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ABSTRACT 

 
An exhaled breath sampler based on condensational growth and cyclone centrifugation (BSCC) 

was developed and evaluated. The BSCC increases the size of exhaled breath aerosols through 
condensational growth and then collects them as liquid sample via centrifugation. This enables 
rapid sample collection and eliminates certain pre-treatment steps for pathogenic microorganism 
analysis. Laboratory-generated aerosols were mixed with saturated water vapor to simulate 
exhaled breath, and the collection efficiency and the virus infectivity conservation efficiency of 
the BSCC were evaluated. The collection efficiency of the BSCC was approximately 66.7% for 
100 nm aerosols and increased to nearly 100% for 3 µm aerosols. Besides, the BSCC maintained 
approximately 93.5% infectivity of atomized model virus aerosol (Pseudomonas bacteriophage 
Phi6). When collecting exhaled breath samples from nine volunteers, the average collection rate 
was 248.7 µL min–1. The BSCC achieved superior overall performance (i.e., 60% high collection 
efficiency and 40% higher infectivity conservation efficiency) compared with RTube, a commercial 
used exhaled breath sampler, indicating its potential for diagnosis of respiratory infection and 
measurements of exhaled viral aerosols. 
 
Keywords: Viral aerosol collection, Exhaled breath, Sampler development, Collection efficiency, 
Viral infectivity conservation 
 

1 INTRODUCTION 
 

Coronavirus disease 2019 (COVID-19), which is caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) has quickly spread throughout the world and has resulted in mass 
casualties (Udugama et al., 2020). COVID-19 patients can release viral aerosols into the air when 
breathing, coughing, sneezing or talking (Yan et al., 2018; Jiang et al., 2020; Ma et al., 2020; Morawska 
and Milton, 2020), endangering others’ lives (Jones and Brosseau, 2015; Scheuch, 2020). Previous 
studies have demonstrated that SARS-CoV-2 can be transmitted via airborne routes (Miller et al., 
2020; Morawska and Cao, 2020; Morawska and Milton, 2020) and COVID-19 patients can exhale 
SARS-CoV-2 virus (Ma et al., 2020; Zhou et al., 2020). Exhaled breath samples can be used for disease 
diagnosis by detecting viral aerosols or biomarkers in it. For example, exhaled breath samples of 
COVID-19 patients were collected using RTube and SARS-CoV-2 nucleic acid were analyzed by 
reverse-transcription quantitative polymerase chain reaction (RT-qPCR). It is suggested that a 
93.5% positive detection rate was achieved among exhaled breath samples, indicating the capability 
of using exhaled breath samples for diagnosis (Ryan et al., 2020). In another study, influenza viruses 
in the exhaled breath from infected patients were collected using G-II system and also showed 
positive results in virus nucleic acid testing (Milton et al., 2013). Besides, bacterial pathogens such 
as H. influenzae were detected from exhaled breath using PKU BioScreen (Zheng et al., 2018). 
Moreover, the concentration of biomarkers such as ethyl butanoate, butyraldehyde and isopropanol 
in exhaled breath may offer support in COVID-19 diagnosis (Chen et al., 2021). Therefore, exhaled 
breath samples can be used for respiratory disease diagnosis and pathogen identifications. 
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Currently, exhaled breath can be collected using condensation devices such as RTube and 
EcoScreen (Xu et al., 2012; Ahmadzai et al., 2013; Kuban and Foret, 2013; Vasilescu et al., 2021). 
When warm and humid breath is directed through a chilled device, water vapor and volatile 
components are condensed into liquid and can be collected for subsequent analysis (Konstantinidi 
et al., 2015). However, such devices are only designed for exhaled gas collection, and cannot 
efficiently collect exhaled aerosols which comprise a major portion of particles under 1 µm (Li et 
al., 2021b). Novel techniques have been developed which utilizes advanced condensational growth 
module for bioaerosol collections, for example the BioSpot-VIVAS (Aerosol Devices Inc., Fort 
Collins, CO) (Lednicky et al., 2016; Pan et al., 2016; Ward et al., 2020). Such devices significantly 
promoted current bioaerosol sampling techniques and have successfully accomplished real world 
sampling of airborne SAR-CoV-2 viruses (Li et al., 2021a; Li et al., 2022). Some techniques, such 
as filtration (Kintz et al., 2016) and cyclone (Lindsley et al., 2010), are also used to collect exhaled 
breath aerosols targeted on certain size distribution. A facemask-based sampler for filtering 
exhaled breath viruses was developed and respiratory virus including rhinovirus and influenza 
virus were detected using RT-qPCR from patients with cold symptoms (Hu, 2022). However, when 
exhaled breath bioaerosols are collected for culture analysis, the dehydration that occurs during 
sampling with these “dry-type” samplers may cause loss of virus infectivity (Fabian et al., 2009; 
McDevitt et al., 2013). The elevated osmotic stress resulting from desiccation can also lead to cell 
rupture as well (Zhen et al., 2013). To sum up, previous studies tended to use condensation method 
alone or filter-based samplers, which cannot simultaneously satisfy the needs of effectively capturing 
viral aerosols and conserving virus infectivity. Therefore, novel exhaled breath sampling techniques 
which can preserve high collection efficiency as well as high virus infectivity conservation efficiency 
is urgently required, especially under the COVID-19 pandemic. 

In this study, we developed a novel exhaled breath sampler based on condensational growth 
and cyclone centrifugation (called BSCC). Laboratory-generated aerosols, including sodium 
chloride (NaCl), ammonium sulfate and poly-α-olefin (PAO), were used to evaluate the collection 
efficiency of the BSCC. Pseudomonas bacteriophage Phi6, a readily available surrogate for respiratory 
viruses, was employed to evaluate the infectivity conservation efficiency of the BSCC. Eventually, 
the sample collection rate was tested on the exhaled breath samples of recruited volunteers and 
potential pathogen such as influenza B virus within these samples were analyzed.  

 

2 METHODS 
 

2.1 Design of the Sampler 
A schematic and photograph of the BSCC are displayed in Fig. 1. The main body of BSCC is 

manufactured of polylactic acid (PLA) via 3D printing. Considering its low cost and convenience 
of manufacturing, BSCC can be used as disposable items after each breath sample collection, 
which its beneficial for disease diagnosis. For exhaled breath collections, users exhale through 
their mouths into the breath inlet of the BSCC. A saliva trapper is placed after the breath inlet to 
remove saliva droplets from the breath, and the saliva trapper can be easily removed if needed. 
The exhaled breath is directed into a centrifuge tube via a lateral tube, making the centrifuge 
tube working as a cyclone. Given the fact that exhaled breath has a high temperature and relative 
humidity (RH; RH is approximately 100% at 37°C), exhaled breath aerosols can be enlarged into 
larger droplets via condensational growth by cooling the centrifuge tube, and then collected by 
cyclone centrifugation. Such collected droplets gradually form liquid samples at the bottom of 
the centrifuge tube. Finally, the exhaust is filtered through a high efficiency particulate air (HEPA) 
filter before being discharged into the air.  

The outer casing of the BSCC is made of three-dimensionally polycarbonate (54-mm outer 
diameter [OD] × 52-mm inner diameter [ID] × 153-mm length [L]) insulated with a neoprene cover 
(0.5-mm thickness). The outer casing and the internal 50 mL standard medical-grade centrifuge 
tube (CentriStar, Corning, Tewks-bury, MA, USA) are covered by a screw-on lid. The included angle 
between the lateral tube (8 mm OD × 6 mm ID × 15 mm L) and vertical tube (10 mm OD ×8 mm ID × 
15 mm L) is 60°, and the lateral tube is tangent to the centrifuge tube. The space between the 
centrifuge tube and the outer casing is filled with 120 mL of water and is frozen into ice before 
each sampling to serve as a condenser. 
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Fig. 1. (a) Schematic and (b) photograph of the BSCC. 

 

 

Fig. 2. Experimental setup for collection efficiency tests. 

 

2.2 Sampler Evaluation 
2.2.1 Determination of collection efficiency 

Fig. 2 illustrates the experimental setup for testing the collection efficiency of the BSCC. PAO 
and ammonium sulfate aerosols were generated using a six-jet collision nebulizer (Model CN25, 
BGI, Waltham, MA, USA) with nitrogen as the carrier gas at a flow rate of 6.1 L min–1. Ammonium 
sulfate aerosols are highly hydrophilic, whereas PAO aerosols are hydrophobic representing the 
unfavorable scenario for condensational growth. The generated polydisperse aerosols were 
directed into a diffusion dryer filled with silica gel or activated carbon to remove the water vapor 
or butanol used for the generation of the ammonium sulfate or PAO aerosols, respectively. The 
aerosols then passed through a neutralizer (Model 3088, TSI, Shoreview, MN, USA) and were directed 
into a differential mobility analyzer (DMA, Model 3081A, TSI, Shoreview, MN, USA). Particles with 
diameters of 100, 200, 300 and 400 nm were selected by the DMA. HEPA-filtered air was directed 
into a saturator (stainless steel, 400 mm × 150 mm × 120 mm in dimension) filled with heated 
deionized water for saturation. The saturated air (measured by a type K thermal couple) was 
maintained 42°C and then mixed with the aerosols selected by the DMA. The RH and temperature 
of the aerosol-vapor mixture, which were monitored by a temperature and humidity sensor 
(XMS616, Huayangdongzhuo, Zhengzhou, China), were maintained at 99% and 37°C before the 
mixture entered the BSCC to ensure exhaled breath simulation (Chen et al., 2020). The overall 
flowrate of the aerosol-vapor mixture directed into the BSCC was maintained at 8 L min–1, an 
average breathing rate for an adult (Winters et al., 2017). 

In addition to DMA-selected PAO and ammonium sulfate aerosols, we used monodisperse 0.7 µm, 
1.6 µm, and 3.0 µm polystyrene latex (PSL) spheres (Thermo Fisher Scientific, Barrington, IL, USA) 
to test the collection efficiencies above 400 nm. A condensation particle counter (CPC; Model 
3776, TSI, MN, USA) was used to measure the number concentration of the aerosols before and 
after the tested samplers. Collection efficiency was calculated by Eq. (1): 
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=   (1) 

 
where Cup (# cm–3) and Cdown (# cm–3) are the upstream and downstream aerosol number 
concentration, respectively, of the tested samplers. RTube (Respiratory Research, Charlottesville, 
VA, USA) was evaluated with the same system configuration. 

Additionally, the collection efficiency of the cyclone of the BSCC (i.e., the device without the 
condenser) was characterized using polydisperse NaCl particles. In brief, NaCl solution was 
injected via a syringe pump into an ultrasonic nozzle (60 KHz, Model 8700-60, Sono-Tek, NY, USA) 
motored by an ultrasonic generator (Model 06-05018, Sono-Tek, NY, USA) to generate micron-
sized NaCl droplets. A mixing chamber was placed beneath the ultrasonic nozzle where filtered 
air was supplied and mixed with generated droplets for dilution and stabilization (Chen et al., 
2016). The cyclone of BSCC was placed inside the chamber and particle size distributions before 
and after the tested device were measured by an Aerodynamic Particle Sizer (APS; Model 3321, 
TSI, MN, USA). The collection efficiency of the cyclone of BSCC was determined by comparing the 
upstream and downstream APS measurements. 

 

2.2.2 Determination of virus infectivity conservation efficiency 
The experimental setup for testing the infectivity conservation efficiency of Phi6 is depicted in 

Fig. 3. Phi6, which has a lipid envelope and double-stranded RNA genome similar to those of other 
respiratory viruses (Turgeon et al., 2014), was selected as model virus for evaluating the infectivity 
conservation efficiency of RTube, the BSCC, and its cyclone. Phi6 aerosols were generated with a 
6-jet collison nebulizer (BGI, MA, USA) that was filled with 10 mL Phi6 solution (108 PFU mL–1) 
diluted by 40 mL SM buffer (Sangon Biotech, Shanghai, China). The aerosol-vapor mixture was 
divided into three branches and directed into RTube, the BSCC and its cyclone, respectively. The 
mean diameter of generated Phi 6 aerosols was 104 nm. The sampling time and flowrate of each 
sampler were set to 10 min and 8 L min–1, respectively. To prevent a decrease in infectivity of the 
Phi6 solution due to high temperature and sunlight during nebulization, we placed an ice plate 
around the nebulizer and the aerosol generator was covered with aluminum foil. The samples 
collected with each aerosol sampler, nebulizer liquid before and after experiment were immediately 
analyzed by plaque assay and RT-qPCR. 

Viral virus concentration was determined using plaque assay. To propagate Phi6, Pseudomonas 
syringae were grown in tryptic soy broth medium (TSB; Solarbio Science & Technology, Beijing, 
China). Phi6 was mixed with the bacteria host at 1:10 ratio and then incubated overnight. Sediments 
were removed from the virus suspension through centrifugation at 5000 rpm, and the residual 
bacterial host and debris were removed by passing through a 0.22 µm polyethersulfone membrane 
filter (Merck, Darmstadt, Germany). The Phi6 concentration was approximately 1010 PFU mL−1, 
and the Phi6 suspension was stored at 4°C until use. 

A double agar layer plaque assay was used to determine the infectivity of the bacteriophages 
collected in the liquid sample. 100 µL diluted sample was mixed with 800 µL of bacteria host and 
incubated for 30 min at room temperature. Next, 3 mL TSB semisolid medium (0.75%) was added 

 

 

Fig. 3. Experimental setup for testing Phi6 infectivity conservation efficiency. 

https://doi.org/10.4209/aaqr.220049
https://aaqr.org/


ORIGINAL RESEARCH 

 https://doi.org/10.4209/aaqr.220049 

Aerosol and Air Quality Research | https://aaqr.org 5 of 10 Volume 22 | Issue 6 | 220049 

into the solution, which was then poured onto a culture plate coated with TSB-supporting agar (1.5%). 
The culture plate was rotated to distribute the medium evenly and then stood at room temperature 
for 15 min. Finally, culture plate was inverted and incubated overnight at 26°C. Each sample was tested 
in triplicate, and a bacteria host suspension without Phi6 was used as a negative control. The plaques 
were counted and used to calculate the viable virus concentration of the sample according to Eq. (2): 

 
CPFU = N × T × 10 (2) 

 
where CPFU (PFU mL–1) is the viable virus concentration of the sample, N is the number of plaques 
on the plate and T is the dilution ratio. 

Total virus concentration was determined using RT-qPCR. Phi6 genomes were extracted with 
QIAamp viral RNA mini kits (Qiagen, Hilden, Germany). Extracted RNA was converted to cDNA by 
the GoScript Reverse Transcription System (Promega, WI, USA) and then stored at –20°C until 
analysis. Quantitative PCR (qPCR) was performed with the ABI QuantStudio 5 detection system 
(Thermo Fisher Scientific, MA, USA) with the following primers and probe: forward primer of 
TGGGATCGGAGGGATCTTC, reverse primer of GACGTCAGCGTAGGCGTGAT and probe of FAM-
CCTCTATCGCAACCAC-MGB. The RNA standards used for the qPCR calibration curves were based 
on Phi6 genomes extracted from the purified stock and quantified in Quant Studio 3D Digital PCR 
(Applied Biosystems, Foster City, USA). All experiments were performed in triplicate. 

Phi6 infectivity conservation efficiency, the ability of the samplers to maintain the Phi6 
infectivity of the samples, was calculated by Eq. (3):  

 

6   100%s s

N N

I T
Phi infectivity conservation efficiency

I T
=   (3) 

 
where IS (PFU mL–1) is the infectious Phi6 concentration of the sample, TS (copies mL–1) is the total 
Phi6 concentration of the sample, IN (PFU mL–1) is the average value of infectious Phi6 concentration 
of nebulizer liquid before and after experiment, and TN (copies mL–1) is the average value of total 
Phi6 concentration of nebulizer liquid before and after experiment. Infectious Phi6 concentration 
was determined using double agar layer culture and the total Phi6 concentration containing both 
infective and inactivated viruses, was determined through RT-qPCR. 
 

2.2.3 Determination of sample collection in real-world tests 
Sample collection rate is an important parameter which indicates the feasibility of actual exhale 

breath collection. In short, a higher sample collection rate corresponds to a shorter collection 
time, which is favorable by making it more convenient for the test subject to breath less times. To 
compare the sample collection rates of the BSCC and RTube (Respiratory Research, Charlottesville, 
VA, USA), we recruited nine healthy adult volunteers and collected their exhaled breath samples 
by using both devices for 2, 4, 6, 8 or 10 min, respectively. Before sampling, both the BSCC and 
RTube were stored overnight at −20°C (an optimal cooling temperature as revealed in the 
following sections).  

Besides, breath samples from eight volunteers with respiratory symptoms were collected and 
potential pathogens within these samples (i.e., respiratory syncytial virus (RSV), influenza B virus 
and etc.) were analyzed by corresponding nucleic acid testing (NAT).  
 

3 RESULTS AND DISCUSSION 
 

3.1 Collection Efficiency 
The collection performance of the BSCC was significantly higher than that of RTube. Fig. 4(a) 

presents the collection efficiency of the BSCC for two types of test aerosols at three condensation 
temperatures and a constant flowrate (8 L min–1). In the absence of condenser (i.e., at room 
temperature 25°C), the BSCC had a collection efficiency below 5% for aerosols with diameters of 
100 to 400 nm; collection efficiency was considerably improved after the addition of condenser. 
At –20°C, the collection efficiency was approximately 66.7% for 100-nm aerosols, and increased 
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Fig. 4. Collection efficiencies as a function of aerodynamic diameter for: (a) BSCC at condensation 
temperatures of –20, –10 and 25°C. (b) Cyclone (using NaCl aerosols), BSCC and RTube (using PAO 
aerosols with diameters of 100, 200, 300 and 400 nm and PSL spheres with diameters of 0.7, 1.6 
and 3 µm) at the condensation temperature of –20°C). Error bars represent the standard deviations 
of three measurements. 

 

to approximately 80% for 400-nm aerosols. Therefore, –20°C was determined to be the optimal 
condenser temperature and employed in all subsequent experiments.  

As displayed in Fig. 4(b), the collection efficiency of RTube was below 10% for aerosols with 
diameter of 100 nm to 3 µm. By contrast, with increasing aerosol diameter, the collection efficiency 
of the BSCC increased to 99.2% for 3 µm aerosols. The 50% cutoff size of the cyclone was 
approximately 4.6 µm, which indicates that it is difficult to effectively collect submicron aerosols 
with the cyclone alone. However, the relative high collection efficiencies of the BSCC for 100–400 nm 
aerosols demonstrate its ability to effectively grow submicron aerosols through condensation 
growth process. The BSCC utilized the high-humidity characteristic of exhaled breath to make the 
water vapor condensed on the submicron exhaled breath aerosols and grow into larger sizes. 
Combining condensation growth and centrifugation collection, BSCC shows a better collection 
performance than RTube which only utilizes condensation, especially for submicron aerosols. 

 

3.2 Phi6 Infectivity Conservation Efficiency 
In addition to collection efficiency, the ability of an exhaled breath sampler to maintain virus 

infectivity in the sample is a critical performance parameter. Fig. 5 presents the Phi6 infectivity 
conservation efficiency of the BSCC, RTube and cyclone of the BSCC. The Phi6 infectivity conservation 
efficiency of BSCC was 93.5% which was greater than that of RTube (54.2%). However, the 
temperature of simulated exhaled breath inside the BSCC (0–10°C) was lower than that of RTube 
(10–20°C) during the 8-min experiment; therefore, the lower temperature may have benefited 
Phi6 survival. Compared with the cyclone, the BSCC (cyclone plus condenser) achieved a higher 
infectivity conservation efficiency. Our results suggest that collecting bioaerosols into liquid 
samples may help to preserve their biological activity more effectively than “dry media” collections 
(Fabian et al., 2009). In another study, a comparison of performance of three bioaerosol samplers 
for influenza revealed that SKC BioSampler with liquid media preserved more virus infectivity than 
gelatin filter (Li et al., 2018). We observed that liquid collection (BSCC) outperformed dry media 
collection (cyclone), which was similar to the result of Li’s study mentioned above. 

 

3.3 Sample Collection in Real-world Tests 
Sample collection rate is also another important parameter for evaluating the applicability of 

exhaled breath samplers. In this study, we recruited nine adult volunteers for testing the collection 
rates of the BSCC and RTube. Fig. 6 displays the volumes of the samples collected by the BSCC 
and RTube for different durations. In general, the sample volume increased with the prolonging 
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Fig. 5. Phi6 infectivity conservation efficiency of the BSCC, RTube and cyclone of BSCC. Error bars 
represent the standard deviations of three measurements. 

 

 

Fig. 6. Volumes of samples collected by the BSCC, RTube and some exhaled breath samplers in 
previous studies. Error bars represent the standard deviations of three measurements. 

 

of collection time. The average sample volume collected by BSCC per unit of time (i.e., sample 
collection rate) was approximately 248.7 µL min−1, approximately 1.4 times higher than that of 
RTube and higher than those of other exhaled breath samplers reported previously (Czebe et al., 
2008; Xu et al., 2012). 

During the COVID-19 pandemic, the most common method for diagnosing SARS-CoV-2 
infection is testing nucleic acid through RT-qPCR. The usual sample volume required for RT-qPCR 
analysis is 200 µL. Given its sample collection rate, the BSCC can provide sufficient sample in just 
one minute, making it an applicable exhaled breath sampler for RT-qPCR analysis. The BSCC also 
uses standard centrifuge tubes for real-world sampling, and are more convenient for sample 
transfer and analysis. 

Regarding potential pathogen analysis of real exhale samples, our preliminary results indicate 
that positive NAT results (with CT values between 33-38) were observed in several samples from 
volunteers who are infected with influenza. Although such results need further interpretations, 
these preliminary findings indicate that BSCC is a promising tool in real-world diseases diagnosis. 

 

4 CONCLUSIONS 
 

We developed a new exhaled breath sampler based on condensational growth and cyclone 
centrifugation for collecting bioaerosols. The collection efficiency of the BSCC for 100 nm test 
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aerosols is 66.7% and goes up to above 80% for 400 nm aerosols indicating that it can efficiently 
collect exhaled breath viral aerosols. The Phi6 infectivity conservation efficiency of the BSCC was 
approximately 93.5%, demonstrating that the sampler can effectively preserves the infectivity of 
model viruses for subsequent culture experiment. Because of its high sample collection rate, the 
BSCC can achieves a relative short sample collection time and thus is suitable for real exhaled 
breath collections. In addition to its good performance, the BSCC is beneficial in its simpler 
structure, lower cost and most importantly the flexibility of disposable after each sampling in 
respiratory diseases diagnosis. Such advantages make BSCC a valuable technique for diagnosing 
respiratory infections and investigating airborne transmission, especially in the context of current 
global COVID-19 pandemics. 
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