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The mechanistic factors hypothesized to be key drivers for the loss of
infectivity of viruses in the aerosol phase often remain speculative. Using
a next-generation bioaerosol technology, we report measurements of the
aero-stability of several SARS-CoV-2 variants of concern in aerosol droplets
of well-defined size and composition at high (90%) and low (40%) relative
humidity (RH) upwards of 40 min. When compared with the ancestral
virus, the infectivity of the Delta variant displayed different decay profiles.
At low RH, a loss of viral infectivity of approximately 55% was observed
over the initial 5 s for both variants. Regardless of RH and variant, greater
than 95% of the viral infectivity was lost after 40 min of being aerosolized.
Aero-stability of the variants correlate with their sensitivities to alkaline
pH. Removal of all acidic vapours dramatically increased the rate of infectiv-
ity decay, with 90% loss after 2 min, while the addition of nitric acid vapour
improved aero-stability. Similar aero-stability in droplets of artificial saliva
and growth medium was observed. A model to predict loss of viral infectiv-
ity is proposed: at high RH, the high pH of exhaled aerosol drives viral
infectivity loss; at low RH, high salt content limits the loss of viral infectivity.
1. Introduction
The dominant driver of the coronavirus disease 2019 (COVID-19) pandemic is
the spread of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
via airborne droplets and aerosols [1,2]. Identifying aerosols as the dominant
vector by which COVID-19 is spread has helped to guide effective mitigation
strategies, such as the use of masks [3], ventilation [4], air purifiers [4] and
social distancing [5]. The complexities associated with the numerous factors
that affect the transmission of an aerosolized virus are both well appreciated
and often confounding (figure 1). These factors cross a broad range of disciplin-
ary boundaries, including: biological (e.g. innate and adaptive immune
defences [7], aerosol production [8,9], viral load per aerosol droplet, ability of
mucous membranes to limit infection at low relative humidity [10]); human be-
haviour (e.g. air travel, indoor crowding, public transport, vaccination uptake
and school attendance); government policy (e.g. mask mandates or quarantines
[11]); and physical and environmental parameters that can affect viral longevity
in the aerosol phase [6] (e.g. temperature, relative humidity (RH) [12], air
movement [13] and UV light [14]). Although this list is by no means exhaustive,
it demonstrates some of the many factors that can affect the transmission of an
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Figure 1. Brief summary of the interplay of factors involved in aerosolized viral transmission. (a) Hypothesized decay mechanism to explain the loss of viral infec-
tivity in the aerosol phase [6]. At high relative humidity, the loss of viral infectivity is driven primarily by the high pH of the liquid aerosol droplet. At low humidity,
the droplet may effloresce, resulting in two distinct microenvironments. Here, we propose that the organic fraction is harmful to the virus while the crystalline
fraction is not. (b) Summary of the factors that influence the aerosol transmission of an aerosolized virus.
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aerosolized virus. Moreover, it highlights the tremendous
challenges associated with trying to reconcile all the different
factors in models of viral transmission. These co-factors make
the identification of the physico-chemical parameters that
affect the airborne transmission of a virus impossible to
elucidate from epidemiological data alone.

Changes in environmental conditions, such as RH and
temperature, can have conflicting impacts on different stages
in the transmission of an aerosolized virus (figure 1b). For
example, at low RH the upper respiratory tract may become
more vulnerable to infection through desiccation of mucous
membranes and reduction of viral removal by mucociliary
clearance (MCC), resulting in more infection and onward
transmission [10,15]. Conversely, SARS-CoV-2 has been
shown to lose greater than 50% of its infectivity near instan-
taneously (less than 5 s) in the aerosol phase at low RH,
while remaining infectious much longer at higher RH [6,16].
Thus, low RHmay both reduce and increase viral transmission
by affecting both aerosol viral load and capacity to cause infec-
tion. Given this often conflicting impact of different factors, it
is unlikely that any single one is entirely dominant in influen-
cing transmission of the virus across a broad range of
conditions. Rather, some will predominate over others under
specific sets of conditions.

Animal models have been employed to study aerosolized
viruses, including SARS-CoV-2 [17,18]. Guinea pig models
have shown that transmission of influenza virus is affected
both by temperature and humidity [12]; the highest trans-
mission rates are at the lowest and highest RH, and
transmission rates fall as temperature is increased [19]. More
recently, a golden Syrian hamster model (GSH) has been
adapted to study airborne transmission of SARS-CoV-2
[20,21]. Transmission was independent of RH and temperature
following prolonged exposure over an ‘optimal time period’ (16
to 48 h). Over shorter time periods (less than 1 h) transmission
rates were observed to be both RH and temperature dependent
and increased at higher humidity and temperature [22].

Epidemiological studies have reached conflicting con-
clusions about the effects of RH and temperature on the
transmission of SARS-CoV-2 in human populations [23–25].
Notably, RH has been found to correlate both positively
[26,27] and negatively [28–31] with the spread of COVID-19.

To remain infectious in the aerosol phase, a virus must be
stable within the unique microenvironment of an exhaled
droplet. The increase in aerosol pH following exhalation has
been reported through measurements of exhaled breath con-
densates [32–34] and results from the flux of CO2 from the
aerosol droplet at the point of exhalation, originating in the
solution phase as dissolved HCO�

3ðaqÞ. This loss of HCO�
3ðaqÞ

results in the pH of exhaled aerosol increasing from approxi-
mately neutral (approx. 7) when in the lung to highly alkaline
(approx. 11) [6,35] following exhalation. When compared
with all other environmental aerosols, this process is unique
to respiratory aerosols as they are formed in a CO2 -rich
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Figure 2. Infectivity of the SARS-CoV-2 OS virus and Delta VOC (OS and Delta) in the aerosol phase at moderate/low (40%) and high (90%) RH. The average number
of levitations for each data point of the Delta VOC dataset is six, each levitation involving nine droplets with a mean number of viral particles per droplet of 4.4.
Inset panel shows the same data for the first 5 min on an enlarged x-axis. When aerosol droplets containing the Delta VOC are levitated in a high (90%) RH airflow,
a lag prior to the reduction in viral infectivity is observed, similar to that observed for the OS virus; the Delta VOC is found to show a much shorter lag period
(approx. 15 s) than the OS virus (approx. 2 min).
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environment [6]. Once aerosolized and following the increase
of pH as a result of the flux of CO2 , the pHwill slowly decrease
due to the presence of condensable acidic species in the air [36].
The exact rate at which this occurs is unclear, what is clear is
that it is dependent on the size of the aerosol particle and RH
as well as the levels of acid content in the air.

The aim of this study is to examine the decay profile of
SARS-CoV-2 as a function of environmental parameters such
as temperature, RH and particle and gas phase composition.
The relationships between the physico-chemical properties of
surrogates of exhaled aerosol with viral longevity are then
explored further, providing insights into themechanistic factors
that regulate the survival of viruses while airborne. The role
of pH sensitivity as a primary driver of the loss of viral infectiv-
ity in the aerosol phase is demonstrated through comparison
of the bulk and aerosol survival of SARS-CoV-2 variants of
concern (VOCs).
2. Material and methods
Details of virus strains and methodologies for viral/cell culture,
viral infectivity quantification, bulk stability measurements
and levitation measurements can be found in the electronic
supplementary material.
3. Results
3.1. Longevity of the SARS-CoV-2 wild type and Delta

variant of concern as a function of relative
humidity

The infectivity of the SARS-CoV-2 (ancestral Wuhan (orig-
inal) virus (OS) and the Delta VOC) in aerosol droplets of
minimum essential medium (MEM) + 2% fetal bovine
serum (FBS) as a function of time (5 s–40 min) and RH
(90% and 40%) are reported (figure 2). At moderate/low
(40%) RH, the infectivity decay curves for the OS virus and
the Delta VOC are the same within experimental uncertainty.
Notably, there is an initial near instantaneous loss of over 50%
of viral infectivity for both variants when efflorescence (spon-
taneous salt crystallization) occurs. Additionally, after longer
times the survival at low RH shows a similar trend to high
RH. This suggests that the efflorescence does not provide
additional protection to the virus over time. The similarity
in decay at 40% RH for both strains agrees with a recent
study [16].

Collectively, the data presented in figure 2 demonstrate
that the measurable differences in viral infectivity detected
between the OS and Delta VOC in the aerosol phase across
a broad range of RHs are seen primarily over a relatively
short time scale (under 5min as opposed to hours [37]).
While this time scale may appear brief, it can be expected
that an aerosol droplet could travel many metres in that
time [38], and thus this difference may have an impact on
viral transmission. For the Delta VOC, between 1 and
40 min, the infectivity at each time point is indistinguishable
at the two RHs, by which time greater than 95% of the total
virus infectivity is lost (infectivity at 40 min for 90% RH is
3.1 ± 2.0%, and for 40% RH is 4.9 ± 2.5%).

3.2. Aero-stability of SARS-CoV-2 variants correlates
with sensitivity to alkaline pH

The aero-stability of the Delta VOC was compared with the
other SARS-CoV-2 VOCs reported previously [6] (electronic
supplementary material, figure S2a, where infectivity of the
OS virus, Alpha and Beta variants after 5 min of being in
the aerosol phase for both moderate/low (40%) and high
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Figure 3. (a) SARS-CoV-2 VOCs exhibit differences in aero-stability over
2 min at high RH; the number in each bar indicates the number of
individual levitations for each sample. Infectivity of multiple SARS-CoV-2
VOCs in MEM containing 2% FBS, pH = 11 after incubation in the bulk
phase at room temperature as measured by (b) cytopathic effect and (c)
immunostaining (pH = 7 was also measured for both, and no loss of infec-
tivity was observed; data not shown). Statistical significance was assessed
using a two-sample equal-variance t-test (*p≤ 0.05, **p≤ 0.005, and
***p≤ 0.0005), error bars show standard error and lines are added to
guide the eye.
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(90%) RH is compared with the Delta variant). When the RH
is at 40% (associated with efflorescence), a similar survival
fraction at 5 min is observed. However, when the RH is well
above the deliquescence point of NaCl (RH 90%), the survival
in the aerosol phase at 5 min follows a general reduction in
aero-stability from VOCs Alpha through to Delta. Interestingly,
the Delta variant is the first VOC to be identified as having a
statistically significantly greater fall in stability while in the
aerosol phase when compared with any other variant. When
the time the virus is in the aerosol phase is shortened to
2 min, a general reduction in aero-stability from VOCs OS
through to Delta is observed (figure 3).

To explore whether pH sensitivity of the VOCs drives the
trend in figure 3a and electronic supplementary material,
figure S2a, the loss of infectivity as a function of time at a pH
of 11 (bulk solution) is reported in figure 3b and electronic sup-
plementary material, figure S2b. These data are consistent with
thehypothesis that the sensitivity tohighpHcorrelateswith the
observed change in aero-stability. The correlation between
decreased airborne virus stability and high pH in the bulk
phase can be more clearly seen in electronic supplementary
material, figure S2b, with the remaining infectivity after
20 min at pH 11 substantially lower for the Beta and Delta
VOCs compared with the OS virus and Alpha VOC. The influ-
ence of high pH on infectivity was further confirmed using an
immunoassay to detect SARS-CoV-2-infected cells directly
rather than a cytopathic effect assay, which is potentially
more subjective, and similar trends in viral stability are
observed (figure 3c and electronic supplementary material,
figure S2c). Biologically, pH can influence the transmission of
SARS-CoV-2 in a myriad of ways [39], thus it is unsurprising
to observe a pH-driven sensitivity.

3.3. Lowering acid content of the air dramatically
reduces viral infectivity in the aerosol phase

In our previous study [6] we demonstrated that elevating the
acid content of the air (specifically by adding CO2 ) increased
the aero-stability of the virus with statistical significance. This
was the result of the CO2 buffering the alkaline droplet in the
same way that the CO2 in an incubator is used to buffer cell
culture media. Broadly, to quantify the effect of the buffering
capacity of the air surrounding the aerosol on viral longevity
in this study, the overall acid content of the gas phase is
manipulated through the addition and removal of nitric
acid, and the effect on viral infectivity of the Delta VOC quan-
tified (figure 4). Nitric acid is a commonly studied acid within
the field of indoor air pollution [40].

Increasing the acid content of the air, specifically through
adding HNO3(aq) to the aqueous solution used to humidify
the airflow, is found to have a minimal effect on virus stability
(figure 4a). Based solely on vapour pressure, a pH 5 solution of
nitric acid (1.9 × 10−5 M) would result in a gas phase with a
HNO3 concentration of approximately 50 ppb [35]; however,
given the propensity for HNO3 to condense onto surfaces,
the precise concentration is not known. Previous studies have
shown that SARS-CoV-2 is inactivated at an increasingly
higher rate as the pHof the solution containing the virus is low-
ered below 7 [41]. The minimal impact of introducing
additional acidity to the gas phase on the aerostability of the
virus, indicates that the pH of the aerosol is likely to be above
7 immediately following generation. Therefore, the presence
of condensable nitric acid can be hypothesized to be countering
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Figure 4. The effect that changing the acid content of the airflow over the
levitated droplets has on virus infectivity of the Delta VOC as a function of pH
over (a) short and (b) long periods of time. Numbers in each bar indicate the
number of individual levitations for each set of conditions. (c) The half-life of
the SARS-CoV-2 Delta VOC in the aerosol phase as a function of the time
range over which the rate of loss was measured and RH. Statistical signifi-
cance was assessed using a two-sample equal-variance t-test (***p≤
0.0005), and error bars indicate standard error.

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

20:20230062

5

the stronglyalkaline conditions formed immediatelyondroplet
generation. This is expected since the rate of acid uptake, which
is a function of RH and droplet size, is much too slow to limit
the initial pH flux from CO2 loss; the result is that the pH buf-
fering of an exhaled aerosol is asymmetric. This dynamic is
intrinsically associated with all respiratory aerosols and is
further amplified by the relatively large droplet size used
in this study [42]. Accordingly the acid buffering capacity driv-
ing an increase in the aero-stability of the virus may be more
consequential in environments where the droplet sizes are
both smaller in diameter [9] and in air with elevated acid con-
tent (e.g. CO2 ), such as classrooms [43] and crowded offices
[44], and laboratory studies of aero-stability using rotating
drums [37].

When NaOH is used to adjust the pH of the bubbler to 9, a
significant reduction of viral infectivity is observed (figure 4a)
with approximately 90% loss in just 2 min. For context, it has
been reported that high UV (simulated sunlight) intensity
takes 8 min to produce a similar loss of infectivity of virus in
the aerosol phase [14]. It is notable that NaOH is non-volatile,
meaning that the pH= 9 solution in the bubbler results in no
additional component being added to the air that could cause
the measured drop in viral infectivity. Rather, the bubbler is
removing any trace of condensable acidic species from the air,
effectively reducing the buffering capacity of the air reaching
the levitated droplets/particles. Thus, as compared with the
rate of loss described in the literature (90% loss of infectivity
in 6.8 min by sunlight) [14], the active removal of acidic
indoor air components would be expected to remove the infec-
tious virus from the aerosol phase in approximately a quarter of
the time. The absence of an acidic buffering capacity of ambient
air causes the virus to decay faster as the droplet pH remains
higher for longer.

After 20 and 40 min of being in the aerosol phase, the
amount of infectious virus within the droplets levitated in the
acidified air is double that of the air passed through neutral
pH water (figure 4b). This suggests that the effect of increased
acid content in the air may be more impactful over time.

To further explore the effect that aerosol ageing has on viral
aero-stability, the half-life (assumed first-order decay) of SARS-
CoV-2 over various timeperiodspost aerosolizationat high and
low RHs is calculated (figure 4c). As the aerosol ages, the half-
life of SARS-CoV-2 continually increases. This suggests that the
conditions in the droplet change over time to become less detri-
mental to the virus (e.g. pH trending towards neutralization). It
is well understood that in ambient conditions aerosols tend to
becomemore acidic over time. The pH dynamics of respiratory
aerosol are unusual in that the pH rapidly increases from pH 7
within the lung to approximately 11 immediately following
exhalation. While the direction of the pH flux of respiratory
aerosol is clear (peaking at approx. 11 after aerosolization
before progressing down), the rate and magnitude is unclear.
It will be a function of many parameters, including acid
vapour concentration, RH and aerosol size.When the acid con-
tent of the air is increased, the half-life of SARS-CoV-2 between
20 and 40 min (assuming first order kinetics) in the presence of
HNO3 is increased to 21.6 min, while in the absence of HNO3

the half-life in this time range is only 14.1 min (figure 4c). The
degree of this neutralizing effect is time and droplet size-
dependent, and thus may potentially have a significant role
in super spreader events [45], where prolonged aero-stability
becomes more consequential.

3.4. O2 , salt and solute effects do not drive loss of
SARS-CoV-2 infectivity in the aerosol phase

Multiple primary drivers of the loss of viral infectivity in the
aerosol phase have been proposed, among which the most
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Figure 5. Systematically exploring characteristics of respiratory aerosols that
may affect the loss of infectivity of the SARS-CoV-2 Delta VOC. (a) Comparison
of the decay curves of SARS-CoV-2 in the aerosol phase with bulk measure-
ments (high salt concentration and high pH). (b,c) Decay curves of SARS-CoV-
2 in droplets whose initial composition has been spiked with additional
solutes at (b) 90% and (c) 40% RH. ‘n’ indicates the number of individual
levitations used to produce each figure. Statistical significance was assessed
using a two-sample equal-variance t-test (*p≤ 0.05 and **p≤ 0.005),
and error bars indicate standard error.
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commonly reported are acidic pH [46], temperature, oxidative
stress [47] and high solute (specifically salt) concentrations
[48]. The extent to which these various factors drive the loss
of viral infectivity were systematically tested (figure 5 and
electronic supplementary material, figure S3).
Many studies have suggested that the high solute (e.g. salt)
concentration reached in the aerosol phase reduces viral stab-
ility [46–49]. Below the deliquescence point (RH 75%), the salt
concentration in the aerosol can reach supersaturation, a
range not achievable in bulk solution. However, at a high rela-
tive humidity (90% RH), the salt concentration within an
aerosol droplet can readily be replicated in bulk phase studies.
This means that the hypothesis that the high salt concentration
is driving the loss observed in figure 2 can be investigated
readily in the bulk phase.No loss of viral infectivity is observed
for theDeltaVOCas a result of the solute concentration over the
time periods (less than 60 min) relevant for virus aero-stability
at high RH (figure 5a). Rather, the decay profile in the aerosol
phase correlates very well with that of SARS-CoV-2 in the
bulk phase at pH 11, indicating that aerosol pH is a critical
factor in the observed loss.

There is evidence that adding oxidative components to
the air, such as ozone, increases the loss of viral infectivity
in the aerosol phase [50] but it is less clear whether oxidative
damage from ambient air alone can drive such losses [47]. It
has been reported [51] that switching the gas from air to
nitrogen had no effect on the aero-stability of four different
viral variants across a broad range of RH. A similar result
is reported in this study (electronic supplementary material,
figure S3a), where replacement of the flow of ambient air
with nitrogen caused no significant change in viral aero-
stability over the times studied. These data suggest that
oxidative damage is not affecting viral infectivity over the
time periods and conditions reported here.

The importance of ‘solute effects’ (i.e. the high concen-
tration of all the solutes in the aerosol phase) on virus
aero-stability is explored. The initial concentrations of all of
the solutes (3×MEM) and just the NaCl fraction (2× and 3×
NaCl) are adjusted and the effect on aero-stability is shown
in figure 5b. At high RH, higher initial solute concentration,
either total or just the NaCl component, has no significant
effect on the decay in infectivity in the aerosol phase.

Collectively, the data shown in figure 5a,b and electronic
supplementary material, figure S3, suggest that at humidities
above efflorescence/deliquescence, neither oxidative stress,
nor the concentration of salt nor of any of the other solutes
are driving the loss of viral infectivity. Rather, it appears
that the loss of viral infectivity above efflorescence is primar-
ily driven by the high pH of aerosol following loss of the
HCO�

3ðaqÞ buffer.
While the dissolved salt in the droplet was not found to

influence viral stability at high RH, it was observed to have
an indirect effect through efflorescence at moderate/low
RH (rapid loss at 40% RH, figure 2). The efflorescence event
produces two microenvironments within the droplet; we
hypothesize that the virus in the soluble/organic fraction of
the aerosol will rapidly lose its infectivity while the virus in
the salt crystal remains somewhat stable (figure 1a). This
hypothesis was tested by quantifying the effect on viral
aero-stability of changing the relative abundance of inorganic
and organic solutes.
3.4.1. Initial total solute concentration has a moderate effect on
aero-stability at low relative humidity

For droplets formed from a 1 : 1 mixture of the virus stock
(Delta VOC) with 5× MEM+ 10% FBS, there is a moderate,
yet significant, increase in survival at moderate/low RH
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3.4.2. Increasing the NaCl solute fraction in the starting solute
increases aero-stability at low relative humidity

From the paradigm described in figure 1a, we hypothesized
that the survival of SARS-CoV-2 can be improved by increas-
ing the proportion of the droplet that is crystalline salt,
specifically the relative size of the NaCl crystal that is
formed through altering the initial concentration of soluble
NaCl. To test this hypothesis, the absolute amount and
fraction of total solute that is NaCl is either doubled or tripled
through spiking 12.5 and 25 µl of high salt concentration
(3 g/10 ml) to 0.5 ml of the starting formulation.

At moderate/low RH, increasing only the amount of
NaCl in the starting formulation causes a concentration-
dependent increase in virus infectivity (figure 5c). Notably,
the addition of the excess salt quenches the phenomenon of
the near immediate loss of viral infectivity resulting from
efflorescence. This demonstrates that the proportion of the
droplet that is the organic fraction correlates with the loss
of viral infectivity. Interestingly, the protective effect of the
salt is found to be temporary and concentration dependent:
after 5 min the protective effect of the salt crystal is no
longer evident, and the decay profile is similar to that seen
with high RH. Mucin has also been reported to produce a
similar temporary protective effect [52].

The addition of excess salt results in no change in evapor-
ation dynamics when the salt is doubled, and only a minor
change when the concentration is tripled (electronic sup-
plementary material, figure S3b). However, the addition of
the salt results in a dramatic change in the crystalline structure
produced (electronic supplementary material, figure S3c),
where the higher salt produces a crystal structure more akin
to that of pure NaCl (cubic) particle that is coated with an
organic film.

Collectively, the data shown in figures 5 and electronic
supplementary material, S3, support the paradigm described
in figure 1a. The loss of viral infectivity is primarily driven by
the alkaline pH of the aerosol, and not the high salt concen-
tration (figure 5a) or oxidation (electronic supplementary
material, figure S3a). At moderate/low RH (40%), by increas-
ing only the salt component, the crystalline proportion of the
NaCl crystal is dramatically increased, demonstrating that the
loss of infectivity primarily occurs for virus contained within
the organic fraction of the effloresced aerosol (figure 5c). The
precise reason for this is unclear, as the physical character-
istics of the organic fraction post efflorescence become
difficult to define; for example, descriptions such as pH
become challenging once the water content of the droplet
becomes less than that of the organic fraction. While some
work has begun to explore this in systems such as sea
spray [53], further study into the chemical changes in a res-
piratory droplet specifically during efflorescence is needed.

The effect of temperature on the efflorescence-driven loss
of viral infectivity was explored (electronic supplementary
material, figures S4 and S5). Over short time periods (less
than 30 s), temperature (5°C versus 20°C) was found to
have a significant effect on aero-stability where the virus
remains 100% infectious longer at lower temperatures
(electronic supplementary material, figure S5).
3.5. Aero-stability of SARS-CoV-2 in artificial saliva is
similar to that in growth media

When considering only the parameters demonstrated in this
study to dictate viral infectivity in the aerosol phase (pH
and efflorescence), the chemical composition of artificial
saliva and MEM are similar (electronic supplementary
material, figures S6a,b) such that a similar decay rate would
be expected. They both contain similar concentrations (by
mass) of the chemical species understood to affect viral infec-
tivity in the aerosol phase: salt (NaCl + KCl) and NaHCO3;
note that the [HCO�

3ðaqÞ] in both solutions are very similar
as they are both equilibrated with 5% CO2 . Consequently, it
is expected that the decay dynamics of SARS-CoV-2 in the
aerosol phase will be similar for both droplet types (figure 6).

Within the time periods and RH range where large vari-
ations in viral infectivity are observed (figure 2), changes in
the droplet composition from MEM to artificial saliva results
in a short-lived significant change in aero-stability at RHs
below the efflorescence of NaCl (figure 6). This reduction in
aero-stability at moderate/low RH (40%) is unsurprising
given the relative lower quantity of salt in artificial saliva
relative to MEM (electronic supplementary material, figure
S6a,b). The reduced salt-to-organic ratio in the solute would
produce a smaller salt crystal within the drying droplet,
and thus would result in a lower aero-stability (figure 5c).
Above efflorescence, no difference in aero-stability was
observed for the Delta VOC in droplets of MEM and artificial
saliva, agreeing with previous studies [14] and the data
reported here (figure 5b). These data suggest that, given the
underlying parameters that drive the loss of viral infectivity
in the aerosol phase, growth medium can be considered a
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suitable proxy for exhaled aerosol if the salt concentration is
considered, especially for short time periods (less than
2 min). Moreover, these data demonstrate the utility of the
robust paradigm presented in figure 1a where the decay be-
haviour in other respiratory aerosols, such as deep lung
fluid and nasal mucus, can be estimated.
lishing.org/journal/rsif
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4. Discussion
Between June 2021 and January 2022, the SARS-CoV-2 Delta
variant (B.1.617.2) emerged to become the dominant variant
of concern (VOC) of the COVID-19 pandemic [55]. There
have been numerous biological theories proposed as to why
this occurred. These range from increased transmissibility
through, for example, mutations of the spike protein [56],
a higher growth rate [57], immune pressure [58], or others.
Whether the aero-stability of the virus itself played a
role remains unknown. Given the rapid emergence of the
Delta variant, it is surprising to find that the Delta variant
is less aero-stable than the OS virus and other variants in
the aerosol phase (RH > 40%). This highlights the importance
of interpreting airborne stability data in the context of the
complexities associated with the spread of an aerosolized
virus (as described in figure 1). The data presented in
figure 3 and electronic supplementary material, figure S2,
suggest that the loss of aero-stability may be an evolutionary
trade-off [59] for a more effective infection route following the
inhalation/deposition event.

It has been hypothesized that as a respiratory droplet evap-
orates, the increase in salt concentration will drive the loss of
infectivity [47]. At relative humidities below efflorescence, the
proposed result is twofold: (i) the high concentration of salt
would be removed from the solution phase, resulting in an
organic fraction that is safe for the virus, and (ii) creating a crys-
tal structure that can protect the virus. The result of this process
is the ‘U-shaped’ association between RH and viral survival
that is commonly reported [60]. If soluble salt concentration
alone was driving the loss of viral infectivity, the relationships
in figure 5b,c would not be observed. Succinctly, altering the
ratio of the salt to organic fraction should not alter the decay
dynamics if the loss of viral infectivity is driven by the high
salt concentration. While it has been reported that the efflor-
esced salt particle in a respiratory droplet will protect the
virus [47,49], what has been overlooked entirely is the potential
of the remaining organic fraction of the droplet to reduce the
infectivity of the virus. The data shown in figures 2 and 5
suggest that the efflorescence event creates two distinct micro-
environments in the droplet, one that is safe(r) for the virus,
the other that is highly toxic and that has beenmade so through
the combination of salt and water removal from the droplet
(figure 1a). Moreover, the paradigm proposed here explains
why any decay would occur below the efflorescence point.

It is well understood that SARS-CoV-2, being a respiratory
virus, is largely spread indoors [4]. The reasons for this are plen-
tiful, including closer proximity, low air change rates, and the
absence of UV light, to name only a few. To this list, the study
here shows that indoor air composition can influence the
length of time that the virus remains infectious in the aerosol
phase (figure 5a; removal of acid vapour rapidly lowers viral
infectivity). The potential for acid vapour to buffer, and sub-
sequently prolong viral aero-stability may affect disease
transmission dynamics and mitigation strategies.
4.1. Potential implications on disease dynamics
The selection of cleaning agents aimed at reducing fomite
transmission could influence how long SARS-CoV-2 remains
infectious in the aerosol phase. For example, when bleach is
exposed to open air it releases hypochlorous acid (HOCl, a
volatile acid). HOCl has been measured in aerosol following
the cleaning of a room [61]. Thus, while effective to control
fomite spread of SARS-CoV-2, the use of bleach could inad-
vertently increase the length of time SARS-CoV-2 remains
infectious in air through buffering the pH of the exhaled aero-
sol. The interplay between volatile acids produced from
cleaning products with the survival SARS-CoV-2 in the aero-
sol phase should be explored further. The utility of the
mechanistic paradigm (figure 1a) to predict the loss of viral
infectivity is shown in this example, where seemingly irrele-
vant human behaviours, such as mopping with bleach, may
have the potential to affect the airborne survival of a virus
in a predictable way.

4.2. Implications on mitigation methods
The data reported in this study fully support three mitigation
techniques: improved ventilation, social distancing and mask
wearing; all are key to minimizing the number of infectious
droplets reaching another person with the virus still infectious.

Aside from simply removing the amount of aerosol
emitted and inhaled, when coupled with social distancing,
mask usage will increase the time taken for the virus contain-
ing aerosol to reach another person. Given the 15 s ‘lag
period’ (figure 2) in which no loss of infectivity was detected,
the unencumbered aerosol could travel many metres, further
demonstrating the utility of wearing a mask in reducing the
general spread [62].

As it pertains to the pH of the aerosol, the overall power of
ventilation to reduce the infectivity of SARS-CoV-2 in the
aerosol phase is demonstrated in this study. By removing con-
densable acidic vapours from the air prior to introducing the
airflow to the levitated droplets in the controlled electro-
dynamic levitation and extraction of bioaerosol onto a
substrate (CELEBS) technique, we simulated the difference in
survival of the virus in well-ventilated air and typical indoor
air. Thus, by purifying the air in a room, specifically through
lowering the total acid vapour content (e.g. CO2 , HNO3 ), the
viral infectivity can be reduced four times faster by the clean
air alone than by sunlight.

Data accessibility. Data from all of the figures can be found at: https://
data.bris.ac.uk/data/dataset/1614tvzkl8×242styu6y64r7mb.

The data are provided in electronic supplementary material [63].
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