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ABSTRACT
Detection and quantification of dilute viral aerosols, as encountered outside animal housing
facilities, requires methods that are able to detect small numbers of viruses in large volumes of air.
This study compared the performance of two size-differentiating cascade impactors; an Andersen 8-
stage (ACI; 28.3 L/min) and a high volume Tisch (TCI; 1,133 L/min) to assess sampling efficiency for
detecting porcine reproductive and respiratory syndrome virus (PRRSV) and influenza A virus (IAV).
Samples of particles sorted by aerodynamic diameter were analyzed by quantitative polymerase
chain reaction (qPCR) and collection efficiency was assessed by particle size. Collection media
(minimum essential medium [MEM] and beef extract [BE]), elution technique (active versus passive),
and sampling times (10, 20, and 30 min) were variables assessed for the TCI sampler. Extraction
efficiency was 35% higher with BE as compared to that of MEM (p D 0.0007); active extraction
technique was 19% more efficient than the passive technique (p D 0.03); time of sampling did not
significantly affect the amount of virus recovered. The ACI sampler was more efficient in detecting
both viruses from small and medium sized airborne particles (�3 mm) as compared to the TCI
sampler (p < 0.001). The latter sampler, however, was more efficient at IAV detection from large
airborne particles (>3 mm) (p D 0.0025) indicating the potential of this sampler in detecting the
presence of small amounts of viruses in aerosols under field conditions.

EDITOR
Tiina Reponen

Introduction

Viruses associated with airborne particles have the
potential to be transmitted from infected livestock prem-
ises to na€ıve populations and propagate epidemics that
cause substantial economic losses and impact the food
supply (Stark 1999). Infectious diseases affecting swine
are of particular importance since pork is the most con-
sumed protein worldwide (FAO 2016). Foot and mouth
disease virus (FMDV), porcine reproductive and respira-
tory syndrome virus (PRRSV), and influenza A virus
(IAV) are examples of airborne pathogens that cause
devastating losses due to their pathogenicity, ability to
travel long distances and, for IAV, zoonotic risk (Gloster
et al. 2010; Otake et al. 2010; Corzo et al. 2013).

To determine the relative contribution of the aerosol
route to the overall transmission of viruses among swine
herds, sensitive and precise methods for quantifying
virus in air samples are needed. PRRSV, IAV, and H5N2
highly pathogenic avian influenza genetic material was
found associated with particle sizes ranging between 0.3
and 10 mm in aerosols emitted by experimentally

infected pigs (Alonso et al. 2015) and poultry under field
conditions (Torremorell et al. 2016). Knowledge of the
concentration of pathogens associated with airborne par-
ticles of different aerodynamic diameters at different dis-
tances from a point source should help predict the risk
of airborne transmission events in the vicinity of infected
herds. This is complicated by the complex dynamics of
dilution of contaminated air plumes that exit the infected
facilities (Cooper et al. 2014) and the ability of sampling
methods to determine pathogen concentrations. High-
volume size differentiating air samplers have been com-
monly used because they are able to sample large vol-
umes of air and, in conjunction with quantitative
polymerase chain reaction (PCR) techniques, detect low
amounts of infectious agents relatively rapidly, which
should aid in the face of an emergency response (Cooper
et al. 2014). However, the sensitivity of high-volume air
sampling equipment for detecting low virus concentra-
tions has not been rigorously evaluated. In contrast,
commercially available low-volume air samplers (i.e.,
liquid impingers, swirling aerosol collectors, and cascade
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impactors) have been commonly used to collect viral
aerosols (Verreault et al. 2008) and they can be used as a
reference to evaluate the efficiency and sensitivity of
high-volume air samplers.

In this study, we first compared the recovery effi-
ciency of PRRSV and IAV using different eluents, extrac-
tion techniques, and three types of collection substrates.
We then investigated the recovery efficiency of different
concentrations of nebulized viruses. Finally, and based
on previous results, we compared the performance of a
high-volume five-stage cascade impactor air sampler
(TCI) versus a lower-volume but well-characterized
eight-stage cascade impactor (ACI) (Appert et al. 2012;
Zuo et al. 2013b; Ge et al. 2014) for detecting the two
viruses.

Materials and methods

Virus propagation and titration

IAV/Swine/Iowa/00239/2004 H1N1 and PRRS MN 1-8-
4 strains were propagated and titrated in Madin-Darby
canine kidney (MDCK) and in a subline of the African
monkey kidney cell line (MARC-145 cells), respectively
(Mengeling et al. 1996; Brookes et al. 2010). The titers of
stock virus suspensions were 1.13 £ 105 TCID50/mL and
4.4 £ 106 TCID50/mL for PRRSV and IAV, respectively.
The virus stocks were aliquoted in small amounts and
stored at ¡80�C until used. Both viruses, provided by
the University of Minnesota Veterinary Diagnostic Labo-
ratory, are known to be shed in aerosols by infected pigs
(Cho et al. 2007; Corzo et al. 2014).

Virus elution from substrates

To determine virus elution efficiency from different fil-
ters/substrates, 300 mL of a virus suspension was applied
as a single spot onto a piece of three types of glass fiber
substrates from the two air samplers: (1) TCI substrate
(slotted 15.2 cm £ 17.8 cm, Model P/N TE-230-GF,
New Star Environmental, Roswell, GA, USA); (2) final
TCI substrate (Model G653, 20.3 cm £ 25.4 cm, What-
man, GE Healthcare, UK); and (3) final ACI substrate
(Model 934-AH, 80 mm, Whatman, GE Healthcare).
Two elution techniques (active and passive) were evalu-
ated along with two types of eluents (minimum essential
medium [MEM] and 3% beef extract [BE] in 0.05 M gly-
cine at pH 9.5). A total of 36 filters were evaluated (3 fil-
ter types £ 2 elution techniques £ 2 elution media £ 3
replicates). The BE solution at alkaline pH was selected
based on its ability to reduce virus absorption to surfaces
as demonstrated in a previous study (Zuo et al. 2013a).
MEM was also selected because of its ability to preserve

swine viruses, specifically IAV, on surfaces and other
materials (Tiwari et al. 2006; Thomas et al. 2008).

Prior to elution and after the application of virus sus-
pension, the filters were placed in a biosafety cabinet to
air dry (90 § 15 min). For the passive technique, the fil-
ter was placed in a Petri dish followed by the addition of
20 mL of eluent solution. After 3 min, the filter was
moved 20 times within the Petri dish using sterile for-
ceps. The recovered eluate was frozen at ¡80�C until
tested with reverse transcription-polymerase chain reac-
tion (RT-PCR). For the active technique, the filter was
cut in small pieces (each 1 cm2 square) using sterile scis-
sors and forceps. The pieces were placed in a 50 mL plas-
tic centrifuge tube containing 20 mL of an eluent
solution followed by inversion of the tube 10 times to
mix the contents. The mixing step was repeated again
after 5 min. The tube was then vortexed followed by cen-
trifugation at 2000 £ g for 5 min. The eluate obtained
with BE solution was adjusted to neutral pH. One ml of
viral solution was kept as a positive control while MEM
solution applied to the three types of filters was used as
negative control.

Virus recovery efficiency

Based on the results of the above experiment, a sensitiv-
ity study was performed to determine the minimum
amount of virus detectable by the active virus elution
technique using alkaline solution of BE as an eluent.
Three slotted glass fiber filter substrates were spiked with
300 mL on a single spot of three different concentrations
of PRRSV and IAV (starting concentrations of 1.2 £ 109

and 4 £ 107 RNA copies/mL, respectively, see total virus
spiked in Table 1) and placed in a biosafety cabinet to air
dry (90 § 15 min). A total of 18 filters were analyzed (3
concentrations £ 2 virus £ 3 replicates).

Comparison of air samplers

This experiment was carried out in an isolation room at
the University of Minnesota BSL-2 animal research facil-
ity. The room had a total air space of 35.1 m3, was
mechanically ventilated, and had a negative pressure of
0.11 inches of water. The setup of the air samplers and
distribution of the aerosol was described previously
(Alonso et al. 2016). Both incoming and outgoing air
were filtered. Relative humidity and temperature were
monitored continuously using a data logger (Therma-
Data Logger-Model HTD, ThermoWorks, Lindon, UT,
USA). The virus suspensions were spiked with a fluores-
cent tracer dye (fluorescein sodium salt, Fluka, Buchs,
Switzerland) and then aerosolized continuously at 20 psi
using a 6-jet Collison-nebulizer (BGI Inc., Waltham,
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MA, USA). A series of air samples were obtained in
order to compare the two air samplers: the ACI, an
Andersen eight-stage nonviable cascade impactor with
80 mm aluminum impaction plates at a flow rate of
28.3 L/min (Thermo Scientific, Franklin, MA, USA), and
the TCI, a high-volume Tisch cascade impactor (Model
230, Tisch Environmental, OH, USA) with slotted alumi-
num plates (15.2 cm £ 17.8 cm) that were lined with
four slotted collection substrates (glass fiber filters) at a
flow rate of 1130 L/min. Both air samplers, equipped
with final filters, were compared over different sampling
times (10, 20, and 30 min). Each experiment was done in
triplicate. For each sampling event, samples were col-
lected sequentially first using the ACI and then the TCI.
There was a 15 min interval between each sampling
event to allow the aerosol to reach a steady-state. The
top of both samplers was located at 70 cm from the floor.
Sample collection started after 15 min of aerosol genera-
tion, which was the time needed to reach a steady-state.

The ACI sampler separates airborne particles into 8
size stages with aerodynamic diameter cut-points of 0.4,
0.7, 1.1, 2.1, 3.3, 4.7, 5.6, and 9.0 mm. Particles smaller
than 0.4 mm are captured by a final glass fiber substrate
filter. After each sampling period, the ACI was removed
from the room, and virus from the eight plates was eluted
by scraping the plate with a rubber spatula in 1.5 mL of
MEM (Appert et al. 2012). All samples were transferred
into 1.5 mL sterile plastic tubes, placed on ice and stored
at ¡80�C until tested. Between replicates, all plates and
stages were scrubbed and disinfected with alkyl dimethyl
benzyl ammonium chloride soap (Lysol, Reckitt Benck-
iser) and finally rinsed and dried with paper towels. After
disinfection and drying, a minimum of four collection
plates and individual ACI stages were swabbed to serve
as negative controls, and samples stored at¡80�C.

The TCI sampler separates particles into four stages
with aerodynamic particle diameter cut-points of 0.95,
1.5, 3.0, and 7.2 mm. Particles from these four stages are
captured by slotted glass fiber collection substrates and
particles smaller than 0.95 mm are captured by a final fil-
ter. After each sampling period, the sampler was taken to

the laboratory where the collection substrates and filters
were removed using sterile gloves. The filters were folded
and placed into individually labeled Petri dishes and
refrigerated at 4�C until processed for virus elution.
Between replicates, all stages were disinfected with 70%
alcohol, air dried, and finally rinsed and dried with paper
towels. After disinfection and drying, all stages were
swabbed, and samples stored at ¡80�C. For each repli-
cate, there were eight stages assayed for the ACI, four
stages for the TCI, and two backup filter samples.

Total airborne particles by particle size were counted
using an optical particle counter (OPC) (AeroTrak 9306
Handheld Particle Sizer, TSI, St. Paul, MN, USA) for 10,
20, and 30 min during each sampling event of each of
the air samplers.

Quantitative real-time RT-PCR

All air samples from the ACI, the TCI substrates, and the
eluted samples originating from the spiked assessments
were tested using a quantitative IAV and PRRSV reverse
transcription polymerase chain reaction (RT-PCR) as
previously described (Cho et al. 2006; Corzo et al. 2013).
Based on transcript RNA, a standard curve with a quan-
titative linear range from 1 £ 101 copies/mL to 1 £ 1010

copies/mL was used in duplicate to determine the RNA
copy number/mL. The copy number/mL results were
consecutively converted to copies/m3 of air.

Fluorometric quantification

For the purpose of quantifying the amount of total par-
ticles and to understand the physical collection efficiency
of both air samplers in the initial (before aerosolization)
and final suspensions (after air sampling), a fluorescent
dye was added to the nebulizer suspension as previously
described (Agranovski et al. 2005; Appert et al. 2012; Ge
et al. 2014). Fluorescein levels in the nebulizer suspen-
sion (before and after sampling), as well as those from
substrates and impactor stage eluates were assessed using
a spectrofluorometer (Model Synergy H1, BioTek,

Table 1. Mean RNA copies § SD of porcine reproductive and respiratory syndrome virus (PRRSV) and influenza A virus (IAV) spiked and
eluted from the filters as well as recovery efficiency (%) of the viruses as a function of virus concentration after the active technique was
applied. Values are the mean of three replicates.

PRRSV IAV

Total spiked Total eluted RE� (%) Total spiked Total eluted RE (%)

3.5 £ 108 2.3£ 107 § 1 £ 106 22 1.2 £ 107 7.8 £ 105 § 1 £ 105 22
3.1 £ 107 2.3£ 105 § 1 £ 105 1.6 1.1 £ 106 4.6 £ 104 § 1 £ 104 14
3.3 £ 106 yND xNA 1.1 £ 105 5.7 £ 103 § 8 £ 102 12

�RE: Recovery efficiency.
yND: Non-detectable by qRT-PCR.
xNA: Not applicable.
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Winoosk, VT, USA). All samples were transferred in
triplicate into 96-well black plates (Thermo Fisher Scien-
tific, Roskilde, Denmark) and fluorescein intensity was
measured at λ D 515 nm and at λ D 485 nm after the
transition of the eluent to a high-energy electronic state
or excitation. Results were expressed as fluorescein inten-
sity per mL or volume of air (m3) depending on the type
of sample. To quantify the fluorescein in the eluted sam-
ples, linear regression trend lines were used to calculate
the calibration curves for the two types of media; slope
(m) and intercept (c) from the linear regression equation
were obtained (Microsoft EXCEL; Microsoft Corpora-
tion, Redmond, WA, USA). Unknown concentrations of
fluorescein (y) were then calculated substituting the fluo-
rescein intensity reading (x) in the equation:

y D mxC c ½1�

Data and statistical analysis

Data from the qRT-PCR results, replicate number, virus,
type of air collector, time of sampling, and fluorescein
tracer concentrations were entered into a spreadsheet
(Microsoft EXCEL; Microsoft Corporation, Redmond,
WA, USA) and organized for analysis. Means, standard
deviations, and minimum and maximum values for
quantitative variables, and frequency counts and percen-
tages for qualitative variables were calculated for descrip-
tive analysis. Negative PCR results in the stages of both
air samplers were included in the analysis when one or
more stages of the sampler had a Ct value within the pos-
itive or suspect range (Ct value <40). Negative results
included in the analysis were assigned a value of 100
RNA copies/mL according to the limit of detection of
the qRT-PCR technique.

To assess the recovery efficiency (Re) from the differ-
ent filter substrates the quantity of virus present was cal-
culated as

Recovery efficiency Reð ÞD N eluate
N loaded

� �
£100 ½2�

in which N eluate is the virus titer from the solution
eluted from the filter and N loaded is the virus titer in
the stock solution. To assess the distribution of particles
aerosolized during the study, the number of total par-
ticles (n) counted by the OPC on a specific interval (x)
was transformed to a volume concentration (v):

Volume concentration vxð ÞD nx £ p £ d3ð Þ
6

½3�

in which d is the geometric midpoint diameter of x.

In regards to the efficiency comparison between both
air samplers for different particle size ranges, a new vari-
able called “size” was created. If the geometric mean
point of a specific interval (square root of both ends of
the interval product) was <1 mm, �1 and � 3 mm, or >
3 mm then “size” was equal to “small,” “medium,” or
“large,” respectively. Due to the number of variables in
the study, a multivariate modeling analysis was per-
formed. The variable “replicate” was considered as a ran-
dom variable. Under these premises, the total quantity of
virus (RNA copies/m3) adjusted by type of air sampler,
size of particles, virus and time of sampling was assessed
for significance using a mixed linear regression model in
SAS 9.1 (SAS Institute, Cary, NC, USA). p-Values of the
multiple comparisons were adjusted by Tukey–Kramer’s
test and considered significant at p < 0.05.

Results

Spiked test recovery efficiency results by extraction
technique, type of substrates, and elution media

Results from the qPCR analysis demonstrated that “type
of eluent media,” “type of substrates,” and “extraction
technique” were significant variables in the model.
Briefly, the BE eluent yielded a 35% higher extraction
efficiency compared to MEM (p D 0.0007); the active
extraction technique was 19% more efficient than the
passive technique (pD 0.03); and, filter type ACI final fil-
ter yielded the highest extraction efficiency (73%), fol-
lowed by the TCI filter (25%), and ultimately the
TCI-backup filter (26%). No difference was observed
between the two TCI types of filters (Table S1 in the
online supplementary information).

Sensitivity of recovery efficiency by virus type

Results from the sensitivity analysis are shown in Table 1.
The recovery efficiency using the active technique and
BE as elution media decreased with the decrease in virus
concentration. Virus recovery efficiency ranged between
0% and 22% and 12% and 22% for PRRSV and IAV,
respectively, from the least to the most concentrated
samples.

Comparison of air samplers

Comparison by viral load
Raw data of all sample points collected by the two air
samplers during different sampling periods are repre-
sented in Figure 1 for both IAV (Figure 1a) and
PRRSV (Figure 1b). For the comparisons between air
samplers based on the multivariable analysis, the
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variable “time” was removed from the final model due
to lack of significance. For both IAV and PRRSV, the
ACI sampler was more efficient than the TCI sampler
(p < 0.001) at recovering virus from small and
medium size particles when virus concentration in the
air was high (Figure 2). In contrast, the TCI sampler
appeared to be more efficient at recovering virus from
larger particles, although the difference was statistically
significant only for IAV (p D 0.0025) but not PRRSV
(p D 0.258).

Comparison using fluorescein tracer
Results of fluorescein intensity for the different filters
were expressed as mg/mL of air sample and then trans-
formed to volume of air (m3) using the following calibra-
tion curves: y D 0.0072x C 0.0263 (R2 D 0.9623) and y D
0.0039x C 0.0188 (R2 D 0.9699) for DMEM and BE,
respectively. The variable “time” was again removed
from the final analysis due to lack of significance in the
model. Overall, the ACI sampler was more efficient (p <
0.001) at recovering fluorescein associated with small
and medium airborne particles at higher concentrations
of fluorescein compared with the TCI sampler (Figure 3).

Figure 1. Raw data of particle size distribution (concentration of log 10 RNA copies/m3 of air) of influenza A virus (IAV) and porcine
reproductive and respiratory syndrome virus (PRRSV) detected at different sampling periods by the Andersen cascade impactor (ACI)
and the high volume Tisch cascade impactor (TCI) from mechanically generated aerosols. Lowest particle size geometric values repre-
sent the data from the back up filters. The results of the black line correspond to the ACI and the gray line to the TCI.

Figure 2. Particle size distribution (least-square means of log10
RNA copies/m3 of air and standard errors) of influenza A virus
(IAV) and porcine reproductive and respiratory syndrome virus
(PRRSV) detected by the Andersen cascade impactor (ACI) and
the high volume Tisch cascade impactor (TCI) from mechanically
generated aerosols. Results represent the mean values of three
replicates.

Figure 3. Particle size distribution (least-square means of log10
RNA copies/m3 of air and standard errors) of fluorescein particles
collected by the Andersen cascade impactor (ACI) and the high
volume Tisch cascade impactor (TCI) from aerosols mechanically
generated. Results represent the mean values of three replicates.
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However, no difference between samplers was seen for
recovery of fluorescein from larger airborne particles
(p D 0.62).

Distribution of airborne particles
An optical particle counter was used to measure the size
distribution of total particles in the air at the same time
when the ACI and TCI samplers were collecting air sam-
ples. Overall there were more total particles within the
smallest sizes (0.5–3 mm) than the largest particles
(>3 mm) (p < 0.05) during all air sampling events. The
volume distribution of these particles is represented in
Figure 4a and 4b for the ACI and the TCI, respectively.
There were no statistically significant differences in the
volume distribution of particles among different sam-
pling times (10, 20, 30 min) when ACI and TCI samplers
were operated throughout the study.

Discussion

Bioaerosol research is constrained by the limits of mea-
surement tools to obtain accurate, reliable, and compara-
ble exposure estimates for airborne microorganisms.
Error in estimates of bioaerosols may originate at any
step of the air sampling, collection, and processing proto-
col. Our specific interest was to advance understanding
of methodologic factors that may influence observations
of virus concentration in air, with a view to the particular
challenge of sampling aerosols from outside animal
housing facilities. Our data indicate that the higher air-
flow and collection principles of the high-volume TCI
sampler overall did not improve the efficiency of detec-
tion of airborne viruses compared to the conventional
ACI sampler. However, the TCI sampler was superior in
the recovery of viruses associated with particles >3 mm
(in the case of IAV) demonstrating a potential for its use
in the field to predict the presence of viruses associated
with larger particles.

The primary limitation to the use of filters for viral air
sampling is the extraction of the sample from the filter.
Based on a spike test, we compared the recovery effi-
ciency of MEM and BE using two different extraction
techniques. Difference in sampling efficiency between
both collectors could be due to lower recovery efficiency
after the aerosol test when compared to the spike test as
demonstrated by other authors (Zuo et al. 2013a). The
increase in recovery efficiency after increasing the con-
centration of virus solution for challenge of the sub-
strates has been also demonstrated previously in a filter-
based study comparing two large volume air samplers
(EPA 2009). In our study, we used high concentrations
of virus to compare the air sampler’s efficiency, which
not necessarily reflect rare events happening in the field

due to lower concentrations of virus. Under those cir-
cumstances, the high flow rate air sampler may be more
suitable than lower flow rate samplers. Further research
on additional substrates and by sampling low concentra-
tion aerosols is indicated to improve virus recovery effi-
ciency and detection capabilities under field conditions
using large volume air samplers.

The methodology described in our study only allowed
us to calculate recovery efficiency of virus based on phys-
ical penetration of RNA particles. Future studies should
incorporate cell culture methods to measure live virus
recovery (infectivity penetration) associated with differ-
ent size ranges, considering the fact that both air sam-
plers use different methods for collecting particles that
may affect the infectivity of the virus. Infectivity penetra-
tion was calculated in a filtering face piece study to be of
a magnitude of 2 orders lower than the physical penetra-
tion (Zuo et al. 2013a). Glass fiber substrate and high air
flow could be responsible for structural damage and des-
iccation of the virus particles (Verreault et al. 2008), as
well as the release of PCR interference particles during
the TCI air sampling process (Blachere et al. 2007),
which may have also impacted our results.

The impaction of particles as well as the bouncing of
those particles (Dzubay et al. 1976) on aluminum plates as
part of the ACI sampling process (Appert et al. 2012)
could also be responsible for the differences in the recov-
ery efficiency and distribution of virus particles between
stages obtained between air samplers (especially for larger
particles improving the results of smaller particles in the
lower stages). Bouncing of particles from higher stages to
lower stages is particularly significant for dry particles,
although this process has also been described on filter sub-
strates but not as strongly as from flat surfaces (Rao and
Whitby 1978). In our study we did not assess the water
content of our particles although we speculate that it is
unlikely that the airborne particles became completely dry
because of vapor pressure depression caused by dissolved
materials in the fluids as shown by Nicas et al (2005).

Fluorescein tracers have been previously applied to
calculate physical and infectivity losses of viruses during
the nebulization process in terms of fluorescein intensity
as a reflection of the concentration of fluorescein in the
virus solution (Appert et al. 2012; Ge et al. 2014). Since
previous studies demonstrated no significant changes in
the virus titer after nebulization and virus viability was
not a part of the design of this study, the use of the fluo-
rescein tracer was preferred as a confirmatory test to our
molecular analysis based on concentration of viral RNA
copies.

Results from this study demonstrate the difficulty of
estimating the virus concentration in bioaerosols, specifi-
cally those from dilute aerosols outside of animal
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housing facilities, due to air sampling, collection, and
processing challenges. Further research is needed to
overcome these challenges in order to use these particle
size differentiating air samplers under field conditions to
better understand between-farm airborne disease trans-
mission risks of important diseases of food animals and
more specifically for the swine industry.

Conclusions

Preventing transmission of airborne pathogens is a prior-
ity for animal industries and for public health. Detection
and quantification of dilute viral aerosols, as encountered
outside animal housing facilities, requires methods that
are able to detect small numbers of viruses in large vol-
umes of air. We evaluated the recovery efficiency of a
large volume particle size differentiating air sampler for
detecting two important viruses affecting pigs, porcine
reproductive and respiratory syndrome virus, and influ-
enza A virus. We provide information on testing meth-
ods to conduct investigations under different settings,
including field conditions. Under the conditions of this
study the ACI sampler was more efficient than the TCI
sampler at recovering virus smaller than 3 mm however
the TCI sampler was more efficient at recovering virus
from particles larger than 3 mm, being this difference sig-
nificant only for one type of virus tested.
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