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Understanding the factors that influence the airborne survival of viruses such as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in aerosols is important for
identifying routes of transmission and the value of various mitigation strategies for pre-
venting transmission. We present measurements of the stability of SARS-CoV-2 in
aerosol droplets (~5 to 10 pm equilibrated radius) over timescales spanning 5 s to
20 min using an instrument to probe survival in a small population of droplets (typi-
cally 5 to 10) containing ~1 virus/droplet. Measurements of airborne infectivity change
are coupled with a detailed physicochemical analysis of the airborne droplets containing
the virus. A decrease in infectivity to ~10% of the starting value was observable for
SARS-CoV-2 over 20 min, with a large proportion of the loss occurring within the first
5 min after aerosolization. The initial rate of infectivity loss was found to correlate with
physical transformation of the equilibrating droplet; salts within the droplets crystallize
at relative humidities (RHs) below 50%, leading to a near-instant loss of infectivity in
50 to 60% of the virus. However, at 90% RH, the droplet remains homogenous and
aqueous, and the viral stability is sustained for the first 2 min, beyond which it decays
to only 10% remaining infectious after 10 min. The loss of infectivity at high RH is
consistent with an elevation in the pH of the droplets, caused by volatilization of CO,
from bicarbonate buffer within the droplet. Four different variants of SARS-CoV-2
were compared and found to have a similar degree of airborne stability at both high
and low RH.
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The ongoing coronavirus disease 2019 (COVID-19) pandemic has demonstrated the
requirement for an improved understanding of the factors that govern the relative impor-
tance of different modes of transmission of respiratory pathogens, including the parame-
ters that influence droplet, fomite, and airborne transmission. Indeed, shortcomings in
our understanding have prolonged the debate surrounding the likelihood of airborne
transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1-3),
with consequences for the implementation of nonpharmaceutical interventions and miti-
gation strategies such as physical distancing, the wearing of face coverings, and the use of
ultraviolet (UV) germicidal irradiation. Currently, epidemiological evidence (4-7), air
sampling studies (8), and animal-model studies (9) are broadly consistent with transmis-
sion dominated by the inhalation of infectious aerosol (<100-pm diameter). Transmis-
sion over distances beyond 2 m has been documented and tends to be under preventable
circumstances (10), such as occurring after prolonged exposure in poorly ventilated
rooms (11, 12).

Reports of the airborne stability of SARS-CoV-2 consistently indicate that the half-
life associated with the decay in viral infectivity is on the order of hours in surrogates
of respiratory aerosols (13—16). However, a detailed understanding of the processes
that govern the airborne longevity of viruses, and how infectivity is affected by basic
environmental conditions such as relative humidity (RH) and temperature, is required.
More specifically, there is little clarity on the impact of environmental conditions on
the microenvironment within an airborne droplet and the interplay between this
microenvironment and the stability of pathogens. Improved models of the physico-
chemical properties of respiratory aerosol and the processes that transform particle size,
moisture content, composition, and phase are essential to provide clearer insights into
the relative risks of airborne transmission in different environments and the potential
benefits of mitigation measures to reduce transmission. Indeed, it should be recognized
that transformation processes lead to transient changes in properties (e.g., surface
enrichment in salts during evaporation following droplet exhalation) that can have
impacts on infectivity distinct from the steady state equilibrium properties that persist
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Significance

The aerosol microenvironment is
dynamic, exposing pathogens,
such as severe acute respiratory
syndrome coronavirus 2 virus,
when exhaled in respiratory
aerosol to extreme conditions of
solute concentration, pH, and
evaporative cooling. Yet surviving
this environment is a key step in
the transmission of such
pathogens. Understanding the
impact that airborne transport has
on pathogens and the influence of
environmental conditions on
pathogen survival can inform the
implementation of strategies to
mitigate the spread of diseases
such as coronavirus disease 2019.
We report changes in the
infectivity of the airborne virus
over timescales from 5 s to 20 min
and demonstrate the role of two
microphysical processes in this
infectivity loss, namely, particle
crystallization and aerosol droplet
pH change.
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over longer time periods during airborne transport (e.g., an
equilibrated salt concentration).

The microenvironment within an airborne droplet is multi-
farious and notoriously difficult to study (17) and is further
complicated by the presence of organic macromolecules and
microorganisms (18). While the vast majority of indoor aerosols
originate from sources such as candles, dust, outdoor air pollu-
tion, and food cookers (19), respiratory pathogens are transmit-
ted in exhaled aerosol that can span from 100-nm to 100-pm
diameter and have emission rates as low as 10 particles s '
when humans breathe (20, 21). Regardless of the expiratory
activity that generates respiratory aerosols [e.g., coughing, speak-
ing (21, 22)], the high surface area-to-volume ratio of the emit-
ted particles facilitates rapid equilibration to the surrounding
gas phase composition (SI Appendix, Fig. S1A4) (23). In particu-
lar, the equilibration of the water activity within the droplet to
the surrounding RH impacts the physicochemical conditions
experienced by microorganisms present within the aerosol.
Aqueous respiratory droplets at the point of exhalation start
with a very high water activity (~0.995) (24) consistent with
equilibration with the high RH within the respiratory tract (25)
but must adjust to equilibrate with the indoor humidity, which
is typically within the range 20 to 60% (26-28). Under most
conditions, exhaled aerosol droplets rapidly lose both moisture
and heat through evaporation, with large concomitant changes
in volume and temperature as they establish an equilibrium
with the indoor environment.

Not only does the loss in water lead to an increase in solute
concentrations during evaporation but also the absence of heter-
ogenous nucleation sites (i.e., a surface) leads to supersaturated
solute concentrations that cannot be achieved in the bulk solution
phase or in sessile droplets deposited on surfaces. At sufficiently
low RH (e.g., below 45% for saline solution droplets), the super-
saturation of solutes can be sufficient to induce homogenous
nucleation (29-31) of the salt fraction, leading to efflorescence
(crystallization) of the droplet and the formation of a dryer parti-
cle. Furthermore, during the initial period of droplet evaporation,
the rates of diffusion of microorganisms within the droplet can
be significantly slower than the rate at which the droplet surface
recedes, leading to their exclusion to the near-surface region of
the droplet. Given that the physicochemical conditions at the sur-
face of the droplet can be different to the core (e.g., surface
enrichment in solute concentration), establishing the distribution
of microorganisms within a particle may be crucial to under-
standing the impact of aerosol microphysics on their longevity.

Once the moisture content of the aerosol has decreased to
establish equilibrium with the ambient environment, the decay
in microorganism survival may be regulated by steady-state
microphysical properties. In particular, the typical range in
ambient RH is consistent with equilibrated solute concentra-
tions that are supersaturated in the exhaled aerosol. Although
the mechanism remains unclear, high salt concentrations may
inactivate viruses by damaging the viral nucleic acid (32, 33).
With high contents of organic macromolecules, phase-separated
particles with organic- and inorganic-rich domains or amor-
phous particles containing trapped moisture may form, poten-
tially enhancing viral and bacterial survival. Furthermore, the
pH of aerosol particles is RH, size, and composition dependent,
and the pH of aerosol droplet surfaces may be different from
the droplet bulk (34). Indeed, predicting the evolving aerosol
pH is challenging, particularly when the facile partitioning of
water-soluble acidic and basic components from the ambient
environment is considered, even before the influence of aerosol
pH on microorganism survival is considered (35).

https://doi.org/10.1073/pnas.2200109119

Laboratory strategies to assess the airborne stability of a path-
ogen must either be capable of simulating every aspect of the
real-world environment in which transmission occurs or suffi-
cient control over the conditions must be achieved such that
the influence of individual processes and properties on survival
can be assessed independently. Goldberg rotating drums (36)
have been widely used over many decades to assess airborne
pathogen stability and have been used to investigate the air-
borne survival of SARS-CoV-2. More specifically, studies have
examined the dependence of infectivity on time (20 min to
16 h), RH (40 to 70%), and the presence of UVC light
with measurements in aerosols composed of cell culture media
(Dulbecco’s modified Eagle medium [DMEM] and minimal
essential media [MEM]) and artificial saliva (13-16, 37). All
studies concentrate on equilibrated particle sizes of ~5 pm
(mass median aerodynamic diameter). A nebulizer is used to
generate a cloud of aerosolized pathogen that is suspended by
the rotation of the drum. The initial environmental conditions
within the drum can be controlled by mixing the output of the
nebulizer with a flow of humidity- and temperature-controlled
air. However, operation with stable environmental conditions
can be challenging; for example, as the droplets evaporate and
equilibrate to the set humidity, the water they release can cause
the humidity within the drum to increase [see for example the
report of Smither et al. (14)]. In addition, dynamic changes in
liquid water content within the freshly nebulized acrosol cloud
do not replicate the very rapid changes that can accompany the
extremely low concentrations of the exhaled aerosol. This pre-
cludes any study of short-term decreases in pathogen viability
that may be critical to understanding close contact transmission
and the immediate consequences of exhalation on microbe
survival.

We have previously reported a unique approach to the study
of infectious aerosol and the interplay between aerosol micro-
physics and pathogen survival, using complementary aerosol
analysis techniques to assess the underlying mechanisms that
govern the airborne longevity of pathogens (38, 39). The aero-
sol stability of viruses and bacteria is investigated using the
CELEBS (controlled electrodynamic levitation and extraction
of bioaerosols onto a substrate) technique (38—40). In CELEBS
(81 Appendix, Fig. S1B), a small population (<20) of near-
identical monodisperse droplets containing bacteria or viruses
are trapped within an electric field, while a constant flow of air
prevents the accumulation of released water around the drop-
lets. Loading droplets into the CELEBS takes <0.1 s, and there
is no physical loss of droplets over time. Thus, an assessment of
the viability of suspended microbes within droplets can be
made after periods of suspension varying between less than 5 s
to many hours. These longevity measurements can then be con-
textualized with detailed measurements of the dynamic changes
in the physicochemical properties of droplets generated the
exact same way in an instrument referred to as the comparative
kinetic-electrodynamic balance (CK-EDB) (38, 41-45). The
CK-EDB uses the same piezoelectric droplet-on-demand dis-
pensers as the CELEBS to generate droplets, with particles cap-
tured in the path of a laser within a flow of humidity and
temperature-controlled air (S/ Appendix, Fig. S1C). The elastic
light scattering pattern can be used to infer the size and struc-
ture of these droplets within the same environmental condi-
tions as those used in CELEBS.

By coupling the time-sensitive measurements of the physico-
chemical properties of the droplets (CK-EDB) with the down-
stream biological effects (CELEBS) on the same timescale, the
systematic exploration of hypotheses regarding the inactivation

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200109119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200109119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200109119/-/DCSupplemental

mechanisms of viruses and bacteria is possible. In this study, we
apply this approach to the study of SARS-CoV-2 survival in
airborne droplets of cell culture medium, examining the sur-
vival over timescales spanning from <20 s, commensurate with
the evaporation of freshly exhaled aerosol, through to 20 min.
By studying the physicochemical changes that take place in the
droplet and exploring how these changes impact the infectivity
of the virus, we elucidate the effect of the airborne environment
on SARS-CoV-2. This study provides insights into the poten-
tial influence of environmental conditions on COVID-19
transmission.

Results

The Airborne Infectivity of SARS-CoV-2 Declines over the First
20 min following Aerosolization. The infectivity of SARS-
CoV-2 contained in droplets of MEM with 2% vol/vol fetal
bovine serum (MEM 2% FBS) was measured over the course
of 20 min of levitation in CELEBS at both low (40%) and
high (90%) RH (Fig. 14). A decrease in infectivity (in this
work, defined as the proportion of virus remaining able to
induce cytopathic effect) at low RH occurs almost immediately,
falling to an average of 54% within 5 s of generation. Interest-
ingly, although the initial loss in infectivity at low RH is almost
instant, the virus infectivity then remains more stable, only
decreasing an average of 19% over the next 5 min. At high
RH, the reduction in infectivity following aerosolization is
more gradual with a steady loss of infectivity of 48% within the
first 5 min. The decay in survival appears to plateau at both
RHs after 10 min, and the difference between infectivity in
aerosol particles suspended at the two RHs diminishes over
time, until survival at the two RHs is indistinguishable after
20 min. Further research will be required to explore for how
long the apparent plateau continues, but it is possible that this
slowing down of the viral decay is responsible for the longer
half-lives reported in previous Goldberg rotating drum studies
(15). It is unlikely that the rapid initial decay in virus infectivity

A
120
m40% m90%
100 %'
) ?
2
=
T 60
(<]
£ o
w0 14 *
20 ; S
0 +———— — .
0 500 1000 1500
Time / seconds
Fig. 1.

would be observable in a rotating drum due to the relatively
long times required to load the drum.

To more fully characterize the dependence of the infectivity
of SARS-CoV-2 on RH, the RH was varied from 30 to 90%
and the infectivity remaining at 2 min measured. Previous stud-
ies have reported little dependence of the infectivity decay rate
on RH within the uncertainty of the measurements (14, 16).
However, we observe a clear relationship between the short-
term viability of SARS-CoV-2 and RH (Fig. 1B). Between 30
and 50% RH, the infectivity typically declines within this short
time frame to between 30% and 40% after 2 min of levitation.
At RHs of 80% and above, the virus is far more stable, with
infectivity rarely falling below 80% after 2 min. The residual
infectivity between 60% and 70% RH is highly variable, some-
times falling to similar levels to those observed at the lower
RHs and sometimes showing almost no decrease; we shall
return to this variability in a later section.

The rapid decay in infectivity reported here, with an observed
half-life of on the order of seconds to minutes, has not been
reported previously. However, consistent with the majority of
previous studies, these survival decays have been measured in
virus culture directly and it should be remembered that the aero-
sol composition (MEM 2% EBS) is different from real exhaled
respiratory fluids, including saliva, alveolar lung fluid, and other
respiratory secretions. Thus, we now investigate the causative
mechanisms driving the decay of SARS-CoV-2 in airborne MEM
2% FBS in order to better understand the relevance of these
measurements to the transmission of SARS-CoV-2.

Airborne Droplets of MEM Show Complex Phase Behavior
during Evaporation. To provide insight into the underlying
mechanisms that drive the observed airborne loss of SARS-
CoV-2 infectivity, the microphysical changes (depicted in S7
Appendix, Fig. S1A) taking place in the droplets hosting the
virus were explored in real time and in situ using the CK-EDB
with a time resolution of <100 ms (38, 41—45). For context,
the phase changes that occur during the evaporation of aqueous
sodium chloride at an RH below the efflorescence threshold are
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The short-term airborne decay of SARS-CoV-2. Datapoints are the mean of several measurements (typically >4), and error bars show the standard

error. Measurements were carried out at room temperature at 18 to 21°C. (A) The percentage infectivity of SARS-CoV-2 REMRQO0001 as a function of time lev-
itated in CELEBS at 40% RH (purple) and 90% RH (green). (B) Curve showing the impact of RH on the percentage infectivity of SARS-CoV-2 REMRQO0001 after
2 min of levitation in CELEBS. The larger colored square points show the mean, with the error bars showing the standard error. Gray crosses show the

results of individual measurements.
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shown in S/ Appendix, Fig. S2. When efflorescence occurs at
low RH, the crystallization of the salt is exothermic, resulting
in a transient increase in the droplet temperature and a con-
comitant increase in the evaporation rate. This increase in evap-
oration rate characteristic of efflorescence is best observed in
changes in the intensity of the total light scattered by the parti-
cle. By comparison, Mie scattering calculations from the angu-
larly resolved light scattering pattern can be used for precise
estimation of the droplet size and can provide other insights
into the physical transformations of the particle, such as the
formation of numerous submicron crystals dispersed within the
host liquid droplet and the point at which the particle ceases to
be spherical (46).

For the viral longevity measurements in this study, the virus
was suspended in MEM 2% FBS, which was the tissue culture
medium used in the initial growth of the virus on Vero cells.
The relatively low viral titers obtained with SARS-CoV-2 cul-
ture (, 47) prevented dilution into other solutions, constraining
longevity experiments to the starting stock solution. We avoided
concentrating the virus stocks using methods such as ultracentri-
fugation and tangential flow filtration to avoid any impact these
processes might have on the stability of the virus, which could
then introduce ambiguity into the interpretation of the longev-
ity data. MEM is a complex solution containing a range of inor-
ganic salts and organic components such as proteins, amino
acids, and various sugars. The composition is made more com-
plicated and uncertain through the addition of an animal extract
(EBS). Saliva and lung fluid are also complex mixtures of inor-
ganic and organic components, with many solutes at similar
concentrations to those found in MEM. For example, MEM
contains 3.3 g/L of sodium, 0.2 g/L of potassium, and 1.6 g/L
of bicarbonate. For human saliva, these concentrations range
from 0.26 to 5 g/L for sodium (48), 0.1 to 0.7 g/L for potas-
sium (48), and 0.5 to 2 g/L for bicarbonate (49), putting the
concentrations in MEM within the expected ranges for saliva. It
should be noted though that the composition of saliva can vary
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significantly from individual to individual, with sampling condi-
tions, and over the course of a respiratory infection (50-54).

To better understand the response of aerosols, formed from
the complex mixture of components typical of cell culture
media and respiratory secretions, to the airborne environment,
the drying kinetics of droplets containing MEM 2% FBS were
studied using the CK-EDB. Evaporation curves for droplets of
MEM 2% EBS levitated at a range of RHs are shown in Fig.
2A. From the evaporation rates reported here, it is possible to
estimate that the change in droplet temperature driven by evap-
orative cooling will not exceed a transient reduction of 5.5 °C,
which is unlikely to influence viral infectivicy. At an RH of
51% and below, changes in the overall light scatter intensity
typical of efflorescence were observed (S Appendix, Fig. S3),
with the droplets crystallizing in less than 5 s from generation.
At a measurement RH of 67%, efflorescence was not observed,
although the recorded Mie scattering profile indicates that the
particles are no longer spherical, potentially forming inhomoge-
neous amorphous semisolid particles (Fig. 24). Indeed, at 78%
RH, variability in the outcome of the dynamics and phase
transformation of the aerosol was observed; particles initially
underwent a phase change (possibly with the formation of
inclusions) that was sometimes reversible, reforming a homoge-
nous spherical particle at a later time. At RHs of 85% and
above, particles mostly remained homogenous aqueous spheres.
The dependence of the apparent final particle structure on RH
is summarized in Fig. 2B. At the extremes of RH, particles
of consistent phase were formed following drying and equili-
bration, with crystalline or spherical homogenous solution
droplets resulting at low and high RH, respectively. At interme-
diate RHs, variability in the physical state of the equilibrated
particle was observed, mirroring the greater variability in the
remaining infectivity of SARS-CoV-2 at 2 min across these
RHs (Fig. 1B). We shall return to a fuller explanation of the
phase behavior of the droplets at these intermediate RHs in a
later section.
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Fig. 2. The microphysics of airborne MEM droplets. (A) Mie scatter evaporation profiles of MEM 2% FBS generated by a droplet dispenser and levitated in
the CK-EDB at different RHs (51, 66.8, 78.2, 86, 92, Left to Right). Blue indicates a homogenous spherical droplet, yellow indicates the presence of inclusions
within the droplet, and red indicates a nonspherical particle (note that size estimates become inaccurate for nonspherical particles). (B) Proportion of parti-
cle morphologies formed by MEM 2% FBS at different RHs. The frequency of the formation of each particle type is shown for the RHs studied, with black
indicating efflorescence, red indicating a nonspherical particle, yellow indicating a semi dissolved particle, and blue indicating an aqueous homogenous

particle.
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The relationships between the RH, the rate of evaporation,
and the volume change during drying for aqueous MEM drop-
lets are shown in SI Appendix, Fig. S4. The solute molarities
increase from their initial values by around 10-fold when drop-
lets evaporate into a gas phase at 92% RH and 25-fold at
78.2%, as reflected by the change in droplet radius and, thus,
volume. Below this RH, inclusion formation (likely by some of
the solute components crystallizing from solution) precludes an
accurate estimation of the degree of supersaturation achieved
within the remaining liquid phase. Although equilibration
timescales are size dependent (smaller droplets would be
expected to reach equilibrium much faster), the overall increase
in solute concentration is size independent.

During equilibration to the ambient RH, the surface of an
evaporating droplet can become enriched with larger solutes
and suspended matter if the rate at which the surface is reced-
ing (x, m® s ') is faster than the rate of diffusional mixing
(reflected in the diffusion constant, D, m? s~1) (55, 56). This
competition is characterized by the Peclet number, Pe;, for
component #

K

Pe,- - .
8D,

(1]

By comparing the evaporation rates reported in Fig. 24 (and S/
Appendix, Fig. S4) with the previously reported diffusion coefhi-
cient for a typical virus in water (57, 58), the Pe; for SARS-
CoV-2 in MEM 2% FBS can be estimated. In all cases and for
all temperatures studied here, the initial Pe; for SARS-CoV-2 at
the starting droplet water activity can be assumed to be in the
range 0.5 to 5, showing marginal surface enrichment at most
(59). As the water content diminishes during evaporation, par-
ticularly when drying into low RH, the increasing solute con-
centrations may slow the diffusion of the virus and may lead to
surface segregation, although we do not account for this here.
Indeed, Pes for more highly diffusing solutes will be <1 and
can be assumed to show only marginal surface enrichment at
the lowest RHs and highest temperatures; for example, at a Pe;
of 0.2, drying aqueous sodium chloride droplets show a tran-
sient enrichment in surface salt concentration of ~20% above
the droplet core concentration for similarly sized droplets (60).

Efflorescence Enhances the Loss of Infectivity in Aerosol at
Low RH. The loss of infectivity at low RHs appears to be consis-
tent with observations of a change in phase state for the airborne
droplet with a reproducible decrease in infectivity observed when
efflorescence occurs. However, it remains unclear whether the
efflorescence event itself impacts the infectivity of the virus. To
confirm the correlation with phase behavior, the RH was cycled
above (75% RH) and below (40% RH) the efflorescence thresh-
old twice during a 2-min levitation (Fig. 34). The infectivity for
three out of the four levitations fell below the detection limit,
indicating a >90% loss of infectivity. This loss of infectivity was
far greater than during 2-min levitations where the RH was
maintained at either a constant 40% RH, resulting in a single
efflorescence event and an average infectivity of 40%, or at 70%
RH for which no efflorescence would occur, which resulted in an
average infectivity of 59%. A more detailed account of this mea-
surement can be seen in SI Appendix, Fig. S5, with infectivity
measured before and after each efflorescence event.

A CK-EDB measurement of a levitated MEM droplet, in
which the RH was cycled between the same values as in the
CELEBS survival measurement, is shown in Fig. 3B. These
data confirm that a cycle of evaporation and efflorescence,
redissolution, efflorescence, and redissolution occurs as the RH

PNAS 2022 Vol. 119 No.27 2200109119

is cycled between 75, 45, 75, 45, and 75%. As in previous
CK-EDB measurements of MEM, the particles were predomi-
nantly aqueous at the higher RH but with some solid inclusion
content. For the cycled RH measurements in Fig. 34 (and S/
Appendix, Fig. S5), the droplets were deposited at high RH
ensuring they were in a dissolved solution phase on sampling.
This indicates that the efflorescence-driven loss in infectivity
did not arise from a physical sequestration of the virus in non-
dissolving salt crystals but reflected an infectivity impairing
alteration to the virus itself.

The consistency in the infectivity reduction induced on efflo-
rescence, even when multiple efflorescence events take place in
the same droplet population, demonstrates that there is no inher-
ent property of individual virions that protects them from the
crystallization event. The factor that determines whether an indi-
vidual virion retains infectivity postefflorescence must instead
depend on the local conditions in the vicinity of each individual
virion. It was possible to image the evaporation and efflorescence
of airborne MEM 2% FBS at 40% RH using a falling droplet
column (Fig. 30). In flight, there is considerable variability in the
morphology of the MEM particle immediately after crystalliza-
tion, which is apparent also in the dried MEM 2% FBS droplets
collected and imaged with scanning electron microscopy (SEM)
(also Fig. 3C). These images of the effloresced media reveal that
some of the particle is crystalline while some is not. Thus, it is
possible that whether or not the virus is in the crystallized frac-
tion of a particle determines its stability following efflorescence.
Interestingly, the salt crystals formed are smaller and more
numerous as the RH is lowered (87 Appendix, Fig. S6), consistent
with previous work that has shown that there is a greater propen-
sity for nucleation when droplets are dried at higher rates leading
to more nucleation events and smaller final crystals forming a
larger composite particle (61).

Changing the temperature of the air around the droplets
while maintaining the RH below the efflorescence point does
not significantly impact the observed loss of infectivity (Fig.
3D). This provides further evidence that the mechanism driv-
ing the loss of infectivity is a physical process such as efflores-
cence rather than a thermodynamically driven chemical process,
such as the rate at which the solute concentrations increase dur-
ing the evaporation process. The temperature change margin-
ally alters the timepoint at which efflorescence occurs, but the
droplets all effloresce within 25 s for all three temperatures
reported here, well before the 5-min point at which droplets
were sampled and infectivity measured.

Airborne Longevity Appears Similar for Different SARS-CoV-2
Variants. Most measurements in this study were carried out
using SARS-CoV-2 isolated early in the pandemic (SARS-CoV-
2/human/Liverpool/REMRQ0001/2020 [REMRQO0001]). We
compared the data from this variant with CELEBS measure-
ments with three others to determine if changes in the structure
of SARS-CoV-2 could have an impact on its response to the air-
borne environment. At 5 min, a decrease in infectivity was
observed both at 40 and 90% RH for REMRQO0001, providing
the optimum time to resolve any differences in acrostability. At
both 40 and 90% RH, no significant difference was observed
between REMRQ0001, B.1.1.7 (the Alpha variant), a mutant of
the SARS-CoV-2 isolate England/2/2020 that has the same
Spike protein sequence as REMRQO0001 except that the furin
cleavage site is deleted (designated BriSA) (62, 63), and B.1.351
(the Beta variant) (Fig. 4). It is possible that if this comparison is
expanded to cover a broader range of times and conditions, dif-
ferences between these variants will be observable. However,
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Fig. 3. The role of efflorescence in SARS-CoV-2 airborne loss of infectivity. (A) Comparison of the infectivity from Fig. 1B after 2-min levitations at constant
40% RH (purple bar) and 70% RH (green bar) with levitations where the RH has been cycled between 75 and 40% RH in one levitation (blue bar labelled
cycled RH). The bars show the average % infectivity with error bars showing the standard error; the white circles show the % infectivity from the individual
measurements. (B) CK-EDB measurements showing the phase behavior of levitated MEM droplets as the RH is cycled between 75 and 40%. RH is initially set
at 75%, lowered to 40% at 14 s, raised to 75% at 24 s, lowered to 40% at 32 s, and finally raised to 75% at 41 s. Structural information about the droplet is
denoted by the color of the data points as per Fig. 2A. (C) Images showing the changes in particle morphology that take place while MEM 2% FBS is airborne.
The Top images are from the falling droplet column and showing the initial droplet generated by the dispenser on the Left, the droplet after 1.6 s of evapora-
tion at 28% RH in the Center, and three different particles after they have undergone phase change on the Right. The Bottom shows two SEM images of drop-
lets effloresced at 28% RH (Left) and 40% RH (Right). The scale bar is 5 pm long. (D) Percent Infectivity of SARS-CoV-2 (REMRQ0001) measured after levitation
for 5 min at three different temperatures and RHs. Bars show the mean of five measurements with error bars showing the standard error.

based on these measurements, it does not appear that the dele-
tion in BriSA, or the array of mutations throughout B.1.1.7 and
B.1.351, result in readily observable changes in the airborne lon-
gevity of the virus when compared with REMRQO0001. There is
no reason to believe that the measurements in this study using
REMRQO001 are not representative of later-circulating variants
of the virus.

Droplet pH, Carbon Dioxide Partitioning, and the Rate of the
Loss of Infectivity at High RH. Replicating the physicochemical
conditions that exist in the aerosol phase through bulk phase
measurements is not possible except for conditions equivalent
to the very highest RH. Under typical ambient conditions in
the range 20 to 60% RH, solute concentrations are heavily
supersaturated in equilibrated aerosols. In addition, the high
surface-to-volume ratio in aerosol cannot be replicated, dimin-
ishing the potentially significant role of surface processes at the
gas—liquid boundary and ignoring the influence of the rapid

https://doi.org/10.1073/pnas.2200109119

microphysical dynamics including the coupling of heat and
mass transfer. However, certain elements of the airborne change
in droplet composition can be replicated in the bulk phase by
simulating the concentrations of various components in the
droplet at concentrations equivalent to equilibration at high
RH. The steady concentrations of solutes when the aerosol is
equilibrated at 90% RH are approximately a factor of 10 higher
than in the starting droplets at a water activity of 0.995 (S/
Appendix, Fig. S4), which is a concentration that can be repli-
cated in the bulk. However, exposing SARS-CoV-2 to a
10-fold higher MEM concentration did not result in any
observable loss of viral infectivity within 20 min (S/ Appendix,
Fig. S7). This suggests that this increased concentration of cul-
ture medium solutes is unable to account for the rate of the
loss of infectivity in the acrosol phase.

In addition to changes in the concentration of solutes that
occur on equilibration to the ambient RH, it is possible that
the pH of aerosol droplets containing MEM can change
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Fig. 4. The influence of SARS-CoV-2 strain on airborne stability. Infectivity of
four different variants of SARS-CoV-2 (blue bars for REMRQ0001, orange bars
for B.1.1.7, yellow bars for BriSA, gray bars for B.1.351). Infectivity is compared
after 5 min of levitation at 40 and 90% RH, 18°C. At 40% RH, N = 5 for
REMRQO0001, N = 8 for B.1.1.7, N = 4 for BriSA, and N = 10 for B.1.351. At 90%
RH, N = 7 for REMRQO0001, N = 11 for B.1.1.7, N = 7 for BriSA, and N = 13 for
B.1.351. Bars show the mean; error bars show the standard error.

rapidly. Although the sensitivity of SARS-CoV-2 infectivity
both to high and to low pH has been reported (37, 64), these
studies do not report measurements on a timescale relevant to
the rapid loss of infectivity reported here in the aerosol phase.
To investigate whether there is a loss of infectivity with the
change in pH on a similar timescale, SARS-CoV-2 was sus-
pended in tissue culture media at varying pH for 20 min,
before dilution into neutral media and plating onto cells for
infectivity quantification (S/ Appendix, Fig. S8). Although no
significant decrease in infectivity was observed after 20 min at
pH ranging from 5.6 to 9, the average infectivity was dimin-
ished considerably above pH 9.5 so that only 7% of the virus
remained infectious after 20 min at pH 11.2. The effect of pH
was further explored by suspending SARS-CoV-2 in solutions
of pH 9 and 11 for 30 min (Fig. 5A4), with neutralization and
quantification being carried out every 10 min. In this experi-
ment, the virus remained stable in the pH 9 solution, but at
pH 11, the infectivity fell to a similar level as in the 90% RH
levitations, also seeming to plateau once 90% of the virus had
been deactivated. These bulk phase studies suggest that the pH
would have to increase to around 11 to explain the deactivation
observed in the aerosol phase at 90% RH after 20 min. We
therefore considered whether such a high pH could be present
in the aerosol droplets at high RH conditions.

The equilibration between dissolved bicarbonate anions and
gaseous CO, is particularly important to consider for many
respiratory secretions as well as the tissue culture media often
used in experimental studies of airborne viral survival (65).
A set of coupled equilibria is established with a bicarbonate
concentration that responds to changes in the level of gas phase
CO,, typically at an elevated gas phase concentration for cell
culture and 50,000 ppmv in exhaled air, specifically,

COz(g) + HzO([) — COz.H20<1),
COZ.H20(1) — HCOgi(aq) + H+(aq>,

HCO3_(aq) = H+(aq) + C032_(aq>.

Cell culture media typically contain 20 to 50 mM bicarbonate
(50, 51) to buffer the aqueous solution at a pH ~7.4 when gas
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Fig. 5. The role of pH in SARS-CoV-2 airborne loss of infectivity. (A) Bulk %
infectivity of SARS-CoV-2 (B.1.351) after a 30-min incubation in DMEM 2%
FBS altered to either pH 9 (purple datapoints) or 11 (green datapoints),
diluted back into neutral media and plated onto cells every 10 min. Data-
points are the mean of three measurements for pH 11 and five measure-
ments for pH 9, with error bars showing the standard error. (B) The pH
changes that tissue culture media (in this case DMEM) underwent when
exposed to open air. DMEM was left in an open petri dish or 50-mL tube
both with and without HEPES and the initial pH (blue bar) and the pH after
20 min (orange bar) was measured. The same measurement was carried
out using thin layers of DMEM that were allowed to evaporate to 10% of
their original volume over the course of 24 h (labelled fully evaporated).
(C) The 5-min levitations were carried out with SARS-CoV-2 (B.1.351) at 90%
RH with varying CO, concentrations mixed into the gas flow. Bars show the
mean of 15 measurements for 0% CO,, 16 measurements for 5% CO,, and
6 measurements for 10% CO, with the error bars showing the standard
error. *P < 0.03 between 0% and 5% CO,.
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phase CO; is at an elevated concentration, 4 to 5% by volume.
For bicarbonate in exhaled salivary aerosol (66), the lower gas
phase CO, concentration in the environment after exhalation
(0.04%) results in a change in the equilibrium concentration of
bicarbonate in the aerosol by shifting the equilibria toward
CO2'H,Oq) and eventually COy), leading to particle-to-gas
phase partitioning of CO,. Indeed, for laboratory studies of air-
borne survival, the aerosol is often generated in an environment
devoid of CO,, as is the case here, leading to irreversible evapo-
ration of dissolved CO, into the gas phase. As evaporation
occurs, the available H* concentration diminishes, and the pH
can be expected to rise.

As a bulk analog experiment, bulk tissue culture medium
was exposed to ambient air for an extended time period (Fig.
5B). After 20 min in an open petri dish, the pH of DMEM
(formulated with the same concentration of bicarbonate as the
MEM used in the levitations) rises from 8 to 9.3. Adding
HEPES reduces the initial pH of the medium, but the pH was
still found to increase significantly after exposure to air, increas-
ing from 7.4 t0 9. When the DMEM solution was kept in an
open 50-mL tube rather than a petri dish, decreasing the sur-
face area for interaction, the rate of the rise in pH also
decreased. A final experiment was carried out in which thin
layers of DMEM were placed in petri dishes and allowed to
evaporate to 10% of the starting volume over the course of
24 h, replicating both the CO, and H,O equilibration that
takes place in airborne droplets. The combination of CO,
equilibration and volume loss resulted in the greatest pH rise,
increasing from 7.25 to 9.5. The particle-gas partitioning can
be expected to occur more rapidly than in any of these bulk
examples because of facile transport across a droplet surface
with a high surface-to-volume ratio. While the presence of
bicarbonate buffers biological fluids such as saliva (66) when
they are in the respiratory tract (or in a CO, supplied incuba-
tor), the decrease in the concentration of dissolved bicarbonate
through the irreversible loss of CO, following their aerosoliza-
tion will cause droplets to become more alkaline.

Sodium bicarbonate accounts for ~20% of the solute mass in
MEM with ~65% sodium chloride by mass. With the loss of
bicarbonate from MEM solution droplets, through irreversible
evaporation of CO,, the reduction in solute mass should lead to
a reduction in the wet equilibrated size of the droplet with less
solute able to sustain less water in the condensed phase. Indeed,
it was possible to observe a long-time slow loss of CO, and dis-
solved solute using the CK-EDB for MEM solution droplets (57
Appendix, Fig. S9) and for mixtures of NaCl and NaHCO; (87
Appendix, Fig. S10), the two dominant salts. Droplets of both
MEM and sodium bicarbonate continue to decrease in size for
longer than the time required for the water activity to equilibrate
to the gas phase RH. Indeed, the vapor pressures inferred from
the data in S7 Appendix, Fig. S10 with varying RH (0.0092,
0.014, and 0.052 Pa at 60, 75, and 90% RH) are consistent with
calculations using the E-AIM model (www.aim.env.uea.ac.uk/
aim/aim.php) (67) for the vapor pressure of CO, above supersat-
urated carbonate solutions at the same water activities (~0.01 Pa
and increasing with increase in RH). By contrast, the vapor pres-
sure of CO, from bicarbonate solutions at the same RHs are con-
siderably higher (~100 kPa) and the particle-gas partitioning can
be expected to occur extremely rapidly in <1 s following aerosol
droplet exhalation or generation, a process that can be expected
to already be completed by the time the aerosol droplets are cap-
tured by CELEBS or the CK-EDB.

During the evaporation of water, as the moisture content of
the aerosol equilibrates, the solutes surpass solubility limits for
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various salts. The initial water activity of the starting droplets
can be estimated as 0.9952 by considering the dominant ionic
species alone (Na™*, Ca®*, Cl7, and HCO;") using the E-AIM
model (67). Calcium carbonate is particularly insoluble and
becomes supersaturated from very early on in the evaporation
process, successively followed by other binary and mixed salts,
specifically CaNa,(CO3),0.5H,0(s), Na,Ca(CO3),0.2H,0(s),
NaHCOs(s), and finally NaCl(s) as water activity decreases.
The droplet becomes saturated with respect to the first two salts
above a water activity of 0.9, sodium bicarbonate at ~0.9, and
NaCl below 0.8. Indeed, we observe the precipitation of salts
during the droplet equilibration process as the water activity
transitions through to the final equilibrated value, with signifi-
cant supersaturation required for each before crystallization
occurs (Fig. 2B). Until the crystallization of NaCl(s), which
only occurs at the very lowest RHs of 50% and below, a par-
tially deliquesced particle containing crystalline inclusions along
with an aqueous phase leads to considerable variability in the
remaining infectivity of the virus (Fig. 15).

It can be hypothesized that increasing the concentration of
COy(y around the droplet would reduce the irreversible loss of
bicarbonate from the droplet and could mitigate a pH-driven
loss of infectivity. COy(,) was added to the airflow during CEL-
EBS levitations at high RH and the infectivity of SARS-CoV-2
measured after 5 min (Fig. 5C). The elevation to a gas phase
concentration of 5% by volume CO, (equivalent to 50,000
ppmv) around the droplet at 90% RH results in a small but
significant increase in the remaining infectivity of SARS-CoV-2
after 5 min when compared with ambient CO,,) (0.04%).
Increasing the steady CO,(q) concentration around the trapped
droplet cannot mitigate the loss of infectivity from pH changes
during the initial travel of the droplet to the trapping region.
While it is possible that elevated CO,(, around the droplet
may have other physicochemical effects on the droplet in addi-
tion to decreasing the pH, this measurement provides further
evidence that increased droplet pH is at least partly responsible
for the observed falls in viral infectivity at high RH.

The influence of pH on infectivity is expected to be relevant
in respiratory aerosols as the underlying physicochemical proper-
ties of exhaled aerosol (saliva) and MEM are similar, and numer-
ous studies have demonstrated that exhaled breath condensate is
alkaline (68-71). This dynamic is in stark contrast to environ-
mental aerosols such as sea spray where, following generation, the
pH of the sea spray droplets become more acidic through the
uptake of acidic gases such as HCl and SO (72). Exhaled aerosol
is generated in an environment with an extremely high concen-
tration of an acidic gas (4 to 5% by volume CO,) that can only
be reduced once exhaled. This contrast in pH behavior following
generation is clear when comparing studies of collected sea spray
pH (72, 73) with those of collected exhaled breath condensate
(69-71, 74). In short, while the vast majority of ambient aerosol
may be acidic, exhaled acrosol can be expected to be alkaline.
The pH of exhaled and model respiratory aerosols is an area in
need of further study, with a need for measurements across a
broad range of timescales, droplet compositions (saliva, sputum,
MEM, DMEM), and environmental conditions (RH, [CO,y)).

Comparison with Rotating Drum Studies of SARS-CoV-2. A
motivation of our combined approach using CELEBS and
CK-EDB is to identify the fundamental physicochemical
parameters that dictate viral infectivity in the aerosol phase,
progressing beyond general associations such as those between
RH and infectivity, and to address the more challenging and

informative questions allowing the identification of mechanistic
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causation rather than just correlation. By taking this approach,
it has been shown that SARS-CoV-2 undergoes a rapid deacti-
vation in the first few minutes following droplet generation and
that this deactivation occurs on efflorescence at low RH and
possibly by an increase in droplet pH at high RH resulting
from irreversible partitioning of CO, into the gas phase. There
have been several reports of the aerostability of SARS-CoV-2
using the Goldberg rotating drum (14-16). However, given the
relatively short timescale over which the majority of this deacti-
vation occurs, which drum experiments cannot observe, and
the importance of the physicochemical properties of the droplet
in driving the deactivation, it is unsurprising that data collected
from rotating drums report a longer lifetime for the virus in the
aerosol phase.

Rotating drums have a poorly defined time-zero, meaning
that the benchmark infectivity to which later time data are
compared is poorly defined. The number of droplets sus-
pended, their initial size, and viral units per droplet are both
variable and uncontrolled and thus must be inferred offline.
RH profiles, while they appear to be commonly collected in
rotating drum experiments, are rarely reported in their entirety,
with many drum studies only reporting a single RH value for
each measurement (15). The location of the RH probe within
the experiment, and whether the value is taken at a particular
time or is an average across their experiment, is not always
reported. Regardless, the RH recorded by a probe is likely unre-
lated to the RH trajectory that an aerosol droplet experiences as
it passes from the nebulization source into the rotating vessel.
Indeed, the nebulization of a cloud of aerosol at a high number
concentration likely leads to some buffering of the RH in the
gas phase, sustaining a higher value that would be typical of the
very low respiratory aerosol concentrations actually generated
(21). These uncertainties may make the influence of processes
such as efflorescence on infectivity challenging to infer.

Comparisons of the time dependence and precision of the
CELEBS measurements with those from rotating drum studies
are reported in S/ Appendix, Figs. S11 and S12. The time-
resolution of the drum measurements make the initial decrease
in infectivity challenging to identify. Indeed, the times of the
indicated points (S/ Appendix, Fig. S11) should not be taken as
the time-resolution as discussed above. In addition, the average
relative SD (RSD) from the CELEBS measurements is 0.37 (S/
Appendix, Fig. S12), compared with 0.66 from van Doremalen
et al. and 1.03 from Smither et al. (14) Two further papers do
not report sufficient information to estimate RSDs (15, 16).
The smaller RSD from the CELEBS is likely the result of the
more stable environmental conditions, a more reproducible
monodisperse droplet generation process, and improved meth-
odology for viral infectivity quantification (39). Furthermore,
CELEBS experiments are more straightforward to perform,
allowing for more repeat measurements for each condition and
leading to a high degree of confidence in the mean percentage
infectivity values reported.

The nebulization of bicarbonate-buffered solutions into a
confined volume results in the elevation of the CO, gas con-
centration (S Appendix, Fig. S13). The magnitude of this ele-
vation is dependent on many variables, including the pH of the
nebulized solution, the nebulization time, and the drum vol-
ume. A survey of the literature failed to identify a single article
where the CO, levels within a rotating drum was reported. As
reported (Fig. 5C), CO, in the gas phase reduces the degrada-
tion of the virus likely by limiting the rise in droplet pH. CO,
cannot be removed selectively during a rotating drum study,
and the conditions likely support greater SARS-CoV-2
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longevity. Accumulation of CO, is not an issue in CELEBS
due to the constant flow of compositionally controlled air being
maintained over the trapped droplets. In addition to potential
issues with the pH of the airborne droplets in the rotating
drum, it is also possible that the pH of the solution within the
nebulizer may increase during the nebulization process (S/
Appendix, Fig. S14), directly affecting the viral infectivity prior
to nebulization (Fig. 5A4).

Discussion

A combination of measurement strategies to probe the changes
in airborne viral infectivity with time and the physicochemical
transformation dynamics of the host aerosol is crucial to
improve our understanding of the influence of environmental
(such as RH, temperature) and biological (such as spike protein
mutations) parameters on the transmission of viruses in the
aerosol phase. While the current consensus is that the half-life
of SARS-CoV-2 in the aerosol phase is between 1 and 2 h, if
not longer, we report an initial rapid decline in infectivity
within a few seconds to minutes of aerosol generation. Under
all conditions measured, the majority of SARS-CoV-2 is inacti-
vated within 10 min of aerosolization. Further research is
required to determine for how long the remaining fraction per-
sists, how this may depend on the viral load in the aerosol, and
the influence of chemical composition. The high-time resolu-
tion infectivity measurements reported here are uniquely acces-
sible to the CELEBS technology and can only be understood
once the detailed aerosol microphysics are fully explored.
Although we do not report measurements in artificial or real
saliva, the culture media used do have many of the same char-
acteristics of real respiratory secretions, particularly the high
concentration of inorganic ions that dominate the phase behav-
ior and water content of the aerosol, along with bicarbonate
ions that partition CO, into the gas phase on aerosolization. In
addition, the initial water activity of the aerosol is consistent
with the high RH of the respiratory tract, and the aerosol gen-
eration process generates isolated droplets that must respond
rapidly to the surrounding environmental conditions, which is
typical of the very low concentrations of aerosol exhaled in
infected individuals.

The aerostability data reported here are consistent with a
view that the risk of SARS-CoV-2 transmission is greatest closer
to the source of infection. Often, the assumption is that short
distance transmission is caused by large droplets that fall to the
ground more quickly and therefore do not travel as far. The
rapid loss of infectivity demonstrated in these measurements
provides an alternative explanation for a short transmission dis-
tance, with rapid airborne losses of viral infectivity possibly
making transmission decreasingly likely as distance from the
particle source is increased, even if the particles that contain the
virus are small and able to travel long distances. This loss in
infectivity is compounded by the considerable dilution in aero-
sol concentration that results following exhalation and transport
beyond the short range. However, the rapid loss of infectivity
must also be considered in combination with the large variabil-
ity in aerosol emission rate between individuals [up to a factor
of 10° between individuals when breathing (75)] and viral titer
in the exhaled aerosol [which could be as much as 10% if varia-
tions in sampled saliva are indicative (76)].

We do not observe the characteristic “V-shape” relationship
between RH and virus stability, where maximum virus loss
occurs around RH = 50%. Rather, the largest loss of infectivity
was observed at the lowest RHs. Previously, Goldberg drum
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studies have not identified a strong dependence for SARS-CoV-
2 survival on RH (14). However, following the initial loss of
infectivity, the virus within the now dry particle appears to be
somewhat stable when compared with the higher RH. Thus, if
the initial rapid decrease in infectivity is not accounted for
when reporting RH stability data, a V-shape relationship may
be identifiable. However, not accounting for changes in viral
infectivity that take place immediately after particle generation
prevents the accurate coupling of airborne stability measure-
ments with measurements of initial virus shedding, limiting the
value of the V-shape relationship.

The rapid loss of SARS-CoV-2 infectivity through droplet
efflorescence at an RH of <45% suggests that dry air may help
to limit overall exposure. However, investigation of the impact
that lowering RH has on particle transport in the exhalation jet
is required to confirm this. The large impact of efflorescence on
SARS-CoV-2 infectivity indicates that measuring the impact of
environmental conditions on phase change in respiratory secre-
tion aerosols may provide useful insights into COVID-19
transmission. Further research is needed to confirm with more
certainty the degree to which pH is involved in the airborne
loss of SARS-CoV-2 infectivity at high RH and to determine
the exact mechanism by which the pH rise is deactivating the
virus. The importance of elucidating of the role of pH in the
survival of SARS-CoV-2 in the aerosol phase cannot be under-
stated. A literature survey found no manuscripts indicating that
the alkaline nature of exhaled aerosol may affect viral infectiv-
ity. Contrarily, it has been reported that viruses may be inacti-
vated by acid in the aerosol phase (77).

Elevation of CO, levels within a room is taken as a clear
sign of occupancy and poor ventilation. There has been increas-
ing discussion surrounding the use of CO, monitors as a means
of determining the relative risk of COVID-19 transmission in
various settings. The data from this study give further credence
to this approach. Not only is elevated CO; an indication of a
densely occupied, poorly ventilated space but it could also be
indicative of an environment in which SARS-CoV-2 is more
stable in the air. The precise elevation in CO, required for an
observable increase in SARS-CoV-2 transmissibility is unknown
and requires further investigation (5% CO, is not a concentra-
tion reached in typical indoor environments), but it is possible
that this is an additional risk presented by poorly ventilated,
densely occupied settings. If so, CO, monitors may present an
immensely valuable means of assessing the relative risk of differ-
ent indoor environments. Additionally, the apparent role of pH
elevation in the deactivation of airborne virus suggests a cur-
rently unexplored role of condensable acid vapors, such as nitric
acid (78, 79), in the role of infectivity. It is possible that the
condensation of acidic components into exhaled aerosol may
help to neutralize the initial rapid pH increase, lowering the
pH and increasing the airborne stability of the virus.

The approach taken here has clearly demonstrated the value of
a combined approach that considers both the aerosol microphys-
ics and biological processes in tandem and on the same timescale,
demonstrating that underlying parameters that drive SARS-CoV-
2 inactivation in the aerosol phase are particle phase and pH. In
further research, we intend to explore these processes over an
even wider range of times, conditions, and virus variants. There
also remain unanswered questions as to exactly how phase change
and high pH deactivate the virus. Do these processes rupture the
viral envelope or impart an irreversible modification to the spike

https://doi.org/10.1073/pnas.2200109119

protein? Is the effect of pH the result of direct deprotonation of
viral molecules or is it an indirect effect caused by alterations to
the solubility of other components within the droplet? Answering
such questions would provide key insights into the physicochemi-
cal and biomolecular processes governing SARS-CoV-2 transmis-
sion and airborne pathogen transmission more broadly. It is only
by pushing the limits of aerobiology to this deeper level that we
can hope to understand how best to prevent the airborne spread
of disease.

Materials and Methods

Details of virus strains and methodologies for virus and cell culture, viral infectiv-
ity quantification, bulk stability measurements, CK-EDB measurements, and fall-
ing droplet column measurements can be found in S/ Appendix, Extended
Materials and Methods.

Generation and Trapping of Droplets. The reservoir of a droplet-on-demand
dispenser (MicroFab) is filled with MEM 2% FBS. The application of a square
waveform to the piezoelectric crystal results in a compression wave that passes
through the dispenser's orifice and initiates the formation of a jet that forms
droplets of uniform size with each pulse. A direct current voltage is applied to an
induction electrode, positioned 2 to 3 mm from the dispenser tip, which leads to
an ion imbalance in the jet, resulting in a droplet with a net charge (~5 fC).
Using the Gouy-Chapman model (80), a salt containing droplets with this level
of net charge can be predicted to have an electric field strength of 0 V/m
throughout its core, with the outer most shell (with a depth of ~3 nm) having
an electric field strength of 3 V/m. The presence of this net charge interacting
with the electrodynamic field of the CELEBS/CK-EDB leads to confinement of the
droplet within the null field point.

CELEBS Airborne Longevity Measurements. The environmental conditions
were set by adjusting the Peltier voltage and polarity to set the temperature and
the ratio of dry to wet air to set the humidity. SARS-CoV-2 suspension is drawn
into a 1-mL syringe which is then attached to the instrument and used to feed
the virus solution to the droplet dispenser via a remotely operated motor. Drop-
lets are then generated and trapped as described above. Once the desired time
is reached, an isolation plate is retracted causing the electric field to be set to
zero; then, the droplets are pulled down into a plate containing 5 to 10 mL of
DMEM 2% FBS so that the remaining virus can be quantified (S/ Appendix,
Extended Materials and Methods). For each measurement, two levitations are
carried out. First, a short levitation of <5 s at 90% RH was used to measure the
initial infectious unit per droplet number, and then a second levitation was used
for which the droplets are kept in the trap for the conditions and length of time
being investigated. Infectious units per droplet are normalized to the average of
the short, high humidity levitations from that experiment, such that the levita-
tion data can be presented as percentage infectivity.

Data Availability. The txt file data has been deposited in data.bris, the Univer-
sity of Bristol Research Data repository (81).
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