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The performance of a Collison nebulizer delivering viable HIN1 influenza aerosols was assessed in terms of particle size
distribution (PSD) and survivability of the virus upon generation. An HIN1 influenza virus preparation in egg allantoic
fluid was diluted in sterile deionized water to a concentration of 3.4 x 10° TCIDsy/mL. The virus suspension was
aerosolized at air flow rates of 2, 6 and 12 L/min using a 1 jet, 3 jet and 6 jet Collison nebulizer, respectively. A scanning
mobility particle sizer measured the PSD of the viral aerosol after steady state delivery times of 1, 15, 30, 45 and 60 min.
After 60 min of continuous aerosolization, the viral titre was unchanged and the count median diameter (CMD) of the
aerosol PSD was ~38 nm for the 2 L/min flow rate, ~35 nm for the 6 L/min flow rate and ~33 nm for the 12 L/min flow
rate. The CMDs were much smaller than the influenza virus (80 120 nm), indicating the aerosol distribution comprised
mainly nonviable materials. The PSD produced by the Collison nebulizer exhibited a 20% increase in peak particle
concentration after 60 min of continuous operation at 12 L/min. This progressive increase in particle counts may be
attributed to a combination of evaporation and shear and impact stresses imparted on components by the Collison
nebulizer. The possible slight loss in HIN1 influenza viability over the course of 60 min of continuous aerosolization at

12 L/min is consistent with previous bioaerosol studies using a Collison nebulizer.
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Introduction

Bioaerosols are airborne biological agents, including
viruses, bacteria, fungi, atmospheric environmental pollu-
tants and pulmonary drug particles suspended in air or
another gas.[1] Their generation has numerous applica-
tions in pharmaceutical inhalers, in air filtration and sani-
tization, and in research on contamination, infection,
toxicology and immunology. Recent concerns for improv-
ing inhaled drug delivery methodologies and indoor air
quality, protecting hospital patients and staff from spread-
ing infection, and installing counter-bioterrorism meas-
ures have fuelled interest in bioaerosol research. The
capability of lab-generated bioaerosols to simulate organ-
isms in a clinical environment is of utmost importance for
the validity and applicability of research results. There-
fore, it is desirable to use bioaerosol generation techniques
that enable control over such significant aerosol parame-
ters as suspension concentration, particle size and count,
output stability of the aerosol and survivability of
microorganisms.

The Collison nebulizer has dominated aerosol genera-
tion research since its invention in 1932 by W.E. Collison.
[2—10] The aerosolization process that occurs in a Colli-
son nebulizer is well characterized.[11] In principle, the

Collison nebulizer is a pneumatic device for aerosol gen-
eration that uses a compressed air jet to atomize particle
suspensions or solutions into droplets,[12] of which the
smallest are entrained in the air stream exiting the reser-
voir and the remainder are recycled. May [2] has given a
detailed description of the operation and performance of
the Collison nebulizer and reported that most of these
droplets are further broken down by impaction on the
internal walls of the glass reservoir.

The ‘quality’ of the bioaerosol produced by a Collison
nebulizer has recently come under scrutiny. Ulevicius
et al. [13] hypothesized that the liquid dispersed by the
device’s high-velocity air streams and solid wall impinge-
ment is subject to severe shear and impact forces. Further-
more, in his classical paper, May [2] pointed out that
within a Collison nebulizer containing 20 mL of liquid,
most of the fluid is recirculated approximately every 6 s in
the glass reservoir. Thus, 10 episodes of shear forces are
experienced each minute by components in the liquid sus-
pension from this repeated ‘recycling’. These large shear
and impact stresses are suspected of causing cumulative
metabolic injury to bacteria and viruses during extended
periods of aerosolization from a Collison nebulizer.
[14—24] Whereas delivery from six-jet Collison
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nebulizers was shown to be consistent under a fixed set of
conditions,[25] delivery rates from Collison nebulizers
are sensitive to operating conditions and can yield a range
of droplet sizes, which vary over time, potentially render-
ing aerosol characterization and inter-experimental com-
parison difficult.[2,22,23,26] Moreover, foaming of
propagation media during aerosolization from a Collison
nebulizer may require additional sample preparation, such
as dialysis or centrifugation. Hogan et al. [27] proposed
that the large electrical charge carried by bioaerosols
emerging from a Collison nebulizer could also be associ-
ated with compromised structural integrity of the aerosol-
ized particles originating from nebulization-induced
mechanical stresses.

Tuttle et al. [28] evaluated a nose-only inhalation
exposure system for studies of aerosolized viable H5N1
viruses in ferrets. Tuttle et al.’s system comprised a bio-
aerosol nebulizing generator (BANG) manufactured by
BGI, Waltham, MA, USA. In the BANG nebulizer, a
high-velocity air stream creates a Venturi effect that
siphons liquid through a tube from the nebulizer reservoir.
As the liquid exits the tube at the top of the nebulizer, the
air stream interacts with the liquid and shears it, creating
an aerosol from which the larger particles settle and are
recycled. This particular device was selected for Tuttle
et al.’s [28] experiments based on the claim that it mini-
mizes potential damage to and clumping of the viral
agent, and efficiently produces a uniform particle size dis-
tribution (PSD) with a lower rate of fluid use and smaller
volume of virus suspension than similar bioaerosol gener-
ators. However, those claims were not substantiated by
their data and operation of the BANG nebulizer appears
to closely resemble that of the Collison.

Reports on the particle size and viability measure-
ments of aerosolized viruses remain scarce in the litera-
ture, most likely due to their ultrafine size (25—400 nm),
elaborate preparation and safe handling protocols. Never-
theless, airborne viruses (e.g., poxviruses, influenza, etc.)
are of particular concern because of their ability to cause
rapid infection via respiratory exposure. Hogan et al. [27]
investigated aerosolization and collection methodologies
of MS2 and T3 bacteriophages. The authors argued that
airborne virus PSDs were rarely available in the literature
because samplers commonly used to collect virus
particles were designed for the collection of micrometre-
sized particles.[29,30] Hence, Hogan et al. [27] developed
a method to determine the size distribution function of
viable virus-containing particles utilizing differential
mobility selection. Most published viral aerosol
research focused on biological particle penetration
through respiratory filters challenged with MS2 bacterio-
phage.[31—33] However, extrapolation of results obtained
with MS2 to other viruses (e.g., HIN1) could be mislead-
ing due to the differences in size and other characteristics.
[34]

The ability to generate a viable, narrowly dispersed,
pathogenic aerosol is essential in evaluating the efficiency
of collection and control methods for various airborne
microorganisms. In addition, it is important to diminish
the formation of residue particles resulting from the frag-
mentation of the microorganisms by any stresses associ-
ated with the aerosolization process, because these
residues can be enumerated only by the most size-sensi-
tive particle size spectrometers.[35—37] Furthermore, the
implementation of HIN1 virus as a pathogen in the pres-
ent investigation is of primary interest due to public health
concerns about another potential HIN1 influenza pan-
demic.[38] The ability to perform well-controlled studies
of aerosolized viable HINI may contribute to an
improved understanding of factors responsible for the
acquisition of viral respiratory infections by humans and
the virulence and lethality relevant to route of
transmission.

In this investigation, a Collison nebulizer was
employed as the aerosol-generating device due to its
widespread use in the research laboratories and industry.
[2—10,39,40] The objectives of this study were (1) to
investigate the possibility of generating an aerosol com-
prising a narrow PSD of highly viable HIN1 influenza
particles, using the Collison nebulizer; (2) to assess the
performance of the Collison nebulizer by measuring PSDs
and the viability of the aerosolized HIN1 virus over time.

Materials and methods
HINI influenza

HINI influenza A/PR/8/34 VR-1469 (ATCC VR-95)
virus was propagated in embryonic chicken eggs and
titred using a tissue culture median infectious dose
assay (TCIDsg), according to standard World Health
Organization protocols.[40] A virus stock was prepared
demonstrating an infectivity level of approximately 10°
TCIDso/mL

Aerosol system

A laboratory-scale aerosol tunnel (LSAT, Figure 1) was
used to conduct the aerosol experiments for this study.
[41] The LSAT consisted of a test chamber with a cylin-
drical duct having a diverging conical entrance containing
three uniformly spaced mixing screens, and a converging
conical outlet. The duct section expanded near its outlet
and the wide section was flanked by identical sections; the
upstream section was plumbed with an isokinetic sam-
pling port. Compressed air was supplied to the LSAT via
a compressor that was fitted with a pressure regulator. The
compressed air passed through a HEPA (high-efficiency
particulate arrestance) filter before being split to feed the
nebulizer and the porous tube dilution unit. The air stream
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Figure 1. Schematic representation of experimental setup.

from the nebulizer then entered a 3°Kr charge neutralizer
(TSI, Inc., Shoreview, MN, USA) and merged with the air
stream from the porous tube diluters. For this study, no
dilution airflow was delivered into the porous tube
diluters. Two overflow valves located downstream of the
porous tube diluter and upstream of the aerosol tunnel
diverted the airflow out of the LSAT through a HEPA fil-
ter. Two air pressure gauges (Dwyer, Michigan City, IN,
USA) separately monitored the pressure of the air entering
the nebulizer and in the aerosol tunnel.

The compressed air lines to the nebulizer and dilution
unit were fitted with valves for airflow control. The exit-
ing airflow was HEPA filtered and a digital flow metre
(4000 series, TSI, Inc., Shoreview, MN, USA) measured
the flow rate of air exiting the test chamber. An integrated
hygrometer—thermocouple probe (VWR, San Diego, CA,
USA) recorded the exhaust air temperature and humidity.

Aerosol studies

Frozen (—80 °C) HIN1 virus was thawed and diluted in
sterile deionized water to a concentration of 3.4 x 10°
TCIDso/mL. A 50 mL portion of the diluted virus suspen-
sion was pipetted into a Collison nebulizer (Model MRE
CN24/25, BGI, Waltham, MA, USA). Three jet configura-
tions of the Collison nebulizer were evaluated: (1) single-
jet at 2 L/min, (2) 3-jet at 6 L/min, and (3) 6-jet at
12 L/min. The LSAT was configured to divert the aerosol
through a HEPA filter while operation of the Collison neb-
ulizer stabilized. Filtered compressed air (20 psi =
138 kPa) was applied to the nebulizer and the system was
operated for 10 min initially to bring it to steady state.
The LSAT overflow valves were then reconfigured to
direct the aerosol to the aerosol tunnel for 10 min. For the
12 L/min flow rate only, aerosol samples were collected
from the isokinetic sampling ports into all-glass impingers
(AGI-30, Ace Glass Inc., Vineland, NJ, USA) for 5 min

Suspension  nepylizer

Biotechnology & Biotechnological Equipment 3

Temperature Humidity Probe

Flow Meter

HEPA Filters

Compressor

each at 12.5 L/min at time points of 1, 15, 30, 45 and
60 min after reaching steady state. Each impinger con-
tained 20 mL of serum-free Eagle’s minimum essential
medium (sf-EMEM, HyClone™, Thermo Fisher Scien-
tific Inc., Waltham, MA, USA) for viable sampling. Fol-
lowing each impinger sample, a scanning mobility
particle sizer (SMPS 3034, TSI, Inc., Shoreview, MN,
USA) was used to determine the PSD in the aerosol tun-
nel. The SMPS measured particles in the size range of
10—487 nm and the concentration range of 10°—10" par-
ticles/cm® in up to 54 channels at an inlet flow rate of
0.6 L/min. Impinger samples were serially diluted 1/10 in
sf-EMEM, plated according to standard protocol,[42] and
incubated for 96 h at 35 °C and 5% CO,. Viability was
determined by microscopic observation and crystal vio-
let—glutaraldehyde staining. All experiments were per-
formed in triplicate in a class II biological safety cabinet.

Data analysis

The concentration of viable virus (log;g TCIDso/mL)
collected in the impingers was determined using the
Spearman—Karber formula.[43] Equation (1) was used to
determine the total amount of virus recovered from each
sample (20 mL impinger volume),

C, = IO[C-Hog(V)]7 (1)

where C; is the total virus concentration of the sample; C
is the viable HIN1 counts expressed in units of logg
TCIDsq per milliliter; V' is the impinger sample volume,
here 20 mL. Equation (2) computed the concentration of
viable virus per volume of air,

2
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where C; is the virus concentration per volume of air
expressed in units of TCIDso/L,;; Oy is the sampling flow
rate (12.5 L/min); and ¢ is the sample collection time
(5 min).

Standard statistical analysis methods including calcu-
lations of sample mean, standard deviation and analysis of
variance (ANOVA) were performed using Microsoft
Excel software.

Results and discussion
Particle size distribution (PSD)

Figure 2 depicts the PSD of the 12 L/min aerosol at 1 and
60 min after aerosol stabilization, for which 10 min was
allowed. Therefore, the nebulization times in Figure 2 cor-
respond to approximately 11 and 70 min, respectively.
This difference is important because earlier research
showed that substantial damage to microorganisms can
occur during the first five minutes of nebulization.[10]
Figure 2 shows that the peak particle concentration of the
PSD occurs at ~33 nm for the 12 L/min air flow rate after
a 60 min aerosolization period. As a single influenza virus
measures 80—120 nm in size, any smaller particles are
interpreted as fragments. It is clear that the PSD of these
samples is dominated by the size of residues from sus-
pended virus fragments, other dissolved and suspended
materials and soluble materials, obscuring the virus.
Figure 2 indicates that the peak particle concentration pro-
duced by the Collison nebulizer increased by about 20%
after 60 min of continuous aerosolization. Two factors
appear to contribute to this observation: (1) the Collison
nebulizer loses volume over time as water evaporates
from the liquid, thereby increasing the concentration of
the solutes in the suspension; (2) the suspension in the res-
ervoir is constantly recycled through the nozzle(s), sub-
jecting the viruses and fragments to shear and impact
stresses inside the Collison nebulizer, thereby producing
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Figure 2. SMPS data for HIN1 influenza aerosol generated
with the Collison nebulizer at an air flow rate of 12 L/min.

smaller fragments and increasing the total particle
concentration.

Mainelis et al. [23] showed that the fragment concen-
tration emitted from the Collison nebulizer increased
3—3.5 times after 90 min of continuous bacterial aerosol
generation using the Gram-negative rod-shaped bacterial
species, Pseudomonas fluorescens. Comparing Mainelis
et al.’s [23] work to this work, it is evident that the greater
increase in the ratio of fragments to original microbial
agent size in Mainelis et al.’s [23] experiments may
be attributed to greater momentum of the larger size
(~1 pm) bacterium (compared to HIN1 virus) and the
longer aerosolization period (90 vs. 60 min). The larger
size would fragment due to an increase in impact momen-
tum and extended aerosolization time increases the num-
ber of impacts. The HIN1 virus appears to retain greater
viability than the P. fluorescens bacterium in the Collision
nebulizer, which is attributed to the same factors that pro-
duce a lower level of fragmentation of the virus. Both
Gram-negative bacteria and lipid viruses are known to
lack environmental stability in general, but it is not clear
how their environmental stability relates to shear degrada-
tion found in the Collison nebulizer.[44]

Figure 3 shows the count median diameter (CMD) of
the particle as a function of aerosolization air flow rates
for the single-jet (2 L/min), 3-jet (6 L/min) and 6-jet
(12 L/min) Collison nebulizers for nebulization times of
1, 30 and 60 min. Due to the large standard deviation at
the 2 L/min flow rate data points, a one-way ANOVA
using all 3 flow rates between the 2 and 12 L/min flow
rates was performed and confirmed that the results in
Figure 3 are statistically significant. It is observed that the
particle size decreased as the air flow increased and/or
nebulization time increased. These results are consistent
with virus fragmentation stemming from shear and impact
stresses, as discussed for the data of Figure 2.

Particle Size, nm

0 2 4 6 8 10 12 14
Aerosolization Air Flow Rate, L/min

Figure 3. Variation in virus particle size with aerosolization air
flow rate and time for the Collison nebulizer.

Note: The data markers represent averages of three replicate
tests. The trend lines were drawn by fitting the data to second

order polynomials, with R*  0.99.
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Figure 4 plots the aerosol particle concentration versus
airflow rate for the three aerosolization time points. It is
clear that the concentration of aerosol particles increases
with time, which may be expected because, as noted
above, the concentration of particles in suspension inside
the Collison nebulizer increases with time due to fragmen-
tation and to progressive evaporation as the liquid contin-
ues to recycle through the nozzle. This trend is more
pronounced at larger aerosolization flow rates because a
higher air flow rate proportionally increases the aerosol
output and decreases the time between repeated passages
through a nozzle in proportion to the number of jets fed
from the reservoir. This result is consistent with the work
of Mainelis et al. [23], which used polystyrene latex
spherical particles of different sizes to evaluate the parti-
cle output from a Collison nebulizer at variable air flow
rates.

Virus viability
Figure 5 exhibits HINI1 virus viability data for the
12 L/min flow rate collected at intervals of 1, 15, 30, 45
and 60 minutes after reaching steady-state conditions.
Figure 5 shows that viability of the virus does not decrease
significantly (p = 0.96) with nebulization time. Chilling
of the reservoir implies some evaporative concentration,
but the concurrent shift of the mode in the PSD to smaller
particles suggests that this loss is relatively minor.
Whereas Mainelis et al. [23] reported 50% loss of via-
bility by P. fluorescens over a period of 90 min of delivery
from a Collison nebulizer, Kim et al. [45] reported no loss
of viability by a suspension of an enveloped coronavirus
(80—160 nm) in a Collison during nebulization periods of
10—30 min. Kim et al. [45] suggested that viruses are so

2.0E+06 | |
= = t=1min
= t=30 min 5
....... t=60 min /
1.4E+06 /

Particles/cm?

8.0E+05
7

2.0E+05

0 2 4 6 8 10 12 14
Aerosolization Air Flow Rate, L/min

Figure 4. Variation in virus particle concentration with air flow
rate and generation time for a six jet Collison nebulizer.

Note: The data markers represent averages of three replicate tests
using the six jet nebulizer. The trend lines were the best fit to a
second order polynomial, for which R 0.99.
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Figure 5. Change in HIN1 viability with respect to time of the
nebulizer operation.

Note: The data bars represent averages of three replicate tests;
the error bars show the standard deviation.

small that they have little inertia and do not experience
much physical stress due to acceleration, deceleration
and/or impaction during nebulization; however, their data
at 30 min show a 15% decrease in titre, consistent with
the suggestion above that a small amount of loss may
actually occur. Similarly, Hermann et al. [46] reported no
change (p = 0.89) in titre of enveloped porcine reproduc-
tive and respiratory syndrome virus (40—80 nm) during
55 min of nebulization in a 24-jet Collison unit. Given the
differences in dimensions and mechanical sensitivity of
the diverse microbes studied, the present results with an
actual pathogen are consistent with the observations of
Kim et al. [45] and Hermann et al. [46] and support the
interpretation that viruses are mechanically more robust
than bacteria to atomization.

Conclusions

This study assessed the performance of a Collison neb-
ulizer generating a viable HINI influenza aerosol. The
CMD of the aerosolized virus particles was approximately
33 nm (at an air flow rate of 12 L/min), a value
much smaller than the diameter of a single HIN1 virus
(80—120 nm). The reduced CMD size was attributed to
residues from the allantoic fluid growth medium, rather
than the fragmentation of viruses because viability did not
decrease significantly during 60 min of nebulization, sug-
gesting a minimal loss of virus particles. The concentra-
tion of 34 nm sized particles increased by 20% during a
60 min period of continuous aerosolization at an air flow
rate of 12 L/min, and the CMD likewise decreased.
Occurrence of these trends is attributed to a combination
of evaporation and progressive fragmentation of medium
components, possibly including a small amount of the
virus, with residence time in the nebulization process. The
titre of HINI1 virus in cultures of fluid in the reservoir
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remained constant over a 60 min period, suggesting a min-
imal loss of virus particles. The results of the research
described in this paper are consistent with the reported lit-
erature on Collison nebulizer experiments using envel-
oped viruses and support the hypothesis that the greater
size of P. fluorescens is a factor in its extensive fragmen-
tation reported under similar aerosolization conditions. In
terms of virology, there are many other viruses that could
be studied in the range of 80—120 nm and in the same
conditions of aerosol, concentration or rate of fragmenta-
tion as this work.
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