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Although laboratory generated virus aerosols have been widely
studied in terms of infectivity and survivability, how they are re-
lated to particle size, especially in the submicron size range, is
little understood. Four viruses (MS2 bacteriophage, transmissible
gastroenteritis virus, swine influenza virus, and avian influenza
virus) were aerosolized, size classified (100–450 nm) using a dif-
ferential mobility analyzer (DMA), and collected onto gelatin fil-
ters. Uranine dye was also nebulized with the virus, serving as
a particle tracer. Virus infectivity assay and quantitative reverse
transcription-polymerase chain reaction were then used to quan-
tify the amount of infectious virus and total virus present in the
samples, respectively. The virus distribution was found to be bet-
ter represented by the particle volume distribution rather than the
particle number distribution. The capacity for a particle to carry
virus increased with the particle size and the relationship could
be described by a power law. Virus survivability was dependent
on virus type and particle size. Survivability of the three animal
viruses at large particle size (300–450 nm) was significantly higher
than at particle size close to the size of the virion (100–200 nm),
which could be due to the shielding effect. The data suggest that
particle size plays an important role in infectivity and survivabil-
ity of airborne viruses and may, therefore, have an impact on the
airborne transmission of viral illness and disease. The data in this
study do not support the use of MS2 bacteriophage as a general
surrogate for animal and human viruses.
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1. INTRODUCTION
The world-wide outbreaks of coronavirus-caused severe

acute respiratory syndrome (SARS), H5N1 bird flu, and H1N1
novel influenza have caused substantial health impact and have
increased public concerns for the spread of viral diseases. Res-
piratory viruses such as influenza virus are traditionally believed
to be transmitted by direct contact, indirect contact with fomites,
and large-sized droplets. However, recent human subject studies
and field measurements have suggested that the aerosol route
could also be an important mode of virus transmission (Sattar
and Ijaz 1987; Fabian et al. 2008; Tellier 2009).

For aerosol transmission to occur, a particle must carry in-
fectious virus and the virus in the carrier particle must survive
(remain infectious) in air before it reaches a susceptible host to
initiate infection. In general, airborne infectious virus is diffi-
cult to recover due to its extremely low concentration in air and
because of inadequacy of currently used air samplers. The be-
havior of artificially generated virus-carrying particles and their
survival have been studied under laboratory conditions since the
1930s. It has been found that airborne influenza virus and coro-
navirus survive better at low RH and low ambient temperature
(Hemmes et al. 1960; Harper 1961; Schaffer et al. 1976; Ijaz
et al. 1985; 1987; Kim et al. 2007).

However, most of the laboratory studies mentioned above
used sampling instruments such as liquid impingers that provide
little information on particle size of the collected virus aerosol,
which has been identified to be one of the most important factors
affecting airborne transmission (Morawska 2006; Gralton et al.
2011). Particle size governs the transport of virus aerosol, its
deposition in the human respiratory tract, as well as its control by
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filtration (Eninger et al. 2008; Zuo et al. 2012). Particle size may
also play a role in the minimum infectious dose of a given virus.
For instance, small-sized aerosol inhalation of human influenza
virus and adenovirus yielded a much lower median infectious
dose than intranasal inoculation with droplets of much larger
size (Alford et al. 1966; Hamory et al. 1972; Douglas 1975).
In an exposure study using a murine model (Scott and Sydiskis
1976), airborne influenza virus of small particle size (2 μm)
resulted in a lower infectious dose than the larger-sized particles
(10 μm). Therefore, it is not sufficient to measure only particle
size-integrated infectivity/survivability of airborne virus.

To better understand virus transmission by aerosols, it is
important to determine the relationship between airborne virus
infectivity/survivability and particle size (Gralton et al. 2011).
Only a few studies are available on this issue in the scientific lit-
erature. To determine the distribution of infectious virus among
polydisperse particles, an Andersen cascade impactor was used
to sample aerosols of coxsackie virus A-21 (Gerone et al. 1966)
and simian rotavirus (Ijaz et al. 1987). The concentration of
infectious virus appeared to be related to particle volume dis-
tribution for particle size >0.5 μm. Using the same instrument,
Appert et al. (2012) confirmed the above findings for MS-2
bacteriophage, but not for adenovirus. Tyrrell (1967) found that
rhinovirus survived better in coarse particles (>4 μm) than in
smaller particles (0–4 μm), while adenovirus infectivity was
best preserved in the size range of 0.56–1.9 μm compared with
1.9–10 μm (Appert et al. 2012), indicating that particle size may
also affect virus survivability.

Although the use of size-segregated samplers, such as im-
pactors, provides size fractionation for virus infectivity, not
much is known about virus aerosol particles of <0.5 μm, the
size of most human respiratory particles (Haslbeck et al. 2010;
Holmgren et al. 2010), probably because of the large cut size and
low size resolution of impactors. To extend the understanding on
submicron particles, Hogan et al. (2005) used a differential mo-
bility analyzer (DMA) in combination with a liquid impinger to
collect size-classified MS2 and T3 bacteriophage aerosol par-
ticles. The virus distribution and particle number distribution
were found to be different. Lee (2009) later applied the same
sampling approach for MS2 and showed that both virus infectiv-
ity and survivability increased with particle size. Nevertheless,
both studies used bacteriophages and how well the results of
bacteriophages represent those of human and animal viruses
remains an issue (Appert et al. 2012).

The objective of this study was to examine infectivity and sur-
vivability of three airborne animal viruses as a function of their
carrier particle size in the submicron size range using a newly
developed sampling method. In addition, the behavior of widely
used MS2 bacteriophage was studied for comparative purposes.

2. MATERIALS AND METHODS

2.1. Propagation and Titration of MS2 Bacteriophage
MS2 bacteriophage (ATCC 15597-B1) is a small (27–34 nm),

icosahedral, non-enveloped, single stranded, positive sense

RNA virus, infecting only the male Escherichia coli (those bear-
ing an F pilus) (Valegard et al. 1990). For the purposes of this
study, we considered MS2 as a model virus because it has been
widely used in many virus aerosol studies (Eninger et al. 2008;
Lee 2009; Appert et al. 2012). The virus was propagated in
E. coli famp (ATCC 700891), as described elsewhere (Appert
et al. 2012). Briefly, 0.1 mL of MS2 and 1 mL of a log phase
culture of E. coli were added to top agar tubes held at 48◦C.
After mixing, the contents of the tubes were poured on trypti-
case soy agar (TSA) plates. The top agar was allowed to solidify
followed by inversion and incubation of plates at 37◦C for 24 h.
After plaques were confluent (within 24 h of incubation), 5 mL
of tryptic soy broth (TSB) was added to each plate. After 2 h
at room temperature, the solution was aspirated, centrifuged at
2500 × g for 15 min, and sterile-filtered. The resulting bacterio-
phage stock was aliquoted into 50 mL tubes, followed by storage
at −80◦C until use. The amount of MS2 bacteriophage in virus
stock and various other samples was determined by using a dou-
ble agar layer procedure as described elsewhere (Appert et al.
2012). The amount of virus was expressed as plaque forming
units per unit volume of the sample (PFU/mL).

2.2. Propagation and Titration of Animal Viruses
Three animal viruses were used, e.g., transmissible gastroen-

teritis virus (TGEV; Purdue strain) of pigs, avian influenza virus
(AIV; A/chicken/Maryland/2007[H9N9]), and swine influenza
virus (SIV; A/swine/Minnesota/2010 [H3N2]). The TGEV, a
member of Coronaviridae, is spherical (100–150 nm), en-
veloped, single stranded, positive sense RNA virus, causing gas-
trointestinal infections in pigs (Tajima 1970). Influenza viruses
are also spherical (80–120 nm), contain eight segments of single-
stranded RNA, and cause respiratory disease in pigs, poultry,
and other animal species (Lamb and Choppin 1983). The three
animal viruses share physical and genetic similarity to human
viruses (Lamb and Choppin 1983; Jackwood 2006) and were,
therefore, used as surrogates for human SARS virus and in-
fluenza virus.

The TGEV was propagated in swine testicular (ST)
cells, while the two influenza viruses were propagated in
Madin–Darby canine kidney (MDCK; ATCC CCL-34) cells.
The cells were grown in Minimum Essential Medium (MEM)
with Earle’s salts supplemented with L-glutamine, (Mediat-
ech, Inc., Herndon, VA, USA), 8% fetal bovine serum (FBS;
Gibco, Life Technologies, Corp., NY, USA), 50 μg/mL gen-
tamicin (Mediatech), 150 μg/mL neomycin sulfate (Sigma,
Inc., St. Louis, MO, USA), 1.5 μg/mL fungizone (Sigma), and
455 μg/mL streptomycin. Before virus inoculation, the cells
were washed three times with Hanks’ balanced salt solution
(pH 7.3). After virus inoculation, the cells were kept at 37◦C
for 1 h for virus adsorption. Maintenance medium without FBS
was used for propagation of TGEV. For SIV and AIV, the main-
tenance medium contained trypsin (1.5 μg/mL, Sigma) and 4%
bovine serum albumin (BSA; Gibco, Life Technologies, Corp.).
Inoculated cells were incubated at 37◦C under 5% CO2. Af-
ter the appearance of virus-induced cytopathic effects (CPE),
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usually at 4–5 days post-infection, the cells were subjected to
three freeze-thaw cycles (−80◦C/25◦C) followed by centrifu-
gation at 2500 × g for 15 min at 4◦C. The supernatant was
collected and aliquoted into 50 mL tubes followed by storage
at −80◦C until use. For titration of TGEV in virus stock and
other samples, serial ten-fold dilutions were prepared in MEM.
For titration of SIV and AIV, 4% BSA and trypsin were added
to MEM. Sample dilutions were inoculated in appropriate cell
monolayers in 96-well microtiter plates (Nunc, Inc., NY, USA)
using 100 μL/well. Four wells were used per dilution. Inoculated
cells were incubated at 37◦C under 5% CO2 for 4–5 days until
the CPE appeared. Virus titers were calculated as TCID50/mL
by the Karber method (Karber 1931).

2.3. Quantification of Total Virus by qRT-PCR
Viral RNA was extracted from 140 μL of sample using the

QIAamp viral RNA kit (Qiagen, Inc., Valencia, CA, USA). The
RNA was eluted in 40 μL of elution buffer and stored at –20◦C
until used for qRT-PCR (quantitative real time-PCR). The copy
number of viral RNA present in each sample was quantified
by RT-PCR performed in a Mastercycler Realplex thermocycler
(Eppendorf, Hamburg, Germany) using QIAGEN One Step RT-
PCR kit (Qiagen). Forward primers, reverse primers, and probes
have been described by O’Connell et al. (2006) and Spackman
et al. (2002). Samples were loaded in a 96-well plate and ana-
lyzed in duplicate, each containing 3 μL of viral RNA template
in a final volume of 20 μL. Standard curves were constructed
using serial ten-fold dilution of viral RNA extracted from the
virus stock of known titer. In each run of qRT-PCR, standard
curve samples and no template control were used as positive

and negative controls. The thermal cycling conditions for RT,
RT inactivation, and PCR of the four viruses were the same:
50◦C for 30 min and 95◦C for 15 min. The thermal cycling pa-
rameters were as follows: 40 cycles of 95◦C for 15 s and 55◦C
for 45 s for MS2; 40 cycles of 95◦C for 15 s and 60◦C for 45 s for
TGEV; and 45 cycles of 94◦C for 1 s and 60◦C for 20 s for SIV
and AIV. Final results were expressed as cycle threshold (Ct)
values. After qRT-PCR was performed, the amplification effi-
ciency was determined for each sample using the DART-PCR
method to correct the raw Ct values (Peirson et al. 2003). The
average amplification efficiency was 0.87, 0.85, 0.84, and 0.90
for MS2, TGEV, SIV, and AIV, respectively. The corrected Ct
values were then used, along with the standard curve, to calcu-
late the concentration of total virus (live and inactivated) and
was expressed as projected TCID50/mL.

2.4. Aerosol Test Tunnel and Experiment Procedure
Experiments were performed in a one-pass aerosol test

tunnel located in a biosafety Level 2 laboratory (Figure 1). The
vertical tunnel was 1.7 m long and 15 cm in diameter, enclosed
by a negative pressure containment to minimize release of virus
aerosol into surrounding environment. It has been used in a
variety of virus aerosol studies (Kim et al. 2007; Appert et al.
2012). Virus aerosol was generated using a six-jet Collison
nebulizer (BGI, Inc., Waltham, MA, USA) at a compressed
air pressure of 10 psi. The nebulizer suspension consisted of
45 mL thawed virus stock, 0.1 mL antifoam Y-204 (Sigma),
and 5 mL uranine dye (0.25 g/mL, Fluka, Buchs, Switzerland),
which served as a fluorescent particle tracer (Appert et al.
2012). The use of uranine allowed particle losses in the test
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FIG. 1. Schematic diagram of the experimental setup for the characterization of virus aerosols.
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system to be quantified. Virus titer in the freshly prepared
nebulizer suspension was 3.1 × 109–5.8 × 109 PFU/mL (plaque
forming unit per mL), 1.45 × 106–3.16 × 106 TCID50/mL
(50% tissue culture infectious dose per mL), 3.16 × 106–6.76
× 106 TCID50/mL, and 3.16 × 105–1.48 × 106 TCID50/mL for
MS2, TGEV, SIV, and AIV, respectively.

The generated virus aerosol was mixed with HEPA-filtered
and RH-controlled room air, and then directed to the test tun-
nel at a flow rate of 92 L/min. Two minutes were allowed for
the produced virus aerosol to become well mixed and stabilized
before samples were taken. Virus aerosol particles were passed
through a polonium-210 neutralizer before being selected by a
DMA (Model 3071; TSI, Inc., Shoreview, MN, USA) at 100,
200, 300, 400, and 450 nm. The sheath flow rate was 4.5 L/min,
control by a critical orifice, and its RH was also controlled.
The size-classified virus aerosol particles were collected onto
25 mm diameter gelatin filters with a pore size of 3 μm (SKC,
Inc., Eight Four, PA, USA) held in a stainless steel holder (Mil-
lipore Corp., Bedford, MA, USA) at a sampling flow rate of 1
L/min for 15 min. Compared with the previously used liquid
impinger (Hogan et al. 2005; Lee 2009), gelatin filters have ex-
cellent physical collection efficiency for virus aerosol particles
(Burton et al. 2007) and do not significantly affect virus infectiv-
ity (Verreault et al. 2008) and were therefore used in this study.

The sampling time was limited to 15 min in order to minimize
variation in the nebulizer output (Eninger et al. 2009) and desic-
cation of the collected virus. During the gelatin filter sampling, a
scanning mobility particle sizer (SMPS) (Model 3034, TSI) was
used to simultaneously measure the particle size distribution of
the generated virus aerosol from 10 to 470 nm at a flow rate of
1 L/min. Immediately after sampling, the gelatin filter was re-
moved from the filter holder, broken apart using sterile forceps,
and dissolved in 1 mL of elution buffer (1.5% beef extract with
0.05 M glycine at pH of 7.2), followed by vortexing (American
Scientific Products, Inc., McGaw Park, IL, USA) at maximal
speed for 9–10 s, six times at 1 min intervals. The unsampled
virus aerosol passed through the test tunnel and was finally fil-
tered at the outlet. After each test, the nebulizer was turned off
and the tunnel was purged for 15 min at 92 LPM using HEPA
filtered clean air to remove any residual airborne particles.

In each test, 1 mL samples of nebulizer suspension before and
after the test and 1 mL virus samples collected from the gelatin
filter were split into three portions. The first portion was stored at
4◦C until analyzed by a spectrofluorometer (Model RF-5201PC;
Shimadzu Scientific Instruments, Inc., Columbia, MD, USA) to
quantify the concentration of uranine in the sample (Appert
et al. 2012). The results were expressed as fluorescence unit per
mL. The latter two portions were stored at –80◦C until viro-
logical analysis. Virus infectivity assay and quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) were used
to quantify the amount of infectious and total (both infectious
and non-infectious) virus present in the samples.

The tests were repeated in triplicate for MS2, TGEV, and
SIV and twice for AIV. During the experiments, the RH and

temperature in the test tunnel were maintained at 40–50% and
22–25◦C, respectively.

2.5. Data Analysis
To determine the distribution of virus in polydisperse parti-

cles and compare it with particle size distribution, the infectious
virus size distribution, IV(Dp) was defined particularly for
particles carrying infectious virus (Hogan et al. 2005) and
calculated as:

IV(DP ) ≡ dCIV (DP )

d log10 DP

≈ CIV,gel (DP ) Vgel

Qgelt[� log10 DP ]

1

f+1 (DP ) P (DP )
, [1]

where CIV is the concentration of airborne infectious virus,
CIV,gel is the concentration of infectious virus recovered in the
effluent from the gelatin filter, Vgel is the volume of eluent used
to dissolve the gelatin filter, Qgel is the air sampling flow rate
through the gelatin filter, t is the sampling time, �log10Dp is the
logarithm of the width of the size interval of the DMA, f+1 is the
fraction of singly positively charged particles (Wiedensohler
1988), and P is penetration of particles through the DMA
(Reineking and Porstendorfer 1986). Similarly, by replacing
the concentration of infectious virus with that of total virus, the
total virus size distribution, TV(Dp) can be calculated as:

TV(DP ) ≡ dCTV (DP)

d log10 DP

≈ CTV,gel (DP ) Vgel

Qgelt[� log10 DP ]

1

f+1 (DP ) P (DP )
. [2]

The amount of infectious virus carried per particle, iv, was
calculated as the ratio of infectious virus concentration to par-
ticle number concentration, assuming the �log10Dp interval is
the same for the DMA and the SMPS:

iv(DP ) ≡ dCIV (DP)

dCn,SMPS(DP)

≈ CIV,gel (DP ) Vgel

Qgelt�Cn,SMPS(DP )

1

f+1 (DP ) P (DP )
, [3]

where �Cn,SMPS is the number concentration of particles within
a size interval with geometric diameter Dp measured by the
SMPS. Similarly, the amount of total virus carried per particle,
tv, was calculated as:

tv(DP ) ≡ dCTV (DP)

dCn,SMPS(DP)

≈ CTV,gel (DP ) Vgel

Qgelt�Cn,SMPS(DP )

1

f+1 (DP ) P (DP )
. [4]

Power-law curve fitting with least squares was conducted for
iv(Dp) and tv(Dp) using Microsoft Excel.
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The effect of nebulization stress on virus infectivity and viral
RNA integrity was also examined by calculating the terms γ IV

and γ TV (Appert et al. 2012):

γIV = (CIV,neb/CF,neb)a
(CIV,neb/CF,neb)b

γTV = (CTV,neb/CF,neb)a
(CTV,neb/CF,neb)b

, [5]

which compare the ratio of infectious virus (CIV, neb) or total virus
concentration (CTV, neb) to fluorescence intensity (CF, neb) in the
nebulizer suspension before (b) and after (a) the nebulization.
The fluorescence intensity was included in the calculation to take
into account the increase of virus titer due to the evaporation of
liquid from the nebulizer suspension.

To quantify how efficiently infectious virus could be recov-
ered by the DMA and gelatin filter based sampling system,
relative recovery of infectious virus, RRIV was calculated as a
function of particle size (Ijaz et al. 1987; Agranovski et al. 2005;
Appert et al. 2012):

RRIV (DP ) = CIV,gel(DP )/CF,gel(DP )

CIV,neb/CF,neb
, [6]

where CIV,neb and CF,neb are the average of readings before and
after tests.

Similarly, relative recovery of total virus, RRTV was also
calculated, to evaluate how efficiently viral RNA was recovered:

RRTV (DP ) = CTV,gel(DP )/CF,gel(DP )

CTV,neb/CF,neb
. [7]

Finally, the particle size dependent virus survivability, S, was
determined by calculating the ratio of infectious virus to total
(both infectious and non-infectious) virus carried by the particles
normalized by the same ratio in the nebulizer suspension:

S (DP ) = CIV,gel(DP )/CT V,gel(DP )

CIV,neb/CT V,neb

. [8]

Data were statistically analyzed using one-way or multiple-
way analysis of variance (ANOVA) in Matlab (MathWorks, Inc.,
Natick, MA, USA). The limit of detection (LOD) of the Kaber
method is 10 TCID50/mL. For samples where no infectious virus
was detected (two out of the three replicates of SIV at 100 nm),
a value equal to LOD divided by square root of 2 was used in
the calculation (Hornung and Reed 1990).

3. RESULTS

3.1. Size Distribution of Virus Aerosol Particles
As a first step to characterize the virus aerosols, the size

distributions of the four virus aerosols were determined using
the SMPS (Figure S1, available in the online supplementary
information). The size distributions were generally lognormal

with the statistics provided in Table S1. There was no clear
correlation between the size of virion and the size of generated
virus aerosol. Small virion size did not necessarily give a small
count median diameter.

3.2. Infectious/Total Virus Size Distribution
Figure 2 and Figure S3 (available online only) represent the

infectious virus and total virus size distribution from 100 nm
to 450 nm normalized by the maximum values. In general,
both the infectious and total virus concentrations increased with
particle size and the maximum values at 400–450 nm were
around 5000 PFU/cm3, 35 TCID50/cm3, 180 TCID50/cm3, and
60 TCID50/ cm3 for MS2, TGEV, SIV, and AIV, respectively,
which were several orders of magnitude lower than the parti-
cle number concentration at the same particle size. The virus
size distributions were normalized to compare them more easily
with particle size distributions. As seen in Figures 2 and S3,
the infectious and total virus distributions had a similar trend,
both appearing to follow particle volume distribution rather
than particle number distribution. Infectious and total virus con-
centrations collected by the gelatin filters are available online
(Table S2).

3.3. Infectious/Total Virus Carried Per Particle
The average amount of infectious virus and total virus carried

by each particle (iv and tv) were plotted as a function of particle
size (Figures 3 and S4). For all four viruses, iv and tv increased
with particle size. The values were much lower than unity, even
at 450 nm. Power-law curve fitting gave R2-values ranging from
0.75 to 0.99, suggesting that there was a power-law correlation
between iv/tv and particle size. Note that the slopes obtained
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FIG. 2. Normalized infectious virus size distribution, total virus size distribu-
tion, SMPS particle number distribution, and SMPS particle volume distribution
for airborne MS2. Values are means ± one standard deviation (n = 3). Similar
plots for TGEV, SIV, and AIV are available online (Figure S3).
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FIG. 3. Infectious virus and total virus carried per particle as a function of
particle size for airborne MS2. Also shown are the equations and R2-values of
the curve fitting and the 95% confidence intervals (CI) of the slopes, where
x represents the particle size and y represents the amount of either infectious
virus or total virus carried per particle. Note that the slopes of the lines are the
exponents of the equations. Similar plots for TGEV, SIV, and AIV are available
online (Figure S4).

from the curve fits were significantly greater than three in some
cases.

3.4. Nebulization Stress on Virus
As shown in Figure S2, terms γ IV and γ TV were not sig-

nificantly different from unity for the four viruses. In addi-
tion, neither γ IV (p = 0.276) nor γ TV (p = 0.536) were found
to significantly depend on the type of virus using one-way
ANOVA.

3.5. Relative Recovery of Infectious Virus
and Total Virus

Figure 4 shows RRIV as a function of particle size for the
four viruses. For MS2, RRIV was around 0.3, independent of
particle size (p = 0.245, one-way ANOVA). However, for the
three animal viruses, RRIV showed strong particle size depen-
dence with values at 100–200 nm much lower than those at
300–450 nm. At particle sizes of 300 nm and above, RRIV

became independent of particle size (p = 0.948, two-way
ANOVA) but was significantly affected by the type of virus
(p = 0.001, two-way ANOVA). RRIV of TGEV and SIV were
generally higher than MS2 and AIV at particle sizes 300 nm and
above.

Contrary to RRIV, RRTV did not depend on particle size (p =
0.954, two-way ANOVA) for any of the four viruses (Fig-
ure 5). However, it was significantly affected by the type of virus
(P < 0.001, two-way ANOVA). The particle size-averaged RRTV

was 1.05, 2.22, and 1.36 for TGEV, SIV, and AIV, respectively,
much higher than MS2 (0.26).
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FIG. 4. Relative recovery of infectious virus. Each bar represents geometric
mean ± one standard deviation of the mean. In cases where no infectious virus
was recovered (denoted by asterisks [∗]), an infectious virus concentration of 10
TCID50/mL was used to estimate RRIV, which was lower than 0.47, 0.07, 0.86,
and 0.10 for TGEV at 100 and 200 nm and AIV at 100 and 200 nm, respectively.
The pound sign (#) denotes that infectious virus was recovered in only one of
the three samples.

3.6. Survivability of Airborne Viruses
Virus survivability was plotted as a function of particle size

for the four viruses (Figure 6). Similar to RRIV, the survivability
of MS2 was roughly a constant, independent of particle size
(p = 0.397, one-way ANOVA). However, the three animal
viruses demonstrated enhanced survivability at 300–450 nm,
compared with 200 nm. At large particle size (300–450 nm),
virus survivability was found to be independent of particle size
(p = 0.912, two-way ANOVA) and the particle size averaged
survivability was 1.00, 1.86, 0.75, and 0.41 for MS2, TGEV,
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FIG. 5. Relative recovery of total virus. Each bar represents geometric mean
± one standard deviation of the mean.
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FIG. 6. Survivability of airborne virus. Each bar represents geometric mean
± one standard deviation of the mean. In cases where no infectious virus was
recovered (denoted by asterisks [∗]), an infectious virus concentration of 10
TCID50/mL was used to estimate S, which was lower than 0.42, 0.06, 1.02, and
0.10 for TGEV at 100 and 200 nm and AIV at 100 and 200 nm, respectively.
The pound sign (#) denotes that infectious virus was recovered in only one of
the three samples.

SIV, and AIV, respectively, though the difference was not
statistically significant (p = 0.080, two-way ANOVA).

4. DISCUSSION

4.1. Comparison Between Particle Size Distribution
and Virus Size Distribution

Pneumatic nebulizers such as the Collison are commonly
used in laboratory studies to produce virus aerosol from liquid
suspensions (Reponen et al. 1997). However, the measured par-
ticle size distributions (Figure S1) showed that the traditional
Collison nebulizer inevitably generated residue particles carry-
ing no virus. For example, many particles were found at sizes
smaller than the virion size. The mean particle size of MS2
virus aerosol was larger than other studies also using Collison
nebulizers (Hogan et al. 2005 and Eninger et al. 2009), which
could result from the much higher solute concentration (e.g.,
the addition of uranine) in the nebulizer suspension used in this
study. Unlike the narrow size range of virions, the generated
aerosol covered a much wider range (Table S1), suggesting that
the nebulizer could generate high concentration of residue par-
ticles, due to the chemicals dissolved in the virus/cell growth
media, which is consistent with the observations of Hogan et al.
(2005).

Therefore, the particle number distribution, though easily
measured by an SMPS, does not necessarily indicate how virus
is distributed among particles of different sizes. In fact, the
virus size distribution was indeed masked by the particle num-
ber distribution (Figures 2 and S3). Lee (2009) found that in-
fectious virus size distribution for MS2 at 30–230 nm followed

particle volume distribution. This study confirmed Lee’s obser-
vation for MS2 and showed for the first time that both infec-
tious virus and total virus distributions of the three respiratory
viruses were much better represented by particle volume distri-
bution than number distribution in the size range of 100–450 nm
(Figure S3). Recently, there is a growing interest in evaluat-
ing filter performance using different particle size-integrated
penetration measurements (Li et al. 2012). Based on the un-
derstanding of virus size distributions presented here, perhaps
particle mass-based filter efficiency may better represent the
performance of a filter against airborne virus, compared with
particle number- or surface area-based efficiency.

4.2. Probability for a Particle to Carry Virus
As a further step to understand how virus infectivity depends

on particle size, the amount of infectious virus (iv) and total
virus (tv) carried per particle was determined as a function of
particle size (Figures 3 and S4). Assuming one PFU represents
one virion, the probability for a 450 nm particle to carry one
MS2 virion was <10%. The reported ratio of infectious virus
per TCID50 in particles ranged between 30 and 300 for influenza
virus (Wei et al. 2007; Fabian et al. 2008). Using a similar ra-
tio, the probability for a 450 nm nebulizer-generated particle to
carry one animal virus was estimated to be <100%. Therefore,
the results suggest that only a small fraction of laboratory gen-
erated particles actually carry virus, even when a nebulization
suspension of high virus titer is used and the particle size is
larger than the virion. However, the capacity for a particle to
carry virus increased with particle size, following a power law
relationship. Interestingly, a slope of >3 was found in all the
cases and some were even significantly greater than three, which
indicated the amount of virus carried by a particle was propor-
tional to more than the particle volume. This finding also agreed
with the virus size distributions, which seemed to be shifted
to larger sizes compared with the particle volume distributions
(Figures 2 and S3). Multiple-charged particles of larger size
(presumably carrying more virus) with the same electrical mo-
bility could be collected by the gelatin filter, which may increase
the slope. Nebulization suspension may also affect the slope. For
example, Lee (2009) found that the slope changed from ∼3 for
DI water to ∼2.5 for tryptone solution. In general, iv and tv
depend on particle size, the type of virus, and the nebulizer
suspension.

4.3. Effect of Aerosolization on Virus Infectivity
and Viral RNA

Although high shear stress during aerosolization can reduce
viability of bacteria (Griffiths and DeCosemo 1994), aerosoliza-
tion for a short time period (2–30 min) has been shown to
have a negligible effect on virus infectivity (Harper 1961; Ijaz
et al. 1985; Appert et al. 2012). This study evaluated the ef-
fect of a longer aerosolization time (∼90 min) on both virus
infectivity and total virus (viral RNA). As shown in Figure
S2, the values of γ IV and γ TV suggest that neither infectious
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virus nor viral RNA was significantly affected by aerosolization.
Fabian et al. (2009) also found that the ratio of total virus to
infectious virus in the nebulizer suspension only slightly in-
creased over an aerosolization time of 70 min. The four viruses
had similar γ , indicating that aerosolization had a similar effect
on each virus, independent of virion size and surface structure
(e.g., naked or enveloped). The smaller size of virions compared
with bacteria might explain the virus resistance to aerosoliza-
tion stress (Kim et al. 2007). Viruses tend to form aggregates
in liquid suspension (Hogan et al. 2004; Wei et al. 2007). How-
ever the continuous recirculation of virus suspension through
the nebulizer nozzle may reduce the level of aggregation and
thus increase virus titer (Teunis et al. 2005), which may also
explain γ IV ≈ 1.

4.4. Relative Recovery of Infectious Virus
and Total Virus

For TGEV and AIV, RRIV at 200 nm was much lower com-
pared with 300–450 nm (Figure 4). Because no infectious virus
was detected at 100–200 nm, an infectious virus concentration
of 10 TCID50/mL was used to estimate RRIV. Since 200 nm
particles carried more fluorescence than those at 100 nm, the es-
timated RRIV at 100 nm was much higher than 200 nm for TGEV
and AIV. RRIV is often used to evaluate how efficiently certain
sampling systems can recover infectious virus aerosol shortly
after its generation and theoretically RRIV ≤ 1 (Ijaz et al. 1987;
Agranovski et al. 2005; Appert et al. 2012). However, RRIV > 1
was sometimes found for TGEV and SIV, which could be due
to the large uncertainty of animal virus titration. For example,
a difference in one well of cell cytopathic change yields almost
twice the difference in the final titration results.

If there is no loss of total virus (viral RNA), then RRTV = 1,
assuming the amount of virus carried by a particle is proportional
to the particle volume and measurement errors are negligible.
As demonstrated in Figure 5, the animal virus nucleic acids
were generally recovered without loss, suggesting they were as
stable as the fluorescence tracer. Therefore, for the three animal
viruses tested, their viral RNAs could potentially be used as
an alternative to traditional chemical tracers such as uranine,
though their lower detection limit (Verreault et al. 2008) and
long time stability should be further tested.

4.5. Survivability of Airborne Virus
Similar to RRIV, survivability of TGEV and AIV was much

lower at 200 nm than at larger size (Figure 6). One could ar-
gue that the discretization phenomenon is responsible for this
finding, i.e., as the carrier particle size gets smaller and ap-
proaches the size of virion, it becomes more difficult for the
particle to carry virus. However, the particle size-independent
RRTV shown in Figure 5 suggests the presence of virus in parti-
cles even at 100 nm. Therefore, the discretization phenomenon
was probably not the reason. The main reason for the parti-
cle size associated survivability could be the shielding effect.
More specifically, compared with virus existing as a singlet or

in association with fewer organics (e.g., solutes in the nebulizer
suspension), the virus at larger particles may be surrounded by
more organic material, which may form a shield. Shielding effect
has been demonstrated to better protect virus from environmen-
tal stress such as ultraviolet irradiation (Woo et al. 2012). It may
also reduce sampling stress such as desiccation and sampler
dependent-mechanical forces, thus better maintaining the infec-
tivity of airborne virus. However, as particle size increased to
300 nm and above, virus survivability seemed to reach a plateau,
suggesting the shielding effect was maintained once a specific
particle size was reached. The same explanation applies to MS2.
Because all collected particle sizes were more than four times
the virion size (27–34 nm), the survivability reached the plateau
regime and therefore was no longer depended on particle size
(Figure 6). This is supported by Lee (2009), who showed that
survivability of MS2 at 120–200 nm was higher than at 30 nm,
despite the large experimental variation.

Any loss of airborne virus survivability must eventually result
from inactivation of the outer virus protein coat and/or inner
nucleic acid core (Sattar and Ijaz 1987). Figures 4–6 suggest
that MS2 was inactivated mainly due to the damage of its viral
RNA. For MS2 with intact viral RNA, its infectivity was well
maintained with survivability of ∼1. Because aerosolization
has been shown to have minimal effect on the virus (Figure
S2) and exposing MS2 collected on gelatin filters to an air
stream for 10 min did not affect virus infectivity (Grinshpun
et al. 2007), we believe that the loss of MS2 virus infectivity
and viral RNA mostly occurred in the aerosol phase. Since,
the animal viruses generally had intact viral RNAs (RRTV ≈
1), their inactivation was probably due to the damage of the
virus envelope and/or capsid. Inactivation of picornavirus and
poliovirus, both non-enveloped viruses, has been shown to result
from denaturation of the virus protein coat and viral nucleic
acid, respectively (Akers and Hatch 1968; De Jong and Winkler
1968).

In general, MS2 and TGEV survived best, followed by SIV
and AIV. Unfortunately, without additional tests (e.g., exposing
viruses collected on gelatin filters to air streams and determining
infectivity loss), we could not determine if the inactivation of an-
imal viruses happened during the aerosol phase, sampling phase,
or both. Note that SIV showed high survivability at 200 nm
compared with AIV (Figure 6), suggesting influenza virus of
different subtypes may have different survivability, which con-
firms the findings in other studies (Schaffer et al. 1976; Pyankov
et al. 2012).

4.6. Use of MS2 Bacteriophage as a Surrogate Virus
Several advantages such as non-pathogenicity, high virus

titer, and simple infectivity assay make MS2 bacteriophage
widely used in virus aerosol studies. However, similar to a pre-
vious study (Appert et al. 2012), its different recovery and in-
fectivity/survivability compared with corona and influenza virus
suggests that it may not be a suitable general surrogate for animal
or human viruses. Using surrogates that over-/underestimate the

D
ow

nl
oa

de
d 

by
 [

St
ep

he
n 

B
. T

ha
ck

er
 C

D
C

 L
ib

ra
ry

] 
at

 0
9:

47
 2

3 
Ju

ly
 2

01
5 



SIZE DEPENDENT VIRUS INFECTIVITY AND SURVIVABILITY 381

inactivation of the target microorganisms may negatively impact
risk assessment (Sinclair et al. 2012).

4.7. Limitations
One of the limitations of this study was that the virus was

aerosolized from its stock suspension, which is unlikely to rep-
resent the liquid surrounding airborne viruses when they are
generated from infected animals or humans. In addition, it is not
clear if the generation mechanism of human expiratory particles
is the same as the Collison nebulizer. Therefore, one should be
cautious in generalizing the experimental results to real life sit-
uations since infectivity and survivability of airborne virus may
heavily depend on the composition of the nebulizer suspension
(Sattar and Ijaz 1987) and the way it is generated.

5. CONCLUSIONS
In conclusion, we systematically measured virus concentra-

tion, virus survivability, and particle concentration as a function
of particle size using four different viral aerosols. The DMA
and gelatin filter based sampling system combined with virus
infectivity assay and qRT-PCR analysis is a useful way to char-
acterize laboratory generated virus aerosol in the submicron size
range with high size resolution. Our results demonstrate that par-
ticle size has a significant effect on infectivity and survivability
of airborne virus, which emphasizes the importance of particle
size in the transmission of viral diseases by the aerosol route.
Different behavior of MS2 bacteriphage compared with TGEV,
SIV, and AIV calls into question its use as a general surrogate
for animal and human viruses. Methods and results presented
here may be utilized in various studies to help better understand
and control the airborne transmission of virus.
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