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1 | INTRODUCTION

Abstract

Understanding the bioaerosol dynamics of droplets and droplet nuclei emitted during
respiratory activities is important for understanding how infectious diseases are trans-
mitted and potentially controlled. To this end, we conducted experiments to quantify
the size-resolved dynamics of indoor bioaerosol transport and control in an unoccu-
pied apartment unit operating under four different HVAC particle filtration conditions.
Two model organisms (Escherichia coli K12 and bacteriophage T4) were aerosolized
under alternating low and high flow rates to roughly represent constant breathing and
periodic coughing. Size-resolved aerosol sampling and settle plate swabbing were con-
ducted in multiple locations. Samples were analyzed by DNA extraction and quantita-
tive polymerase chain reaction (QPCR). DNA from both organisms was detected during
all test conditions in all air samples up to 7 m away from the source, but decreased in
magnitude with the distance from the source. A greater fraction of T4 DNA was recov-
ered from the aerosol size fractions smaller than 1 pm than E. coli K12 at all air sam-
pling locations. Higher efficiency HVAC filtration also reduced the amount of DNA
recovered in air samples and on settle plates located 3-7 m from the source.
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within less than a few seconds after emission, depending on the origi-

nal particle size and ambient thermodynamic conditions.”7:18

Communicable respiratory illnesses lead to large expenses associated
with health care, absence from work, and lost worker productivity.1
Several complex physical and biological processes govern the trans-
mission of respiratory pathogens and the associated risk of infec-
tion to occupants in indoor environments. When a person breathes,
speaks, sneezes, or coughs, particles of various sizes are expelled.?”
These particles consist of water, proteins, salts, and various organic
and inorganic matter, and if the person has a communicable respira-
tory infection, also smaller bacterial or viral particles.g'10 The largest
particles (ie, “droplets”) rapidly deposit onto nearby people and/or
surfaces, leading to potential direct spray, direct contact, or fomite
transmission.'**> The emitted particles will also rapidly evaporate into
smaller “droplet nuclei” particles that can remain suspended in the air
for long periods of time and transport long distances.'® Previous stud-

ies suggest that liquid droplet evaporation occurs rapidly, typically

Human pathogens that are known to be transmitted at least par-
tially via the airborne route include a number of viral, bacterial, and
fungal species. Among the known airborne transmitted viruses are
those that cause measles, mumps, chicken pox, influenza, SARS, and
the common cold.'?? These include viruses with DNA genomes as
well as both plus- and minus-strand RNA genomes. Among the known
airborne transmitted bacteria are Streptococcus pyogenes, Neisseria
meningitidis, Corynebacterium diphtheriae, Mycobacterium tuberculosis,
and Bordetella pertussis.?*%°

Although transmission pathways and means of controlling the
transmission of communicable airborne diseases have been studied
for more than a century, several fundamental questions remain unan-
swered. For example, influenza transmission is one of the most widely
studied communicable airborne diseases. However, it is still not clear

which routes of transmission (ie, fomite contact, direct droplet spray,
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or inhalation of long-range droplet nuclei) are dominant*32%%2 or what
strategies are the most effective ways of reducing influenza transmis-
sion risks.?%2¢ Viable influenza viruses and influenza virus RNA have
been detected in the effluent air from breathing and coughing subjects

and in indoor air samples in a number of recent studies,?’>*

which sug-
gests that long-range aerosol transport may be an important influenza
transmission pathway. Further, commonly available particle filters in
recirculating HVAC systems are thought to be useful for reducing the
transmission risk of a number of airborne infectious diseases,23’35'40
but key questions still remain about the effectiveness of particle filtra-
tion for controlling airborne infectious aerosol transport.

To further elucidate the mechanisms of transport and control of
airborne infectious diseases, a number of studies have used aero-
solized surrogate organisms to mimic the dynamics of bacterial and
viral particles in the indoor environment. For example, manikins and
cough simulators have recently been developed and used to mimic
the aerosol dynamics of influenza virus transmission in simulated in-
door settings.**™*® Others have used surrogates such as bacteriophage
MS2, Mycobacterium vaccae, and Escherichia coli to mimic the aerosol
dynamics of viral and bacterial pathogens.***¢ However, few of these
studies have used surrogate aerosolization in realistic indoor envi-
ronments to explore the size-resolved bioaerosol transport dynamics
or the impact of potential control strategies such as HVAC particle
filtration.

Here, we report on a series of experiments conducted in an un-
occupied apartment unit in which we aerosolized model organisms
as surrogates for human pathogens and quantified their dispersion
in multiple locations under different HVAC filtration conditions. We
used (i) Escherichia coli K12, a Gram-negative bacterium (characteristic
size ~0.5 pm x ~2 um), as a model for pathogens such as Bordella and
Neisseria, and (ii) bacteriophage T4, a double-stranded DNA coliphage
(characteristic size ~90 nm x ~200 nm), as a model for pathogens such
as norovirus and influenza virus. Size-resolved aerosol sampling and
settle plate swabbing were conducted in multiple locations, and sam-
ples were analyzed by DNA extraction and quantitative polymerase
chain reaction (qPCR). Results are intended to provide quantitative
insight into the aerosol dynamics of pathogen transmission in indoor

environments.

2 | MATERIALS AND METHODS

2.1 | Bioaerosol emissions procedure

Model organisms were aerosolized under alternating low and high
flow rates to roughly represent constant breathing and periodic
coughing, respectively. A High-output Extended Aerosol Respiratory
Therapy (HEART) Lo-Flo nebulizer (Mini-HEART, Westmed, Inc.,
Tucson, AZ, USA) was used for constant low-flow emissions, and
an air compressor (California Air Tools CAT-1610A, San Diego, CA,
USA) was used to produce periodic high flow emissions through the
same nebulizer. Both devices were connected via 10-mm-diameter
tubing to the same mixing chamber comprising a 200 mm length of
25-mm-diameter metal pipe. The end of the 25-mm-diameter mixing

Practical Implications

To our knowledge, this is one of the first studies to experi-
mentally quantify the size-resolved bioaerosol dynamics of
surrogate microorganisms aerosolized in a realistic indoor
environmental setting under different HVAC filtration con-
ditions. The results provide insight into how the size-
resolved aerosol dynamics of potentially pathogenic
organisms emitted from respiratory activities may influence

their transmission and control in indoor environments.

chamber also served as the circular output orifice. An electronically
actuated switching valve was used with a timer to cycle between each
flow condition. For each test condition, the nebulizer operated con-
tinuously to roughly represent continuous breathing, and the air com-
pressor ran for 15 s every 5 min to roughly represent periodic higher
flow coughing.

The mean (£SD) volumetric flow rate under the low-flow condi-
tion was measured to be ~0.13 (+0.02) L/s using a TSI Model 4043
mass flow meter. The volumetric flow rate under the high-flow condi-
tion was measured by placing a smooth 1-m-long tube on the output
orifice to achieve an approximately uniform airflow cross-sectional
velocity profile at the end of the tube. The cross-sectional velocity
was measured at the end of the tube using a Fluke 975 AirMeter an-
emometer. The mean (+SD) volumetric airflow rate was estimated to
be ~10 (+1) L/s by multiplying the cross-sectional area of the tube by
the measured air velocity. Both flow rates are considered to be rea-
sonably in range with previous measurements of average flow rates
during breathing*® and coughing®’>° by adult human subjects and
are similar to those used in a recently developed cough simulator.>!
However, the concentration of model organisms loaded into the nebu-
lizer did not vary with flow rate and the simulated breathing flow rate
was somewhat lower than the 0.17-0.18 L/s recommended in ISO/TS
Standard 16976-1.°% Therefore, the bioaerosol emissions procedure
herein should not be considered an exact replicate of human respira-
tory activities but rather represents an attempt to aerosolize sufficient
mass of model organisms for subsequent collection, extraction, and
analysis with bulk airflow rates and particle size distributions that are
reasonably consistent with human breathing and coughing.

To evaluate the size-resolved particle distributions resulting from
the bioaerosol emissions procedure, measurements were conducted
in an enclosed room using a TSI NanoScan Scanning Mobility Particle
Sizer (SMPS, TSI NanoScan Model 3910, Shoreview, MN, USA) and a
TSI Optical Particle Sizer (OPS, TSI Model 3330, Shoreview, MN, USA).
Measurements were conducted during a 2-h background concentration
period followed by a 2-h measurement period with the bioaerosol emis-
sion source operating normally. Measurements were made ~0.3 m and
~3 m away from the outlet orifice and were repeated twice with each
of the two model organisms loaded in the nebulizer separately. Results
were compared to those from human expiratory emissions measure-

ments in the literature using similar instrumentation and methods.*>>!
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2.2 | Test space description and experimental setup

Measurements were conducted from January 2015 to January 2016
in studioE (the Suite for Testing Urban Dwellings and their Indoor and
Outdoor Environments), a ~150-m® unoccupied apartment unit on the
third floor of a graduate student dormitory on the campus of lllinois
Institute of Technology in Chicago, IL (Figure 1). Full details regarding
this unit are described elsewhere.?® Briefly, there is a central 100%
recirculating air-handling unit that is connected to a rigid sheet metal
ductwork installed within conditioned space, but it is not connected
to any heating or cooling system. There is one 40 cm x 64 cm return
grille located at the plenum on the bottom of the top-flow air-handling
unit where a filter can be installed. There are four supply registers
along the supply ductwork, but there is no return ductwork.

Tests were conducted under four different HVAC filter conditions:
(i) no filter, (i) with a 10-cm-deep MERV 8 Airguard filter, (iii) with a
10-cm-deep MERV 11 Airguard filter, and (iv) with a 12.7-cm-deep
Healthy Solutions Climate MERV 16 filter. The central HVAC system
was operated continuously throughout each test period at airflow rates
of approximately 1720, 1680, 1640, and 1620 m3/h for under the no
filter, MERV 8, MERV 11, and MERV 16 filter conditions, respectively.
These airflow rates correspond to recirculation rates ranging from 10.8
to 11.5 per h, which are 40-50% higher than the average seen in typi-
cal residential and light-commercial buildings (although not out of the
realm of possibility for similar spaces).>* However, it should be noted
that the higher recirculation rates in this study are likely to increase
the impact that HVAC filtration would have compared to a system with
lower recirculation rates. The pressure drops measured across the three
filters were 29, 37, and 31 Pa, respectively. The in situ size-resolved
removal efficiencies of the three filters were measured by elevating
particle concentrations through a combination of burning incense and
operating a TSI Model 8026 particle generator with water and NaCl in
solution and alternately measuring the upstream and downstream con-

centrations, as reported in a previous study55 and shown in Figure 2.

2.3 | Growth and cultivation of model organisms

Each organism and HVAC filtration condition were tested separately
andintriplicate, which yielded a total of 24 experiments. Bacteriophage
T4 and its host Escherichia coli K12 were obtained from existing fro-
zen stocks at lllinois Institute of Technology (Chicago, IL). Culture
media and all other reagents were previously purchased from Difco
Laboratories (Detroit, MI, USA). E. coli K12 was cultivated in trypticase
soy broth (TSB) and plated on trypticase soy agar (TSA), both at 37°C.
Enumeration of bacteriophage T4 was accomplished by cultivation
on its E. coli host using the top agar overlay method. The E. coli was
incubated for 6 h at 37°C with gentle shaking. Simultaneously 4-mL
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tubes of TSA containing 0.6% agar were melted and kept in a 42°C
water bath. Previously prepared 1.5% TSA petri dishes were allowed
to warm to room temperature before use. Then, a series of 10-fold
dilutions of T4 were prepared in TSB, and 0.7 mL of each dilution was
added to each of the tempered 4-mL TSA tubes, after which 0.3 mL
of E. coli was added and the mixture quickly vortexed and poured over
the TSA plates. Upon solidification of the top agar, the plates were
then inverted and incubated overnight at 37°C, and the following day,
plaque-forming units (PFU) were counted.

High titer T4 lysate was produced through a modified protocol
used in our laboratory. Plates containing a sufficient amount of PFUs
(ie, >100) were used. First, 2-3 drops of CHCI, were placed on top
of each plate, and the plate was inverted and left to sit at room tem-
perature for 10 min. The plates were then reinverted, and 3 mL of
an albumin-dextrose-saline (ADS) solution [in g/L: NaCl, 8.1; bovine
serum albumin, 50; anhydrous dextrose, 20] was added to each plate.
Plates were gently swirled and left sitting at room temperature for
30 min, swirling occasionally. The top agar was scraped off into a flask
using a funnel, making sure to wash the sides of the funnel with ADS
medium. The flask was then left to shake for 60 min in a 37°C water
bath. The contents of the flask were then centrifuged at 10 000 g for
15 min at room temperature in a SS34 rotor of a Sorvall RC5C cen-
trifuge (Thermo Scientific, Wilmington, DE, USA). The pellet was dis-
carded and the supernatant centrifuged again at 28 000 g in the same
rotor for 30 min at room temperature. The resulting supernatant was
discarded leaving behind a small pellet. The pellet was resuspended
in 0.5 mL of ADS medium per centrifuge tube. The tubes were then
put on a shaking table at room temperature for several hours until the
pellet was fully resuspended. The resulting pooled stock titration was
measured to be 10'° PFU/mL and kept stored at 4°C over the duration
of the experiment.

Before each test, the nebulizer was filled with model organisms
suspended in solution. For the bacteriophage tests, 1 mL of T4 phage
stock (~10%° PFU) was added to the nebulizer and then the volume
was completed to 30 mL using phage buffer (20 mm Tris-HCI, pH 7.5,
100 mm NaCl, 10 mm MgSO4). Similarly, for the bacterial tests, the
nebulizer was filled with 10 mL of E. coli cell culture (optical den-
sity at 600 nm=1.0 ~ 1.0 x 107 cells/mL), which had been collected
by centrifugation (as described above) and resuspended in 30 mL of
phosphate-buffered saline (PBS, pH 7.4; 140 mm NaCl; 2.7 mm KCl;
10 mm Na,HPO,; and 1.8 mm KH,PO,), yielding a final concentra-
tion of about 10 cells/30 mL. Both buffer solutions are similar to
the inorganic solutions that were used in a recent model organism
aerosolization study.45 Moreover, the mass fraction of the solute
used in both buffer solutions was approximately 1%, which is con-
sistent with the composition of human saliva, sputum, and exhaled
droplets in that they are approximately 99% (or more) water.”>¢>7
Thus, the degree of evaporation of droplets from the bioaerosol
emission source should be relatively similar to that for human respi-
ratory emissions. For both organisms, all 30 mL of suspension was
loaded into the nebulizer at the start of each trial. Aerosolization and
simultaneous bioaerosol sampling continued for a total of 4 h for
each test condition.

2.4 | Bioaerosol sampling

Active bioaerosol sampling was conducted in multiple locations
throughout the apartment unit. Air sampling utilized five-stage
Sioutas Personal Cascade Impactors (SKC, Inc., Eighty Four, PA, USA)
operating at 9 L/min for 4-5 h to collect sufficient DNA for analysis.
This allowed for particle collection within 5 size ranges of aerody-
namic diameter: >2.5 pm, 1.0-2.5 pm, 0.5-1.0 pm, and 0.25-0.5 pm,
all captured on 25-mm PTFE filters, as well as <0.25 pm captured on
37-mm after-filters. Active bioaerosol sampling was conducted in four
locations: approximately 0.5 m (“near-range”), 3 m (“short-range”),
5 m (“mid-range”), and 7 m (“long-range”) in linear direction from the
cough source (Figure 1). Passive bioaerosol sampling was also con-
ducted using settle plates installed at three different distances from
the source: 0.5 m away at floor height, 3 m away at 0.5 m height, and
5m away at 1.7 m height. The settle plates were swabbed (Isohelix
Buccal Swabs, MIDSCI, Valley Park, MO, USA) for 10 s across the
width of each plate. Both the swabs and air sampler filters were col-
lected immediately after testing and either processed successively
after collection or frozen at -80°C for no more than 24 h.

2.5 | Filter and DNA extraction

The total genomic DNA was extracted from the PTFE filters by first
cutting the filters into thirds, placing them into PowerBead tubes sup-
plied with the PowerSoil DNA kit (MoBio Laboratories, Solana Beach,
CA, USA), and then continuing following the manufacturer’s instruc-
tions. The final elution step was modified by decreasing the total elu-
tion volume to 30 pL. Template DNA concentration from each filter
was measured using a Nanodrop2000c spectrophotometer (Thermo
Scientific) and determined to be approximately 50 ng/pL. The DNA
solutions were stored at -80°C for downstream use.

2.6 | Quantitative PCR amplification

Quantitative PCR was used to quantify the concentrations of the
model organisms collected on both the air sampler filters and the set-
tle plates. Negative controls were also included in each experimental
run for each condition. Each reaction volume was a total of 25 pL,
containing 12.5 pL of SYBR Green JumpStart Tag ReadyMix (Sigma,
Saint Louis, MO, USA), 0.2 uL of each primer (final concentration of
100 nm), 2 pL of DNA template (approximate mass of 100 ng), and
nuclease-free water. Thermal cycling was initiated by pre-heating at
94°C for 2 min, followed by 40 cycles of 94°C for 15 s and annealing
temperature (dependent on primers) for 1 min at 72°C. The specific
primers used in this study (IDT, Coralville, 1A, USA), their sequences,
and the annealing temperatures for each of the primers pairs are
shown in Table 1. Both gPCR and data analysis were performed in an
ABI PRISM 7700 real-time cycler (Applied Biosystems, Foster City,
CA, USA) equipped with sequence detection system software.

All samples, including non-template controls, were measured in du-
plicates. Standard curves for quantifying the organisms were obtained
following the method described by Arnaldos et al. (2013).°® The DNA
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TABLE 1 Specific gPCR primers used in this study

Group Primer Sequence (5’'-3')

E. coli K12 uidA-F CAA CGA ACT GAACTG GCAGA
uidA-R CAT TAC GCT GCG ATG GAT

T4 T4F CCA TCC ATA GAG AAA ATA TCA GAA CGA
T4R GAA TGC ATC CAA ATC ATC AGC CAC

was diluted to attain masses from 0.01 to 1000 ng; strong correlations
(R?>0.9) were found between log mass values and cycle number to reach
a threshold of fluorescence. Primer specificity and absence of primer-
dimers were confirmed via melt-curve analysis, which was performed
for every qPCR assay. The negative controls never yielded a reading
above 0.1 ng and therefore were treated as negligible for each test run.

2.7 | Air exchange rate, temperature, and relative
humidity measurements

For each trial performed in the test space, an Onset HOBO data log-
ger was used to log indoor air temperature and relative humidity. To
measure the air exchange rate (AER), CO, was injected into the test
space for 15 min at the start of each trial, usually reaching ~1500 ppm
inside. The subsequent decay was measured by two CO, monitors (PP
Systems SBA-5; +20 ppm accuracy) operated adjacent to the HVAC
unit in the living room, both logging at 30-s intervals. One measured
indoor CO, concentrations and the other measured outdoor CO,
concentrations through a small outlet in the window. The AER was
estimated by regressing the natural logarithm of the tracer gas con-
centrations (indoors minus outdoors) vs time.®* All measurements
were conducted at the start of each trial, and the data were averaged
over the duration of each experiment.

2.8 | Bioaerosol resuspension test

Finally, resuspension of bioaerosols has been shown to have an im-
portant impact on indoor microbial concentrations.?%> One recent
simulation study suggested that the resuspension of influenza vi-
ruses from a floor by walking could lead to meaningful exposures.®®
To test the likelihood of resuspension being a source of previously
settled pathogens, we conducted a single experiment to estimate the

magnitude of bioaerosol resuspension in the apartment unit. We first

Annealing Temp (°C)  Amplicon Length (bp) Reference

60°C 100 Chern et al. (2011)*°

59°C 120 Ninove et al. (2011)%°

aerosolized both organisms, E. coli first and T4 second, following the
same procedures as all other experiments, and then let the particles
settle overnight. The next morning, air sampling was conducted for
4 h and five areas of the floor were swabbed, including immediately
below the cough apparatus and also on the floor at the site of each of
the 4 air samplers, to establish background concentrations. Next, two
people walked in the apartment unit continuously for 5 h with the
HVAC system operating without a filter, while each of the air samplers
was operated continuously for the 5-h duration. The resulting concen-
trations were compared to background concentrations to characterize
the extent of bioaerosol resuspension from the floor.

3 | RESULTS AND DISCUSSION

3.1 | Direct measurements of bioaerosol emissions

Figure 3 shows the resulting average particle size distributions in ex-
cess of background concentrations on both a number and volume
basis (assuming spherical particles to estimate volume) measured
within ~0.3 m of the bioaerosol emission source during initial E. coli
and T4 experiments. Results are averaged over a combination of
both constant low-flow “breathing” and periodic high-flow “cough-
ing.” The size distributions with both organisms had peak number
concentrations between 40 and 70 nm, but peak volume concentra-
tions were between 5 and 10 um. The resulting size-resolved number
and volume distributions are reasonably well aligned with recently

4251 and with the small number of stud-

developed cough simulators
ies that have investigated particle size distributions resulting from
human respiratory emissions using aerosol monitoring equipment
that can measure below ~0.3 um.* Given that the mass fraction of
nonvolatile components is approximately 1%, the fully desiccated
particle diameter would be expected to be only ~22% of the original

emitted particle diameter.” This suggests that most of the mass of
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each organism recovered in the air samples (at equilibrium) is likely
to be in the ~1-2 pm size range (assuming that complete desiccation
occurs and only minimal evaporation has occurred in the volume dis-

tributions in Figure 3).

3.2 | Environmental conditions and ventilation rate
measurements

A summary of air exchange rates (ACH), temperature, and relative hu-
midity (RH) measured during each replicate test are shown in Table 2.
Air exchange rates varied between ~0.5 and ~1 per h for most tests.
Temperature and RH were both relatively consistent across all tests,
although both were somewhat higher during the E. coli tests (ie, aver-
age of ~25°C and ~55% compared to ~22°C and ~52%).

3.3 | Bioaerosol transport measurements without
HVAC filtration

We first explore the results from airborne size-resolved sampling
of E. coli K12 and bacteriophage T4 under the no filter condition
to characterize baseline aerosol transport in the apartment unit.
Figure 4 shows that under the no filter conditions, E. coli K12 DNA
was detected in all four sampling locations, decreasing from an av-
erage of ~120 ng/m?® recovered from all size fractions combined in
the near-range air sampling location (ie, 0.5 m away from the source)
to <2 ng/m? recovered from all size fractions in the long-range air
sampling location (ie, 7 m away from the source). For the near-range
sampler, the vast majority of the mass of E. coli DNA recovered was
found in the size fractions larger than 0.5 pm (more than 97% of the
mass), with 31% of the mass recovered in the >1 um size fraction.

Similarly, in the short-range sampler, approximately 99% of the re-
covered mass was found in size fractions >0.5 pm, with ~28% in the
size fraction larger than 1 pm. However, more mass was recovered
in the smaller size fractions from the mid-range and long-range sam-
plers. In the mid-range sampler, ~85% of the recovered mass was
found in size fractions >0.5 pm (and 62% were >1 pm), while ~62%
of the mass was recovered in the >0.5 um size fractions (and 44%
were >1 pm) in the long-range sampler. These data demonstrate that
although the average characteristic size of this organism is ~1 pm,
much of its DNA was found in submicron aerosol fractions in all lo-
cations in the room. This may due to a combination of desiccation
that reduces its characteristic size and/or fragmentation that occurs
during the aerosolization process, both of which would influence the
organism'’s viability in ways that gPCR would not be able to detect.
Somewhat similarly, Figure 5 shows that under the no filtration
conditions, bacteriophage T4 DNA was also recovered in all airborne
sampling locations, decreasing from an average of ~170 ng/m?® re-
covered from all size fractions combined in the near-range air sam-
pling location to ~3 ng/m® recovered from all size fractions in the
long-range air sampling location. However, because bacteriophage
T4 is a much smaller organism (~60 nm in characteristic size), the
majority of its DNA was recovered in the submicron size fractions
at all sampling locations. In the near-source location, approximately
49% of the mass was recovered in the size fractions smaller than
0.5 pum and 90% was recovered from the <1 pum size fractions.
Similarly, in the long-range location, approximately 55% of the total
mass was recovered from the <0.5 pm size range and ~87% was re-
covered from the <1 pm size fractions. There was not a substantial
shift in the size distributions of mass recovered for bacteriophage T4
at any of the air sampling locations, which suggests that this smaller

TABLE 2 Summary of air exchange rates (ACH), temperature, and relative humidity (RH) measured during each test

E. coli K12 Bacteriophage T4
ACH, per h Temperature, °C RH (%) ACH, per h Temperature, °C RH (%)
No filter 11 28 54 11 22 52
1.0 28 55 0.8 23 51
0.9 26 54 0.9 21 54
Average 1.0 27 54 0.9 22 52
MERV 8 0.5 23 53 11 24 52
0.7 25 53 0.8 23 51
0.4 23 56 0.9 22 54
Average 0.5 24 54 0.9 23 52
MERV 11 0.8 26 54 0.7 22 52
0.8 27 56 0.8 23 51
0.9 25 58 0.9 21 54
Average 0.8 26 56 0.8 22 52
MERV 16 0.5 25 56 0.7 22 52
0.6 25 53 0.8 23 51
0.5 26 56 0.9 21 54
Average 0.5 25 55 0.8 22 52
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organism is initially aerosolized in a smaller size fraction of droplets
and remains suspended in a similar size distribution throughout the
apartment unit.

Both the E. coli and bacteriophage results suggest that although
the vast majority of particles aerosolized from the emission source are
smaller than 0.1 um on a number basis and larger than 5 pm on a vol-
ume basis (Figure 3), most of the airborne mass of DNA was detected
in the 0.25 to 2.5 um size ranges (with a slight shift toward smaller
size ranges for the smaller bacteriophage). This has implications for
airborne infectious disease transmission studies, as it supports the
use of sub-1-pm or sub-2.5-pm surrogates in bioaerosol transport
models.40:67:8

In addition to the air samplers, three settle plates were also used
to illustrate bioaerosol deposition to surfaces in the no filter condition.
Figure 6 shows that the amount of E. coli K12 DNA recovered from
each settle plate surface decreased proportionally with distance from
the emission source. An average (+ SD) of ~187 ng (86 ng) was recov-
ered from the near-range, floor height settle plate; ~122 ng (+58 ng)
was recovered from the short-range, 0.5-m high settle plate; and
~20 ng (£5 ng) was recovered from the mid-range, 1.7-m high settle
plate. In contrast, the largest concentration of bacteriophage T4 DNA
was recovered from the short-range settle plate (~79+25 ng), and
the smallest amount was recovered from the settle plate closest to
the source (~6+2 ng). This illustrates that surface deposition for each

organism was highly varied, likely because the varying size of each
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FIGURE 6 DNA recovered from settle plates in three locations
with the recirculating HVAC system on without a filter installed.
Near-range (0.5 m) plates were installed at floor height; short-range
(3 m) at 0.5 m height; and mid-range (5 m) at 1.7 m height. Values
represent average and standard deviations across three replicate
tests

organism influenced the sizes of the initial emitted aerosols in which
they were contained and thus altered the distance that it was able to
travel from the source.
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3.4 | Bioaerosol control measurements with HVAC
particle filtration

Figure 7 shows results for the total and size-resolved mass concen-
trations of E. coli DNA recovered in the air samples under each of
the four filter conditions: no filter, MERV 8, MERV 11, and MERV
16. Increased HVAC filtration efficiency had small or negligible im-
pacts on the amount of E. coli DNA amplified from the near-range and
short-range air samplers, but had a greater impact on the longer-range
samplers. Compared to the no filter condition, there was an average
reduction in total E. coli mass concentration recovered in the mid-
range sampler of ~4%, ~96%, and ~97% with MERV 8, 11, and 16
filters installed, respectively, and average reductions of ~69%, ~85%,
and ~87% in the long-range sampler.

Figure 8 shows similar results for bacteriophage T4 recovery from
air samples with different HVAC filter conditions. There was an av-
erage reduction in the total mass concentration of bacteriophage T4
DNA recovered and amplified in the mid-range air sampler of ~70%,
~93%, and ~98% with the MERV 8, 11, and 16 filters installed, respec-
tively, and reductions of ~12%, ~81%, and ~92%, respectively, in the
long-range air sampler.

Figure 9 shows the same data for both organisms plotted vs the
distance from the source and normalized to the total amount of DNA
recovered in the closest (ie, near-range) air sampler to more clearly
demonstrate the impact of distance. There was a large decrease in
the total amount of DNA recovered across all particle sizes under all

four filtration conditions beginning approximately 3 m away from the

source. These data also demonstrate that MERV 8 filters were not par-
ticularly effective for controlling long-range bioaerosol transport for
both organisms, but that both MERV 11 and MERV 16 had greater
impacts. Further, the difference between MERV 16 and MERV 11 fil-
tration was greater at longer distances for the smaller bacteriophage
T4 than for the larger E. coli K12.

Similarly, Figure 10 shows the amount of DNA recovered and am-
plified for both model organisms from the three settle plate locations
under each of the four HVAC filter conditions. For E. coli K12, the great-
est amount of DNA recovery was found on the near-range settle plates
and higher efficiency HVAC filtration had a small or negligible impact
on the amount of DNA amplified from that plate. However, increased
HVAC filtration efficiency reduced the amount of E. coli DNA recovered
from both the short-range and mid-range settle plates, although the
amount of E. coli DNA amplified from the mid-range settle plates was
consistently very low. Conversely, very little bacteriophage T4 DNA was
amplified from the near-range settle plate under any HVAC filter con-
dition, further suggesting that this smaller organism remained encapsu-
lated in droplets as they evaporated, reduced in size to droplet nuclei,
and were mostly transported longer distances. Further evidence of this
is that increased HVAC filter efficiency also reduced bacteriophage T4
DNA recovery on both the short-range and mid-range settle plates.

3.5 | Resuspension test

Finally, results from the single resuspension test did not reveal mean-
ingful resuspension of either bacteriophage T4 or E. coli. Although
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FIGURE 9 Relative mass concentrations
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T4 DNA recovered and amplified from
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range (0.5 m) plates were installed at floor
height; short-range (3 m) at 0.5 m height;
and mid-range (5 m) at 1.7 m height. Values
represent average and standard deviations
across three replicate tests
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there was a measurable amount of DNA recovered for both organisms
from the floor samples prior to walking, particularly within close range
of the bioaerosol emission source, DNA recovery from the air sam-
ples was below detection limits. This demonstrates that the impact
of resuspension on the measured bioaerosol concentrations for this
experimental setup were negligible. However, these results should be
confirmed in other settings before drawing meaningful conclusions

from these data.

4 | CONCLUSION

To our knowledge, this is one of the first studies to experimentally
quantify the size-resolved aerosol dynamics of surrogate microorgan-
isms emitted in a realistic indoor environmental setting under vary-
ing HVAC filtration conditions. Results demonstrate that both E. coli
K12 and bacteriophage T4 DNA were recovered and amplified in air
samples up to 7 m away under all filtration conditions, albeit in much
smaller amounts than in near-source samples. Higher efficiency HVAC
particle filtration (eg, MERV 11 and MERV 16) clearly reduced the re-
coverable amount of DNA from both organisms in air samples and on
settle plates located ~3 to ~7 m away from the source. Moreover, the
characteristic size of the model organisms also influenced the particle
size range in which their DNA was detectable, as a greater fraction of
the recoverable T4 DNA was found in submicron aerosol size frac-
tions than E. coli K12 at all distances from the source. These results
provide insight into how the size-resolved aerosol dynamics of po-
tentially pathogenic organisms emitted from respiratory activities may
influence their transmission and control in indoor environments.
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