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Abstract

The potential involvement of virus aerosols (i.e., airborne virus-carrying particles) in the
transmission of human respiratory diseases has led to increased public concern. This
dissertation focuses on 1) measurement of laboratory generated virus aerosols as a
function of particle size, virus type, and composition of nebulizer suspensions (Chapter 2
and 3) and 2) performance evaluation of filtering facepiece respirators against virus
aerosols (Chapter 4 and 5) with the long term goal to better understand and better control

the airborne transmission of viral diseases.

Although laboratory generated virus aerosols have been widely studied in terms of
infectivity and survivability, how they are related to particle size, especially in the
submicron size range, is little understood. In the first study (Chapter 2), four viruses
(MS2 bacteriophage, transmissible gastroenteritis virus, swine influenza virus, and avian
influenza virus) were aerosolized, size classified (100-450 nm) using a differential
mobility analyzer (DMA), and collected onto gelatin filters. Uranine dye was also
nebulized with the virus, serving as a particle tracer. Virus infectivity assay and
guantitative reverse transcription-polymerase chain reaction (QRT-PCR) were then used
to quantify the amount of infectious virus and total virus present in the samples,
respectively. The virus distribution was found to be better 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 survivability of airborne viruses and may, therefore, have
an impact on the airborne transmission of viral illness and disease. The data do not
support the use of MS2 bacteriophage as a general surrogate for animal and human

viruses.

Laboratory studies of virus aerosols have been criticized for generating airborne viruses
from artificial nebulizer suspensions (e.qg., cell culture media), which do not mimic the
natural release of viruses (e.g., from human saliva). Therefore, the objectives of the
second study (Chapter 3) were to determine the effect of human saliva on the survival of
airborne virus and to compare it with those of artificial saliva and cell culture medium
(i.e., 3% tryptic soy broth). A stock of MS2 bacteriophage was diluted in one of the three
nebulizer suspensions, aerosolized, size selected (100 to 450 nm) using a differential
mobility analyzer, and collected onto gelatin filters. Uranine was used as a particle tracer.
The resulting particle size distribution was measured using a scanning mobility particle
sizer. The amounts of infectious virus, total virus, and fluorescence in the collected
samples were determined by infectivity assays, gRT-PCR, and spectrofluorometry,
respectively. For all the nebulizer suspensions tested, the virus content generally followed
a particle volume distribution rather than a number distribution. The survival of airborne

MS2 was independent of particle size but was strongly affected by the type of nebulizer



suspension. Human saliva was found to be much less protective than cell culture medium
and artificial saliva. These results indicate the need for caution when extrapolating
laboratory results, which often use artificial nebulizer suspensions. To better assess the
risk of airborne transmission of viral diseases in real-life situations, the use of natural

suspensions such as saliva or respiratory mucus is recommended.

In the third study (Chapter 4), particle number penetration (one form of physical
penetration) and infectivity penetration of human adenovirus and swine influenza virus
aerosols through respirators were measured to better characterize the effectiveness of
filtering facepiece respirators against airborne viruses. Particle number penetration was
found to range from 2% to 5%. However, aerosol loading and large sample-to-sample
variation made it difficult to quantify the difference in particle number penetration caused
by the different virus aerosols. Infectivity penetration of human adenovirus was much
lower than particle number penetration, indicating that the latter provides a conservative

estimate for respirator performance against airborne viruses.

In the fourth study (Chapter 5), infectivity, viral RNA, photometric, fluorescence
(particle volume), and particle number penetration of MS2 bacteriophage through three
different models of respirators were compared to better understand the correlation
between infectivity and physical penetration. Although infectivity and viral RNA
penetration were better represented by particle volume penetration than particle number

penetration, they were several-fold lower than photometric penetration, which was



partially due to the difference in virus survival between upstream and downstream
aerosol samples. Results suggest that the current NIOSH (photometer-based) certification

method may be used to prescreen respirators for infection control applications.

These four studies comprise the main body of this dissertation and have been published

or currently under review.
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artificial saliva, and cell culture medium. Applied and Environmental
Microbiology. 80:2796-2803, 2014.
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Chapter 1: Introduction

1.1 Background

1.1.1 Definition of virus aerosols

Bioaerosols are aerosols of variable biological origin, including viruses, bacteria, and
fungi, or components, residues, or products of organisms such as fungal spores, pollen,
and fractions of insects (Cox and Wathes 1995). Comprehensive reviews on various
aspects of bioaerosols, particularly bacteria aerosols, are available in the literature

(Griffiths and DeCosemo 1994; Reponen et al. 2005; Srikanth et al. 2008; Xu et al. 2011).

As one category of bioaerosols, virus aerosols are assemblies of solid particles or liquid
droplets suspended in a gaseous medium (e.g. air), that each carries 1) a single virion, 2)
aggregates of virions, or 3) fragments of virions. In virology, a virion is defined as a
complete virus particle consisting of an inner core of viral genome made from nucleic
acid (either RNA or DNA) and an outer protein shell called a capsid. For some viruses
(e.g. influenza virus), the viral capsid is further enclosed by a lipid membrane and these
viruses are known as enveloped viruses (Flint et al. 2004). In the literature, virus particles
as well as other terms including airborne viruses, viral particles, viral aerosols, virus
aerosol particles, virus-laden particles, and virus containing particles, usually have the

same meaning as virus aerosols defined above and are often used interchangeably.



1.1.2 Sources of virus aerosols

Although viruses can only replicate inside living host cells, they can be made airborne
naturally and transmit through air without the presence of host cells. In the natural
environment, viruses can be spread by the infected host cells to fluids and become
airborne due to air movement and wave action on the surface of contaminated liquids,
such as spray irrigation (Moore et al. 1979), waste water treatment (Carducci et al. 1995),
toilet flushing (Barker and Jones, 2005), bubble eruption at sea surface microlayers (Aller
et al. 2004), rain splashing, wind blowing, etc. Animals can also be sources of virus
aerosols. For example, one of the most widely studied animal virus, foot-and-mouth
disease virus, has been detected in the air contaminated by infected pigs (Alexandersen et
al. 2002; Gloster and Alexandersen 2004; Gloster et al. 2007). Airborne viruses have also
been shown to shed from other animals, e.g. bats with rabies virus (Winkler 1968),
rabbits with rabbit pox virus (Thomas 1970), mice with polyoma virus (McGarrity and

Dion 1978), and poultry flocks with Newcastle disease (Hietala et al. 2005).

However, the virus aerosol sources representing the most risk for human health are
almost always other infected humans (Reponen et al. 2005; Verreault et al. 2008). Human
expiratory activities such as coughing, sneezing, talking, and even tidal breathing can all
generate droplets/particles (Morawska 2006; Chao et al. 2009; Johnson and Morawska
2009; Morawska et al. 2009; Johnson et al. 2011). Given the fact above, it is not difficult
to imagine that viruses can be carried by these droplets and thus become airborne. In fact,
Coxsackievirus A-21, influenza virus, human rhinovirus, parainfluenza virus, and human

metapneumovirus have all been detected in particles generated by coughing, talking, and

2



tidal breathing from infected human subjects (Huynh et al. 2008; Fabian et al. 2008;
Stelzer-Braid et al. 2009; Lindsey et al. 2010a). Although viruses are small with sizes
ranging from 25 to 300 nm, they are often carried by other materials such as respiratory
secretions of larger sizes (Reponen et al. 2005). For this reason, virus aerosol particles
may cover a wide size range from ultrafine (<100 nm) to sub-micrometer (<1 pm) and

micrometer (>1 pm).

The amount of virus present in human respiratory droplets is generally believed to be
very low. For example, for all ten human subjects infected by rhinovirus, only one
breathing sample and one coughing sample were positive for cell culture analysis, with an
infectious virus titer of 2.0x10%-2.0x10° and 2.0x10* TCIDso/mL, respectively (Stelzer-
Braid et al. 2009). In another study (Lindsey et al. 2010a), infectious influenza virus was
found in cough aerosols from only two of 21 influenza-infected subjects. For this reason,
samples of human expiratory aerosols are often analyzed by quantitative PCR (see
Section 1.1.4) for the amount of viral nucleic acids present. Fabian et al. (2008) estimated
that breathing generated <3.2 to 20 influenza virus RNA per minute. Lindsley et al.
(2010a) reported that an average of 15.8+29.3 influenza virus RNA was produced per
cough. In addition, not all infected subjects can shed detectable virus aerosols. For
example, Stelzer-Braid et al. (2009) reported that among the 25 subjects with PCR-
positive nasal mucus, 12 subjects had positive samples from breathing, nine subjects had
positive samples from talking, and only two had positive samples from coughing. In
another study, influenza viral RNA were detected in coughs from 38 of 47 (81%) human

subjects who were positive for influenza (Lindsley et al. 2010b). In other cases, no virus



could be detected in exhaled breath samples from 16 people infected with human
rhinovirus (Fabian et al. 2011). Moreover, similar to what was found for human
expiratory droplets, there was a wide variation in the amount of virus detected among
infected subjects. Lindsley et al. (2010a) found that 45% of the influenza viral RNA from
coughed aerosols came from just four of the 38 subjects with influenza, suggesting that
some patients may serve as “superspreaders” and have a higher chance to spread the

disease via the airborne route.

1.1.3 Disease transmission by virus aerosols

Virus aerosols are raising more and more heath concerns due to their potential
involvement in transmission of diseases, particularly respiratory viral diseases. Three
possible modes of transmission for respiratory viral diseases have been proposed,
including contact, large droplets, and aerosols (Brankston et al. 2007 and references
therein). Transmission by contact occurs when the transfer of virus results from direct
contact with infected individuals or indirect contact with contaminated intermediate
objects (fomites). Transmission can also occur by large droplets (> 5 um) generated from
infected human respiratory tract by sneezing, coughing, talking, etc. This mode of
transmission is considered to be within a distance of <1 m since large droplets settle
quickly. Transmission by aerosols, also known as airborne transmission, occurs due to
the spread of virus aerosols. Viruses can be carried by droplet nuclei (< 5 um), can be
suspended in air for a long time, can be inhaled by susceptible hosts, and finally may

cause infection.



Unfortunately, the relative contribution of different transmission modes remains unclear
and is currently under hot debate. For example, for influenza virus, after reviewing the
almost identical literature, Brankston et al. (2007) have supported large-droplets as the
dominant mode of transmission while others (Tellier 2006; Weber and Stilianakis 2008;
Tellier 2009) have argued in favor of transmission by aerosols. Nevertheless,
epidemiologic studies, field measurements, and computer simulations all indicate that the

aerosol route could be an important mode of transmission for viral diseases.

Epidemiologic evidence for disease transmission by virus aerosols has been reported over
the years. As nicely reviewed by Sattar et al. (1987), a wide range of naturally occurring
viral infections could be spread via the air, including small pox, measles, chicken pox,
rabies, rotavirus, foot-and-mouth disease virus, Newcastle disease virus, etc. The same
mode of transmission has also been proposed for porcine reproductive and respiratory

syndrome virus (Otake et al. 2002) and Norwalk-like virus (Marks et al. 2003).

Recently, several field measurements have been performed to sample ambient air in
hospitals, day-care centers, and on airplanes (Blachere et al. 2009; Lindsey et al. 2010b;
Yang et al. 2011). Due to the low concentration of infectious virus in the ambient, the
collected samples were all analyzed by quantitative PCR (see Section 1.1.4). Therefore,
the results were expressed as the amount of viral nucleic acids rather than infectious virus.
The reported fraction of virus content associated with particle size varied considerably.
For example, Yang et al. (2011) found that 36% of the detected influenza A virus fell in
the size range of < 1 pm while only 4% was found by Blachere et al. (2009) for the same

5



size range. It is possible that human generated virus aerosol particles coagulate with
ambient particles over time and thus change their size distribution. In addition, even if
quantitative PCR with high sensitivity was used, not all the collected samples yielded
positive results. For instance, Lindsley et al. (2010a) found that less than 20% of 21
personal samplers and 46 stationary samplers were positive for influenza A virus. In
another study, only half of the 16 samples were positive (Yang et al. 2011). These
findings suggest that virus aerosols may not be uniformly distributed in the ambient.
Interestingly, a larger fraction of respiratory syncytial virus was found in the first stage of
the NIOSH sampler compared with influenza A virus, indicating that respiratory
syncytial virus aerosol particles are generally larger than those containing influenza virus

(Lindsley 2010b).

In addition to epidemiologic studies and field measurements, disease transmission by
virus aerosols is also suggested by many computer-based simulation models. For example,
by using a virus production model and airborne spread prediction models combined with
the knowledge of aerobiology of foot-and-mouth disease (FMD) virus and meteorological
data, in a worst case scenario, the plume generated by infected pigs could infect cattle as
far away as 20-300 km and sheep up to 10-100 km (Donaldson and Alexandersen 2002).
In another study, the findings of atmospheric dispersion models assisted by the original
records strongly confirmed that airborne virus was the most likely cause of FMD
development out to 60 km from the source (Gloster et al. 2005). Similarly, the accurate
prediction of the spread of a virus-laden aerosol plume and air flow patterns by using

computational fluid dynamics and multi-zone models revealed that the large community



outbreak of severe acute respiratory syndrome (SARS) in a hospital had a common

source and was best explained by airborne transmission (Yu et al. 2004).

1.1.4 Sampling and analysis of virus aerosols

Measurement of virus aerosols generally requires two steps: 1) virus particles are first
removed from the air and 2) the collected virus aerosol sample is then analyzed. Common
sampling devices used for inert aerosols of non-biological origins including cyclones,
impactors, liquid impingers, and filters have also been used for sampling virus aerosols
based on the same sampling principles, which has been nicely reviewed by Verreault et al.
(2008). However, due to the biological nature of virus aerosols, a good virus aerosol
sampler should have not only high physical collection efficiency (i.e. to collect particles
efficiently), but also high biological collection efficiency (i.e. to maintain the infectivity
and the integrity of the collected virus aerosol particles). The high sampling flow rate of
cyclones and impactors is beneficial in situations where virus aerosol concentration is
low, but the strong mechanical stress during sampling may cause structural damage to the
collected viruses and thus decrease their infectivity (Bourgueil et al. 1992; Tseng and Li
2005a). Liquid impingers, the most popular sampler for virus aerosol studies, are
believed to have relatively high biological collection efficiency, but they have poor
physical collection efficiency for particles smaller than 300 nm (Hogan et al. 2005). In
addition, the performance of a liquid impinger is also a strong function of the type of
collection liquid (Agranovski et al. 2004; Yu et al. 2009), sampling time (Grinshpun et al.
1997), and reaerosolization (Riemenschneider et al. 2010). Although filters have high

physical collection efficiency, they are not recommended for collecting virus aerosols,



because 1) the desiccation during sampling significantly affects virus infectivity and 2) it
is difficult to dislodge the collected virus aerosol particles from the filter media, making
it difficult to quantify the amount of virus sampled (Zuo et al. 2013a). In short, traditional

aerosol samplers have limited performance when sampling virus aerosols.

Collected virus aerosol samples are often eluted from samplers or transferred into a liquid
for analysis. Although a variety of methods are available for virus detection and
quantification, as described elsewhere (Flint et al. 2004), infectivity assay and
polymerase chain reaction (PCR) are still the two methods most widely used in virus

aerosol studies.

Infectivity assay is a standard microbiological method to determine the concentration of
infectious virus in a sample. Typical examples include plaque assay and endpoint dilution
assay, both requiring a serial dilution of the virus sample to be analyzed. In a plaque
assay, freshly-grown host cells are mixed with virus at varying dilutions, covered with a
semi-solid nutrient medium such as agar, and incubated for a certain period. After
incubation, each infectious virus produces a circular zone of damaged cells (known as
plaque forming unit, or PFU) and results are expressed as PFU per unit volume of the
virus sample. In an endpoint dilution assay, virus at different dilutions is added to a
confluent monolayer of cultured cells followed by incubation. After incubation, cells are
checked under a microscope for cytopathic effect, a sign of viral infection, and results are
mathematically calculated in the unit of median tissue culture infective dose (TCIDsp) per

unit volume of the virus sample, which means the highest number of times that the



original virus sample can be diluted to still have a 50% chance to infect the inoculated

cells.

Polymerase chain reaction (PCR) amplifies short DNA sequences (known as templates)
within a long double-stranded DNA (dsDNA). It can also amplify RNA, when preceded
by a reverse transcription incubation at 42-55 °C (Mackay et al. 2002). A basic PCR set
up requires several components, including 1) a DNA or RNA template, 2) a pair of
forward and reverse primers (synthetic oligonucleotides) with the pair spanning a region
to be amplified, 3) a DNA polymerase, 4) deoxynucleotides, and 5) a buffer solution
providing a suitable environment for PCR. The PCR process can be summarized in three
steps: denaturation, annealing, and elongation (Mackay et al. 2002). In step one
(denaturation), the dSDNA containing the target template is heated at temperatures > 90
°C, where the dsDNA is separated into two single strands. In step two (annealing),
temperature is reduced to 50-60 °C so that each primer hybridses to one strand. In step
three (elongation), temperature is raised to 72-78 °C, where the hybridised primers are
extended by the DNA polymerase to synthesize a new complementary DNA strand with
continued supply of deoxynucleotides. Theoretically, the amount of DNA template in a
sample doubles after each thermal cycle and the template can be exponentially amplified
with repeated cycles. The amplified template (amplicon) can then be stained with
ethidium bromide, analyzed using agarose gel electrophoresis, and visualized under

ultraviolet light.



Traditional PCR analysis can only provide qualitative (yes/no) or at most semi-
quantitative results while true quantification of target nucleic acids can be achieved using
real-time quantitative PCR (Mackay 2004). By labeling primers, probes, or amplicon
with fluorogenic molecules, the accumulation of amplicon as PCR progresses can be
visualized as fluorescence signals and thus monitored in real time (Mackay et al. 2002).
For quantification of a template in a sample, threshold cycle (Ct) values are usually
collected from PCR cycles that occur within the log-linear amplification portion of the
reaction (where the fluorescence accumulates proportional to the amount of amplicon)
and are compared with a standard curve made from serial dilution of the template in a

similar matrix of known concentration (Mackay et al. 2002; Mackay 2004).

In short, quantitative PCR can detect and quantify viruses at very low concentrations.
Therefore, it 1s mostly used in studies where low concentration or poor survival of
airborne viruses is expected, e.g., human subject studies (see Section 1.1.2) and field
measurements (see Section 1.1.3). However, because PCR amplifies viral nucleic acids,
results only represent the amount of total virus (i.e. both infectious and non-infectious
virus) present in a sample. In other words, the lack of information regarding virus
infectivity is a big disadvantage of PCR. This piece of information can only be obtained
by performing the abovementioned infectivity assays, though they could be time-

consuming with limited detection sensitivity.
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1.1.5 Laboratory studies of virus aerosols

Airborne viruses have been artificially generated and widely studied in laboratories
(Sattar et al. 1987). Because the probability of airborne transmission of viral diseases
highly depends on how well virus survive (i.e. maintain infectivity) in air, infectivity and
survivability of virus aerosols are often the main focus of such studies. A common
approach involves generating virus aerosols from a liquid virus suspension (usually by a
spray gun or a Collison type nebulizer), keeping the generated virus in a container (e.g. a
rotating drum or chamber), taking virus aerosol samples periodically (usually by a liquid

impinger), and analyzing the samples (almost always by infectivity assay).

For most laboratory generated airborne viruses, a rapid decrease in infectivity was
noticed immediately after it is aerosolized followed by a slower logarithmic decay with
time (Songer 1967; Warren and Hatch 1969; [jaz et al. 1987). In aerobiology, such a
reduction of infectivity at the beginning is generally referred to as “initial loss”, which

can be considerable, often ranging from 10 to 100 fold (Ijaz et al. 1987; Sattar et al. 1987).

Several major factors affecting survivability of airborne viruses have been identified
(Sattar et al. 1987; Sobsey and Meschke 2003), including 1) the type of virus, 2) relative
humidity (RH), 3) air temperature, 4) composition of the nebulizer suspension from
which the virus is aerosolized, 5) air pollutants, and 6) irradiation. Table 1.1 summarizes
the findings reported in the literature for the survival of four airborne viruses (adenovirus,
coronavirus, influenza virus, and MS2 bacteriophage) that were used in this research.
Other factors such as the host cells used for virus propagation (Schaffer et al. 1976) and

11



the fluids in liquid impingers used for virus aerosol collection (Warren and Hatch 1969)
may also play a role. The effects of air pollutants (e.g. ozone) and irradiation (e.g.
ultraviolet germicidal irradiation) are topics of airborne virus decontamination and will

not be discussed here.
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Table 1.1 Survival of airborne adenovirus, coronavirus, influenza virus, and MS2 bacteriophage reported in the literature.

Virus . . . RH o .
(strain/serotype) Virus suspension media %) T(C) Effect on survival and remarks Reference
. Applied as 1 uL droplets
Adenovirus (1, (modified Hank's saline) 20, 84 ~20 Better survival at higher RH Buckland and
3, and SV17) - - Tyrrell (1962)
followed by air drying
" . . . - - Miller and
Adenovirus (4 Undiluted virus with cell 20, 50, 239 Survival at 80% RH was significantly lower Artenstein
and 7) culture fluids 80 : than 20 and 50% RH.
(1967)
. Undiluted virus + 1% 32,51, Survival increased with RH. The effect of RH  Davis et al.
Adenovirus (12) antifoam 89 28-29.5 on survival seemed to be rapid. (1971)
Bovine Eagle's medium or bovine Survival increased with RH; low temperature Elazhary_ e
. . 30, 90 6, 32 . . A Derbyshire
adenovirus (3) nasal secretion and Eagle's medium enhanced survivability. (1979a)
Adenovirus
(encoded with . . o .
Minimum essential Temperature > 29 "C completely blocked virus | .
green medium (MEM) 32-99  21-34 P infectivirt)y y Li et al. (2008)
fluorescent '
protein)
Human 30. 50 Survival at 20 C: 50% > 30% > 80% RH.
coronavirus ? éo ' 6, 20 Survival at 6 C, 50% > 80% > 20% RH. Low ljaz et al. (1985)
(229E) T enhanced survival.
TGEV (!D urdue MEM 30,50, ~23 Survival decreased with increased RH Kim et al. (2007)
strain) 70, 90
. Survival decreased with increased RH and T;
Coronavirus Ageies e 10 b ey GU I, 22-25, 33, at 40-50% RH and 22-25 °C, dried virus Chan et al.
(MEM + 1% FCS) 80- oo .
(SARS) - 1 38 showed similar inactivation rate to virus (2011)
followed by air drying 85, >95 . - .
suspension without drying
Applied as 10 uL droplets 20 50 At 4 °C, survival decreased with increased RH; Casanova et al
TGEV (?) (cell culture medium) éo " 4,20,40 survival at 20 and 40 °C, 20% > 80% > 50% (2010) ’

followed by air drying

RH. Low T enhanced survival.



Influenza A
virus (PR8)

Influenza A
virus (PR8)

Influenza A
virus (WS)

Influenza A
virus (PR8)

Influenza A
virus (PR8)

Influenza A
virus (WS and
swine)

Influenza A
virus (PR8)

Influenza A
virus (WSN)

MS2
bacteriophage

MS2
bacteriophage

10% horse serum and
broth

Horse serum and heart
infusion broth

Allantoic fluid and 0.1 M
Sorensen’s phosphate
buffer
One part allantoic fluid
and one part 2% Difco
peptone

Allantoic fluid and casein
Mcllvaine's buffer

Applied as 1 pL droplets
(modified Hank's saline)
followed by air drying

Allantoic fluid and 0.2%
gelatin

Cell culture fluid or
clarified allantoic fluid

Salt solution or trypton
broth

0.1 M NaCl or NaCl with
0.01-0.1% peptone

23, 48,
89

23-80

30-70

15-90

20, 35,
50-80

20, 84

20, 50,
80

20-80

20, 50,
80

20-90

27-29

22-24

Indoor T

7-8, 20.5-
24, and 32

21

21

20

Survival decreased with increased RH.

High survival at 23-40% and 70-80% RH, low
survival at 45-65% RH. Sharp transition at 40-
45% RH; Increased NaCl concentration may
be harmful.

High survival at 32 and 68% RH and lowest
survival at 60% RH.

Survival was high at 15-40% and low at 50-
90% RH. The transition was rather sharp.

Better survival at lowest RH and T; infectivity
decay rate suddenly decreased when RH above
35%; similar decay rate at RH 50-80%

Higher survivability at lower RH

High survival at low RH; Egg inoculation and
test mice exposure showed similar results.

Survival highest at low RH, lowest at mid-
range RH, and moderate at high RH;
polyhydroxl compounds generally enhanced
survivability.

Salt solution: highest survival at 20% RH,
followed by 80% and 50% RH; trypton broth:
equal survival at all RH; trypton greatly
enhanced survival.

0.1 M NacCl: highest survival at low RH,
followed by high and mid RH; Peptone greatly
enhanced survival

Loosli (1943)

Lester (1948)

Shechmeister
(1950)

Hemmes et al.
(1960)

Harper (1961);
Harper (1963)

Buckland and
Tyrrell (1962)

Hood (1963)

Shaffer et al.
(1976)

Dubovi and
Akers (1970)

Trouwborst and
De Jong (1973)



MS2
bacteriophage

MS2
bacteriophage

MS2
bacteriophage

DI water, 0.25% trypton, 25, 45,
or artificial saliva 85

DI water, 3% TSB, or 3%

TSB with 7.6% glycerol 35,50

DI water, 0.3% beef
extract (BE), or artificial 3058 0
saliva (AS)

For all three suspension media, survival
? highest at 25% RH, no difference between
45% and 85% RH

Better survival at 50% RH for water and TSB

19-26 with 7.6% glycerol; the opposite for TSB

For DI water, survival 30% > 90% > 60% RH;
for BE, lowest survival at 30% RH, no
difference between 60% and 90% RH; for AS,
no difference between the three RH

Lee (2009)

Appert et al.

(2011)

Woo (2012)
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A unique airborne survival pattern exists for each virus species or even the same virus but
different stains (Donaldson 1972), though generally enveloped viruses are more sensitive

to physical and chemical changes than non-enveloped viruses (Tseng and Li 2005b).

As a general rule, enveloped viruses survive better at low RH while non-enveloped
viruses prefer high RH (Sattar et al. 1987). Typical examples include influenza virus,
parainfluenza virus, coronavirus, vaccinia virus for enveloped viruses and adenovirus,
foot-and-mouth disease virus, rhinovirus, poliovirus, and T3 bacteriophage for non-
enveloped viruses (Harper 1961; Miller and Artenstein 1967; Warren and Hatch 1969;
Davis et al. 1971; Donaldson 1972; Schaffer et al. 1976; ljaz et al. 1985; Karim et al.
1985; Kim et al. 2007). However, many viruses have been reported not to follow this
general rule. Mayhew et al. (1968) found that the biological decay rates of yellow fever
virus were not significantly affected by the three RH tested. Sometimes the dependence
of virus survival on RH is more complex. For example, Newcastle disease virus, Langat
virus, influenza A virus, reovirus were found to be relatively stable at low/high RH and
minimally stable at mid-range RH (Songer 1967; Benbough 1971; Schaffer et al. 1976;
Adams et al. 1982) while mid-range RH was reported to be more favorable to rotavirus

compared to the other two RH levels (Sattar et al. 1984).

Generally, airborne virus survival is inversely proportional to air temperature (Sattar et al.
1987; Tang 2009). For instance, Harper (1961) found virus survival was better at low
temperature (7-11 °C) than high temperature (21-23 °C and ~30 °C) for all four viruses
tested. However, exceptions were also reported. For example, temperature was found to
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have no significant effect on the survival of airborne yellow fever virus and Venezuelan

equine encephalitis virus (Mayhew et al. 1968; Ehrlich and Miller 1971).

The effect of composition of nebulizer suspension on the survival of airborne viruses is
well recognized. Certain additives to the nebulizer suspension have been shown to
provide protection to airborne viruses, overcome the harmful effect of RH and/or the
toxic effect of solutes in the nebulizer suspension, and thus significantly improve their
survival. These protective agents are generally believed to be proteinaceous in nature
(Sattar et al. 1987). Bovine serum albumin, proteins containing cell culture fluid, tryptic
soy broth, phenylalanine, and peptone have all been shown to increase the airborne
survival of Langat virus, influenza virus, foot-and-mouth disease virus, and MS2
bacteriophage, respectively (Benbough 1971; Barlow and Donaldson 1973; Trouwborst
and De Jong 1973; Trouwborst et al. 1974; Schaffer et al. 1976; Appert et al. 2012).
Additional protection was also offered by non-protein chemicals including 1)
polyhydroxy compounds such as glycerol, inositol, sucrose, and glucose, 2) surface
active agents, and 3) salts (Benbough 1971; Trouwborst and De Jong 1973; Trouwborst
et al. 1974; Schaffer et al. 1976). However, there are no universal protective agents that
work for all airborne viruses. Instead, certain solutes may have totally different effects on
survival, depending on the type of virus. For example, monovalent chlorides lead to
inactivation of arbovirus but the opposite for poliovirus, T1 and MS2 bacteriophages
(Benbough 1971; Trouwborst and De Jong 1973). Amino acid and glucose in minimum
essential medium was considered to increase the stability of bovine adenovirus type 3
(Elazhary and Derbyshire 1979a) but showed minimal protection for human adenovirus
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type 1 (Appert et al. 2012). In addition, inositol was found to stabilize influenza virus at
50% RH and enhanced virus inactivation at high RH, but had little effect at low RH
(Schaffer et al 1976), suggesting that RH may also affect the performance of protective

agents.

Any loss of infectivity of an airborne virus must eventually result from the damage of its
protein coat, nucleic acid, or both (Sattar et al. 1987). Phosphor-lipid-protein complexes
usually denature most readily at mid to high RH while proteins denature most readily at
low RH (Cox and Wathes 1995). However, the exact inactivation mechanisms remain
unclear. It seems that the surface characteristic of virus (either envelope or capsid), the
environmental conditions (RH and temperature), and the chemical compositions of virus
aerosol particles have a complex and combined effect on the survival of airborne viruses.
Dehydration may be the most fundamental stress to airborne viruses (Cox 1989),
especially considering the water retention capability of polyhydroxyl compounds. It is
hypothesized that the presence of organic matter in the virus growth medium decreases
the vapor pressure of droplets, and thus reduces evaporation and provides better
protection (Marthi et al. 1990). Cox (1989) also proposed that the cross-linking reactions
happening on the surface proteins of viruses may partially explain the effect of RH. Work
by Trouwborst et al. (1974) suggested a surface inactivation mechanism since virus at air-
water interfaces (AWI) is subjected to unbalanced forces and therefore virus inaction can
be reduced by having a dense monolayer of surface active agent at the AWI. Inactivation

of virus by crystallization of solutes may be another mechanism. As water evaporates, the
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dissolved chemicals in a droplet become supersaturated and start to crystallize under

certain RH, which may be toxic to virus (Trouwborst and De Jong 1973).

1.1.6 Filtration of virus aerosols by respirators

One of the most straightforward ways to help reduce airborne transmission of viral
diseases is filtration (e.g. by wearing respirators). In fact, the Centers for Disease Control
and Prevention (CDC) have recommended the use of National Institute of Occupational
Safety and Health (NIOSH)-approved N95 filtering facepiece respirators in healthcare
occupational settings to reduce exposure to airborne influenza virus (CDC, 2009).
Filtering facepiece respirators are commonly made of electret filter media. Due to the
embedded electrostatic charges, the electret filter media can provide similar filtration
efficiency to purely mechanical filters, but with a lower pressure drop and therefore less
breathing resistance (Barrett and Rousseau 1998). Filtering facepiece respirators are
currently certified according to a NIOSH standard under title 42 of Code of Federal
Regulations (CFR) part 84 (DHHS, 1995), which uses NaCl (solid particles) or
dioctylphthalate (DOP, oil droplets) aerosol to challenge a respirator and determine its
filtration efficiency by measuring upstream and downstream aerosol concentration using
a laser photometer. Respirators are certified for 95, 99, or 99.97% efficiency for
removing the challenge aerosol and labeled as 95, 99, or 100 class efficiency. Certified
respirators are further categorized as N (not resistant to oil), R (somewhat resistant to oil),
or P (permanently, or strongly resistant to oil). For example, an N95 respirator means that

it can remove at least 95% of the challenge NaCl aerosol.
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However, since the current NIOSH standard for respirator certification uses inert particles
(e.g. NaCl) as a challenge aerosol, this certification method does not tell how well a
NIOSH-certified respirator may perform against airborne viruses. Therefore, it is of

particular interest to evaluate respirator performance using virus aerosols.

Several studies have investigated the efficiency of respirators against virus aerosols
(Table 1.2). A general approach for respirator testing using virus aerosols described in the
literature includes the following steps: 1) generating virus aerosols (almost always by
Collison nebulizers), 2) challenging a respirator using the generated virus aerosols at
certain face velocity, and 3) sampling and analyzing virus aerosols upstream and

downstream of the respirator.

Respirator filtration performance against airborne viruses is commonly quantified by two
parameters (Eninger et al. 2008a). One is physical penetration, which is defined as the
percentage of challenge particles that penetrates through the respirator, without
considering infectivity. Examples of physical penetration include particle number
penetration, particle surface area penetration, particle volume penetration, etc., which are
relatively easy to measure using real-time aerosol instruments (Li et al. 2012). Previous
studies have found that particle number penetration (one form of physical penetration) of
virus aerosols is similar or slightly lower than that of NaCl aerosol (Balazy et al. 2005;
Eninger et al. 2008b; Lore et al. 2012). This slight difference in penetration was believed
to be caused by the higher dielectric constant of virus than NaCl, which increases particle

collection efficiency by electrostatic deposition in electret filter media (Eninger et al.
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2008a). This finding suggests that inert aerosols such as NaCl may be generally
appropriate to conservatively predict penetration of virus aerosol particles of similar sizes
(Eninger et al. 2008a). The other parameter is infectivity penetration, which is defined as
the percentage of infectious virus that penetrates through the respirator. Although
infectivity penetration is time-consuming to measure, it certainly better represents
respirator performance against infectious virus aerosols than physical penetration.
Physical penetration (particle number penetration), defined differently in different studies,
is found to be generally higher than infectivity penetration, suggesting the former can be
used as a conservative estimate for respirator performance against airborne viruses (Zuo

et al. 2013b).
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Table 1.2 Infectivity and physical penetration of different challenge virus aerosols through respirators.

Method to determine

Virus aerosol infectivity penetration, Piy

Method to determine
physical penetration, Py,

Comparison Reference

MS2 Gelatin filter, 25 mm diameter ~ SMPS*, 22-29 nm virus aerosol particles Pint = Pphy Eninger et al. 2008a
MS2 Liquid impinger, AGI-30 SMPS, 25-407 nm virus aerosol particles Pint < Pphy Lore et al. 2012
Human

adenovirus Liquid impinger, AGI-30 SMPS, 70-90 nm virus aerosol particles Pint < Ppny Zuo et al. 2013b
Influenza A virus  Liquid impinger, AGI-30 APS** 0.8 um PSL particles Pint < Ppny Harnish et al. 2013
Influenza A virus  Liquid impinger, midget PortaCount, 0.02-1 um virus aerosol particles Pint < Ppny Booth et al. 2013
MS2 Gelatin filter, 47 mm diameter ~ CPC*** monodisperse 50 nm NaCl particles Pint < Pohy Gardner et al. 2013

*SMPS: scanning mobility particle sizer
**APS: aerodynamic particle sizer
***CPC: condensation particle counter
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1.2 Motivation and objectives

The outbreak of coronavirus-caused severe acute respiratory syndromes (SARS) in 2004,
highly pathogenic avian influenza A (H5N1) in 2004-2006, and pandemic HIN1 novel
flu in 2009 have all raised public concerns for the health effects of virus aerosols. Ideally,
human subject studies (see Section 1.1.2) and field measurements (see Section 1.1.3) are
preferred for investigating disease transmission by virus aerosols. However, as discussed
earlier, due to extremely low concentration of infectious virus aerosol particles in the
natural environment, large intersubject variation, non-uniform dispersion of virus
aerosols, uncontrolled ambient conditions, and potential interference of PCR with
ambient contaminants (Alcarez et al. 1995), a large number of human subjects or air
samples must be tested and analyzed before statistically significant results can be
obtained. From this viewpoint, laboratory studies of virus aerosols under well controlled

test conditions are a good alternative.

Survival of viruses in aerosol form, one of the key factors affecting airborne transmission
of viral diseases, has been widely studied in the laboratory (see Section 1.1.5). However,
previous laboratory studies have often overlooked the following: 1) particle size and how
it is associated with the survival of airborne viruses, 2) surrogate or model viruses and
how they represent the survival of airborne viruses of interest (e.g., human and animal
viruses), and 3) the composition of the nebulizer suspension from which virus is

aerosolized and how it represents the survival of airborne viruses in real-life situations.
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Particle size plays an important role in airborne transmission of viral diseases (Morawska
2006; Gralton et al. 2011), governing virus aerosol transport in air, its deposition in
human respiratory tract, and its control by filtration. However, previous studies provided
limited size information. For example, most studies relied on liquid impingers for
sampling virus aerosols, which does not provide size fractionation. The physical
collection efficiency of liquid impingers decreases as particle size decreases (e.g. ~85%
at 1 um, ~70% at 0.5 um, and ~50% at 0.3 um) (Lin et al. 1997; Hogan et al. 2005),
which means those reported results for virus survival better represent that of larger size
virus aerosols. Although size-segregated sampling instruments such as cascade impactors
and cyclones are available, due to their limitations such as large cut-off size and low size
resolution, insufficient attention has been given to virus aerosols in the submicron size
range, the size of most human respiratory particles (Haslbeck et al. 2010; Holmgren et al.
2010). More importantly, what is unknown is how virus survival is associated with it
carrier particle size. For example, Yang et al. (2011) raised the question “Are the viruses
found across different sizes of particles equally viable, or are those in one size fraction
more so?” What does infectious or total virus size distribution look like and how is it
compared with particle size distribution? Does the chance of a particle to carry virus

depend on particle size, surface area, or volume?

Nowadays many laboratory studies use MS2 bacteriophage as a model virus, since it is
non-pathogenic (bio-safety level one) and easy to work with (e.g. fast growth to high

titers). However, the suitability of MS2 bacteriophage as a general model virus has been
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questioned (Appert et al. 2012). Is MS2 bacteriophage an appropriate surrogate for

animal and human viruses such as influenza virus or SARS virus?

The composition of the nebulizer suspension from which virus is aerosolized greatly
affects survival of virus aerosols (see Section 1.1.5). Given the fact that 1) virus aerosol
particles of human origin often contain compounds from respiratory secretion and 2)
many laboratory studies produced virus aerosols from nebulizer suspensions that were
quite different from human saliva and mucus, it is likely that previously reported survival
results may not represent that of naturally generated virus aerosols. Human saliva has
been found to increase survival of aerosolized bacteria on respirators (Wang et al. 1999).

Can human saliva also preserve virus survival in aerosols?

Due to their important role in infection control in hospitals and healthcare facilities,
filtration efficiency of filtering facepiece respirators has been evaluated using laboratory
generated virus aerosols (see Section 1.1.6). However, early studies (before the year 2013)
often used MS2 bacteriophage as a challenge aerosol, whose characteristics (e.g. virion
size and airborne survival) may be quite different from those of human and animal
viruses. Therefore, the exact performance of filtering facepiece respirators against human
and animal viruses is little understood. In addition, it remains unclear whether there

would be any difference in filtration between different airborne viruses.

Correlation between infectivity and physical penetration through respirators is always a
research problem of interest, because a better understanding of the correlation is helpful
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to eventually predict infectivity penetration (which is time-consuming and sometimes
difficult to measure) based on physical penetration measurements (which are fast and
relatively easy). Although researchers have compared infectivity and physical penetration
through respirators (see Section 1.1.6), all selected physical penetration is limited to
particle number penetration and the selection of the method used to determine particle
number penetration seems arbitrary (Table 1.2). No previous studies have compared
infectivity penetration with other forms of physical penetration, e.g., particle volume
penetration. Is it possible that physical penetration other than particle number penetration
can better represent infectivity penetration? In addition, since respirators are currently
certified using the NIOSH (photometer-based) standard, what does the current NIOSH

certification tell us about respirator performance against virus aerosols?

The long-term goal of this research was to better understand and to better control airborne
transmission of viral diseases. The objectives of this study were to 1) measure laboratory
generated virus aerosols as a function of particle size, virus type, and composition of
nebulizer suspensions and 2) evaluate performance of filtering facepiece respirators

against virus aerosols. To achieve the objectives, the specific aims of this study were:

1. to develop a size-segregated sampling method for virus aerosol particles in the sub-

micrometer size range with high size resolution, high collection efficiency, and easy

virus recovery,
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2. to determine the survival of airborne MS2 bacteriophage with animal viruses

including transmissible gastroenteritis virus (coronavirus), avian influenza virus, and

swine influenza virus as a function of particle size,

3. to compare the survival of airborne MS2 bacteriophage generated from human saliva,

artificial saliva, and cell culture medium as a function of particle size,

4. to determine the filtration performance of filtering facepiece respirators against
human adenovirus and swine influenza virus aerosols, and

5. to correlate infectivity penetration through respirators with various physical

penetration, particularly particle volume penetration and photometric penetration.

1.3 Dissertation outline
A brief literature review, motivation, and research objectives are presented in this

Chapter. The next four chapters consist of the main body of the dissertation, each based

on a separate manuscript that has been published or currently under review. Specific aims

1 and 2 have been addressed in Chapter 2, where the newly developed virus aerosol
sampling method and the survival of four airborne viruses as a function of particle size
are described. Specific aim 3 has been addressed in Chapter 3, where the effect of four
nebulizer suspensions on the survival of airborne MS2 bacteriophage is presented.
Chapter 4 addresses specific aim 4 and reports filtration performance of respirators
against two different types of virus aerosols. Chapter 5 (specific aim 5) compares
infectivity penetration through respirators with a variety of physical penetration

measurements. Finally, conclusions and future work are given in Chapter 6.
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Chapter 2: Effect of Particle Size on the Airborne Survival of MS2

Bacteriophage vs. Three Animal Viruses

2.1 Introduction

The world-wide outbreaks of coronavirus-caused severe acute respiratory syndrome
(SARS), H5N1 bird flu, and HIN1 novel influenza have caused substantial health
impacts and have increased public concern for the spread of viral diseases. Respiratory
viruses such as influenza 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 (Satter et al. 1987; Fabian et al. 2008; Tellier 2009).

For aerosol transmission to occur, a particle must carry infectious virus and the virus in
the carrier particle must survive (i.e., remain infectious) in air before it reaches a
susceptible host to initiate infection. In general, infectious airborne virus in the natural
environment is difficult to recover due to 1) the extremely low concentration of virus in
ambient air and 2) the unsatisfying performance of traditional aerosol samplers. As a
result, virus-carrying particles are often artificially generated and their survivability has
been studied under laboratory conditions since the 1930s. It has been found that airborne
influenza virus and coronavirus survive best at low relative humidity and low ambient
temperature (Hemmes et al. 1960; Harper 1961; Schaffer et al. 1976; ljaz et al. 1985; ljaz

et al. 1987; Kim et al. 2007).
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However, most of the laboratory studies mentioned above used aerosol 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 virus transmission (Morawska 2006; Gralton et al. 2011). Particle size
governs virus aerosol transport, its deposition in the human respiratory tract, as well as its
control by filtration (Eninger et al. 2008; Zuo et al. 2013b). 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 pm) resulted
in a lower infectious dose than the larger-sized particles (10 um). Therefore, it is not

sufficient to measure only particle size-integrated survival of airborne viruses.

In order to better understand virus transmission by aerosols, it is important to determine
the relationship between airborne virus survival and particle size (Gralton et al. 2011).
Only a few studies are available on this issue in the scientific literature. 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 (ljaz et al. 1987). The concentration of infectious virus appeared to be
related to particle volume distribution for particle size >0.5 um. 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
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particles (>4 um) than in smaller particles (0-4 pm) while adenovirus infectivity was best
preserved in the size range of 0.56-1.9 um compared with 1.9-10 um (Appert et al. 2012),

indicating that particle size does affect the survival of certain airborne viruses.

Although the use of size-segregated samplers such as impactors provides size
fractionation for virus infectivity, not much is known about virus aerosol particles of size
less than 0.5 pum, the size of most human respiratory particles (Haslbeck et al. 2010;
Holmgren et al. 2010), probably because of the large cutoff size and low size resolution
of impactors. To extend the understanding to submicron particles, Hogan et al. (2005)
used a differential mobility analyzer (DMA) in combination with a liquid impinger to
collect size-classified MS2 and T3 bacteriophage aerosol particles. The virus distribution
was found to be different from particle number distribution. Lee (2009) later applied the
same sampling approach for MS2 and showed that both virus infectivity 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 the infectivity and survivability 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.
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2.2 Materials and methods

2.2.1 Propagation and titration of MS2 bacteriophage

MS?2 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
bearing 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 trypticase soy agar (TSA) plates.
The top agar was allowed to solidify followed by inversion and incubation of the plates at
37°C for 24 hours. After plagues were confluent (within 24 hrs of incubation), 5 mL of 3%
(wt/vol) tryptic soy broth (TSB) was added to each plate. After 2 hours at room
temperature, the solution was aspirated, centrifuged at 2,500 =g for 15 min, and sterile-
filtered. The resulting bacteriophage stock was aliquoted into 50 mL tubes, followed by
storage at -80°C until use. The titer of MS2 bacteriophage in the virus stock and other
samples was determined by using a double 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).

2.2.2 Propagation and titration of animal viruses
Three animal viruses were used, e.g., transmissible gastroenteritis virus (TGEV; Purdue

strain) of pigs, avian influenza virus (AlV; A/chicken/Maryland/2007[H9N9]), and swine
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influenza virus (SIV; A/swine/Minnesota/2010 [H3N2]). TGEV, a member of
Coronaviridae, is spherical (100-150 nm), enveloped, single stranded, positive sense
RNA virus, causing gastrointestinal infections in pigs (Tajima 1970). AlV and SIV are
also spherical (80-120 nm) and contain eight segments of single-stranded RNA, causing
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 influenza virus, respectively.

TGEV was propagated in swine testicular (ST) cells while SIV and AlV 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,
(Mediatech, Herndon, VA), 8% fetal bovine serum (FBS; Gibco, Life Technologies, New
York), 50 pg/mL gentamicin (Mediatech), 150 g/mL neomycin sulfate (Sigma, St.
Louis, MO), 1.5 pg/mL fungizone (Sigma), and 455 ug/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 hr for virus adsorption.
Maintenance medium without FBS was used for propagation of TGEV. For SIV and AlV,
the maintenance medium contained trypsin (1.5 pg/mL, Sigma) and 4% bovine serum
albumin (BSA; Gibco, Life Technologies). Inoculated cells were incubated at 37°C under
5% CO,. After the appearance of virus-induced cytopathic effects (CPE), usually at 4-5

days post-infection, the cells were subjected to three freeze-thaw cycles (-80°C/25°C)

followed by centrifugation at 2,500 xg for 15 min at 4°C. The supernatant was collected
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and aliquoted into 50 mL tubes followed by storage at -80°C until use. For titration of
TGEV, serial 10-fold dilutions of virus samples were prepared in MEM. For titration of
SIV and AlV, 4% BSA and trypsin were added to MEM. Sample dilutions were
inoculated in appropriate cell monolayers in 96-well cell culture plates (Nunc, New York)
using 100 pL/well. Four wells were used per dilution. Inoculated cells were incubated at
37°C under 5% CO; for 4-5 days until CPE appeared. Virus titers were then calculated as
50% tissue culture infectious dose per mL (TCIDso/mL) using the Karber method (Karber,

1931).

2.2.3 Quantification of total virus by gqRT-PCR

Viral RNA was extracted from 140 pL of sample using the QIAamp viral RNA kit
(Qiagen, Valencia, CA). The extracted RNA was eluted in 40 uL of elution buffer and
stored at -20°C until used for gRT-PCR (quantitative reverse transcription-polymerase
chain reaction). The amount of viral RNA present in each sample was quantified by qRT-
PCR performed in a Mastercycler Realplex thermocycler (Eppendorf, Hamburg,
Germany) using QIAGEN One Step RT-PCR kit (Qiagen, Valencia, CA). 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 analyzed in duplicate,
each containing 3 pL of viral RNA template in a final volume of 20 pL. Standard curves
were constructed using serial 10-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 reverse

transcription (RT), RT inactivation, and PCR of the four viruses were the same: 50°C for
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30 min and 95°C for 15 min. The thermal cycling parameters were as follows: 40 cycles
of 95°C for 15 sec and 55°C for 45 sec for MS2; 40 cycles of 95°C for 15 sec and 60°C
for 45 sec for TGEV; and 45 cycles of 94°C for 1 sec and 60°C for 20 sec for SIV and
AIV. Final results were expressed as cycle threshold (Ct) values. After qRT-PCR was
performed, the amplification efficiency 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 AlV,
respectively. The corrected Ct values were then used, along with the standard curve, to
calculate the concentration of total (infectious and non-infectious) virus, which was

expressed as projected TCIDso/mL.

2.2.4 Aerosol test tunnel and experiment procedure

Experiments were performed in a one-pass aerosol test tunnel located in a biosafety level
2 laboratory (Figure 2.1). The vertical tunnel was 1.7 m long and 14 cm in diameter,
enclosed by a negative pressure containment to minimize release of virus aerosol into the
surrounding environment. This facility has been used in a variety of virus aerosol studies
(Kim et al. 2007; Appert et al. 2012; Zuo et al. 2013b). Virus aerosol was generated using
a 6-jet Collison nebulizer (BGI, Waltham, MA) 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 system to be quantified. Virus titer in the freshly prepared nebulizer
suspension was 3.1x10%5.8x10° PFU/mL, 1.45x10°-3.16x10° TCIDso/mL, 3.16>10°-
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6.76>10° TCIDso/mL, and 3.16x10°-1.48x10° TCIDso/mL for MS2, TGEV, SIV, and

AlV, respectively.
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g 2 10LPM | Voltage
Compressed air Dryer Neutralizer | Mass flow
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: 1.0 LPM - || ‘| DMA
Nebulizer .
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D> SMPS ===
>~—<. \Valve Orifice meter
Aerosol test 1.0 LPM
Pump tunnel v/ Pump
'L J —
@ Pressure gauge DMA: Differential mobility analyzer Gelatin filter

Exhaust

Relative humidity meter SMPS: Scanning mobility particle sizer

Figure 2.1 Schematic diagram of the experimental setup for the measurement of virus

aerosols.

The generated virus aerosol was mixed with HEPA-filtered and relative humidity (RH)-
controlled room air, and then directed to the test tunnel 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, Shoreview, MN) 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 um (SKC Inc., Eight-

Four, PA) held in a stainless steel holder (Millipore Corp., Bedford, MA) at a sampling
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flow rate of 1 L/min for 15 min. Compared with the liquid impingers used previously
(Hogan et al. 2005; Lee 2009), gelatin filters have excellent physical collection efficiency
for virus aerosol particles (Burton et al. 2006) and do not significantly affect virus

infectivity (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 desiccation 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
removed 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, McGaw Park, IL) at maximal speed for 9-10
sec, six times at 1 min intervals. The unsampled virus aerosol passed through the test
tunnel and was finally filtered 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 taken 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, Columbia, MD) to quantify the concentration of
uranine in the sample (Appert et al. 2012). The results were expressed as fluorescence
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unit per mL. The other two portions were stored at -80°C until virological analysis. Virus
infectivity assay and gRT-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.

2.2.5 Data analysis
To determine the distribution of virus in polydisperse particles and compare it with
particle size distribution, the infectious virus size distribution, V(D) was defined

particularly for particles carrying infectious virus (Hogan et al. 2005) and calculated as:

_ dci(Dp) C1v,get(Dp)V gel 1
IV (Dp) = =~ ,
(Dp) dlogioDp  Qgeit[Alogio Dp] f+1(Dp)P(Dp) [1]

where C,y is the concentration of airborne infectious virus, Cyv gel is the concentration of
infectious virus recovered in the effluent from the gelatin filter, Vg is the volume of
eluent used to dissolve the gelatin filter, Qg is the air sampling flow rate through the
gelatin filter, t is the sampling time, 4log10Dy, is the logarithm of the width of the size
interval of the DMA, f.; 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(D,) can be calculated as:

_ dCty(Dp) Crv,get(Dp)V get 1
(Dp) dlogioDp  Qgert[Alogio Dp] f+1(Dp)P(Dp) 2]
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The amount of infectious virus carried per particle, iv, was calculated as the ratio of
infectious virus concentration to particle number concentration, assuming the 4log1oD,

interval is the same for the DMA and the SMPS:

iv(Dp) = dCiy(Pp)  _  Cwv,gei(Dp)Vgel 1 3]
PJ = acn smps(Dp) QgeltACn smps(Dp) fr1(Dp)P(Dp) ’

where 4C,, smps IS the number concentration of particles within a size interval with
geometric diameter D, measured by the SMPS. Similarly, the amount of total virus

carried per particle, tv, was calculated as:

— _dcCrv(Dp) CTV,gel(DP)Vgel 1
tv D = I~ .
(Dp) dCnsmps(Dp)  QgettACn,smps(Dp) f+1(Dp)P(Dp) [4]

Power-law curve fitting with least squares was conducted for iv(D,) and tv(Dp) using

Microsoft Excel.

The effect of nebulization stress on virus infectivity and viral RNA integrity was also

examined by calculating two terms, y and yrv (Appert et al. 2012):

(Crvneb/Crneb), (CTvneb/CFneb), [5]
)

Yiv Yrv

= Ctvmen/Crnen), = Crvmen/Crnen),

which compare the ratio of infectious virus (Cy, nep) Or total virus concentration (Crv. neb)
to fluorescence intensity (Ck nep) in the nebulizer suspension before (b) and after (a) the
nebulization. If there is inactivation of virus infectivity or viral RNA due to nebulization,
v would be less than unity. The fluorescence intensity was included in the calculation to

take into account the increase of virus concentration due to the evaporation of liquid from

the nebulizer suspension.
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To quantify how efficiently infectious virus could be recovered by the DMA and gelatin
filter based sampling system, relative recovery of infectious virus, RR,y, was calculated as

a function of particle size (ljaz et al. 1987; Agranovski et al. 2005; Appert et al. 2012):

RR[V (Dp) — CIV,gel(DP)/CF,gel(DP), [6]

CIV,neb/CF,neb

where Cyy neb and Cr nep are the average of readings before and after tests.

Similarly, relative recovery of total virus, RRyy, was also calculated, to evaluate how

efficiently viral RNA was recovered:

RRyy(Dp) = Crv,get(Dp)/CF,ge1(Dp) 7]

CTV,neb/CF,neb

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)/CTV,gel(Dp). [8]

CIV,neb/CTV,neb

Data were statistically analyzed using one-way or multiple-way analysis of variance
(ANOVA) in Matlab (MathWorks, Natick, MA). The limit of detection (LOD) of the
Kaber method is 10 TCIDso/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).
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2.3 Results

2.3.1 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 (see Figure 2.2). The size distributions were
generally lognormal with the statistics provided in Table 2.1. 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.
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Figure 2.2 Representative size distributions of virus aerosol particles generated from the
four virus suspensions, MS2 bacteriohpage (MS2), transmissible gastroenteritis virus

(TGEV), swine influenza virus (SIV), and avian influenza virus (AlV).
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Table 2.1 Particle size distribution statistics of the four virus aerosols as measured using
an SMPS.

MS2 TGEV SIV AlV
Virion size (nm) 27-34  100-150° 80-120° 80-120°
Count median diameter (nm) 79.1 66.3 62.5 62.6
Geometric standard deviation 2.28 2.31 2.16 2.10

Total number concentration (particles/cm®) 7.53x10° 7.42x10° 9.46x10° 9.35x10°

®Reference: Valegard et al. (1990)

PReference: Tajima (1970)

‘Reference: Lamb and Choppin (1983)

2.3.2 Infectious/Total virus size distribution

Figure 2.3 represents the infectious virus and total virus size distribution from 100 to 450
nm normalized by the maximum values. In general, both the infectious and total virus
concentration increased with particle size and the maximum values at 400-450 nm were
around 5000 PFU/cm?, 35 TCIDso/cm®, 180 TCIDsp/cm®, and 60 TCIDso/ cm? for MS2,
TGEV, SIV, and AlV, respectively, which were several orders of magnitude lower than
the particle number concentration at the same particle size (Figure 2.2). The virus size
distributions were normalized to more easily compare them with particle size
distributions. As seen in Figure 2.3 the infectious and total virus distributions had a
similar trend, both appearing to follow particle volume distribution rather than particle

number distribution.
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SMPS particle number distribution, and SMPS particle volume distribution for airborne
MS2, TGEV, SIV, and AlV. Values are means *one standard deviation (n = 3 for MS2,

TGEV, and SIV; n = 2 for AIV).

2.3.3 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 (Figure 2.4). For all four viruses, iv and tv

increased with particle size. The values were much lower than unity, even at 450 nm.
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Power-law curve fitting gave R?-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

from the curve fits were significantly greater than three in some cases.
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Figure 2.4 Infectious virus and total virus carried per particle as a function of particle
size for airborne MS2, TGEV, SIV, and AIV. Also shown are the equations and R*-
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.
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2.3.4 Nebulization stress on virus
As shown in Figure 2.5, terms y,y and yrv were not significantly different from unity for
the four viruses. In addition, one-way ANOVA showed that neither y,y (P = 0.276) nor

yrv (P = 0.536) were significantly dependent on the type of virus.

10~ ]
] [ JInfectious virus| ]
V] Total virus ]
14 [ |
> / ]

| %

/,
7
7
0.1
MS2 TGEV SIvV AlV

Figure 2.5 Effect of nebulization on the concentration of infectious and total viruses in
the nebulizer suspension. The term y, which compares the ratio of virus concentration to
fluorescence intensity before and after nebulization, is calculated using Equation [5].

Each bar represents geometric mean with 95% confidence interval.

2.3.5 Relative recovery of infectious virus and total virus
Figure 2.6 shows RR)y as a function of particle size for the four viruses. For MS2, RRy
was around 0.3, independent of particle size (P = 0.245, one-way ANOVA). However,

for the three animal viruses, RR;y showed strong particle size dependence with values at
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100-200 nm much lower than those at 300-450 nm. At particle sizes of 300 nm and above,
RRv 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). RR,y of TGEV

and SIV were generally higher than MS2 and AlV at particle sizes 300 nm and above.
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Figure 2.6 Relative recovery of infectious virus for MS2, TGEV, SIV, and AlV. Each
bar represents geometric mean zxone standard deviation of the mean. In cases where no
infectious virus was recovered (denoted by asterisks [*]), an infectious virus
concentration of 10 TCIDso/mL was used to estimate RRyy, 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.
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Contrary to RRyy, RRyy did not depend on particle size (P = 0.954, two-way ANOVA) for

any of the four viruses (Figure 2.7). However, it was significantly affected by the type of

virus (P <0.001, two-way ANOVA). The particle size-averaged RRry was 1.05, 2.22,

1.36 for TGEV, SIV, and AlV, respectively, much higher than MS2 (0.26).
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Figure 2.7 Relative recovery of total virus for MS2, TGEV, SIV, and AlV. Each bar

represents geometric mean =one standard deviation of the mean.

2.3.6 Survivability of airborne viruses

Virus survivability was plotted as a function of particle size for the four viruses (Figure
2.8). Similar to RRyy, 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
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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, SIV, and AlV, respectively, though the difference

was not statistically significant (P = 0.080, two-way ANOVA).
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Figure 2.8 Survivability of airborne MS2, TGEV, SIV, and AlV. 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
TCIDso/mL was used to estimate survivability, 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.
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2.4 Discussion

2.4.1 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 particle size distributions (Figure 2.2) showed that the traditional Collison
nebulizer inevitably generated residue particles carrying 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 that also used Collison nebulizers (Hogan et al.
2005; 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
2.1), suggesting that the nebulizer could generate high concentrations of residue particles,
due to the chemicals dissolved in the virus/cell growth media, which is consistent with

the observations by 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 number distribution (Figure
2.3). Lee (2009) found that infectious virus size distribution for MS2 at 30-230 nm
followed particle volume distribution. This study confirmed Lee’s observation for MS2
and showed for the first time that both infectious virus and total virus distributions of
TGEV, SIV, and AlV were also much better represented by particle volume distribution
than number distribution in the size range of 100-450 nm (Figure 2.3). Recently, there is
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interest in evaluating filter performance using different particle size-integrated filter
efficiency measurements (Li et al. 2012). Based on the understanding 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.

2.4.2 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 (Figure 2.4). 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 TCIDs in particles ranged between 30 and 300 for influenza virus
(Wei et al. 2007; Fabian et al. 2008). Using a similar infectious virus to TCIDs ratio, 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 generated particles actually carry virus, even if 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 indicate that the amount of virus carried by a
particle is proportional to more than the particle volume. This finding also agreed with
the virus size distributions, which seemed to shift to larger sizes compared with the
particle volume distributions (Figure 2.3). Multiple-charged particles of larger size
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(presumably carrying more virus) with the same electrical mobility could be collected by
the gelatin filter, which may increase the slope. Nebulization suspension may also affect
the slope. For example, Lee (2009) found 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.

2.4.3 Effect of aerosolization on virus infectivity and viral RNA

Although high shear stress during aerosolization can reduce viability of bacteria
(Griffiths and DeCosemo 1994), aerosolization for a short time period (2-30 min) has
been shown to have a negligible effect on virus infectivity (Harper 1961; ljaz et al. 1985;
Appert et al. 2012). This study evaluated the effect of a longer aerosolization time (~90
min) on both virus infectivity and total virus (viral RNA). As shown in Figure 2.5, the
values of y,y and yrv suggest that neither infectious 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 increased over an aerosolization
time of 70 min. The four viruses had similar y, 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 viruses compared with bacteria might explain their
resistance to aerosolization stress (Kim et al. 2007). Viruses tend to form aggregates in
liquid suspensions (Hogan et al. 2004; Wei et al. 2007). The continuous recirculation of
virus suspensions through the nebulizer nozzle may reduce the level of aggregation and
thus increase virus titer (Teunis et al. 2005), which may also explain why y,y was close to
unity.
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2.4.4 Relative recovery of infectious virus and total virus

For TGEV and AIV, RRyy at 200 nm was much lower compared with 300-450 nm (Figure
2.6). Because no infectious virus was detected at 100-200 nm, an infectious virus
concentration of 10 TCIDse/mL was used to estimate RRy. Since 200 nm particles carried
much more fluorescence than those at 100 nm, the estimated RRy at 100 nm was much
higher than 200 nm for TGEV and AIV. RRy is often used to evaluate how efficiently
certain sampling systems can recover infectious virus aerosol shortly after its generation
and theoretically RR\y < 1 (Ijaz et al. 1987; Agranovski et al. 2005; Appert et al. 2012).
However, RR,y > 1 was sometimes found for TGEV and S1V, which could be due to the
large uncertainty of the endpoint dilution assay used for animal viruses. For example,

change in only one well with CPE can almost double or halve the final titration result.

If there is no loss of total virus (viral RNA), then RRry = 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 2.7, 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 longtime stability should be further tested.
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2.4.5 Survivability of airborne viruses

Similar to RR)y, survivability of TGEV and AIV was much lower at 200 nm than at larger
size (Figure 2.8). One could argue that the discretization phenomenon is responsible for
this finding, i.e., as the carrier particle size gets smaller and approaches the size of virion,
it becomes more difficult for the particle to carry virus. However, the particle size-
independent RRry shown in Figure 2.7 suggests the presence of virus in particles even at
100 nm. Therefore, the discretization phenomenon was probably not the reason. The
main reason for the particle size associated survivability could be the shielding effect.
More specifically, compared with viruses existing as singlets or in association with fewer
organics (e.g. solutes in the nebulizer suspension), viruses in larger particles may be
surrounded by more organic material, which may form a shield. The shielding effect has
been demonstrated to protect virus from environmental 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 infectivity of airborne
viruses. 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 of MS2 (25-30 nm), survivability
of MS2 reached the plateau regime and therefore no longer depended on particle size
(Figure 2.8). This explanation 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.
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Any loss of airborne virus survivability must eventually result from the inactivation of
outer virus protein coat and/or inner nucleic acid core (Sattar et al. 1987). Figures 2.6-2.8
suggest that MS2 was inactivated mainly by damage to its viral RNA. For MS2 with
intact viral RNA, its infectivity was well maintained with survivability of close to unity.
Because 1) aerosolization had little effect on virus infectivity or viral RNA (Figure 2.5)
and 2) 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 its viral RNA mostly occurred in the aerosol phase. Since the three animal viruses
generally had intact viral RNAs (RRyy =~ 1), their inactivation was probably due to the
damage of the virus envelope and/or capsid. By comparing the decay rate of whole virus
and its infectious viral RNA, 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 (Aker and Hatch 1968; De Jong and Winkler 1968).
In general, MS2 and TGEYV survived best, followed by SIV and AlV. 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 animal
viruses happened during the aerosol phase, sampling phase, or both. Note that SIV
showed much higher survivability at 200 nm than AIV (Figure 2.8), suggesting that
influenza virus of different subtypes may have different survivability, which confirms the

findings in other studies (Schaffer et al. 1976; Pyankov et al. 2012).
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2.4.6 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 previous study (Appert et al. 2012), its different recovery and survival compared with
coronavirus and influenza virus suggests that it may not be an appropriate surrogate for
animal or human viruses. Using surrogates that over-/underestimate the inactivation of

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

2.4.7 Limitations

One of the limitations of this study was that virus was aerosolized from its stock
suspension which is unlikely to represent 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 these experimental results to real life
situations since infectivity and survivability of airborne virus may heavily depend on the

composition of the nebulizer suspension (Satter et al. 1987) and the way it is generated.
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Chapter 3: Effect of Nebulizer Suspensions on the Survival of Airborne

MS2 Bacteriophage

3.1 Introduction

The potential involvement of virus aerosols in the transmission of human respiratory
diseases, although still under considerable debate (Brankston et al. 2007; Weber and
Stilianakis 2008; Tellier 2009), has led to increased public concern. Several studies have
found that a variety of respiratory viruses including influenza virus and severe acute
respiratory syndrome (SARS) coronavirus could be present at high concentrations in
human saliva and respiratory mucus (Wang et al. 2004; Robinson et al. 2008; Slots and
Slots 2011). When infected individuals cough, sneeze, speak, or simply breathe, particles
of saliva and/or respiratory mucus that carry viruses can be easily generated (Fabian et al.
2008; Stelzer-Braid et al. 2009), resulting in an increased risk of viral infection by

aerosols.

In an effort to understand and control transmission of viral diseases via aerosols,
researchers have generated airborne viruses in laboratories to study their infectivity and
survival (i.e., the ability to remain infectious) since the 1930s. Laboratory-generated virus
aerosols are commonly produced from liquid suspensions using pneumatic nebulizers
such as Collison nebulizers, as the wet dispersion technique simulates many dispersion
processes of viruses in the natural environment (Reponen et al. 1997). However, the

composition of liquid suspensions from which virus aerosols are generated (also known
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as nebulizer suspensions) is known to affect the survival of airborne viruses (Sattar et al.
1987; Sobsey and Meschke 2003). Given that many laboratory studies use artificial
nebulizer suspensions (e.g., cell culture media) that do not mimic the natural release of
virus aerosols from body secretions (e.g., human saliva), it has been suggested that
survival of airborne viruses determined in laboratories may not represent real life

situations (Snider et al. 2010).

To better simulate the generation of virus aerosols from human saliva, several researchers
have developed a recipe for making artificial saliva and have used it as a nebulizer
suspension (Lee 2009; Woo et al. 2010; Woo et al. 2012; Woo 2012). The same artificial
saliva was later adopted by the American Society for Testing and Materials (ASTM) to
evaluate decontamination efficacy of air-permeable materials and surfaces challenged
with bioaerosols (ASTM 2011a; ASTM 2011b). MS2 bacteriophage aerosolized from
artificial saliva has been found to survive better than that from deionized (DI) water, but
no better than that from 0.25% tryptone solution or 0.3% beef extract (Lee 2009; Woo
2012), suggesting that indeed artificial saliva may affect the survival of airborne viruses
differently from other commonly used artificial nebulizer suspensions. However, it
remains unclear how closely artificial saliva could represent human saliva in terms of

preserving airborne virus infectivity.

The literature on the effect of human saliva on airborne viruses and comparison with
other nebulizer suspensions is limited. In one study (Trouwborst and Kuyper 1974),
survival of airborne bacteriophage T3 from saliva and 0.1% peptone was found to be
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similar at relative humidity (RH) ranging from 20% to 80%, but lower than that from 0.1
M NaCl at low to mid RH. At high RH, highest survival was observed using saliva,
followed by peptone and salt. In another study (De Jong et al. 1975), saliva was found to
offer less protection to airborne encephalomyocarditis virus than Hanks balanced salt
solution over a wide range of RH and the virus decay in saliva was even larger than in
water below 40% RH. These results indicate that saliva may not necessarily be more
effective in maintaining airborne virus infectivity than artificial nebulizer suspensions,
depending on RH. However, in both studies, spray guns were used to produce
micrometer-sized particles and the virus aerosols were collected by liquid impingers. One
limitation of liquid impingers is that they provide only particle size-integrated results. As
demonstrated previously, particle size can significantly affect survival of airborne viruses
(Zuo et al. 2013c) as well as their removal by filtration (Zuo et al. 2013b). Therefore, it
would be interesting to explore how human saliva affects virus in aerosols as a function
of particle size. In addition, liquid impingers are inefficient in collecting submicrometer-
sized particles (Hogan et al. 2005). Consequently, the reported infectivity and survival
results mainly represent those of micrometer-sized particles. What happens to virus
aerosol particles of <0.5 pm, the size of most respiratory particles (Haslbeck et al. 2010;

Holmgren et al. 2010), remains unclear.

The objective of this study was to determine how human saliva could affect the
infectivity and survival of airborne MS2 bacteriophage in the submicrometer size range
and to compare the use of human saliva with artificial saliva and cell culture medium.
Due to its non-pathogenicity and ease of propagation, MS2 is one of the most popular
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surrogates for human-pathogenic viruses and has been extensively used in various virus
aerosol studies including investigation of aerosol generation techniques (Eninger et al.
2009), sampler evaluation (Hogan et al. 2005; Appert et al. 2012), virus survival (Lee
2009; Zuo et al. 2013c), virus inactivation (Woo et al. 2012; Grinshpun et al. 2007), and

virus filtration (Eninger et al. 2008a). For these reasons, MS2 was selected in this study.

3.2 Materials and methods

3.2.1 Virus stock

MS?2 bacteriophage is a small (27 nm), tailless, non-enveloped, single-stranded RNA
coliphage. MS2 bacteriophage (ATCC 15597-B1) was propagated and titrated using E.
coli famp (ATCC 700891) as host cells. Briefly, 1 mL of virus stock was mixed with 100
mL of log-phase E. coli grown in 3% (wt/vol) tryptic soy broth (TSB). After incubation
at 37°C for 20 hours with shaking at 60 RPM, the culture was centrifuged at 6000 > g for
15 minutes and the supernatant was filtered through a 0.45 pm cellulose acetate filter
(Vanguard International, Neptune, NJ). The resulting virus stock was aliquoted in 2 mL

vials and stored at -80°C until used.

3.2.2 Nebulizer suspensions
Three types of nebulizer suspensions were evaluated, including human saliva (HS),
artificial saliva (AS), and artificial saliva with no mucin (ASNM). ASNM was tested to

further evaluate the effect of mucin on the survival of airborne MS2.
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(i) Whole human saliva was collected from a subject under unstimulated conditions, at
least two hours after eating and drinking, using the spitting method (Navazesh 1993). The
subject first rinsed the mouth thoroughly using DI water and sat upright with the head
slightly tilted forward and the eyes open. Saliva was then allowed to accumulate in the
mouth and the subject spitted it out every 1 min into a 50 mL tube until ~45 mL of saliva
was collected. The collected saliva was treated with 455 pg/mL streptomycin and
1.5pg/mL fungizone to inhibit microbial growth. Since the composition of saliva varies
on a daily basis (Humphrey and Williamson 2001) and is also affected by freezing and
thawing (e.g., formation of white precipitates) (Schipper et al. 2007), saliva collected on
different days was pooled together, well mixed, aliquoted into 50 mL tubes, and stored at
4°C until used (within seven days of collection). (ii) Artificial saliva was prepared using
the same recipe as described elsewhere (Woo et al. 2010). It consisted of ~0.3% various
salts and 0.3% mucin from porcine stomach (M1778, Sigma Chemical Co., St. Louis,
MO) to simulate the electrolytes and mucus in human saliva (HS), respectively. (iii)
Mucin-free artificial saliva was prepared using the salts only. On each day of testing, 4.5
mL of thawed MS2 stock was diluted in 40.5 mL of one the three nebulizer suspensions
supplemented with 2 mL of uranine (0.625 g/mL, Fluka, Buchs, Swizerland) and 0.1 mL
of antifoam Y-204 (Sigma). Uranine was used as a fluorescent particle tracer (ljaz et al.
1987; Appert et al. 2012; Zuo et al. 2013c), which allowed the quantitation of particle
transport loss in the test system. The titer of freshly prepared nebulizer suspensions

ranged from 2x10° to 6x10% PFU/mL.
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3.2.3 Experimental setup and test procedure

The experimental setup schematically shown in Figure 3.1 has been described elsewhere
(Zuo et al. 2013c). The main element is a one-pass vertical aerosol test tunnel, which has
been used in different virus aerosol studies (Appert et al. 2012; Kim et al. 2007; Zuo et al.
2013a; Zuo et al. 2013b; Zuo et al. 2013c). Before each experiment, the tunnel was first
purged using HEPA-filtered air at 92 L/min for 15 min to remove any residual particles.
MS2 bacteriophage was then aerosolized from one of the nebulizer suspensions using a
six-jet Collison nebulizer (Model CN25, BGI Inc., Waltham, MA) operated at 10 psig.
The generated MS2 aerosol was mixed and diluted with humidity-controlled and HEPA-
filtered room air, entering the tunnel at a flow rate of 92 L/min. The virus aerosol was
sampled by a scanning mobility particle sizer (SMPS, Model 3034, TSI, Inc., Shoreview,
MN) at 1 L/min to measure the particle number distribution from 10 nm to 470 nm.
Simultaneously, some of the aerosol was charge-equilibrated to the Boltzmann
distribution using a polonium-210 neutralizer and particles with size of 100, 200, 300,
400, and 450 nm were selected by a differential mobility analyzer (DMA, Model 3071,
TSI), one size at a time. The size-classified virus aerosol particles were then collected
over a 15 minute duration at a flow rate of 1.0 L/min using a 25 mm diameter gelatin
filter (SKC, Inc., Eighty Four, PA) held in a stainless steel holder (Millipore Corp.,
Bedford, MA). Gelatin filters have very high collection efficiency for MS2 aerosol
(Burton et al. 2007). The sampling time was limited to 15 min in order to minimize
desiccation, which adversely affects the infectivity of the collected virus (Verreault et al.
2008). Immediately after sampling, the gelatin filter was broken apart using a sterile
forceps and dissolved in 1 mL of 1.5% beef extract-0.05 M glycine solution (pH 7.2),
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followed by vortexing (American Scientific Products, McGaw Park, IL) at maximum
speed for ~10 sec, six times at 1 min intervals. Any unsampled virus aerosol was

removed by a HEPA filter located at the outlet of the tunnel.

Room air —»| Humidifier

Room air —>»{ Humidifier
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Figure 3.1 Schematic diagram of the experimental setup for the measurement of virus

aerosols.

The experiments were performed at a RH of 4545% and a temperature of 22-24°C with
three replicates for each nebulizer suspension. All equipment including the nebulizer,
filter holders, and forceps were sterilized prior to testing. The entire setup was enclosed
by secondary containment with exhaust ventilation to prevent the release of aerosols into

the surrounding laboratory environment.

3.2.4 Sample analysis
Before and after each experiment, a 1 mL sample of nebulizer suspension was collected.
Each nebulizer suspension sample and gelatin filter sample was split into three portions.

The first portion was diluted in 0.01 mol/L NaOH and the concentration of fluorescence
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was measured by a spectrofluorometer (Model RF-5201PC, Shimadzu Scientific
Instruments, Columbia, MD) at excitation and emission wavelengths of 485 nm and 515
nm, respectively. The remaining two portions were stored at —-80°C until used in analysis

of infectious and total virus.

Infectious virus was enumerated using a double agar layer plaque assay (USEPA 2001).
Briefly, serially diluted samples in phosphate buffered saline were added to 4 mL of 0.75%
tryptic soy agar (TSA) maintained at 48°C along with 0.1 mL of log-phase E. coli. This
“top agar” was poured onto pre-prepared 1.5% TSA “bottom agar” plates and allowed to
solidify. The plates were then inverted, incubated at 37°C for 18 hours, and examined for
the production of viral plaques. The plagues were counted and viral titers were expressed

as PFU/mL.

Total virus was quantified by qRT-PCR, as described elsewhere (Zuo et al. 2013c). Since
gRT-PCR measures both infectious and non-infectious virus, the results are referred to as
total virus. Briefly, viral RNA was extracted from 140 piL of each sample and eluted in
40 L of elution buffer using the QIAamp viral RNA kit (Qiagen, Valencia, CA). The
extracted viral RNA (3 L) was mixed with specific primers and probe (O’Connell et al.
2006) and One Step RT-PCR kit (Qiagen) to a final volume of 20 L. gqRT-PCR was then
performed in duplicate in a Mastercycler ep Realplex2 thermocycler (Epperdorf,
Hamburg, Germany). Viral RNA extracted from the virus stock of a known titer was
serially diluted in RNAse-free water and used to construct standard curves, which
translated Ct-values into projected titers in PFU/mL.
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3.2.5 Data analysis
To evaluate the effect of nebulization on the stability of virus infectivity and viral RNA
in the nebulizer suspensions, two parameters, v and yty, were calculated:

_ (CIV,neb/CF,neb)a _ (CTV,neb/CF,neb)a [1]

Y = =
v (CIV,neb/CF,neb)b v (CTV,neb/CF,neb)b’

which compare the concentration ratio of infectious (Cyy nep) Or total virus (Cry nep) t0
fluorescence intensity (Cr nep) in the nebulizer suspension before (b) and after (a)
nebulization. The inclusion of Cg ey in the equations takes into account the possible
artificial increase of virus concentration due to water evaporation from the suspensions

during nebulization (Appert et al. 2012; Zuo et al. 2013c).

To understand how viral content (either infectious or total virus) was distributed among
various particle sizes, we defined the virus size distribution, dCy(Dy)/dlog10D,, a size
distribution function particularly for particles carrying virus (Hogan et al. 2005; Zuo et al.

2013c):

dcy(Dp) __ Cvgei(Dp)Vgel 1 2]
dlogioDp  Qgeit[Alogio Dp] f+1(Dp)P(Dp)’

where Cy g is the concentration of infectious virus or total virus recovered from the
gelatin filter at certain particle size Dy, Vge is the volume of gelatin filter sample, Qg and
t are the gelatin filter sampling flow rate and sampling time, 4/og10D, is the logarithm of
the width of the size interval of the DMA, f.; is the fraction of singly positively charged
particles (Wiedensohler 1988), and P is the penetration of particles through the DMA

(Reineking and Porstendorfer 1986).
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The amount of infectious or total virus carried per particle, v(Dp), was calculated as the
ratio of the total amount of virus collected by the gelatin filter to the total number of

particles measured by the SMPS at a given particle size:

Cy,gel(Dp)V gel 1
v(Dp) = : 3
(Dp) Qgei1tACn,smps(Dp) f+1(Dp)P(Dp) [3]

where AC, smps IS particle number concentration measured by the SMPS within a size

interval with geometric mean diameter D,

To quantify how efficiently infectious virus was recovered, relative recovery of infectious
virus (RRyy) was calculated:

CIV,gel (DP)/CF,gel (Dp)
CIV,neb /CF,neb

RRyy (DP) =

[4]

where Cyy neb and Cr nep Were the averaged values before and after nebulization. The
infectious virus concentrations are normalized by fluorescence concentrations to take into
account any artificial loss of virus infectivity due to the transport loss of particles (e.qg.,
sedimentation and deposition) in the test system. If there is no inactivation of virus (i.e.,
100% survival), then RR;y = 1, assuming no measurement error. Therefore, RR)y
represents the fraction of infectious virus recovered relative to the fluorescence recovered
and it serves as an indication of the survival of airborne virus (Appert et al. 2012; Zuo et

al. 2013c). Similarly, we also calculated relative recovery of total virus, RRry:

C1v,get(Dp)/CF,get(Dp)
CTV,neb/CF,neb

RRpy (Dp) = [5]

64



One method to quantify the survival of airborne viruses is to compare the ratio of
infectious virus to total (both infectious and non-infectious) virus (Fabian et al. 2009; Lee
2009; Woo 2012; McDeuvitt et al. 2013; Zuo et al. 2013c). The lower the ratio, the poorer
the survival. Here, the infectious to total virus ratio (ITR) in the aerosol sample was

normalized by the same ratio in the nebulizer suspensions:

ITR (Dp) — CIV,gel(DP)/CTV,gel(DP), [6]

CIV,neb/CTV,neb

where Cyy neb and Cry nep Were the averaged values before and after nebulization.

Data obtained for different nebulizer suspensions at different particle sizes were
statistically analyzed using one-way or multi-way analysis of variance (ANOVA) in

MATLAB R2010b. A p-value of <0.05 was considered statistically significant.

3.3 Results

In a previous study (Zuo et al. 2013c), we measured MS2 bacteriophage aerosolized from
a cell culture medium (i.e., 3% TSB), supplemented with the same amount of uranine and
antifoam as in this study. Therefore, those results are also presented here for comparison

purposes.

3.3.1 Stability of virus in nebulizer suspensions

Table 3.1 shows the geometric mean and 95% confidence interval of v,y and y1v for the
four nebulizer suspensions. Neither vy nor yrv was significantly different from unity,
suggesting that the composition of nebulizer suspension, along with uranine and antifoam,

did not inactivate the virus. In addition, one-way ANOVA showed that there was no
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statistically significantly difference in yv (p = 0.429) or yrv (p = 0.142) among the four

nebulizer suspensions.

Table 3.1 Geometric mean (with 95% lower and upper confidence interval) of y,y and

yrv for the four nebulizer suspensions.

Nebulizer suspension Yiv Y1V

Cell culture medium (i.e., 3% TSB)* 1.07 (0.44, 2.62) 0.96 (0.48, 1.93)
Human saliva 0.86 (0.63, 1.18) 0.87 (0.41, 1.87)
Artificial saliva 1.08 (0.95, 1.21) 0.66 (0.36, 1.19)
Artificial saliva no mucin 1.13(0.79,1.61) 1.12(0.90, 1.41)

& Data from Zuo et al. (2013c)

3.3.2 Particle size distributions

Typical SMPS-measured particle number distributions of virus aerosols generated from
the four nebulizer suspensions and their particle statistics are shown in Figure 3.2. The
size distributions of TSB and ASNM were generally lognormal with a count median
diameter of 76.5 and 64.3 nm, respectively. However, the size of particles generated from
HS was bimodally distributed. The primary mode at ~50 nm had a magnitude almost
twice that of the secondary mode at ~80 nm. Unlike the abovementioned three nebulizer
suspensions, the particle size distribution of AS measured before, during, and after the
experiment were multimodal and all different (Figure 3.2.b). During a nebulization period
of ~90 min, the two peaks at 15 and 33 nm continued to diminish (with a decrease in
number concentration by 62% and 25%, respectively) while a third peak at ~110 nm
gradually appeared (with an increase in number concentration by 53%). This large
variation with time indicates an unstable output of the Collison nebulizer when AS was

nebulized.
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Figure 3.2 Representative number distributions of virus aerosol particles generated from
cell culture medium (TSB), human saliva, artificial saliva without mucin (a), and
artificial saliva (b). Also shown are the lognormal and bimodal curve fittings with count

median diameter (CMD) and geometric standard deviation (GSD).
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3.3.3 Virus size distributions

Figure 3.3 presents the infectious virus and total virus size distributions for the four
nebulizer suspensions. The concentration of airborne virus generally increased with
particle size and the maximum mean concentration of infectious virus (at 400 or 450 nm)
was 3600, 25, 220, and 33 PFU/cm® for TSB, HS, AS, and ASNM, respectively, which
was several orders of magnitude lower than particle number concentration (Figure 3.2).
For all four nebulizer suspensions, the infectious virus and total virus size distributions
followed the particle volume distribution better than the particle number distribution,

despite the large error bars.
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size distributions for cell culture medium (i.e., 3% TSB), human saliva, artificial saliva,

and artificial saliva without mucin. Virus size distributions and particle size distributions

were normalized by their highest values and superimposed for easy comparison. Values

are means +one standard deviation (n = 3). Data points of infectious virus and total virus

size distributions at 100 nm were not plotted for human saliva since no virus was

recovered. Results of TSB are from Zuo et al. (2013c).
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3.3.4 Virus carried per particle

As shown in Figure 3.4, the amount of infectious virus (iv) and total virus (tv) carried per
particle increased with particle size for each of the four nebulizer suspensions. Results of
curve fitting suggest that the association of iv and tv with particle size reasonably
followed a power law, where the power was not significantly different from 3. However,

even for the largest particles (450 nm), iv and tv were much lower than 1 PFU/particle.
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Figure 3.4 Amount of infectious and total virus carried per particle as a function of
particle size for cell culture medium (i.e., 3% TSB), human saliva, artificial saliva, and
artificial saliva without mucin. Also shown are the curve-fitting results with R-square
values and 95% confident interval (Cl) of the slopes, where X represents particle size in
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nm and y represents virus carried per particle in PFU/particle. Results of TSB are from

Zuo et al. (2013c).

3.3.5 Relative recovery of infectious virus

RRv was plotted in Figure 3.5 as a function of particle size for the four nebulizer

suspensions. Two-way ANOVA showed that RR;y was independent of particle size (p =

0.168), but significantly depended on the type of nebulizer suspension (p < 0.001). RRyy

of TSB and AS were similar and much higher than that of HS and ASNM. Particle size-

averaged RRy was 0.285, 0.032, 0.218, and 0.024 for TSB, HS, AS and ASNM,
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Figure 3.5 Relative recovery of infectious virus for the four nebulizer suspensions. Each

bar represents geometric mean *one standard deviation of the mean (n = 3). The asterisk

sign (*) denotes that infectious virus was below the limit of detection in all the three
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samples. The pound sign (#) denotes that infectious virus was recovered in only two of

the three samples. Results of TSB are from Zuo et al. (2013c).

3.3.6 Relative recovery of total virus

Similar to RRy, RRyy (Figure 3.6) was also independent of particle size (two-way
ANOVA, p = 0.853). Particle size-averaged RRyy was 0.265, 0.130, 0.414, and 0.215 for
TSB, HS, AS and ASNM, respectively. Therefore, RRyy was generally comparable
between the four nebulizer suspensions, as confirmed by statistical analysis (two-way
ANOVA, p = 0.053).
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3.3.7 Infectious-to-total virus ratio

Figure 3.7 shows ITR for the four nebulizer suspensions at different particle sizes. Similar
to RRyy and RRyy, particle size had little effect on ITR (two-way ANOVA, p = 0.399).
However, ITR was strongly affected by the type of nebulizer suspension (two-way
ANOVA, p <0.001). TSB gave the highest particle size-averaged ITR (0.915), followed

by AS (0.527), HS (0.242), and ASNM (0.114).
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3.4 Discussion

3.4.1 Effect of nebulization on virus survival

The high shear stress during nebulization often substantially reduces the viability of
bacteria (Griffiths and DeCosemo 1994). However, values of y\ and ytv (Table 3.1)
indicate that neither infectivity nor viral RNA of MS2 bacteriophage was affected by the
nebulization stress. This finding is consistent with the literature, where both enveloped
and non-enveloped viruses were aerosolized from cell culture media (ljaz et al. 1987;
Kim et al. 2007; Appert et al. 2012; Zuo et al. 2013c). The four nebulizer suspensions
gave similar vy, suggesting that the insensitivity of virus to nebulization stress is not
unique for cell culture media but occurs for other suspensions also. One possible reason
for the insensitivity could be the small physical size and inertia of the virus, which makes

it experience lower nebulization stress than bacteria (Kim et al. 2007).

3.4.2 Particle size distribution

The particle size distributions generated from the four nebulizer suspensions did not
reflect the physical size of the virus itself (Figure 3.2). Instead, they were primarily
determined by the composition of the nebulizer suspensions. Due to the higher volume
fraction of solid material (solute) in the nebulizer suspension, the size distribution of TSB
gave a mean diameter larger than that of ASNM. Interestingly, the size distribution of HS
was bimodal, indicating two different sources of particles. One source was certainly the
various chemicals (e.g., salts and uranine) dissolved in the suspension, similar to TSB
and ASNM. The other source might come from salivary micelles. As revealed by electron
microscopy, salivary micelles are multi-component protein complexes in HS with
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globular structures (Rykke et al. 1995). They are often in the form of individual particles
or aggregates, ranging from 50-400 nm (Rykke et al. 1995; Soares et al. 2004), with
mean size close to the second mode of the bimodal distribution. The addition of mucin to
ASNM changed the size distribution from lognormal to multimodal (Figure 3.2). Mucins
are large glycoproteins with long-chain structures that tend to be entangled with each
other (Bansil and Turner 2006). Due to the high recirculation rate of the suspension
during nebulization (e.g., once every 6 sec) (May 1973), shear stress might gradually

break up these entanglements, thus causing unstable output from the nebulizer.

3.4.3 Virus size distribution and virus carried per particle

Similar to TSB (Zuo et al. 2013c), HS, AS, and ASNM produced infectious and total
virus size distributions that were generally represented by the particle volume distribution
(Figure 3.3), suggesting that the amount of virus carried per particle was proportional to
particle volume. This finding is further supported by the curve fitting results for iv and tv
(Figure 3.4), which showed a power of ~3. A similar trend was also observed for various
animal viruses aerosolized from cell culture media in the submicrometer (Zuo et al.
2013c) and cicrometer size range (ljaz et al. 1987; Appert et al. 2012). Assuming that one
PFU represents one infectious virus, values much lower than 1 PFU/particle for iv and tv
(Figure 3.4) indicate that only a small fraction of the generated particles actually carried
virus. This is because conventional Collison nebulizers inevitably generate many virus-
free residual particles, even if suspensions with high virus titers are used, as explained

earlier (Zuo et al. 2013c).Therefore, compared with cell culture medium, the use of non-
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cell culture medium did not change how virus was distributed among or carried by

particles of different sizes.

3.4.4 Effect of nebulizer suspensions on virus survival

Virus survival was a strong function of the type of nebulizer suspension. Survival of
airborne MS2 was highest for TSB and AS, moderate for HS, and lowest for ASNM, as
indicated by the values of RR,y (Figure 3.5) and ITR (Figure 3.7). Although it is well
known that the composition of nebulizer suspensions plays a significant role in survival
of airborne viruses (Sattar et al. 1987; Sobsey and Meschke 2003), how it preserves or

reduces virus infectivity is less understood.

Multiple inactivation mechanisms have been proposed and reviewed regarding the effect
of nebulizer suspension composition (De Jong and Winkler 1968; Yang and Marr 2012).
However, for MS2 bacteriophage, the loss of its survival (RRyy< 1 and ITR <1) could be
most plausibly explained by the exposure to an air-water interface (AW1I), where the virus
experiences “deforming forces”, which causes irreversible folding and rearrangement of
virus protein molecules and thus inactivates the virus (Trouwborst and De Jong, 1973;
Trouwborst et al. 1974). Considering the moderate RH used during the experiments and
the highly hygroscopic nature of uranine (Chan et al. 1997) and other salts (e.g., NaCl)
used in the nebulizer suspensions, the generated particles might carry substantial water
content rather than being completely dried, thus creating AWI. MS2 bacteriophage,
though non-enveloped, is very hydrophobic (Thompson and Yates 1999) and thus tends
to accumulate at the AWI. The increased concentration of salts in the generated droplets
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due to water evaporation decreases the size of the virus double layer, further promoting
virus adsorption at the AWI (Trouwborst et al. 1974; Thompson and Yates 1999). All
these observations suggest that inactivation of MS2 in the aerosol phase could be a

combined result of exposure to AWI and the hygroscopic nature of the particles.

The addition of proteins to liquid suspensions may reduce the solution surface tension,
which makes it more difficult for the virus to reach the AWI, thereby reducing virus
inactivation (Trouwborst et al. 1974; Thompson and Yates 1999). This may be the reason
why MS2 nebulized from protein-rich TSB survived much better than that from salt-
dominant ASNM. Other proteinacious solutions such as peptone were also reported to
increase the survival of airborne MS2 (Trouwborst and De Jong 1973; Dubovi and Akers

1970).

The use of mucin significantly enhanced virus survival (Figure 3.5 and 3.7). Woo et al.
(2012) showed that the cross-linking network of mucin forms a thin layer to encapsulate
virus in aerosol particles. This layer may reduce virus exposure to AWI and thus boost
survival. However, the protection level offered by mucin may not monotonically increase
with its concentration. For example, Schoenbaum et al. (1990) recovered much less
infectious pseudorabies virus when mucin concentration increased from 1% to 2%. HS,
although also containing mucin, gave a much lower survival than AS, suggesting that
exposure to AWI was probably not the only inactivation mechanism. Airborne foot-and-
mouth disease virus has been found particularly sensitive to an undefined organic
molecule present in bovine salivary fluid (Barlow and Donaldson 1973). A similar
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situation may also exist for MS2 in HS, especially considering the numerous trace
components in HS (Humphrey and Williamson 2001) and many of them possess antiviral

activities (Malamud et al. 2011).

3.4.5 Instability of viral RNA in aerosol

RRry<1 (Figure 3.6) suggests that viral RNA was not fully preserved in aerosol form. The
average (1-RRmy)/(1-RRy) (i.e., the fraction of virus inactivation due to viral RNA
damage) was 0.97, 0.89, 0.72, and 0.76 for TSB, HS, AS, and ASNM, respectively,
suggesting that inactivation of airborne MS2 was largely due to its damaged viral RNA.
Inactivation of several enveloped viruses, however, has been shown to result mainly from
their damaged envelope proteins and/or viral capsids (Zuo et al. 2013c). Perhaps a virus
envelope could protect viral RNA more effectively than viral capsid in aerosol form. The
exact inactivation mechanisms could be potentially determined using the promising

methods described by Wigginton et al. (2012).

The instability of viral RNA also raises the question of using viral nucleic acids as a
particle tracer for virus aerosol studies. If viral nucleic acids degrade in aerosol, then
infectious to total virus ratio (ITR), which is often used in the literature (Fabian et al.
2009; Lee 2009; Woo 2012; McDevitt et al. 2013; Zuo et al. 2013c) as an indicator for
airborne virus survival, may underestimate it. An ideal particle tracer must be highly
stable in aerosol form and be easily quantifiable so that the tracer concentration is directly
proportional to virus concentration. From this viewpoint, uranine is still the most reliable
particle tracer (ljaz et al. 1987; Verreault et al. 2008).
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3.4.6 Effect of particle size on survival

The survival of airborne MS2 was found to be a weak function of particle size (Figures
3.5 and 3.7). However, large particle size has been found to increase virus survival due to
the shielding effect (Woo et al. 2012; Zuo et al. 2013c) of other material. It is possible
that the size of particles sampled (100-450 nm) was already much larger than the physical
size of the MS2 virus (27 nm), so further increase in particle size did not enhance
survival. Woo (2012) extended the measurement of MS2 down to 30-230 nm and did

observe an increase of survival with increased particle size.

3.4.7 Use of natural nebulizer suspensions for risk assessment

To assess the risk of airborne transmission of viral diseases, information on survival of
viruses in aerosol is of critical importance. However, as clearly demonstrated in this
study, artificial nebulizer suspensions, even artificial saliva, did not produce the same
effect as human saliva on the infectivity and survival of airborne MS2 bacteriophage.
Significant differences in the survival of several veterinary viruses between cell culture
media and animal salivary fluid were also reported (Barlow and Donaldson 1973;
Elazhary and Derbyshire 1979a, 1979b, 1979c). These findings strongly suggest that the
use of artificial nebulizer suspensions may over- or underestimate the survival of airborne
viruses in real life situations, and therefore negatively impact risk assessment. To
increase the clinical or epidemiological values of a study, the use of natural nebulizer
suspensions is recommended. However, we should be cautious about 1) the potential
unstable aerosol output from nebulizers (e.g., AS in our study), particularly when aerosol
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has to be sampled for a prolonged time period and 2) the possible PCR inhibition by

natural suspensions, as shown elsewhere (Detmer et al. 2011).

3.4.8 Limitations

One of the main limitations in this study is that the saliva used came from only one
subject. Given that there exists large inter-subject variation in terms of salivary
components and antiviral properties of saliva (Humphrey and Williamson 2001; White et
al. 2009; Malamud 2011), saliva from multiple donors should be tested in the future to
determine variation in the population and to allow intra-study comparison. In addition,
only one value of RH was tested in these experiments. Several studies (Barlow and
Donaldson 1973; Elazhary and Derbyshire 1979a, 1979b, 1979c) have found that RH
affects how well cell culture media and natural fluids protect airborne viruses. Moreover,
although uranine was used as a particle tracer, it changed the composition of the
nebulizer suspensions and could have potentially affected virus survival. For example,
uranine has been shown to be toxic to airborne virus (Berendt and Dorsey 1971). The

effect of RH and uranine on survival of airborne viruses warrants further investigation.

3.5 Supplemental information

3.5.1 Use of gelatin filters for sampling infectious virus aerosols

Filters are usually not recommended for collecting infectious virus aerosols, because of
the detrimental effect of desiccation during sampling (Verreault et al. 2008). To evaluate
whether gelatin filters would impose sampling stress on the collected virus, an additional
experiment was designed and repeated in triplicate by running two gelatin filters in
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parallel. After sampling airborne MS2 at 1 LPM for 3 min, one filter was immediately
analyzed by plaque assay, while the other was exposed to HEPA-filtered air for an
additional 15 min (to simulate the level of desiccation experienced by the collected virus
during sampling) and then analyzed. One-way ANOVA suggested that there was no
significant difference (p = 0.737) between the exposed (7.4x10° +1.1x10° PFU/mL) and
unexposed samples (7.7><10° +0.9x10° PFU/mL). These results are similar to what has
been reported elsewhere (Jaschhof 1992; Grinshpun et al. 2007) and further confirm that
gelatin filters caused minimum sampling stress for airborne bacteriophages, which may

be attributed to the high moisture content of the gelatin.

As there was little nebulization and sampling stress, the loss of virus infectivity in the

present experiments seems to occur primarily in the aerosol phase.

3.5.2 Use of gRT-PCR technique for quantifying total virus

One concern for the use of qRT-PCR technique for quantifying total virus is that different
nebulizer suspensions (especially HS) might have various contaminants (e.g., RNase),
which can degrade viral RNA to different levels. If this is true, then gRT-PCR may be an
inaccurate method and it would be invalid to compare the recovery of total virus from

different nebulizer suspensions.

To test this possibility, MS2 stock of known titer was ten-fold serially diluted in 3% TSB,
HS, and AS supplemented with uranine and antifoam (i.e., the same three suspensions as
used in the aerosol experiments). Viral RNA was extracted from the samples and
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analyzed by gRT-PCR. Meanwhile, viral RNA was extracted from the same MS2 stock,
ten-fold serially diluted in RNAse free water, and analyzed by gRT-PCR (i.e., the same
method as used in the aerosol study). As shown in Figure 3.8, the standard curve prepared
using viral RNA diluted in RNase-free water was similar to those prepared using TSB,
HS, or AS as a diluent, suggesting that there was little RNA degradation due to the
presence of different nebulizer suspensions. Therefore, it is concluded that qRT-PCR

used in this study is a valid technique for the quantification of total virus.
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Figure 3.8 Standard curves made from MS2 viral RNA serially diluted in RNase-free
water, 3% TSB, human saliva, and artificial saliva. Also shown are the linear regression
curves and results for RNase-free water and artificial saliva, where x represents Ct-value

and y represents virus titer in Log;o PFU/mL.
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3.5.3 Effect of human saliva on animal viruses

Although MS2 is one of the most popular model viruses used in the field of virus aerosols,
unfortunately it has been found to be a poor surrogate for certain human and animal
viruses in the aerosol phase (Appert et al. 2012; Zuo et al. 2013c). Given the fact that the
effect of nebulizer suspensions generally varies for different viruses (Satter et al. 1987), it
is therefore difficult to predict the effect of human saliva and artificial suspensions on
airborne human viruses simply based on the results of MS2 reported in this study. In

order to answer the ultimate question (i.e., the role of human saliva in airborne
transmission of viral diseases), it would be best to use surrogates with closer

characteristics to human viruses than MS2.

An attempt was made to recover swine influenza virus (S1V; A/swine/Minnesota/2010
[H3NZ2]), a surrogate for human influenza virus, aerosolized from human saliva using the
same test protocol and apparatus as described in Section 3.2. No infectious virus was
recovered in any of the aerosol samples, in contrast to the high recovery when SIV was
aerosolized from cell culture medium (see Section 2.3). The virus titer in the nebulizer
suspension was found to be from 3.2x10° to 6.8x10° TCIDse/mL, more than ten times
lower than expected (The titer of the SIV stock was around 3.2x10° TCIDsy/mL and after
dilution in human saliva by approximately ten times, the titer of the nebulizer suspension
should be around 3x10* TCIDse/mL). Such low virus titer in the nebulizer suspension
was probably one of the reasons why no infectious virus was detected in the aerosol
samples. This phenomenon also motivated us to perform the following incubation
experiments.
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SIV was first mixed with human saliva, uranine, and antifoam (with the same mixing
ratios as used in the nebulizer suspension for the aerosol experiments) and then incubated
at room temperature for up to three hours (a time period twice as long as one aerosol
experiment). The mixture was analyzed in duplicate by infectivity assay and qRT-PCR at
incubation times of 0, 90, and 180 min. The same experiment was later repeated using
avian influenza virus (AlV; A/chicken/Maryland/2007 [HIN9]) and transmissible
gastroenteritis virus (TGEV; Purdue strain), which were used as surrogates for human
influenza virus and Severe Acute Respiratory Syndrome (SARS) coronavirus,
respectively. For all three viruses, the concentration of infectious virus decreased by
approximately one log while the concentration of total virus generally remained constant
during incubation (Figure 3.9), suggesting that human saliva had antiviral properties
against these three animal viruses, probably by neutralizing virus envelope proteins, not
viral nucleic acids. Similar virucidal effect of human saliva against influenza virus was
also reported by White et al. (2009). The same incubation experiment, however, showed
no significant decrease in virus titer for MS2 bacteriophage, suggesting that MS2 was
resistant to human saliva. Although the low virus titer in the nebulizer suspensions
prevented us from making any solid conclusions regarding the relative protection effect
of human saliva and artificial nebulizer suspensions on airborne animal viruses, the
antiviral properties of human saliva revealed by the incubation experiments are expected

to contribute to the inactivation of animal or similar human viruses in the aerosol phase.
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Chapter 4: Performance Evaluation of Filtering Facepiece Respirators

Using Human Adenovirus and Influenza Virus Aerosols

4.1 Introduction

Respiratory protection devices, such as N95 respirators, have been widely used as an
infection control measure in recent outbreaks of H5N1 and H1N1 influenza pandemics.
However, assessing the efficacy of respirators and other personal protective equipment in
reducing the airborne transmission of influenza is a research gap that remains to be filled

(Aiello et al. 2010).

Performance of respirators against virus aerosols has been widely investigated, but most
studies have used MS2 bacteriophage as the challenge aerosol (Balazy et al. 2006; Einger
et al. 2008a; Einger et al. 2008b), whose physical characteristics do not well represent
those of human pathogenic viruses. Two recent studies used influenza virus aerosol and
measured its penetration through N95 respirators (Borkow et al. 2010; Richardson and
Hofacre 2010). However, the size information of the generated virus aerosol and the
physical penetration (i.e., particle number penetration) were not reported. In the present
study, we compared the physical penetration and virus infectivity penetration through
respirators. In addition, we examined whether the physical penetration depended on the

type of challenge virus aerosol used.
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4.2 Methods

Three models of commercially available filtering facepiece respirators were used for this
study. Models A and C were National Institute of Occupational Safety and Health
(NIOSH) -certified N95 respirators while model B was not. Before the test, the periphery
of each respirator was sealed onto a plexiglas plate with a circular hole in the center. The
plexiglas plate was then sandwiched between gaskets and held in place by a pneumatic

chuck in an aerosol test tunnel (Figure 4.1).
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Figure 4.1 Schematic diagram of the experimental setup for respirator testing using virus

aerosols.

Human adenovirus (serotype-1) and H3N2 swine influenza virus (SIV;
A/swine/Minnesota/2010) were obtained from the Veterinary Diagnostic Laboratory at

the University of Minnesota. Virus aerosol was generated using a six-jet Collison
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nebulizer operated at 10 psi, loaded with 5 mL thawed virus stock diluted in 45 mL
minimum essential medium (MEM) with 0.1 mL antifoam A. The generated virus aerosol
passed through a Po-210 charge neutralizer, mixed with relative humidity-controlled (40-
50%) and HEPA-filtered room air, and challenged the respirator at a flow rate of 85 LPM.
Virus aerosol was sampled upstream and downstream of the respirator using a scanning
mobility particle sizer (SMPS) (Model 3034, TSI, Shoreview, MN). The physical
penetration (i.e., particle number distribution) was then determined as a ratio of
downstream to upstream particle number concentration as a function of particle size and
adjusted by a correction factor to address particle losses in the sampling system (Lee et al.

2008).

Since human adenovirus survives much better in aerosol form than SIV (data not shown),
human adenovirus was selected for measuring its infectivity penetration through the
respirators. An AGI-30 liquid impinger filled with 20 mL MEM was used to collect virus
aerosols for 15 min at 12.5 LPM through the downstream sampling port both with and
without a respirator in the tunnel. The sampling with a respirator measured virus
concentration penetrating through the respirator, whereas the sampling without a
respirator quantified concentration of the challenge virus. The infectivity penetration was
then calculated as the ratio of the two values. The collection liquid was then analyzed
using an endpoint dilution assay (Appert et al. 2012), with results expressed as median
tissue culture infectious dose per unit volume of the collection liquid in the impinger

(TCIDso/mL).
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All tests were repeated in triplicate using three samples of each respirator model at a

temperature at 23-25 °C. Data were analyzed by analysis of variance (ANOVA).

4.3 Results

The size distribution of the challenge adenovirus and SIV aerosols was similar, generally
following a log-normal distribution with count median diameter of 48-52 nm and a
geometric standard deviation of 2.0-2.1. The non-N95 respirator (model B) gave higher
penetration than the other two models when challenged by different virus aerosols
(Figure 4.2). The penetration curve exhibited an inverted bell shape, with the highest
penetration of 3-6.5% and the most penetrating particle size at 40-60 nm, which agrees
well with results obtained using MS2 bacteriophage and inert NaCl aerosols for
respirators with electret filter media (Balazy et al. 2006; Einger et al. 2008a; Einger et al.
2008b). As indicated by the error bars in Figure 4.2, large sample-to-sample variation

was observed.

Integrated physical penetration at particle sizes representing the nominal virus size (70-90
nm for adenovirus and 80-120 nm for SIV) and larger size was determined (Table 4.1). In
all cases, SIV demonstrated greater penetration than human adenovirus. The penetration
difference between human adenovirus and SIV was statistically significant (P <0.05) for
respirator model C, but not for model A, however. For model B, the difference was

significant only in the larger particle size range.
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The challenge human adenovirus titer (measured without a respirator in the tunnel)

ranged from 10*% to 10*” TCIDse/mL. However, no infectious virus was recovered once
the respirators were inserted in the tunnel. Using the lower detection limit of the endpoint
dilution assay (10 TCIDse/mL), the infectivity penetration was measured at <0.0398 +
0.014% for model A, <0.0480 %0.014% for model B, and <0.0224 £0.008% for model C,

close to values reported elsewhere (Borkow et al. 2010).
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Figure 4.2 Physical (particle number) penetration of human adenovirus virus and swine influenza virus aerosols through three models

of filtering facepiece respirators as a function of particle size. Values are means with error bars representing 2one standard deviation

based on the measurement of three samples of each model.

Table 4.1 Penetration (mean =one standard deviation) of adenovirus and swine influenza virus aerosols.

Penetration at nominal virion size (%)

Integrated penetration over the size range tested (%)

Respirator Adenovirus, Influenza virus, Adenovirus, Influenza virus,
P-value P-value
P70-90 nm I380-120 nm I:)70-470 nm I:)80-470 nm
Model A 2.71 +0.62 2.96 +0.24 0.564 1.91 +0.50 2.22 +0.20 0.381
Model B 4,73 £0.24 5.24 +0.46 0.166 3.12 +0.16 4,19 +0.49 0.022*
Model C 1.85 +0.36 3.63 +0.80 0.024* 1.32 +0.19 3.30 +0.76 0.012*

*P-value less than 0.05
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4.4 Discussion

Particle size dependent penetration curves were determined for the three models of
respirators and compared using two virus aerosols as surrogates for human pathogenic
viruses. As expected, respirator performance varied among different models. SIV gave
significantly higher physical penetration than adenovirus in some cases, possibly due in
part to the different dielectric constant of viruses (Eninger et al. 2008b). However, the
large sample-to-sample variation may overshadow the potential penetration difference
related to the different type of challenge virus aerosol used. Tests using filter media with

better uniformity may help address this issue.

Human adenovirus aerosol gave an infectivity penetration approximately two orders of
magnitude lower than the physical penetration, suggesting the latter is a conservative
estimate for evaluating respirator performance against virus aerosols. The large
difference between physical and infectivity penetration might be related to the fact that
the SMPS can easily detect particles at the nominal virion size while the liquid impinger
has a physical collection efficiency of only ~10% at 100 nm (Hogan et al. 2005). Other
factors possibly contributing to the low infectivity penetration could be the low virus titer
in the nebulizer, the relatively low sensitivity of the endpoint dilution assay, and the rapid
decay of airborne adenovirus infectivity (Miller and Artenstein 1967), e.g., a mean decay
rate of 2.9-3.6%/min. With increased concentration of challenge virus aerosol, improved
sampling and infectivity assay methods, and better airborne virus stability, much higher
infectivity penetration was found for MS2 aerosol (Eninger et al. 2008a). The above

findings may also indicate that not all the generated particles contain infectious virus.
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Work is currently underway in our laboratory to investigate the association between virus

content and its carrier particle size.

4.5 Additional information

This study on the respirator performance against human adenovirus and swine influenza
virus aerosols (Chapter 4) was finished in 2012. Since then, we have worked on the
measurement of laboratory-generated animal virus and MS2 bacteriophage aerosols as a
function of particle size (Chapter 2) and type of nebulizer suspensions (Chapter 3) and
later performed another virus aerosol filtration study (Chapter 5). The results found in
these follow-up studies provide a better explanation for the different physical (particle
number) penetration between human adenovirus and SIV aerosols through respirators

(Figure 4.2 and Table 4.1) observed in this study, which is presented as follows.

The much higher dielectric constant of viruses than inert particles (e.g., NaCl) has been
used to explain the lower particle number penetration of virus aerosols than inert aerosols
through electret filter media at similar particle sizes (Eninger et al. 2008b). Therefore, in
this study (Chapter 4; Zuo et al. 2013Db), it was also speculated that the difference in
particle number penetration between human adenovirus and SIV aerosol might be caused
by the different dielectric constant of the two viruses. However, our later studies found
that in fact only a small fraction of particles generated by Collison nebulizer carry virus
(e.g., on average less than 1% of 100 nm particles carry virus), even if a nebulizer
suspension with high virus titer is used (Zuo et al. 2013c; Zuo et al. 2014). Instead, the
majority of the nebulizer output is residue particles coming from the solute dissolved in
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nebulizer suspensions (Zuo et al. 2013c; Zuo et al. 2014). Given that human adenovirus
and SIV were aerosolized from the same nebulizer suspension (i.e., MEM), it is expected
that most human adenovirus and SI1V aerosol particles would have similar dielectric

constant (to that of MEM) and consequently give similar particle number penetration.

One more likely reason for the difference in the particle number penetration between
human adenovirus and SIV is probably the decrease in respirator penetration due to virus
aerosol particle loading. In a later virus aerosol filtration study (Chapter 5), a new sample
of respirator model A was continuously loaded with MS2 bacteriophage aerosol for up to
40 min. During the respirator loading, the upstream and downstream particle number
distributions were measured alternately using an SMPS to determine particle size
dependent penetration as a function of loading time. As shown in Figure 4.3, there was a
clear decrease in the penetration with increased loading time, especially at particle sizes
close to the most penetrating particle size. Considering the fact that the respirators were
first tested using SIV aerosol in this study (Chapter 4; Zuo et al. 2013b), it is possible that
when the same respirators were further challenged with human adenovirus aerosol, they
had been partially loaded and therefore gave a lower particle number penetration than

that of SIV aerosol.
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Figure 4.3 Effect of virus aerosol loading on respirator penetration.
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Chapter 5: Respirator Testing Using Virus Aerosol: Comparison

between Infectivity Penetration and Physical Penetration

5.1 Introduction

Performance of filtering facepiece respirators against airborne viruses is often quantified
in two ways. One is infectivity penetration (i.e., the percentage of infectious virus that
penetrates through the respirator) and the other is physical penetration (i.e., the
percentage of challenge particles/viruses that penetrates through the respirator, regardless
of virus infectivity) (Eninger et al. 2008a). From an infection control perspective,
measurement of the former, though labor-intensive, provides more valuable information

than the latter.

Particle number penetration is the only physical measurement that has been compared
with infectivity penetration (Eninger et al. 2008a; Lore et al. 2012; Booth et al. 2013;
Gardner et al. 2013; Harnish et al. 2013; Zuo et al. 2013b). As shown in Table 1.2
(Chapter 1), infectivity penetration is consistently determined using particle size-
integrated samplers, while the selection of the method used to determine particle number
penetration seems to be arbitrary. For example, some researchers chose particle number
penetration at sizes representing the nominal virus size (Eninger et al. 2008a; Zuo et al.
2013b) while others used particle number penetration at the most penetrating particle size
(Gardner et al. 2013). However, without knowing the size distribution of infectious virus

among polydisperse aerosol particles, such comparisons between infectivity and particle
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number penetration may be inappropriate (Gardner et al. 2013). Recent studies (Zuo et al.
2013c; Zuo et al. 2014) have shown that for a variety of viruses and nebulizer
suspensions, infectious virus distribution generally follows particle volume distribution in
the size range of 100-450 nm, which suggests that infectivity penetration may be particle
volume-based. In addition, the photometric penetration measured by the current NIOSH
standard for respirator certification using photometers is also particle volume-based
(Biermann and Bergman 1988; Eninger et al. 2008c; Rengasamy et al. 2011). Therefore,
it is of interest to compare infectivity penetration with various physical measurements,

particularly particle volume and photometric penetration.

5.2 Methods

Circular flat sheet filter media samples (16 cm diameter) for three models of
commercially available respirators were clamped in a pneumatic chuck and evaluated
using MS2 bacteriophage in an aerosol tunnel, following a previous protocol (Zuo et al.
2013b). As shown in Figure 5.1, virus was aerosolized by a 6-jet Collison nebulizer at 10
psi from a suspension consisting of virus stock (4.5 mL), 3% (wt/vol) tryptic soy broth
(40.5 mL), and antifoam (0.1 mL). Uranine (2 mL, 0.625 g/mL) was also added to the
suspension as a fluorescent particle tracer (Zuo et al. 2013c; Zuo et al. 2014). After
passing through a diffusion dryer and a Kr-85 charge neutralizer, the generated virus
aerosol was mixed with HEPA-filtered room air and used to challenge the respirator filter
media sample at 85 LPM. Upstream and downstream aerosol concentrations were
measured by a laser photometer (DustTrak I, Model 8530, TSI, Shoreview, MN) for
particle light scattering and a scanning mobility particle sizer (SMPS, Model 3034, TSI,
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Shoreview, MN) for particle number distribution. In addition, samples were collected
through upstream and downstream ports by two 25 mm diameter gelatin filters (SKC,
Eighty Four, PA) at 2 LPM for 15 min. These filters were then analyzed by infectivity
assay, quantitative RT-PCR, and spectrofluorometry for the amount of infectious virus,
viral RNA, and fluorescence collected, respectively, as described earlier (Zuo et al. 2013c;
Zuo et al. 2014). After the virus aerosol challenge, the same respirator filter sample was
also tested using 1% (wt/vol) NaCl aerosol. Each test was repeated in triplicate using new

samples of each model filter media at 10-20% relative humidity and 22-24 °C.
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Figure 5.1 Schematic diagram of the experimental setup for respirator testing using virus

aerosols.

Penetration was calculated as the concentration ratio downstream to upstream of the

respirator filter sample for light scattering, infectious virus, viral RNA, fluorescence, and
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particle number. Assuming the amount of fluorescence carried per particle is proportional
to the particle volume, the fluorescence penetration represents particle volume
penetration. Relative recovery of infectious virus, RRy, was calculated by comparing the
concentration ratio of infectious virus (C,y) to fluorescence (Cg) in the gelatin filter (gel)
and in the nebulizer suspension (neb): RRyy = (Civ,gel/Cr ge)/(Civnet/Crneb). Relative
recovery of total virus, RRyy, was calculated similarly by replacing infectious virus
concentration with total virus concentration (Cry) in the above equation: RRyy =
(Crv,gel/Cr get)/ (Crv,nen/Creb). Both terms are indicators for the survival of airborne

viruses (Zuo et al. 2013c; Zuo et al. 2014).

5.3 Results

Both upstream and downstream particle size distributions of MS2 aerosol were generally
lognormal, with a count median diameter (CMD) of 86 nm and a geometric standard
deviation (GSD) of 2.0 upstream and a GSD of 1.6 and a CMD of 70, 55, and 59 nm
downstream for filter samples used for respirator models A, B, and C, respectively. The
highest penetration was found to be between 3 and 6% within a particle size range of 40-
60 nm (Figure 5.2), similar to what reported in the literature (Balazy et al. 2006; Eninger
et al. 2008a; Eninger et al. 2009b; Zuo et al. 2013b). For all three models, infectivity and
viral RNA penetration were closer to fluorescence (particle volume) and photometric
penetration than particle number penetration (Table 5.1). However, infectivity penetration
was lower than physical penetration and was approximately 1/2 of viral RNA penetration,
1/5 to 1/3 of fluorescence (particle volume) penetration, and 1/10 to 1/5 of photometric
penetration. Note that MS2 and NaCl aerosol gave almost identical photometric
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penetration (Table 5.1). RRy was found to be 1.04 +0.12 and 0.27 +=0.06 (n = 9) for
upstream and downstream aerosol samples, respectively. RRry was found to be 0.86 £+

0.19 and 0.43 £0.10 (n = 9) for upstream and downstream aerosol samples, respectively.

To better compare the results, fluorescence (particle volume), infectivity, and viral RNA
penetration were plotted vs. MS2 photometric penetration for the three models of
respirators (Figure 5.3). As expected, there was a good linear correlation (R? = 0.95)
between fluorescence (particle volume) penetration and photometric penetration.
Infectivity and viral RNA penetration were also reasonably correlated with photometric

penetration and follow a power-law relationship.
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Figure 5.2 Penetration of MS2 bacteriophage aerosol through filter samples used in three models of respirators as a function of

particle size.

Table 5.1 Photometric, infectivity, viral RNA, fluorescence, and particle number penetration through different models of respirators.

Penetration (%)

Respirator = - -
odel | PCTRE | POOTSTC ety vimna SO s
A 0.23 +0.01 0.24 +0.08 0.024 £0.004 0.051 £+0.006 0.12 +0.01 3.44 +0.57 3.40 +0.57
B 0.040 %0.007 0.040 +0.003 0.008 +0.003 0.016 +0.004 0.029 +0.004 2.00 £0.42 1.97 +£0.41
C 0.070 +0.015 0.070 %0.006 0.014 +0.004 0.024 +0.008 0.042 £0.007 2.09 +0.47 2.06 +0.47

Note: Data are reported as mean =one standard deviation (n = 3).

*Fluorescence penetration represents particle volume penetration, assuming that the amount of fluorescence carried by a particle is proportional to the particle
volume.

**Assumes lognormal particle size distributions for aerosol samples upstream and downstream of the respirators.
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Figure 5.3 Correlations between photometric penetration and fluorescence, infectivity,

and viral RNA penetration. The solid line indicates a 1:1 correspondence between the two

axes.

5.4 Discussion

The virus content in aerosols produced by Collison nebulizers generally follows a particle
volume distribution, not a particle number distribution (Zuo et al. 2013c; Zuo et al. 2014),
which made us hypothesize that particle volume and photometric penetration might better
represent infectivity penetration through respirators than particle number penetration. The
above hypothesis was verified in this study (Table 5.1). However, infectivity penetration
was still significantly different from fluorescence and photometric penetration, two

particle volume-based penetration measurements. This difference may be partially
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explained by the different survivability of airborne MS2 between upstream and
downstream aerosol samples. Namely, the virus aerosol upstream better maintained its
infectivity and was therefore recovered more efficiently than downstream, as indicated by
the higher upstream RRj, and RRt, values than downstream. Aerosol upstream had a
larger CMD than downstream, which possibly enhanced virus survival upstream due to
the shielding effect offered by large particle size (Zuo et al. 2013c; Zuo et al. 2014). A
similar situation existed for viral RNA, but because it is more stable than virus infectivity
in air (Zuo et al. 2013c; Zuo et al. 2014), viral RNA penetration was higher than
infectivity penetration. Since survival of airborne viruses affects the measured infectivity
penetration, the test protocol such as particle size distribution, environmental conditions
(Lore et al. 2013), and nebulizer suspension (Zuo et al. 2014) for respirators challenged

with virus aerosols should be documented and standardized.

Similar to particle number penetration (Eninger et al. 2008b; Lore et al. 2013),
photometric penetration of MS2 was also well predicted by that of NaCl aerosol,
indicating that physical penetration of virus aerosols through respirators can be simulated
using NaCl aerosol of similar sizes. However, infectivity penetration can only be
determined using virus as a challenge aerosol. Infectivity penetration was lower than
photometric penetration (Table 5.1), suggesting that the current NIOSH (photometer-
based) certification method provides a conservative estimate for respirator performance

against virus aerosols.
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The correlation been photometric and infectivity penetration has been little studied. In
this study, photometer-based and virus infectivity-based tests were found to rank
respirators in a similar and predictable manner (Figure 5.3), indicating that the current
NIOSH certification method can be used as a quick test to prescreen respirators for
hospital and healthcare applications. There has been concern that the current NIOSH
certification method may not properly predict the performance of respirators against
engineered nanoparticles, because photometers are insensitive to particles smaller than
100 nm (Eninger et al. 2008c; Rengasamy et al. 2011; Rengasamy and Eimer 2012).
Although viruses causing common respiratory infection are also small in size (Flint et al.
2004), e.g., 80-120 nm for influenza A virus, 150-300 nm for respiratory syncytial virus,
150-250 nm for parainfluenza virus, and 70-90 nm for adenovirus, they are often
aerosolized and carried by respiratory droplets/secretions of larger sizes (Reponen et al.
2005). Field measurements have shown that a majority of virus aerosols in the ambient is
micrometer-sized (Blachere et al. 2009; Lindsley et al. 2010b; Yang and Marr 2011),

which can be efficiently removed by filtering facepiece respirators.

In general, penetration of virus aerosol through respirators depends on not only the
challenge aerosol size distribution, the particle size dependent penetration of the
respirator, and how each instrument measures aerosol/virus (Biermann and Bergman
1988; Li et al. 2012), but also virus survival and virus content distribution in the
challenge aerosol particles. These parameters have to be fully understood in order to

predict infectivity penetration based on physical penetration measurements. For example,
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contrary to Collison nebulizers, virus aerosols generated using electrosprays contain
almost no residual particles with the virus size distribution similar to particle number
distribution (Thomas et al. 2004; Eninger et al. 2009; Jung et al. 2009). Consequently, in
this case, the infectivity penetration would be expected to be particle number-based

instead of particle volume-based.
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Chapter 6: Conclusions and Future Work

6.1 Summary and conclusions

Focusing on the measurement and filtration of laboratory-generated virus aerosols, this
dissertation contributes to the field of virus aerosol research in several important ways,
helping to better understand and better control the transmission of viral diseases via the

aerosol route.

First, a size-segregated aerosol to hydrosol sampling method was developed for airborne
viruses (Chapter 2). Compared with traditional samplers, the use of a differential mobility
analyzer and a gelatin filter in series provides high size resolution, high physical
collection efficiency, high biological collection efficiency, and easy recovery for airborne
viruses. This method is particularly useful for sampling laboratory-generated virus

aerosol particles at high concentrations in the sub-micrometer size range.

Second, the infectivity and survivability of laboratory-generated viruses were determined
and successfully associated with particle size, which has been often overlooked in
previous studies. By using the sampling method described above in combination with
virus infectivity assay, gRT-PCR analysis, spectrofluorometry, and a scanning mobility
particle sizer, virus infectivity, virus survival, and particle concentration were measured
as a function of particle size between 100-450 nm for airborne MS2 bacteriophage and

three animal viruses (transmissible gastroenteritis virus [TGEV], swine influenza virus
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[SIV], and avian influenza virus [AIV]) generated from cell culture media (Chapter 2).
Virus aerosol content distributions of the four viruses were found to generally follow
their particle volume distributions. Only a small fraction of the particles generated
actually carried virus and the amount of virus carried per particle increased with the
particle volume. In addition, survival of the three animal viruses in particles that ranged
from 300-450 nm was observed to be much higher than that at smaller sizes. These
results demonstrate that particle size has a significant effect on infectivity and
survivability of airborne viruses, which emphasizes the importance of particle size in the

airborne transmission of viral diseases.

Third, the survival of airborne MS2 bacteriophage, which is frequently used as a model
virus in laboratory aerosol studies, has been systematically compared with that of the
three animal viruses (Chapter 2). Particle size (100-450 nm) had little effect on the
survival of airborne MS2, but it played a significant role in the survival of the three
animal viruses. In addition, airborne MS2 was found to be inactivated mainly due to the
loss of its viral RNA, whereas the decay of three airborne animal viruses generally
resulted from the damage of their virus envelop or capsid. Such differences in the
airborne behavior between MS2 bacteriophage and TGEV, SIV, and AlV calls into
question use of MS2 bacteriophage as a general surrogate for animal and human viruses

in aerosol studies.
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Fourth, in view of the situation that most laboratory studies generate virus aerosols from
artificial nebulizer suspensions, we measured airborne MS2 bacteriophage generated
from human saliva, artificial saliva, and cell culture medium (Chapter 3). The survival of
MS?2 bacteriophage was independent of particle size, but heavily depended on the type of
nebulizer suspension, with cell culture medium and artificial saliva giving much higher
virus recovery than human saliva. In addition, incubation experiments showed that
human saliva exhibited antiviral properties when mixed with TGEV, SIV, and AlV in the
liquid phase, which may potentially contribute to the inactivation of these viruses in the
aerosol phase. These results highlight the need for using natural nebulizer suspensions
such as human saliva and respiratory secretions in order to increase the epidemiological

values of laboratory studies.

Fifth, the performance of filtering facepiece respirators was evaluated using human
adenovirus and SIV as challenge aerosols, whose characteristics are closer to human
pathogenic viruses than the widely used MS2 bacteriophage reported in the literature
(Chapter 4). Due to the high concentration of virus-free residual particles generated by
Collison nebulizers, particle number penetration was found to be much higher than
infectivity penetration, suggesting the former provides a conservative estimate for

respirator performance against airborne viruses.

Sixth, in addition to particle number penetration, other forms of physical penetration were

measured and compared with infectivity penetration through respirators for the first time
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(Chapter 5). Compared with particle number penetration, infectivity penetration was
better represented by photometric and particle volume penetration, which indicates that
the current (photometer-based) NIOSH certification method can be used to prescreen
respirators for infection control applications. Factors such as virus survival (e.g., higher
survival upstream of the respirator than downstream) and virus size distribution in the
challenge aerosol affect the determination of infectivity penetration, which have to be
fully understood in order to predict infectivity penetration based on physical penetration

measurement.

6.2 Directions for future work

The study of measuring laboratory generated virus aerosols presented in this dissertation
(Chapter 2 and 3) can be improved in a few ways. First, this study used only one level of
relative humidity (~50%). Multiple levels of relative humidity and their effect on the
survival of airborne viruses should be investigated. Although similar information may be
available in the literature (e.g., Table 1.1), relative humidity and the composition of
nebulizer suspension may play a combined role in the airborne behavior of airborne
viruses. Second, the measurement of laboratory generated virus aerosols can be extended
to particle sizes larger than 450 nm. A differential mobility analyzer may only select
virus aerosol particles up to 1 pm, but a vibrating orifice aerosol generator can produce
monodisperse aerosols of much larger sizes. Survival of airborne viruses in the
micrometer size range is an important piece of information to the understanding of the

airborne transmission of viral diseases. Third, viruses were sampled right after they were
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aerosolized with a residence time in the aerosol phase of only ~1 min. In the future,
viruses may be kept airborne for a longer time and several residence time points should

be tested so that their inactivation rate can be determined.

This study evaluated only the filtration efficiency of filtering facepiece respirators against
virus aerosols (Chapter 4 and 5). Other important issues such as respirator face seal/fit,
breathing-like cyclic flow, reuse, virus survival and transfer from respirators, cross-
contamination, respirator decontamination, antimicrobial coated filter media, stockpiling,
and storage for prolonged time periods should be addressed in the future in order to better
assess filtering facepiece respirators as a control measure for airborne transmission of

viral diseases.

In addition to improvements closely related to this thesis work, several possible
directions for future work in the broad field of virus aerosol research have also been

identified.

First, the exact inactivation mechanisms for airborne viruses remain unknown. Although
numerous inactivation mechanisms have been proposed and reviewed (De Jong and
Winkler 1968; Satter et al. 1987; Cox 1989; Sobsey and Meschke 2003; Yang and Marr
2012), most of them are speculative and qualitative. A method used by Wigginton et al.
(2012), which includes virus infectivity assay (to quantify virus infectiousness), virus

functionality assays (to quantify the virus capability of binding to cells and injecting its
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genome), virus integrity assays (to quantify the integrity of viral genome and its capsid
proteins) might be promising to explore the exact virus inactivation mechanisms in the
aerosol phase. Other possible methods to consider include virus image analysis by
transmission electron microscopy and virus integrity analysis by electrospray (Bacher et

al. 2001).

Second, numerical models to describe the survival of airborne viruses are needed. Ideally,
the models may collapse virus survival data obtained from different studies along a single
curve, governed by parameters such as relative humidity, ambient temperature, nebulizer
suspension, etc. However, due to the use of different viruses, nebulizer suspension,
samplers, test conditions, the development of such models is difficult and large

uncertainty is expected. One example is given by Posada et al. (2010).

Third, in order to quantify the contribution of the aerosol mode to the transmission of
viral diseases relative to other modes, field measurement and human subject studies are
eventually needed. However, due to the extremely low concentration of virus aerosols in
the natural environment and other issues (see Section 1.2), a better virus aerosol sampler
is needed. The ideal sampler should operate at a large sampling flow rate with high
concentration factor, provide particle size fractionation, and preserve infectivity of the
collected virus aerosols. Work is currently underway in the lab to design, prototype,

calibrate, and evaluate such a sampler.
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