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Background. Environmental parameters, including sunlight levels, are known to affect the survival of many microorganisms in
aerosols. However, the impact of sunlight on the survival of influenza virus in aerosols has not been previously quantified.

Methods. 'The present study examined the influence of simulated sunlight on the survival of influenza virus in aerosols at both
20% and 70% relative humidity using an environmentally controlled rotating drum aerosol chamber.

Results. Measured decay rates were dependent on the level of simulated sunlight, but they were not significantly different be-
tween the 2 relative humidity levels tested. In darkness, the average decay constant was 0.02 + 0.06 min~', equivalent to a half-life of
31.6 minutes. However, at full intensity simulated sunlight, the mean decay constant was 0.29 + 0.09 min', equivalent to a half-life
of approximately 2.4 minutes.

Conclusions. Short-range aerosol transmission of the virus may be possible in full intensity sunlight, but the virus would be
unlikely to survive in an infectious state over long distances. These results are consistent with epidemiological findings that sunlight
levels are inversely correlated with influenza transmission, and they can be used to better understand the potential for the virus to

spread under varied environmental conditions.
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Influenza viruses are significant contributors to the global
burden of infectious disease, with estimates of up to 650 000 an-
nual human deaths worldwide linked to respiratory influenza-
associated disease alone [1]. Influenza transmission is thought
to occur through multiple pathways, including by direct con-
tact with contaminated fluids or surfaces and by aerosols.
Transmission via aerosols facilitates the rapid spread of the
virus and contributes to its status as both a seasonal and pan-
demic public health threat for human and susceptible animal
populations. Influenza’s spread by aerosols has been suggested
by epidemiological analyses of transmission patterns, by indoor
and outdoor air sampling, by transmission studies with animal
models, and by direct measurement of the breath and coughs of
infected individuals [2-11].

Viruses in aerosols in both indoor and outdoor environments
are subject to environmental stressors, including temperature,
relative humidity (RH), and sunlight that may result in losses
of infectivity before the virus reaching a host. The decay rate,
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or rate at which these losses occur, is dependent on the specific
phenotype of the virus, composition of the particles containing
the virus, and conditions in the surrounding environment.
Understanding the effect of these parameters on a virus’s decay
rate can provide insight into the potential for aerosol transmis-
sion to occur in particular environments. Laboratory studies
with influenza viruses have indicated that the virus decays
slowest at low temperatures and in the absence of ultraviolet
(UV) light, with variable effects of RH depending on the com-
position of the initial suspension liquid [2, 9, 12-15]. These re-
sults corroborate epidemiological studies showing higher rates
of influenza transmission during winter in temperate regions
and either no seasonal variability in the tropics or some in-
creases during rainy seasons [2, 16-18]

However, It is important to note that there are relatively little
data on the effect of sunlight on the survival of influenza virus,
either alone or in conjunction with other environmental factors.
Sunlight has been shown to significantly affect the viability or
infectivity of a variety of microorganisms and viruses [19-22],
with effects primarily mediated through damage to the genome.
Several studies have examined the effects of UVC light on in-
fluenza virus as a method of decontamination [12, 23, 24], but
UVC light does not penetrate the earth’s atmosphere [25], and it
is not clear that results from these studies are applicable to un-
derstanding the survival of the virus in natural environments.
Skinner and Bradish [15] examined the impact of both simu-
lated and real sunlight on influenza virus in liquid aliquots, but
they did not measure the impact of these factors on the virus in
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aerosols. Therefore, the aim of the present study was to examine
the influence of sunlight and RH on the decay of influenza virus
in aerosols.

METHODS

Virus and Assay

Madin-Darby canine kidney (MDCK) cells were used for all
virus propagation and quantification. Cells were grown at 37°C
with 5% CO, in culture media for growth (gMEM) consisting
of Minimum Essential Medium ([MEM] Gibco) with 10%
heat-inactivated fetal bovine serum ([FBS] Atlanta Biologicals),
2 mM GlutaMAX (Gibco), 0.1 mM nonessential amino acid
(INEAA] Gibco), 1 mM sodium pyruvate (Gibco), and 1%
antibiotic-antimycotic solution (Gibco).

Influenza A virus (HIN1) A/PR/8/34 was obtained from
the American Type Culture Collection and passaged once in
MDCK cells. For stock production, gMEM was removed from
confluent monolayers of MDCK cells in T150 flasks. The cells
were washed once with phosphate-buffered saline (PBS) and
refed with infection media (iIMEM), consisting of MEM supple-
mented with 2 mM GlutaMAX, 0.1 mM NEAA, 1 mM sodium
pyruvate, 1% antibiotic-antimycotic solution, 0.2% bovine
serum albumin (Sigma-Aldrich), and 0.002 mg/mL TPCK-
trypsin (Worthington Biochemical Corp.). Influenza virus was
then added to the cells at a multiplicity of infection of 0.001.
Once cytopathic effect (CPE) was observed to be greater than
75% at 3 days postinfection, the supernatant containing virus
was removed, centrifuged at 4°C for 5 minutes at 360 xg to re-
move cellular debris, aliquoted, and stored at —80°C until use.
For aerosol tests, aliquots were thawed, diluted 1:5 in gMEM,
and used within 3 hours.

Concentrations of infectious virus in samples were assessed
by microtitration assay in 96-well plates. In brief, gMEM was
removed from confluent monolayers of cells in 96-well plates,
the cells washed once with PBS, and refed with iMEM. Samples
to be assayed were then loaded on the plate, and serial 4-fold
dilutions of test samples were performed using a Precision
Microplate Pipetting System (BioTek). Plates were incubated
at 37°C and 5% CO,, and visual inspection for CPE was per-
formed 3-4 days postinfection. Viral titers were calculated
using the method of Karber and Spearman [26, 27].

Test System

Decay tests were conducted in a 208-L rotating drum chamber
similar to that described by Goldberg et al [28] (Figure 1), but
with the added ability to expose aerosols in the chamber to con-
trolled levels of temperature, RH, and simulated sunlight. Air
temperature in the chamber is maintained by heating or cooling
the walls of the chamber by circulating a temperature-controlled
glycol solution through a series of channels in the chamber’s
shell. All air entering the drum originates from an oil-free com-
pressed air system, in which the air is dehumidified and HEPA

filtered. The RH of the air stream is adjusted by passing a por-
tion of the total flow through a Nafion tube bundle. Relative
humidity in the drum is brought to near the target value before
initiating aerosol generation and fine-tuned by adjustments to
the ratio of dry and humid air entering the drum during aer-
osol generation and sampling procedures. Temperature and RH
levels were continuously monitored during tests with a Vaisala
HMP110 probe within the drum.

Simulated sunlight originates from a Xenon Arc lamp
(Osram GmbH) external to the chamber, with the spectrum
shaped by optical filters before entering the chamber through
a fused silica window comprising the entirety of one face of the
drum. The power setting and light filters used for the solar sim-
ulator were selected to produce a spectrum inside the chamber
approximating the ASTM G177-03 standard spectrum [29], a
reference standard spectrum for UV light exposure based on
the Simple Model of the Atmospheric Radiative Transfer of
Sunshine (SMARTS). For some tests, the light delivered to the
chamber was reduced to 50% intensity by use of a neutral den-
sity light filter and adjustments to the lamp power supply.

Spectral irradiance measurements were performed outside
the chamber and corrected for window transmission losses
using a Gooch & Housego model OL756 spectroradiometer
equipped with a model IS-270 2-inch diameter integrating
sphere light receptor over the wavelength range from 200 to 800
nanometers. Although the G-177-03 standard itself does not ex-
tend above 400 nm, at longer wavelengths the solar simulator
output remained relatively consistent with the model used to
derive the standard. Aerosols were introduced into, and sam-
pled from, the chamber through an opening located in an axial
rotary union on the face of the drum opposite the fused silica
window. Aerosols were generated with a 120 kHz Sono-Tek ul-
trasonic nozzle operated at 3 W into a stainless steel plenum
flowing at 10 L/minutes with dry compressed air and directed
into the drum. The target mass median aerodynamic diameter
(MMAD) of the aerosols was 4-5 um, an approximate midpoint
of size distributions reported for infectious influenza virus aero-
sols measured in the exhaled breath and coughs of influenza-
infected individuals [6, 7]. For each test, the chamber was filled
while rotating at 3 rpm for 4 minutes, at which point aerosol
generation was terminated and the chamber’s inlet and outlet
valves sealed. The aerosol in the chamber was allowed to mix
for 1 minute before drawing the first sample from the chamber.

The sampling port of the chamber was fitted with a one-half-
inch ID Y-fitting, with one arm of the Y connected to the inlet
of an Aerodynamic Particle Sizer ([APS] TSI Inc.) and the other
arm connected to a 25-mm gelatin filter (SKC Inc.) in a Delrin
filter holder (Pall Corp.). The APS was used to measure aerosol
size distributions and mass concentrations at each sampling
time point using Aerosol Instrument Manager (Aim) software
(version 9.0.0.0; TSI, Inc.). Gelatin filters were used to collect
material for infectivity analysis, because they have been shown
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Figure 1. Rotating drum aerosol chamber. The solar simulator’s light originates from a Xenon arc lamp (A) and is shaped by a series of optical filters (B) before being redir-
ected by a turning mirror (C) and collimating mirror (D) into the drum itself (E) through a fused-silica window (F). A combined temperature/relative humidity probe is located
within the drum on the opposite end, and it is positioned behind a shield (G) to ensure the probe measures the air temperature unbiased by direct radiation from the solar
simulator. A temperature-controlled glycol solution (H) is circulated both through the walls of the drum to maintain internal air temperature and through a heat exchanger (1)
on the air line into the drum. This line is supplied by dry compressed air (J), which may be conditioned by passing a portion of the flow through a Nafion tube bundle (K) to
increase the humidity of the air stream. To fill the drum, air is directed to a plenum housing a 120 kHz ultrasonic nozzle (L) fed by a syringe pump (M). Samples are pulled from
the drum through a single line, bifurcated to direct air to both an Aerodynamic Particle Sizer ([APS] N) and gelatin filter (O).

to collect with near 100% physical efficiency and have been
used to collect influenza virus aerosols in previous studies [9,
30-32]. Filters were supplied with vacuum flow regulated by a
critical flow orifice (O’Keefe Controls Co.). Before use, the flow
through each filter was measured with a TSI model 4140 mass
flow meter. The mean airflow through the filters across all tests
was 5.04 L/minutes with a standard deviation (SD) of +0.19 L/
minutes. After sampling, material collected on gelatin filters
was recovered by dissolving the filter in 10 mL gMEM at 37°C.

Six samples were taken over the course of each test, with
total test durations ranging from 10 to 40 minutes depending
on the environmental condition. At each sampling time point,
the sampling port was opened, and aerosols from the drum
were sampled by both the APS and the gelatin filter simultane-
ously for a period of 1 minute, with clean, RH-conditioned air
allowed to enter the drum through the inlet to maintain neu-
tral pressure. The airflow, diameter, and length of the tubing on
either side of the split were identical. Therefore, it is expected
that the size distribution and mass concentration measured by
the APS was representative of the aerosols sampled by the filters
during the same period.

Decay tests were conducted at 5 separate combinations of
environmental conditions, with 5-7 replicate tests at each con-
dition. All tests were conducted at 20°C, because this value
approximates room temperature and has been used in other
influenza persistence studies [14, 33-35]. Target RH levels of
20% and 70% were selected because previous studies have re-
ported differences in the persistence of influenza virus under
these conditions [2, 3, 14, 35]. At low RH levels, persistence
tests were conducted in darkness and at half and full intensity
simulated sunlight levels. However, application of simulated

sunlight introduces additional thermal energy to the rotating
drum, and to maintain target air temperature it is necessary to
cool the chamber walls to remove that energy from the system.
Because of this, it was not possible to achieve high RH values
when full intensity sunlight was applied, because the water in
the air condenses on the cooler walls. Therefore, only dark con-
ditions and half intensity simulated sunlight could be tested at
high RH levels.

Data Analysis

For each test, the mean and SD of each environmental param-
eter were calculated from all data points starting from the end of
aerosol generation to the end of the last aerosol sample. Aerosol
concentrations of infectious influenza virus at each sample time
point were calculated according to Equation 1. One-phase ex-
ponential decay constants were calculated using GraphPad
Prism (version 6.03; GraphPad Software, Inc.) from time-series
viral aerosol concentrations and aerosol mass concentrations
reported by the APS. The decay constant calculated from the
virus concentrations represents the total decay rate of particles
in the chamber (k
ical processes, such as impaction on surfaces and removal of

> a0d it represents losses due both to phys-
material during sampling, and to loss of viral infectivity over
time. The APS measures particle concentration in the chamber,
but it does not discriminate between those particles that contain
infectious virus and those that do not. Therefore, the decay con-
stant calculated from the APS concentration data represents the
physical decay of particles in the chamber (k

prysca iDCluding

dilution of suspended aerosol during sampling intervals. The

for each test was calculated

biological decay constant k.,

by subtracting the physical decay constant from the total decay
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constant. This term describes the rate of infectivity loss meas-
ured in a test, isolated from system-specific physical losses, and
was the metric of interest in the present study.

Equation 1. The measured aerosol concentration (C)) is the
concentration of infectious virus in the air of the test chamber,
where C_ is the concentration of material in the sampler me-
dium, V _is the volume of the sampler medium, Q_ is the sampler
flow rate, and £ is the duration of the sampling period.

The variability of results from different environmental condi-
tions was assessed using a Bartlett’s test in GraphPad Prism, and
biological decay constants and the mean RH and light inten-
sity values for each test were fit with a generalized linear model
(GLM) using JMP v.11.2.0 assuming normal distributions and
using an Identity Link Function. A 1-sample ¢ test was used to
assess whether the mean biological decay constants from dif-
ferent environmental conditions were significantly different
than zero (ie, no decay) in GraphPad Prism. A paired t test was
used to compare the initial and final MMAD values measured
by the APS from all tests. All values are reported as arithmetic
mean * SD.

RESULTS

Across all tests, the average temperature was 20.3°C, and the
average RH values for low and high RH tests were 20.1% and
69.2% RH, respectively. No test had a temperature SD >0.2°C
or RH SD >2.5% RH. At 100% intensity, the simulated sunlight
spectrum did not capture the fine detail of the peaks and valleys
corresponding to absorption by atmospheric constituents, but
it matched the overall trend of the ASTM G-177-03 standard
(Figure 2). The integrated UVA and UVB levels for the spectra
at 100% intensity were 52.86 and 1.44 W/m®, respectively, with
corresponding values of 24.48 and 0.62 W/m” at 50% inten-
sity. Integrated UVC light levels are not reported, because the
G-177-03 standard does not include any specifications for light
intensities below 280 nm, and measured values did not rise
above the limit of detection of the spectroradiometer.

Decay tests were conducted at 5 separate conditions, with
resulting k-values shown in Figure 3. Decay rates were signif-
icantly influenced by light intensity, but not RH, although the
data were more variable at higher RH. Physical and total decay
curves from a representative test are shown in Figure 4A. The
average R” value for the physical decay curve fits measured with
the APS across all tests was 0.99 + 0.01. The average R* value
for curve fits from viral concentration data for tests with simu-
lated sunlight and in darkness were 0.89 + 0.10 and 0.51 + 0.29,
respectively. The mean biological decay constants for the latter
set were not significantly different than zero (P = .24), and the
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Figure 2. ASTM G-177-03 standard spectrum and representative spectra from
the solar simulator. Solid tracing shows the ASTM G-177-03 standard, dashed
tracing shows the 100% intensity spectrum from the present study, and dotted
tracing shows the 50% intensity spectrum.

low R* values for these tests are reflective of the fact that the ex-
ponential decay model offers little predictive value over simply
taking the mean of the sample titers within each test.

Parametric analyses were not applicable to the biological
decay constants for these tests, because there was unequal vari-
ance across conditions (P = .0073). Therefore, a GLM was used
to test the effects of both parameters and any potential inter-
actions. This analysis found that light intensity had a significant
effect on decay rate (P < .0001), but RH and the interaction
between RH and light intensity were not significant factors
(P =.2643 and P = .9196, respectively).

Across all tests, the starting and final MMAD were
4.4 + 0.2 um and 4.1 + 0.2 um, respectively. The starting and
final geometric SD were 1.32 + 0.02 and 1.34 + 0.04, respec-
tively. Although the size distributions remained within in the
target range of 4-5 pm throughout the duration of each test, as
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Figure 3. Decay test results. Tests were conducted at 20°C with the PR8 strain
of influenza A virus at 20% and 70% relative humidity (RH) and 3 light conditions.
A generalized linear model of results demonstrated that simulated sunlight had a
significant effect on decay rate (P<.0001), but RH and the interaction between RH
and simulated sunlight did not (P=.2643 and P=.9196, respectively).
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Figure 4. Decay and size data from a representative test. Data are from a test at 20% relative humidity and 100% light intensity. (A) The total aerosol mass (white) and
infectious virus concentrations (black) are shown as a percentage of their starting concentration on the first sample of the test. (B) Particle size distributions from top to bottom
are from Aerodynamic Particle Sizer (APS) measurements taken at t=0, 2, 4, 6, 8, and 10 minutes after aerosol loading of the rotating drum aerosol chamber.

shown in APS tracings from a representative test in Figure 4B,
the difference in the initial and final MMAD was statistically
significant (P < .0001) and represents a 23% reduction in mass
for a spherical particle with a diameter equal to the MMAD.
Although the infectivity data collected at the end of the decay
tests are somewhat biased towards smaller particles compared
with data at the beginning of the test, the degree of this bias is
relatively small, and no attempts were made to correct for this

shift.

DISCUSSION

Seasonal influenza virus is a significant contributor to global
rates of infectious disease morbidity and mortality, and the pos-
sible threat of pandemic influenza is of great concern to public
health officials. Data on the effect of environmental conditions
on the decay of influenza virus in aerosols can be useful for un-
derstanding the potential for the virus to spread in different en-
vironments, and they may aid in efforts to model the spread
of the disease during either pandemic or seasonal events. The
present study assessed the decay of influenza virus in aerosols as
a function of simulated sunlight level and RH at 20°C. Although
other studies have reported on the impact of simulated and real
sunlight on influenza decay in liquid aliquots or UVC light on
influenza decay in aerosols [12, 15], data from the present study
represent the first results addressing the influence of a light
spectrum representative of natural sunlight on the decay of in-
fluenza virus in aerosols. Significant losses of infectivity were
not observed in darkness at either 20% or 70% RH. However,
decay increased significantly with the addition of simulated
sunlight at both RH levels tested. These results suggest that aer-
osol transmission of the virus is more likely to occur at night,
indoors, or in other conditions of reduced sunlight intensity.
Studies on the impact of RH on influenza virus in aerosols
have generally found that the biological decay of the virus is
near zero in darkness at room temperature and low RH, which
is in agreement with the findings of the present study. There is

less consensus on the effect of higher humidity levels on influ-
enza decay rates, including levels similar to those tested in the
present study [36]. Although some studies have reported max-
imum decay at mid-level RH values (approximately 50%-70%
RH) [14, 34, 37], others have reported maximum decay at high
RH values (above approximately 70% RH) [2, 35, 38], with the
difference in outcomes possibly resulting from variability in the
composition of the initial virus suspension medium [14, 36].
This possibility is bolstered by the results of recent studies on
influenza decay in droplets on surfaces, which have demon-
strated that the effects of RH are minimized or eliminated by
the addition of protein-containing liquids such as FBS, mucus,
or bronchiolar epithelial cell extracellular material to the ini-
tial virus suspension [9, 14]. In the present study, results from
tests at high RH were not significantly different from results at
low RH at equivalent light levels, although they were notably
more variable at high RH. Culture media with a final concen-
tration of 8% FBS was the only suspension liquid used for these
tests, and it is possible that the protein content of this liquid
contributed to the observed lack of RH effect. However, the lack
of data at 70% RH and 100% light intensity limit the ability to
make definitive conclusions regarding the effects of RH and
RH-light interactions. Further tests incorporating additional
particle compositions and environmental conditions would be
necessary to explore the potential effects of these parameters, as
well as to identify the reason for the greater variability in decay
results at high RH. Furthermore, because data in the present
study were generated with a laboratory-adapted strain of in-
fluenza virus, additional tests with wild-type viruses would be
useful to confirm the applicability of results from the present
study to currently circulating strains.

Although no studies have been published on the effect of
sunlight or simulated sunlight on decay rate of influenza virus
in aerosols, data do exist from UVC inactivation studies and a
study that examined the effect of both simulated and real sun-
light on influenza decay in liquid suspensions [12, 15, 23, 24].
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These studies demonstrate that decay of the virus increases both
with increasing duration of exposure and with higher intensities
of light, consistent with results from the present study.

The light spectrum used in the present study was optimized
in the UV region to match an ASTM standard that was devel-
oped to represent a reasonable upper exposure limit for UV
light for weathering applications [29], and it is similar to the
spectrum that would be expected under clear skies at noon
on the summer solstice for a high-elevation, mid-latitude city.
Shorter wavelengths of light (ie, UVA and UVB) have been
shown to have exponentially greater impact on the viability
of microorganisms than longer wavelengths of light [39, 40].
Therefore, decay data generated using the ASTM G177-03 spec-
trum are expected to represent a reasonable upper limit esti-
mate for decay of influenza exposed to natural sunlight. Natural
outdoor sunlight spectra may have lower intensities than the
spectrum used in the preset study depending on geographic lo-
cation, time of day, and local atmospheric conditions. However,
the results from the present study would be expected to bound
the range of decay rates that would be expected for temperate
regions at equivalent temperature and RH levels.

CONCLUSIONS

The decay rates observed at the maximum light intensity used
in the present study suggest that long-range outdoor aerosol
transmission of influenza virus would be unlikely to occur
during the day under clear-sky conditions. However, aerosol
transmission in such conditions could still be possible over
short distances and time scales, and any factors leading to lower
light intensities would be expected to lead to a corresponding
decrease in decay rate and increase in transmission potential.
These results are consistent with observed increases of influ-
enza incidence during winter in temperate regions and rainy
seasons in the tropics [41, 42], and they may be useful to inform
efforts to understand the mechanism behind this correlation.
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