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rates and periods under different airborne virus concentrations and 
collection liquid volumes
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ABSTRACT 
The SKC BioSampler has been widely utilized as a standard microbial air sampler, and its 
manufacturer recommends a sampling flow rate of 12.5 L/min. However, the effects of sam
pling flow rates on the collection of airborne viruses have rarely been studied. In this study, 
we assessed the collection of airborne MS2 viruses using the SKC BioSampler at various 
sampling flow rates (4.0, 8.0, 10.0, 12.5, and 13.3 [±0.01] Standard L/min (SLPM); standard 
conditions: 21.1 �C and 101.3 kPa), sampling periods (10, 60, and 360 min), and airborne virus 
concentrations (108,106, and 104 PFU/m3) in 20-mL collection liquid. The concentrations of 
infectious viruses in the collected samples and collection efficiencies for MS2 viruses 
increased with the sampling flow rate at 10- and 60-min sampling periods, except at the 
lowest airborne virus concentration. Moreover, a sampling flow rate of 13.3 SLPM was 
the most efficient for collecting airborne viable MS2 viruses. At �104 PFU/m3 of air, close to 
the field-level concentrations of respiratory viruses, viable MS2 viruses were detected at 
10.0–13.3 SLPM during 360-min sampling. The gene copy concentrations and collection effi
ciencies for influenza viruses were also measured using RT-qPCR at various sampling flow 
rates (10.0–13.3 SLPM), and at two concentrations (106 and 105 gene copies/m3 of air) and 
collection liquid volumes (20 mL and 13 mL). Similar to MS2 viruses, 13.3 SLPM was the 
most efficient for collecting the nucleic acids of influenza viruses.
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1. Introduction

In recent several decades, respiratory viruses, such as 
influenza viruses and coronaviruses, have caused sig
nificant health-related problems, as observed during 
the COVID-19 pandemic. Respiratory viruses can 
infect people through various transmission routes, 
such as droplets, direct and indirect contact, and aero
sols (Bhardwaj et al. 2021). Among these routes, aero
sol transmission is particularly crucial as virus 
particles can remain suspended in the air for hours 
depending on their size and infect others rapidly 
through inhalation (Wang et al. 2021). Thus, measur
ing the concentration of respiratory viruses in the air 
is essential for preventing the spread of infectious dis
eases via aerosol transmission, and air sampling is the 
first step in this measurement.

Numerous microbial air samplers, such as filters, 
impactors, impingers, cyclones, and condensation and 
electrostatic samplers, have been developed to collect air
borne virus particles (Pan et al. 2019; Bhardwaj et al. 
2021). Among these samplers, the SKC BioSampler (SKC 
Inc., PA, USA) can collect various types of bioaerosol par
ticles via swirling with simplicity and cost-effectiveness. It 
was reported to prevent desiccation, moderate the stress 
exerted on microorganisms, and reduce the bounce of col
lected particles, thereby preserving the viability of col
lected microorganisms (Willeke et al. 1998).

The SKC BioSampler has been extensively used as a 
separate or a reference sampler for detection of airborne 
viruses (Memish et al. 2014; Lednicky et al. 2016; 
Kenarkoohi et al. 2020; Kim et al. 2021; Jang et al. 2022; 
Vives et al. 2022; Lee et al. 2024) despite its relatively low 
collection efficiency for submicrometer- sized virus particles 
(Hogan et al. 2005; Li et al. 2018). It was also reported to 
exhibit higher virus collection efficiencies than gelatin and 
glass fiber filters (Fabian et al. 2009; Li et al. 2018).

Airborne virus collection using the BioSampler can 
be affected by several parameters, such as the sampling 
period, flow rate, and volume of collection liquid, in 
addition to the particle diameter. In most studies, the 
sampling periods in the lab-scale and field tests were 
�1 h and �1 h, respectively. The sampling flow rate 
was 12.5 L/min, and the volume of collection liquid 
was 20 mL, as recommended by the manufacturer.

Other sampling flow rates were also adopted in many 
studies (Table 1); however, the effect of flow rates was 
investigated in a few studies. Hogan et al. (2005) measured 
physical collection efficiencies at sampling flow rates of 
3.5–14.5 L/min and reported U-shaped and almost linear 
collection efficiencies for 25- and 300-nm particles, 
respectively, using a scanning mobility particle sizer 
(SMPS). On the other hand, Anwar et al. (2010) reported 

that sampling flow rates of 6 and 9 L/min were more effi
cient than a sampling flow rate of 12.5 L/min for collecting 
airborne viable viruses. Based on this observation, 
condensation-based samplers were compared with the 
BioSampler at sampling flow rates of 6–8 L/min in subse
quent researches (Jiang et al. 2016; Lednicky et al. 2016; 
Pan et al. 2016, 2017). These two aforementioned studies 
were conducted using highly concentrated virus suspen
sions in a nebulizer, leading to high virus concentrations 
in the air. Such effects on virus collection using the 
BioSampler need to be studied. Moreover, the BioSampler 
has been used in many field tests at sampling periods of 
1–3 h (Memish et al. 2014; Nguyen et al. 2017; Pan et al. 
2017; Kenarkoohi et al. 2020), which is generally accom
panied by a significant amount of evaporation of collec
tion liquids and hence a change in collection efficiency 
during air sampling.

Herein, we assessed the collection of airborne viruses 
using the BioSampler at various sampling flow rates 
(including 12.5 L/min), sampling periods, and airborne 
virus concentrations at the inlet of the BioSampler. The 
volume of collection liquid in the BioSampler was 20 or 
13 mL to examine the effect of these two collection vol
umes on airborne virus collection.

We measured the concentrations of MS2 and influ
enza viruses in the collected samples relative to their 
respective concentrations in nebulizer suspensions 
using the plaque assay and reverse transcription- 
quantitative polymerase chain reaction (RT-qPCR), 
respectively. We also measured the concentrations of 
these two types of airborne viruses at the inlet of the 
BioSampler using gelatin filters and a water 
condensation-based sampler, respectively, to compute 
the collection efficiencies for the viruses.

In this study, the sampling flow rate of the BioSampler 
was adjusted based on the flow rate measurement at the 
inlet, as recommended by the manufacturer of the 
BioSampler, although it was based on volumetric flow rate 
measurement at the outlet of the BioSampler in many 
studies (Hogan et al. 2005; Anwar et al. 2010; Oh et al. 
2010; Woo et al. 2012; Zheng and Yao 2017). In fact, as 
the airflow through the nozzles of the BioSampler exhibits 
large pressure drops at high flow rates (�0.5 bar at 12.5 L/ 
min), the discrepancy in volumetric flow measurements 
between the inlet and outlet becomes significant.

2. Materials and methods

2.1. Test viruses

MS2 (ATCC 15597-B1), a single-stranded RNA bacterio
phage, was used in the present study due to its similarity to 
many pathogenic viruses, serving as a common surrogate 
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in laboratory-scale experiments (Verreault et al. 2008; Zuo 
et al. 2014). It has a diameter of 27 nm with an icosahedral 
structure. A suspension of MS2 virus, whose host is 
Escherichia coli C3000, was prepared for nebulization, as 
done in our previous studies (Bhardwaj et al. 2023; Jang 
et al. 2023; Lee et al. 2024). Briefly, the double-layer agar 
method was used to propagate MS2 bacteriophages 
(see the online supplementary information [SI] Text S1). 
After incubation for 8 h, the soft agar was scraped from 
the agar plate, mixed with deionized (DI) water in a 
50-mL conical tube, and centrifuged at 1500 rpm for 
25 min. Subsequently, the supernatant was extracted using 
a syringe and filtered with a 0.22-lm Millipore filter (4612, 
Pall Corporation, USA) to remove agar, bacteria, Luria- 
Bertani medium, and any debris. The virus suspensions 
were prepared at concentrations of 5.0 (± 1.9) � 108 PFU/ 
mL (for the higher virus concentration in the nebulizer), 
5.6 (± 2.3) � 106 PFU/mL (for the medium virus concen
tration), and 4.7 (± 2.6) � 104 PFU/mL (for the lower virus 
concentration) in 30 mL of DI water.

Influenza A virus H1N1 (KBPV-VR-76, South 
Korea) was purchased from the Korea Bank for 
Pathogenic Viruses (KBPV) and used in the present 
study. According to the KBPV, influenza A viruses 
were propagated in Madin-Darby canine kidney 
(MDCK) cells maintained in MEM supplemented with 
2 mg/mL of TPCK-trypsin. The cells were incubated at 
35 �C with 5% CO2, and cytopathic effect was moni
tored over a period of 2–4 days. For viral titration, 
MDCK cells were similarly cultured under identical 
conditions, and viral titers were determined after 
4 days of incubation using plaque assay. The resulting 
virus stock showed 2.0� 108 PFU/mL. Influenza A 
virus suspensions were diluted to 4.6 (± 1.6) � 106 

gene copies/mL (for the higher virus concentration) 

and 6.0 (± 2.3) � 105 gene copies/mL (for the lower 
virus concentration) in 30 mL of DI water.

2.2. Measurements of sampling flow rates

As the BioSampler operates under vacuum at high sam
pling flow rates, the flow rates at the inlet and outlet of the 
BioSampler were measured using a mass flow meter 
(4040, TSI Inc., MN, USA) and a rotameter (320-530, 
SKC Inc., PA, USA), respectively, before starting the 
experiments. Flow rates of 4.0, 8.0, 10.0, 12.5, and 13.3 
Standard L/min (SLPM) corresponded to 4.0, 8.1, 11.3, 
17.6, and 23.5 L/min at the outlet, respectively (Figure 1
and Figure S1). The relative difference in the volumetric 
flow rates between the standard condition and the inlet 
was 1.48%. The standard deviations of the measurements 
were � 0.01 SLPM at all tested flow rates. At a flow rate 
of approximately 10.0 SLPM, the discrepancy in volumet
ric flow rate measurements between the inlet and outlet 
began to increase. The maximum achievable sampling 
flow rate in the BioSampler for this experimental setup 
(e.g., 20 or 13 mL of collection liquid and building vac
uum line) was 13.3 SLPM where flow velocity through the 
nozzles approached the speed of sound (Fox et al. 2020), 
as observed in a previous study (Turgeon et al. 2014). The 
lowest pressures of the building vacuum line with and 
without the setup were 31.4 and 22.6 kPa, respectively.

2.3. Experimental procedures

Two types of experiments were conducted in the pre
sent study. In the first experiment, airborne MS2 
viruses were collected using the BioSampler. The viable 
virus concentrations in the collected samples were 
measured using the plaque assay at various sampling 

Figure 1. Schematic of the experimental setup for measuring the concentration of airborne viruses collected with the SKC 
BioSampler and the particle size distribution of airborne virus particles at the inlet of the BioSampler.
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flow rates (4.0, 8.0, 10.0, 12.5, and 13.3 SLPM) and 
periods (10, 60, and 360 min) under different virus 
concentrations in the nebulizer (5.0� 108, 5.6� 106, 
and 4.7� 104 PFU/mL) at 20-mL collection liquid. We 
selected a 20-mL sampling cup to ensure a sufficient 
amount of collection liquids for extended sampling 
periods, such as 360 min (Han and Mainelis 2012). 
Moreover, airborne influenza A viruses were collected 
at sampling flow rates of 10.0, 12.5, and 13.3 SLPM 
for 60 min under concentrations of 4.6� 106 and 
6.0� 105 gene copies/mL at 20- and 13-mL collection 
liquids. In the second experiment, the virus concentra
tions at the inlet of the BioSampler were measured 
using gelatin filters or a water condensation-based 
sampler.

In the first experiment, a three-jet Collison nebulizer 
(CH Technologies, NJ, USA) containing a 30-mL virus 
suspension was supplied with clean air at 6 L/min and 
20 psig to generate virus aerosol particles. After passing 
through a diffusion dryer (HCT, South Korea), the par
ticles were neutralized using a neutralizer (5622, 
GRIMM, Germany). Sheath air at 16 L/min was added 
to achieve a total flow rate of 22 L/min. A built-in vac
uum line of the laboratory building was utilized to vary 
the sampling flow rate in the BioSampler, and 1�
phosphate-buffered saline (PBS) (pH 7.4, Gibco) was 
used as the collection medium. After sampling was com
pleted, all samples in the BioSampler were swirled clock
wise for three seconds (six turns) followed by 
counterclockwise swirling for three seconds (six turns), 
in order to minimize the particle losses on the inner 
surface of the sampler. The collected virus samples were 
transferred to 50-mL conical tubes or 1.5-mL microcen
trifuge tubes, and stored at 4 �C for up to 8 h for the 
plaque assay or RT-qPCR assay (SI Text S2 and Figure 
S2). The viability of MS2 viruses did not reduce signifi
cantly during 10-h storage at 4 �C in a refrigerator 
(Figure S3). The temperature and relative humidity of 
the sampling flow during the experiments were 
21.7 ± 1.1 �C and 32.9 ± 1.6%, respectively. The size dis
tributions of the generated virus aerosol particles were 
measured at the BioSampler inlet using SMPSþC (5416, 
GRIMM, Germany). During the 6-h sampling tests, the 
virus suspension in the nebulizer was replaced with a 
fresh one every hour. The BioSampler was also replen
ished with fresh PBS at the same time to maintain a 20- 
mL volume (Figure 1).

To find the virus concentrations at the inlet of the 
BioSampler, airborne MS2 viruses were collected at 
the inlet of the BioSampler in a similar manner as 
previously conducted (Lee et al. 2024) and their con
centrations were measured using the plaque assay. 

Briefly, the Button aerosol sampler (225-360, SKC, 
USA) equipped with a gelatin filter (25 mm, Sartorius, 
Germany) and a calibration adapter (225-361, SKC, 
USA) was used, where a flow rate of 6 L/min corre
sponding to a face velocity of 0.2 m/s was used since 
the manufacturer reported no significant differences 
in the recovery rates of T1 and T3 bacteriophages at 
inlet velocities of up to 0.4 m/s (Jaschhof 1992). The 
physical collection efficiency of the gelatin filter in the 
present study was measured to be 99.7% (data not 
shown), consistent with previous findings (Burton 
et al. 2007). After performing sampling for 1 min, the 
gelatin filters detached from the Button aerosol sam
pler were placed into 50-mL conical tubes with 1 mL 
of 1� PBS each, and shaken vigorously for 15 s. These 
suspensions were warmed immediately in a shaking 
incubator at 37 �C for 10 min to dissolve the gelatin 
filters completely. The virus concentrations at the inlet 
of the BioSampler were calculated using the equations 
provided in section 2.4.

The concentrations of airborne influenza A H1N1 
viruses at the inlet of the BioSampler were also meas
ured using the growth-based virus aerosol concentra
tor (GVC) (Jang et al. 2022) and RT-qPCR. Briefly, 
airborne influenza viruses were generated at 6 L/min, 
passed through a diffusion dryer and a neutralizer, 
diluted with 7 L/min of clean air, and then sampled at 
6 L/min via impaction under the condition of 5 �C 
conditioner and 45 �C initiator. After sampling for 
10 min, collected samples were eluted with 0.5-mL 
1�PBS to conduct RT-qPCR assay.

2.4. Evaluation of airborne virus sampling

In the present study, relative infectious virus concen
trations (RIVCs) and relative total virus concentra
tions (RTVCs) were measured for MS2 and influenza 
A viruses, respectively, as given by Hong et al. (2016)

RIVC ¼
PFUsampler

PFUnebulizer
and RTVC ¼

qPCRsampler

qPCRnebulizer
(1) 

where PFUsampler and PFUnebulizer indicate the concen
trations of viable MS2 viruses (PFU/mL) in the col
lected samples and virus suspensions in the nebulizer, 
respectively. Moreover, qPCRsampler and qPCRnebulizer 

indicate the genomic copy number concentrations 
(gene copies/mL) in the collected samples and virus 
suspensions in the nebulizer, respectively. The virus 
concentrations in the nebulizer were measured at the 
beginning and end of the experiments, and their aver
age values were used as the concentrations of virus 
suspensions. High RIVCs are favorable for rapid or 
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on-site virus measurement using immunoassay 
(Bhardwaj et al. 2020; Lee et al. 2022, 2023; Park et al. 
2025) where further concentration techniques such as 
ultrafiltration and ultracentrifugation are usually 
unavailable, and intact virus antigens are used in the 
measurement. The ratio of RIVC to RTVC (or the 
PFU-to-gene copy ratio) shows a viable virus percent
age through aerosol generation and sampling relative 
to that in the suspension (Jang et al. 2022).

The intrinsic collection efficiency (gi) was also 
measured and shows how many of incoming viruses 
can be captured in the collection medium of the 
BioSampler, which can be computed by

gi ¼
Ncollected

Ninlet
(2) 

where Ncollected and Ninlet refer to the numbers of 
viruses (PFU or gene copies) that remain in the col
lection liquid of the BioSampler after sampling and 
that enter the BioSampler during sampling, 
respectively.

The concentration of airborne viruses at the 
BioSampler inlet (Cair; PFU/L or gene copies/L) was 
computed by

Cair ¼
Ncollected

Q� g� t
�

6 or 13
22

(3) 

where Ncollected, Q, g, t, 6, 13, and 22 indicate the 
number of viruses collected (PFU or gene copies) in a 
gelatin filter or the GVC during a sampling period, 
flow rate (L/min), collection efficiency (%), sampling 
period (min) of a gelatin filter or the GVC, flow rates 
for the gelatin filter and GVC experiments, and flow 
rate at the inlet of the BioSampler, respectively.

The plaque count in the present study was denoted 
as “not detected (N.D.)” if the number of PFUs was 
less than 10 for more than half of the samples meas
ured in each case because in general, plaques can be 
counted reliably when their numbers are in the range 
of 10–100 (Cormier and Janes 2014) or 30–300 (Vass 
et al. 2024).

2.5. Statistical analysis

The normality of the dataset was confirmed using the 
Shapiro-Wilk test. Student’s t-test or analysis of vari
ance followed by Tukey’s multiple comparison test 
using OriginPro 2020 was used to analyze the data 
statistically. The differences were considered signifi
cant if the p-value was <0.05 (95% confidence inter
val). If not, they were considered n.s. (not significant).

3. Results and discussion

3.1. Collection of MS2 viruses at various sampling 
flow rates for 10-min sampling and 20-mL 
collection liquid

Figure 2a shows RIVCs of MS2 viruses collected in the 
BioSampler at various sampling flow rates for the 
higher, medium, and lower virus concentrations in the 
nebulizer during 10-min sampling. RIVCs increased 
with an increase in virus concentrations in the nebu
lizer. This may be attributed to the fact that more virus 
particles with larger particle diameters were generated 
from the nebulizer as the virus concentration in the 
nebulizer increased. As the virus concentration in the 
nebulizer increased, the peak diameter of the particle 
size distribution at the inlet of the BioSampler and the 
number concentrations of most particle sizes increased; 
the peak diameter of the relative particle size distribu
tion for the medium and lower concentrations was 
approximately 40 nm and that for the higher and 
medium concentrations was approximately 240 nm 
(Figure S4). This may lead to increased collection of 
virus particles with increased virus concentrations in 
the nebulizer, according to the collection efficiencies 
reported in a previous study (Li et al. 2018), where the 
collection efficiency of the BioSampler increased as the 
particle diameter increased beyond 40 nm.

The size distribution of test aerosol particles is criti
cal to the characterization of an air sampler. In most 
previous studies on airborne virus experiments, the 
mass median diameters (MMDs) ranged from tens of 
nanometers to around 10 lm, and the wide range may 
be due to differences in their experimental conditions, 
such as nebulizer type and flow rate, nebulizing 
medium and its composition, and the use of aerosol 
chambers or sheath flow. In this study, the MMD for 
MS2 virus aerosol particles generated was 99 nm 
(Figure 2b). In fact, viruses are enriched in small aero
sols (<5 mm), and a large number fraction is 
submicrometer-sized in most respiratory activities 
(Wang et al. 2021). Moreover, the SKC BioSampler 
shows low collection efficiencies for submicrometer- 
sized airborne virus particles, which are important for 
characterizing the BioSampler for detection of airborne 
respiratory viruses.

At the higher and medium virus concentrations in 
the nebulizer, RIVCs increased as the flow rate 
increased from 4.0 SLPM and 8.0 SLPM, respectively, 
to 13.3 SLPM (Figure 2a). At the higher virus concen
tration in the nebulizer, viruses were detected in the 
samples at all tested sampling flow rates, with the 
RIVC increasing from 1.32� 10−5 at 4.0 SLPM to 
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2.68� 10−3 at 13.3 SLPM. Notably, the RIVC was 
higher at 13.3 SLPM than at 12.5 SLPM (p< 0.001), 
where the PFU concentration of the collected samples 
increased by 2.86 times despite a small increase (6.4%) 
in the flow rate. This finding is particularly interesting 
considering that the manufacturer recommends 12.5 
SLPM as the flow rate for the BioSampler. At the 
medium virus concentration in the nebulizer, the 
same trend was observed; however, the RIVC was 
lower. The RIVC increased from 1.26� 10−5 at 8.0 
SLPM to 1.03� 10−3 at 13.3 SLPM, and the plaque 

count at 4.0 SLPM was N.D. Moreover, the RIVC at 
13.3 SLPM was higher than that at 12.5 SLPM 
(p< 0.0001), where the PFU concentration of collected 
samples was 3.89 times higher at 13.3 SLPM. This 
suggests that the BioSampler can capture more viable 
viruses at flow rates higher than 12.5 SLPM.

A possible explanation for this observation may be 
that more airborne virus particles can enter the 
BioSampler at a higher flow rate. Thus, the RIVC was 
normalized with the flow rate to exclude such an 
effect (Figure S5). The RIVC/SLPM values at 13.3 

Figure 2. (a) RIVC of MS2 viruses, (b) particle size distribution of generated aerosol particles for each MS2 virus concentration in 
the nebulizer, (c) evaporated volume of the collection medium (PBS), and (d) intrinsic collection efficiency of viable MS2 viruses 
with the sampling flow rate (4.0–13.3 SLPM) at various virus concentrations in the nebulizer for 10-min sampling. The data points 
represent the average values of three measurements with their standard deviations. Higher concentration in the nebulizer: 5.0 (± 
1.9) � 108 PFU/mL. Medium concentration in the nebulizer: 5.6 (± 2.3) � 106 PFU/mL. Lower concentration in the nebulizer: 4.7 
(± 2.6) � 104 PFU/mL. Conc.: Concentration. Plaque measurements at all the tested flow rates for the lower concentration and 4.0 
SLPM for the medium concentration were indicated as N.D.
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SLPM were also higher than those at 12.5 SLPM at 
the higher and medium virus concentrations in the 
nebulizer (p¼ 0.001 and p< 0.001, respectively).

Another possible reason why the RIVC at 13.3 
SLPM was higher than that at 12.5 SLPM may be the 
increased evaporative losses in the collection medium 
at a higher sampling flow rate. The evaporative losses 
were measured at varying flow rates during 10-min 
sampling, and they were found to increase with the 
flow rate (Figure 2c). The evaporative loss in the col
lection medium at 13.3 SLPM was 0.93 mL more than 
that at 12.5 SLPM, corresponding to a 5.25% increase 
in the concentration, whereas RIVCs at 13.3 SLPM 
were 93% and 225% higher than those at 12.5 SLPM 
for the higher and medium virus concentrations in 
the nebulizer, respectively. Thus, the evaporative loss 
may not contribute much to the higher RIVC at 13.3 
SLPM.

Unlike the aforementioned results, MS2 viruses 
were N.D. in the BioSampler at the lower virus con
centration in the nebulizer during 10-min sampling at 
any sampling flow rate tested in the present study. 
This may be because the number of virus particles 
generated in the nebulizer, including viable viruses, 
was significantly lower than in the other two cases 
(Figure S4) and/or the sampling time was not suffi
ciently long. We measured the concentrations of air
borne viable MS2 viruses at the inlet of the 
BioSampler using gelatin filters at the higher, medium, 
and lower virus concentrations in the nebulizer, which 
corresponded to 4.4� 108, 5.0� 106, and 4.2� 104 

PFU/m3 of air, respectively. In the lowest concentra
tion case, the virus concentration was within the con
centrations of respiratory viruses measured in the 
field. In particular, the airborne viable SARS-CoV-2 
concentrations in a residential setting were measured 
to be 3.85� 103 to 2.92� 105 PFU/m3 (Vass et al. 
2022; 2023). These airborne virus concentrations at the 
inlet were used to compute the intrinsic collection 
efficiencies.

The same trends as RIVCs were observed for the 
intrinsic collection efficiency (Figure 2d). The intrinsic 
collection efficiency increased as the sampling flow 
rate and virus concentration in the nebulizer increased. 
The intrinsic collection efficiency ranged up to 39.8% 
and 15.3% at 13.3 SLPM for the higher and medium 
virus concentrations in the nebulizer during 10-min 
sampling, respectively. The intrinsic collection efficien
cies at 12.5 SLPM for the higher and medium virus 
concentrations in the nebulizer were 23.1% and 5.3%, 
respectively. The intrinsic collection efficiencies at 13.3 
SLPM were higher than those at 12.5 SLPM at the 

higher and medium virus concentrations in the nebu
lizer (p¼ 0.002 and p< 0.001, respectively). The sensi
tivity of the collection efficiency with respect to flow 
rate also increased with the flow rate. At higher flow 
rates (e.g., 12.5–13.3 SLPM), a small increase in the 
sampling flow rate caused a large increase in the col
lection efficiency for the investigated particle sizes, 
contrasting with less steep increases in the collection 
efficiencies at smaller flow rates.

In general, the collection efficiency of particles in 
impingers depends crucially on the flow rate. 
Numerous studies have revealed that the collection effi
ciencies of various impingers, including the BioSampler, 
AGI-4, and AGI-30, do not necessarily increase with 
the sampling flow rate (Grinshpun et al. 1997; Hogan 
et al. 2005; Dart and Thornburg 2008; Wei et al. 2010; 
Yu et al. 2016; Zheng and Yao 2017). However, in the 
present study, the intrinsic collection efficiency of the 
BioSampler increased with the sampling flow rate; these 
values were significantly higher at 13.3 SLPM than at 
12.5 SLPM for 10-min sampling periods in 20 mL of 
collection liquid.

This discrepancy may be attributed to the following 
reasons. Firstly, different types of impingers were used 
in the studies. Dart and Thornburg (2008) employed 
the G-S impinger, Grinshpun et al. (1997) used AGI-4 
and AGI-30, Wei et al. (2010) used the midget impin
ger, and Yu et al. (2016) utilized AGI-30. In these 
impingers, airborne particles are collected via inertial 
impaction using vertical nozzles, which is different 
from swirling-based collection using tangential nozzles 
in the BioSampler, where particle bounce and reaero
solization are significantly reduced (Willeke et al. 
1998). Secondly, different-sized particles or different 
types of particles were used in the BioSamplers, which 
might have contributed to differences in the results. 
For example, Hogan et al. (2005) found that for 
25 nm diameter particles, collection efficiency did not 
increase with sampling flow rate due to a transition 
from Brownian motion to turbulent diffusion during 
collection. However, for 300 nm diameter particles, 
collection efficiency increased with flow rate. 
Considering that the collection efficiency of the 
BioSampler increased as the particle diameter 
increased beyond 40 nm (Li et al. 2018), the data for 
300 nm particles might have played a more dominant 
influence on airborne virus sampling in the present 
study. Zheng and Yao (2017) investigated collection of 
indoor bioaerosol particles rather than airborne 
viruses only. Moreover, the method used in this study 
to calculate the intrinsic collection efficiency was 
based on measuring the PFU or gene copies of 
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airborne viruses, rather than counting aerosol particles 
via DMA and CPC (Hogan et al. 2005) or UV-APS 
(Zheng and Yao 2017).

3.2. Collection of MS2 viruses at various sampling 
periods for 20-mL collection liquid

Figure 3a and S6 show the RIVCs and RIVC/SLPM at 
10.0, 12.5, and 13.3 SLPM during 60-min sampling 
for the higher, medium, and lower virus concentra
tions in the nebulizer, respectively. As the virus con
centration in the nebulizer and the sampling flow rate 
increased, the RIVC during 60-min sampling also 
increased. For the higher and medium concentrations 
in the nebulizer, the RIVC (p¼ 0.012 and 0.002, 
respectively) was higher at 13.3 SLPM than at 12.5 
SLPM, where the PFU concentrations in the collected 
samples were 2.12 and 3.85 times higher at 13.3 
SLPM for the higher and medium concentrations in 
the nebulizer, respectively. These results are in line 
with those obtained during 10-min sampling and can 
be attributed to the greater number of particles gener
ated at higher concentrations in the nebulizer and 
enhanced inertial forces at increased flow rates. The 
BioSampler was not effective in collecting detectable 
airborne virus particles at the lower virus concentra
tion in the nebulizer or 4.2� 104 PFU/m3 of air.

Moreover, the average RIVCs of 10.0, 12.5, and 
13.3 SLPM during 60-min sampling were 6.79 and 
5.06 times higher than those during 10-min sampling 
for the higher and medium concentrations in the 
nebulizer, respectively. These sixfold increases appear 
to be consistent with the sixfold longer sampling 
period. However, considering the significant evapor
ation of the collection medium (Figure 3b), the RIVCs 
during 60-min sampling were lower than the expected 
values. That is, the RIVC will be 7.32 to 12.08 times 
higher during 60-min sampling as the flow rate 
increases from 10.0 to 13.3 SLPM if only the sampling 
period and evaporated volume are considered.

A possible reason for the differences is that collec
tion efficiency in the BioSampler for infectious MS2 
viruses decreased as the surface level of the collection 
medium dropped or sampling time increased from 
10 min to 60 min (Figure 3c). In fact, the ratio of the 
RIVC to the intrinsic collection efficiency is inversely 
proportional to the volume of the collection medium 
after sampling. In the case of 10-min sampling, the 
evaporated volume in the collection medium did not 
contribute greatly to increases in the concentrations of 
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samples with the flow rate. The increases in concen
tration owing to evaporation only were 13% at 13.3 
SLPM and 3.8% at 10 SLPM. However, in the case of 
60-min sampling, the volumes evaporated were much 
larger. The increases in concentration owing to evap
oration only compared to 20-mL collection liquids 
were 101.3% at 13.3 SLPM and 22.1% at 10 SLPM. 
The intrinsic collection efficiencies at 12.5 SLPM for 
the higher and medium virus concentrations in the 
nebulizer after 60-min samplings dropped to 19.5% 
and 3.5%, respectively. The intrinsic collection effi
ciencies at 13.3 SLPM for the higher and medium 
virus concentrations in the nebulizer after 60-min 
samplings also decreased to 25.3% and 6.9%, respect
ively. The differences in the intrinsic collection effi
ciency between 10 and 60 min were significant at 13.3 
SLPM (p¼ 0.01) but not at 12.5 SLPM (p> 0.15). 
Thus, the number of infectious MS2 viruses collected 
may not increase linearly with the sampling time.

One of the reasons for the reduced collection of infec
tious MS2 viruses at 60-min sampling may be that the 
mechanical impact induced by high nozzle velocity (as 
high as the speed of sound) in the BioSampler can lead 
to a loss of viability of air-sampled viruses. To investigate 
this possibility, the PFU-to-gene copy ratios during aero
sol generation and air sampling were measured for 10- 
and 60-min samplings at 13.3 SLPM and the medium 
concentration in the nebulizer. The measurements dem
onstrated that the PFU-to-gene-copy ratio decreased 
from 0.54 ± 0.05 after 10-min sampling to 0.38 ± 0.09 
after 60-min samplings, indicating that the viable virus 
percentage of sampled viruses decreased with sampling 
period, although MS2 viruses are recognized as one of 
the most resistant viruses during sampling (Turgeon 
et al. 2014).

The collected virus particles may also escape via reaer
osolization. Presently, no works on the reaerosolization 
of viruses in the BioSampler are available. Measurements 
using an AGI-30 impinger revealed that the reaerosoliza
tion of MS2 viruses was significant in a range of 102 to 

106 PFU/mL and increased with the flow rate; however, 
the reaerosolization of polystyrene latex (PSL) particles 
was significantly lower in the BioSampler than in AGI-30 
impinger (Willeke et al. 1998; Riemenschneider et al. 
2010). The reaerosolization of 0.9 lm PSL particles in the 
BioSampler were less than 1% of the particle concentra
tion in the collection liquid (Han and Mainelis 2012). 
Moreover, the particles attached to the inner surface of 
the sampler may not be recovered for measurement 
(internal losses) (Han and Mainelis 2012), which were 
not evaluated in this study.

In addition, 360-min sampling experiments were con
ducted for application to field measurements (Figure 4), 
where airborne virus sampling is usually performed over 
several hours (Memish et al. 2014; Kenarkoohi et al. 
2020; Sousan et al. 2022) and the virus concentration in 
the air is usually low. The virus concentration in the 
nebulizer was 4.7� 104 PFU/mL, corresponding to 
4.2� 104 PFU/m3 of air. The sampling flow rates were 
10.0, 12.5, and 13.3 SLPM. During 360-min sampling, 
detectable MS2 virus concentrations were noted at these 
three flow rates, with the RIVC increasing from 
5.44� 10−4 to 2.65� 10−3, and the RIVC was higher at 
13.3 SLPM than at 12.5 SLPM (p< 0.001). However, the 
intrinsic collection efficiencies for infectious MS2 viruses 
over 360-min sampling at these flow rates were very low 
(0.3% − 1.0%) (Figure 4b).

Unlike a previous finding that 6 and 9 L/min were 
more efficient than 12.5 L/min for airborne MS2 virus 
sampling using the BioSampler (Anwar et al. 2010), 
we found that 13.3 SLPM was the most efficient flow 
rate during 10-, 60-, and 360-min sampling periods. 
This discrepancy may arise from the different experi
mental setups in these two studies. Anwar et al. 
(2010) used a fixed virus-laden flow of 5 L/min and a 
varying dilution air flow rate of 1 to 20 L/min for a 
sampling flow rate of 3 to 12.5 L/min to compare 
AGI-30 with the BioSampler. Consequently, the air
borne virus concentration at the inlet might have 
been higher at a lower sampling flow rate. In the pre
sent study, both nebulization and dilution air flow 
rates were fixed. Hence, the airborne virus concentra
tions at the inlet of the BioSampler were constant 
regardless of its sampling flow rate.

3.3. Collection of influenza viruses during 60-min 
sampling for 20-mL collection liquid

Airborne influenza A viruses were also collected for 
60 min and quantified using RT-qPCR (Figure 5a and 
Figure S7); the limit of detection was approximately 
200 copies/mL and the MMD for the influenza virus 

3  

Figure 3. (a) RIVC of MS2 viruses, (b) evaporated volume of 
collection medium (PBS), and (c) intrinsic collection efficiencies 
of viable MS2 viruses for 60-min sampling at various virus con
centrations in the nebulizer. RIVCs for 10-min sampling were 
also displayed for comparison. The data points represent the 
average values of three measurements with their standard 
deviations. Higher concentration in the nebulizer: 5.0 (± 1.9) �
108 PFU/mL. Medium concentration in the nebulizer: 5.6 (± 
2.3) � 106 PFU/mL. Lower concentration in the nebulizer: 4.7 
(± 2.6) � 104 PFU/mL. Plaque measurements at 10.0, 12.5, and 
13.3 SLPM during 10- and 60-min samplings for the lower con
centration in the nebulizer were indicated as N.D.
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aerosol particles generated was 45 nm (Figure S8). 
Two airborne virus concentrations were selected based 
on previous studies: 1.2� 106 gene copies/m3 (higher 
concentration) and 1.6� 105 gene copies/m3 (lower 
concentration) (Shiu et al. 2020; Chamseddine et al. 
2021; Dubuis et al. 2021; Park et al. 2025). For the 
higher and lower virus concentrations in the nebu
lizer, the RTVCs (p¼ 0.006 and 0.007, respectively) 
were significantly higher at 13.3 SLPM than at 12.5 
SLPM. This result may be attributed to the greater 
number of particles entering the sampler at a higher 

flow rate and enhanced particle inertia at higher flow 
rates, consistent with the observations for MS2 
viruses.

The intrinsic collection efficiencies were higher at 
higher flow rate, albeit not significantly different 
(p¼ 0.065) between 12.5 SLPM and 13.3 SLPM at the 
higher concentration case, and p-values were 0.038 at 
the lower concentration case (Figure 5b). The intrinsic 
collection efficiencies at a concentration of 1.6� 105 

gene copies/m3 of air were 14.3% and 23.8% at 12.5 
SLPM and 13.3 SLPM, respectively. Collection 

Figure 4. (a) RIVC and (b) intrinsic collection efficiencies of viable MS2 viruses for 360-min sampling at 10.0, 12.5 and 13.3 SLPM. 
The concentration in the nebulizer was 4.7 (± 2.6) � 104 PFU/mL corresponding to 4.2 (± 2.3) � 104 PFU/m3 of air. The data 
points represent the average values of three measurements with their standard deviations.

Figure 5. (a) RTVC and (b) intrinsic collection efficiencies of influenza A virus H1N1 for 60-min sampling at various virus concentra
tions in the nebulizer. The data points represent the average values of three measurements with their standard deviations. Higher 
concentration in the nebulizer: 4.6 (± 1.6) � 106 gene copies/mL corresponding to 1.2 (± 0.4) � 106 gene copies/m3 of air. Lower 
concentration in the nebulizer: 6.0 (± 0.2) � 105 gene copies/mL corresponding to 1.6 (± 0.6) � 105 gene copies/m3 of air. PCR 
assay results at 10 SLPM for the lower concentration in the nebulizer were indicated as N.D.
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efficiencies of influenza viruses for the BioSampler 
were presented in only a few studies although the 
BioSampler has been extensively used. Unlike the data 
presented using RT-qPCR in the current study, Li 
et al. (2018) reported collection efficiencies of 0.5–5% 
for infectious influenza viruses at 12.5 L/min and a 5- 
mL sampling cup. Lednicky et al. (2016) also presented 
collection efficiencies of less than 8.6% for infectious 
influenza viruses at 6.86 L/min. These two collection 
efficiencies were based on the infectious virus concen
trations in the suspensions, without a diffusion dryer. 
The enhanced efficiencies at 13.3 SLPM suggest that 
higher sampling flow rates can improve virus detection 
even at a field-level virus concentration in the air.

3.4. Collection of influenza viruses during 60-min 
sampling at a reduced collection volume

Airborne influenza A H1N1 viruses were also meas
ured using 13 mL of collection liquid in order to 
evaluate the performance of the BioSampler during a 
120-min sampling period (Figure 6a). The 13-mL vol
ume was chosen to account for the 7.0-mL liquid 
evaporation out of 20-mL initial volume during 60- 
min sampling at 12.5 SLPM (Figure 6b). Consistent 
with previous experiments, two concentrations in the 
air (higher: 1.2� 106 gene copies/m3 and lower: 
1.6� 105 gene copies/m3) were tested. Higher RTVCs 
were consistently observed at 13.3 SLPM compared to 
12.5 SLPM at 13-mL collection liquid, with p-values 
being 0.031 and 0.075 for the higher and lower air
borne virus concentrations, respectively. RTVCs and 
RTVC/SLPM (Figure S9) showed no significant differ
ences (p> 0.13) between 13 mL and 20 mL at the two 
airborne virus concentrations and sampling flow rates 
(10.0, 12.5, and 13.3 SLPM).

The intrinsic collection efficiencies were also meas
ured for 13 mL of collection liquid (Figure 6c). The 
intrinsic collection efficiencies of influenza viruses 

Figure 6. (a) RTVC of influenza A virus H1N1 for 60-min sam
pling at two virus concentrations in the nebulizer at the collec
tion liquid volumes of 20 and 13 mL, (b) evaporated volume of 

PBS for the collection liquid volumes of 20 and 13 mL, and (c) 
intrinsic collection efficiencies of influenza A virus H1N1 for 60- 
min sampling at two virus concentrations in the nebulizer at 
the collection liquid volumes of 20 and 13 mL. The data points 
represent the average values of three measurements with their 
standard deviations. Hs in the legends denote higher concen
tration in the nebulizer: 4.6 (± 1.6) � 106 gene copies/mL cor
responding to 1.2 (± 0.4) � 106 gene copies/m3 of air. Ls in 
the legends denote lower concentration in the nebulizer: 6.0 
(± 0.2) � 105 gene copies/mL corresponding to 1.6 (± 0.6) �
105 gene copies/m3 of air. PCR assay results at 10 SLPM for 
the lower concentration in the nebulizer were indicated 
as N.D.
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were lower at 13-mL compared to 20-mL case, 
although differences were not significant, and p-values 
were in the range of 0.05–0.07. This may be consistent 
with the findings of Zheng and Yao (2017). They 
measured collection efficiencies using UV-APS for 
indoor bioaerosols, and they observed increased col
lection efficiencies with increasing volume. However, 
for particles less than 0.5 mm, there were no significant 
differences in collection efficiencies (p¼ 0.089) 
between different collection volumes of 5, 10, and 
20 mL at a sampling flow rate of 12.5 L/min, while sig
nificant differences were observed at the other sizes 
(0.5–10 mm) (p< 0.01).

4. Conclusions

In this study, we investigated the collection of air
borne MS2 viruses using the BioSampler and plaque 
assay under varying virus concentrations in the nebu
lizer, sampling flow rates, and sampling periods. At 
higher and medium virus concentrations in the nebu
lizer, the RIVC and intrinsic collection efficiency for 
viable viruses increased with an increase in the flow 
rate during 10- and 60-min sampling. Interestingly, 
the RIVC and intrinsic collection efficiency at 13.3 
SLPM were higher than those at the manufacturer- 
recommended sampling flow rate of 12.5 SLPM, albeit 
not significantly different at the following condition: 
higher virus concentrations in the nebulizer and 60- 
min sampling for the intrinsic collection efficiency. 
For the higher virus concentration in the nebulizer, 
MS2 viruses were detected across all tested flow rates 
during 10-min sampling; however, they were N.D. at 
4.0 SLPM for the medium virus concentration in the 
nebulizer and at any tested flow rates for the lower 
virus concentration in the nebulizer, which corre
sponded to 4.2� 104 PFU/m3 of air and was close to 
the field-level concentration of SARS-CoV-2 viruses. 
Based on these findings, 360-min sampling was also 
performed at the lower virus concentration in the 
nebulizer, and viable MS2 viruses were detected at 
flow rates of 10.0, 12.5, and 13.3 SLPM. Airborne 
influenza A viruses were also collected for 60 min at 
20- and 13-mL collection volumes, and analyzed using 
RT-qPCR. The measured RTVCs of influenza A 
viruses increased with increasing flow rates and were 
higher at 13.3 SLPM than at 12.5 SLPM. The intrinsic 
collection efficiencies of influenza viruses were 
reduced at 13 mL compared to 20 mL, albeit not sig
nificantly different. The characterization of the 
BioSampler across various sampling flow rates, virus 
concentrations in the air, and sampling periods for 

both MS2 and influenza viruses is expected to be valu
able for future research on airborne virus sampling.
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