the haze day the top 3 species were Pseudarthrobacter (7.9%), Planococcus
(6.7%), Kocuria (4.6%), and for the dusty day they were Planococcus (12.4%), Kocuria (8.2%), and
Pseudarthrobacter (7.2%). The detailed abundances of different species were listed in Supporting
File (Table S3). Given the same sampling time, the Shannon indexes for the air samples collected
by the Yao-CSpler were significantly higher than those of the samples collected by the BioSampler
(Fig. S3). In addition to the sampling environmental bacteria and fungi, the Yao‐CSpler was also

Fig. 4. Differences in community structures of bacterial aerosols between the samples collected by the BioSampler (SKC) and the
Yao‐CSpler respectively under different polluted outdoor conditions. (A) The Venn diagram of OTUs structures between the
samples collected by the Yao‐CSpler and the BioSampler under the same sampling time. (B) The relative abundances of the top
25 species in the samples collected by the BioSampler and the Yao‐CSpler (at the genus level). The labels A1, A2 and A3 represent
the samples collected by the BioSampler on clean, haze and dusty days, respectively. B1, B2 and B3 represent the samples
collected on the same corresponding clean, haze and dusty days using the Yao‐CSpler, respectively. The meteorological and
pollutant concentration information during the sampling periods were listed in Tables S1 and S2. BCP* represents Burkholderia‐
Caballeronia‐Paraburkholderia.
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used in monitoring SARS‐CoV‐2 in recent two studies (Zhou et al., 2020; Ma et al., 2020). Particularly,
it was shown in Wuhan hospitals (Fig. 2(D)) that the air samples collected using the Yao‐CSpler
contained 9–219 SARS‐CoV‐2 RNA copies per m3 (Zhou et al., 2020). In their study, digital PCR
(dPCR) was used to detect the absolute quantitative airborne SARS‐Cov‐2, and experimental details
can be found from the work. After sampling, 1–2 mL collection liquid remained and was used for
extraction of RNA directly without further sample enrichment. The concentration of SARS‐Cov‐2
in air (Cair) was averaged over the entire sampling time period and calculated approximately with
the following Eq. (2):

Cair =

CRNA vsample

(2)

Q t sample

CRNA is the absolute quantitative SARS‐Cov‐2 RNA concentration in the sample (copies mL–1);
vsample is the volume of sample collection liquid (mL); Q is the flowrate of the YAO‐CSpler (400
L min–1); tsample is the sampling duration (min).
As for using the Eq. (2), there might be an underestimate of the actual airborne viral level.
Firstly, the physical collection efficiency for viral size particle could be low, thus failing to collect
all of them. Secondly, during the sampling process the collected viral particles could be damaged
due to desiccation and mechanical stress arising from high wind speed and collision speed, thus
leading to RNA loss. Lastly, the collected particles could be re‐aerosolized. For 40 minutes’
sampling, the collection liquid volume was observed to have decreased from 3 mL to 1–2 mL
depending on the actual environmental humidity levels. It is difficult to set a detectable level of
airborne COVID‐19 virus since the sampling time could be different. If excessive evaporation is
minimized, sampling for 40 min or shorter is preferred. Accordingly, use of Eq. (2) would yield an
underestimate of actual airborne viral level.
These data show that the Yao‐CSpler can collect not only airborne bacteria and fungi, but also
viruses such as SARS‐CoV‐2 that had lower levels in open space air. The cutoff size of the sampler
is 0.58 µm, which means the sampler has at least 50% of collection efficiency for particles of
larger than 0.58 µm. For single viral particle, the sampler might have very low collection efficiency.
However, in practical environments, those nano viruses are easily attached to larger particles or
agglomerate with each other to form larger particles. Thus, the developed sampler is suitable for
rapid virus detection. Nonetheless, some single viral particles could escape the system, not being
collected, thus leading to a possible underestimate of the viral load. Decreasing the cutoff size would
require a substantial increase of sampling flow rate, which could represent a significant challenge
to the portability and liquid evaporation. The BioSampler has a lower cutoff size of 0.3 µm,
however its sampling flow rate is 12.5 L min–1. For low level pathogen in the air, e.g., COVID‐19
virus, much longer time is needed to obtain detectable viral samples. The sampling velocity of the
BioSampler is much higher, ~300 m s–1 by calculation, which could damage the properties of
biological cells. In contrast, the contour velocity of the Yao‐CSpler ranges from 26.8–44.6 m s–1, and
axial velocity ranges from 6.42–32.3 m s–1. Thus, the velocity component of the developed sampler
is much smaller than that of the BioSampler.
Over the past decades, a significant amount of time was devoted to the field of bioaerosol
sampling, but compared with other environmental disciplines relevant number of scientists in
this field is strikingly fewer. Sampling is the first step in studying bioaerosol, and plays a critical
role in the outcome of the investigation. In face of the COVID‐19 pandemic, it seems that a great
number of efforts are moving toward this research direction (Seo et al., 2020; Ong et al., 200).
But among other agents, sampling viruses is typically challenging. In addition to its small size,
preserving its viability is difficult for further infectivity confirmation (Seo et al., 2020; Oppliger et
al., 2011; Lindsley et al., 2017; Fabian et al., 2009). In a previous study, a filtering method‐MD8
Airscan (Sartorius Stedim Biotech GmbH, Goettingen, Germany) together with gelatin filter (3 µm
pore size) has been used for sampling of MERS‐coronavirus (MERS‐CoV) and SARS‐CoV viruses in
indoor air of hospitals (Zhao et al., 2014; Kim et al., 2016). The gelatin filter can easily dissolve into
water, and recently it was used together with a cassette for sampling SARS‐CoV‐2 (Liu et al., 2020).
Fabian et al. (2009) compared four different samplers for collecting airborne influenza virus, and
they found that only the SKC Biosampler was capable of efficiently collecting airborne virus and
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Table 1. Physical characteristics of the Yao-CSpler and other cyclone samplers.
Cyclone
Flowrate Inlet Velocity
Theoretical d50 Experimental d50 Reynolds
References
Name
(L min–1) (m s–1)
(µm)
(µm)
number
Yao-CSpler 400
21.7
1.84
0.58
24682
This work
#
#
#
NIOSH
3.5
18.6 (stage 1)
0.74 (stage 1) 1.8 (stage 1)
2480 (stage 1)
Lindsley et al., 2006
BC-251
44.0# (stage 2)
0.39# (stage 2) 1 (stage 2)
3813# (stage 2)
SASS 2300
325
/
/
>1
/
Dybwad et al., 2014
NIOSH
2/4
10.8 (2 L min–1) 1.3
2.5 (2 L min–1)
1450 (2 L min–1) Chen et al., 2004
BC-112
21.4 (4 L min–1) (2 L min–1)
1.5 (4 L min–1)
2863 (4 L min–1)
Coriolis µ
300
/
/
>1
/
Carvalho et al., 2008
WWC-1250 1250
52.8
/
1
21200
McFarland et al., 2010
#
: Calculated according to the parameters provided in the literatures. /: No information provided from literatures.
preserving their infectivity. However, they also pointed out that when collecting naturally occurring
aerosols the SKC Biosampler exhibited declining collection efficiency for smaller particles, high
dilution factor, and low sampling flow rate problems. A lot of cyclone samplers have also been
developed for collecting bioaerosol particles as shown in Table 1, and most of them have not been
characterized thoroughly (Mbareche et al., 2018). Compared to filtration‐based and impaction‐
based sampler, the liquid impinger represented by cyclone samplers can reduce the desiccation,
particle bounce, and impaction stress, thus substantially improving the biological collection
efficiencies (Verreault et al., 2008). Besides, liquid samples can be immediately used with nucleic
acid and immunological methods for fast biological analysis. This eliminates the need of the
extraction of biological cells from a filter if otherwise used. For culture‐based impaction method, it
takes several days to cultivate the collected particles, and for some non‐culturable ones the method
cannot detect them. Liquid‐impingement based methods offer promising solutions for sampling
airborne biological agents, however its problems remain ahead. For example, high volume
sampling would lead to fast loss of collection liquid (thus a decline in efficiency), impaction of
biological cells, and reaerosolization of already collected particles over longer sampling. For larger
particles, there are also significant loss on the cyclone wall. In the future, mineral oil, a non‐
evaporating material, can be tested as a collection medium. For persevering viral agents, a cooling
module can be also equipped with high volume sampling. Verreault et al. (2008) extensively
reviewed methods of airborne virus sampling such as liquid impingers, solid impactors, filters,
and electrostatic precipitators by analyzing more than 100 papers, and they concluded that the a
variety of environmental and methodological factors not only influence the their efficiencies, but
also affect the structure integrity of the virus collected. In addition to considering these parameters,
future bioaerosol sampler would be more intelligent, i.e., being coupled with various environmental
sensors connected to the samples collected, self‐moving, and remotely controllable. With such
active efforts, a better understanding of airborne transmission of infectious diseases can be only
obtained.

4 CONCLUSIONS
Here, we have designed and evaluated a new cyclone sampler named Yao-CSpler which has a
sampling flowrate of 400 L min–1. It achieves an experimental particle cutoff size of 0.58 µm.
Experimental data show that the sampler could efficiently collect airborne bacteria, fungi, and
also viruses such as SARS‐CoV‐2. In addition, we have also found that the Yao-CSpler achieved an
optimal performance at a Jet‐to‐liquid of 28 mm (from air stream exit to the surface of the
collection liquid) at room temperature (23°C) and 60% RH yet with a lower and stable liquid loss
rate. Besides, we also found that the Yao‐CSpler outperformed the BioSampler when sampling
outdoor bacterial aerosols for the same amount of time under different PM2.5 pollution conditions
in terms of bacterial diversity and species richness. This might be largely due to its high sampling
flow rate which recovered less frequently occurring species from the air and its sampling
enrichment capacity to allow the air samples to be detectable (Zhao et al., 2014). The BioSampler
has a sampling flow rate of 12.5 L min–1, and it collects 750 L air per hour; while the Yao-CSpler
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collects 30 times more air per unit of time. The BioSampler is impacted more by environmental
fluctuations, e.g., concentration level, wind direction change; while the Yao-CSpler is relatively
less impacted by such changes. For quantification, it is desired that the air sampling time should
be longer to be more representative, e.g., when coupled with nucleic acid method; however long
sampling time would cause viability loss if otherwise culturing method is applied. Therefore,
optimal sampling time should be chosen according to specific requirements of an airborne agent
investigation. In terms with sampling airborne virus, the collection efficiency could be low compared
to larger particles. The sampler integrated with a robot was demonstrated to be capable of moving
stably along the pre-set route in a typical environment for continuous air sampling.
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