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Abstract

An improved understanding of the underlying physicochemical properties of respiratory aerosol that
influence viral infectivity may open new avenues to mitigate the transmission of respiratory diseases
such as COVID-19. Previous studies have shown that a rapid increase in the pH of respiratory aerosols
following generation due to changes in the gas-particle partitioning of pH buffering bicarbonate ions and
carbon dioxide is a significant factor reducing viral infectivity. We show here that a significant increase in
viral aerostability results from a moderate increase in the atmospheric carbon dioxide concentration (e.g.
1,800 ppm), an effect that is more marked than that observed for changes in relative humidity. We model
the likelihood of COVID-19 transmission on the ambient concentration of CO,, concluding that even a
moderate increase in CO, concentration results in a significant increase in overall risk. These
observations confirm the critical importance of ventilation and maintaining low CO, concentrations in
indoor environments for mitigating disease transmission. Moreover, the impact of CO, concentration
correlating with viral aerostability suggests increased risks of respiratory pathogen transmission will
accompany increased ambient CO, concentrations as our climate changes.

Introduction

The inhalation of respiratory aerosol containing the severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) has been identified as the dominant route of transmission driving the spread of
coronavirus disease 2019 (COVID-19) (1). As for all respiratory viral infections, a sufficient viral dose
must be delivered to the respiratory system of an uninfected individual for disease transmission to occur.
For COVID-19, this equates to inhalation of a sufficient quantity of aerosolized/inhalable and infectious
SARS-CoV-2 viral particles. The minimal infectious dose is a function of many parameters, such as
mucosal immunity (2), prior infection (3), and immunization status (4). Regardless of the infectious dose
required, the cumulative viral load of the air inhaled will necessarily correlate with the overall risk. Thus,
understanding how environmental factors affect the aerosolized viral load over time will contribute to the
assessment of risk of transmission.

At their core, many of the non-pharmaceutical interventions implemented to mitigate risk of COVID-19
transmission are centered on the removal of infectious aerosolized virus from a given space. The
aerosolized viral load may be altered physically by lowering the number of virus containing particles. For
example, changing aerosol production rates (e.g. via singing or talking) (5, 6), crowding/social distancing
policies (7), mask wearing (8), and improved ventilation (9) all reduce the total number of virus-containing
aerosol droplets. The viral load within aerosol droplets may also be altered, so that the infectivity of the
viral particles themselves is changed through processes such as UV germicidal irradiation (10) or by
adjustments to environmental conditions such as relative humidity (RH) (11) or temperature (12). In
addition to these intentional methods of disinfection, aerosolized viruses are known to lose their
infectivity over time, although the precise mechanisms driving this loss remains the subject of much
debate (13). A comprehensive understanding of all these processes/conditions, as well as the
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interconnections between them, is necessary to facilitate the development of more effective mitigation
strategies.

While many of the unique properties of aerosol have been hypothesized to play a role in the loss of viral
infectivity, we have reported recently that high pH (alkaline, >10) in respiratory aerosol surrogates is a
significant contributor driving its loss (14, 15). The high pH reached by respiratory aerosol is a
consequence of the mucosal liquids from which it originates (e.g. saliva, lung fluid) which contain
elevated levels of bicarbonate. Following droplet generation, the pH of the neutral droplet begins to rise as
the bicarbonate evaporates from the droplet in the form of gaseous carbon dioxide (CO,) (Eq. 1):

€q. DH ) + HCOOy ) <> HyCO40ag) <> COyq) + H0

The maximum pH the aerosol achieves, as well as the time taken to reach it, are unclear and debated
(16—18). Both are a function of numerous parameters including the RH, initial aerosol droplet size,
aerosol equilibrium size, initial bicarbonate concentration and ambient CO, concentration ([CO,)]). What
is clear is that models (16) and measurements (19, 20) of human exhaled aerosol have both shown
consistently that exhaled respiratory aerosol is significantly more alkaline than the fluids within the
respiratory tract from which they originate. Over longer time periods, the high pH of the aerosol may be
neutralized through exposure to trace acidic gases, another poorly defined process that requires more
investigation (17, 18). When compared to the vast majority of environmental aerosol, this pH dynamic is
a peculiarity of respiratory aerosol and is critical for understanding the aerostability of respiratory viruses.

If, as reported, the pH (alkalinity) of respiratory aerosol is a major driver in the loss of viral infectivity in
the aerosol phase, it can be inferred that [COz(g)] has an effect on the aerostability of SARS-CoV-2 via the

equilibrium described in Eq. 1. This raises three questions: over what ambient concentration range does
CO,(g) impact infectivity, to what degree is the infectivity decay profile affected by CO,4), and how does

this change in infectivity affect overall risk of disease transmission?

Since 2020, CO, monitors have become commonly used as an indicator of potential risk of SARS-CoV-2
transmission as the [COz(g)] serves as a proxy for overall ventilation efficiency and, thus, a predictor of
total aerosol viral load. The source of both the aerosolized virus and CO, are the same (exhalation) and
both are reduced through standard mitigation techniques such as ventilation (21), justifying the use of
[COz(g)] as a proxy indicator of transmission risk. We investigate here if elevated ambient levels of [COz(g)]

add a further factor to an increased transmission risk by altering the aerostability of SARS-CoV-2. This is
accomplished using the Controlled Electrodynamic Levitation and Extraction of Bioaerosol onto a
Substrate (CELEBS) (14, 15, 22-25) to systematically explore the effects of environmental factors such
as ambient [CO, ;)] and RH on the aerostability of the SARS-CoV-2 Delta and Omicron variants of concern

(VOC). Finally, we estimate the effect of changes in the ambient [CO,4)] on the risk of transmission using
the established Wells-Riley model.

Methods
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Details of cell culture, viral growth, levitation assays, bulk measurements and statistical analysis is
provided in the Supplementary Materials section.

Results

The BA.2 Omicron VOC is More Aero-Stable than the Delta
VOC

Previously, we reported that the aerostability of the VOCs of SARS-CoV-2 (wild type, Alpha, Beta and
Delta) correlated with the variant’s stability in alkaline growth medium over short time periods (under five
minutes) (15). Specifically, it was reported that as the virus has evolved from wild type through to Delta
VOC, it has become both more sensitive to high pH and less aero-stable. The relationship between pH and
the aerostability of the (Omicron) BA.2 VOC is compared to the Delta VOC to further explore this
comparison (Fig. 1). Firstly, the aerostabilities of the Delta and BA.2 VOCs within aerosol droplets are
reported at moderate/low (40%) and high RH (90%) values in Fig. TA. At 40% RH, the Delta and BA.2
VOCs exhibit similar decay profiles. This is consistent with our previous studies where all VOCs exhibited
a similar decay profile when the RH is below the droplet efflorescence threshold, highlighted by the near
instantaneous loss of ~ 50% of viral infectivity associated with the efflorescence event. At 90% RH, the
overall rate of decay of the BA.2 VOC is much slower than the Delta VOC. At 5 minutes, relative to the
Delta VOC, the total percentage of viable aerosolized viral load of the BA.2 VOC is 1.7 times higher. At
90% RH, the general structures of the decay profiles for both VOCs are consistent with previous VOCs,
with an initial lag period of ~ 15 seconds, followed by a rapid loss to ~ 2 minutes, and a more gradual
subsequent decay.

Under high alkaline conditions in the bulk phase, the BA.2 VOC is found to be more resistant to high pH
conditions than the Delta VOC assessed via two different measurements of infectivity (Figs. 1B and 1C).
This is consistent with the hypothesis that the differences between aerostability of the Delta and BA.2
VOCs are likely a consequence of their relative stability in a highly alkaline solution. BA.2 is the first VOC
of SARS-CoV-2 that we have demonstrated to have an increase in stability at high pH when compared to
a previous VOC. The microbiological mechanisms underlying these differences in pH sensitivity remain
unclear and are in need of further research.

Collectively, the data shown in Fig. 1 support the hypothesis that high pH achieved in aerosol, with an
initial composition that has high abundance of bicarbonate (such as saliva (26) and growth medium), is
a major factor in driving loss of viral infectivity in the aerosol phase (15). The implication of this
proposed mechanism is that any gaseous species (e.g., CO,) that can affect aerosol pH is likely to impact

viral infectivity.

SARS-CoV-2 Aerostability Correlates with the Ambient
Concentration of Gas Phase Carbon Dioxide
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In poorly ventilated, occupied, indoor spaces, ambient [COz(g)] commonly reaches concentrations
exceeding 2,000 ppm (27) and can reach levels upwards of > 5,000 ppm in more crowded environments
(28). The impact of elevated COyq levels on the aerostability of SARS-CoV-2 is explored (Fig. 2). The

maximum titre of the BA.2 VOC that can be grown in the cell culture is approximately an order of
magnitude less than that of the Delta VOC. Both the sensitivity and the throughput of the CELEBS
technique are dependent on the initial viral load of the individual droplets. Thus, in order to explore the
effect that [CO, )] has on viral aerostability across a broad range of conditions and over very long time

periods, only the Delta VOC was used, as it afforded a much higher measurement throughput.

When compared to a typical atmospheric [CO, g (~ 500 ppm), any increase in the [CO, )] results in a
significant increase in viral aerostability after 2 minutes (Fig. 2A). When ambient air flow into the CELEBS
was substituted with compressed (CO, free) air, no change in virus aerostability was observed. It is
notable that whilst the increase in [COz(g)] to ~ 6,500 ppm resulted in a more significant increase in
aerostability, it did not result in complete stabilization of virus in the aerosol phase (Fig. 2A).

With the rate of loss of viral infectivity increased by elevated aerosol alkalinity, any improvement in
aerostability of SARS-CoV-2 resulting from elevated [COz(g)] would be expected to increase over time with
a greater tendency towards neutral pH due to the dissolution of carbonic acid. The effect of droplet
exposure to elevated [COz(g)] over prolonged time periods on the infectious viral load is reported in Fig. 2B
and it can be seen that elevated [COz(g)] had a considerable effect on the overall decay profile. Consider
first the characteristics of the decay profile of the wild type SARS-CoV-2 in the aerosol phase above the
efflorescence point (14). From droplet generation until ~ 2 minutes, no loss of infectivity is observed. After
2 minutes there is a rapid loss of infectivity over a moderate time-period (minutes), followed by a slower
decay (tens of minutes). The profile for the Delta VOC is similar, but with the initial lag period shortened to
~ 15 seconds. In this case, when the [COZ(g)] is elevated, the period of rapid decay is absent or greatly
abbreviated and the decay profile transitions directly from lag to a slow decay. As a result, the Delta VOC
in elevated [COz(g)] is as aero-stable as the wild type at 500 ppm CO, after 5 minutes, becoming more
stable after 20 minutes. Indeed, an elevated [COz(g)] had a dramatic effect on the remaining relative
infectivity of SARS-CoV-2 over time (Fig. 2C). After 40 minutes, approximately an order of magnitude
more viral infectious units remained viable in the aerosol phase at elevated [COz(g)] when compared to the
loss expected under ambient (well ventilated) conditions. This increase in the relative abundance of
infectious particles is likely to result in increased risk of transmission of the infection.

Viral aerostability is often reported as having a half-life (29) with the decay assumed to follow first order
(exponential) reaction kinetics. This assumption presupposes that the mechanisms involved in infectivity
loss do not change over time, even though the chemical composition and physical conditions inside an
aerosol droplet vary over time. The appropriateness of making such assumptions is explored in Fig. 2D. In
the bulk phase, the pH driven decay follows first order kinetics. This is consistent with high [OH] driving
the loss of viral infectivity, with this concentration remaining constant over time. However, the decay
dynamics are markedly different in the aerosol phase with the rate of loss slowing over time, and slowing
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more so at higher [COz(g)]. This is consistent with the hypothesis that the aerosol reaches high pH before
being buffered towards a neutral pH by trace acidic vapor over longer time periods (condensable carbonic
acid in this case), regardless of RH. However, the decay rate is never found to increase over the entire
time-period studied, suggesting that the pH of the aerosol does not pass through neutral to become acidic
during the time period when more than 95% of the viral infectivity is lost. Again, this is consistent with the
condensation of a weak acid, carbonic acid in this case. However, an estimate of a half-life of ~ 80
minutes could be estimated from the data falling between 20 and 40 minutes at [COz(g)] of 3,000 ppm if
one were to assume a first order decay. This aligns with the half-lives reported for systems in which the
[COz(g)] is neither measured nor controlled (29).

Collectively, the data shown in Fig. 2 show that the interplay between aerosol alkalinity and CO, has a
profound effect on the overall aerostability of SARS-CoV-2. Any increase in [COz(g)] results in an increase
in aerostability.

Depending on Variant pH Sensitivity, Ambient [CO , ] and Solute Composition Can Affect Viral
Aerostability More than Relative Humidity

During the COVID-19 pandemic, many infections were traced to super-spreader events (30), suggesting
that transmission of the virus over longer distances was possible under some (as yet uncertain)
conditions. Conversely, the apparent effectiveness of mitigation strategies such as social distancing
regulations (7), use of face shields/masks (31) and installation of plexiglass shields (32) suggests that
SARS-CoV-2 was also commonly transmitted over short distances. Thus, it is important to understand
how environmental factors affect the aerostability of SARS-CoV-2 over time periods as short as 15
seconds.

Fixing the time in the aerosol phase at 15 seconds, the BA.2 VOC is found to be more aero-stable than the
Delta VOC across a broad range of RH (Fig. 3A). Effectively, during the first 15 seconds post-aerosol
generation there is no loss of infectivity of the BA.2 VOC when the RH is above the efflorescence point of
the particle (RH ~ 50%). Below that, the characteristic rapid loss of approximately half of the viral
infectivity is observed, a consequence of the efflorescence event. This is consistent with the loss
observed for the others SARS-CoV-2 VOC we have studied (14, 15, 33) as well as for mouse hepatitis virus
(MHV), another coronavirus (34). However, the Delta VOC rapidly loses over half of its infectivity within 15
seconds of being in the aerosol phase, regardless of RH (below 90%) and across a broad range.
Collectively, the data in Fig. 3A show that the initial decay of the Delta VOC is largely RH independent,
while the initial decay of the BA.2 VOC is highly RH dependent.

Given that the BA.2 VOC is more robust than the Delta VOC over the 15 s time period, the impact of
[COz(g)] and [NaCl] on the aerostability of the Delta VOC have been explored further. The effect that a

moderate increase in [COz(g)] has on the aerostability of this SARS-CoV-2 VOC is reported in Fig. 3B.
Regardless of RH, increasing the [COz(g)] will drive the pH of an alkaline respiratory droplet towards
neutral to some degree. As a result, at an RH of 80% and below, moderate increases in the [CO,y)] are
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shown to increase viral aerostability. This increase in [COz(g)] results in a doubling of the remaining
aerosolized viral load after 15 s, regardless of RH.

The solute composition of saliva between individuals may vary widely. Moreover, an individual’s salivary
[NaCl], as well as the ratio of NaCl to other solutes, may vary dramatically as a result of short-term events,
such as oral stimulation (35), or larger physiological changes, such as pregnancy (36). The effect that
altering the initial [NaCl] of the starting formulation on the short term aerostability is reported in Fig. 3C.

We previously reported that the fraction of SARS-CoV-2 in a particle that resides in the salt crystal
following the efflorescence event is shielded and thus remains infectious. Accordingly, any observed
increase in sustained infectivity below an RH of 50% can be attributed to the increase in the volume of the
particle that forms a solute salt crystal. The same trend is observed in Fig. 3C: the addition of NaCl
results in a significant increase in sustained aerostability at RHs below 50%. Between the RHs of 50% and
75%, we previously reported that the physical structures of MEM droplets is complex with phase
structures across a population of droplets that are a mixture of a homogeneous liquid droplet form and
liquid droplets containing a suspension (e.g. emulsion or salt crystals) (14). When the [NaCl] is doubled,
the proportions across a population is such that all particles undergo a phase change when the RH is
below ~ 75% (Supplemental Fig. 1). Accordingly, the crystalline form offers protection to the virus when
the RH is below ~ 75% and this protection is more pronounced when the [NaCl] is doubled. Hence, the
remaining fraction of infectious virus remains higher across all RHs below 75%. At 80% RH, no phase
change is observed and the increase of [NaCl] has no effect on the viral aerostability.

Risk of Transmission is Highly Affected by Ambient Concentrations of
CO

The dependence of the overall risk of SARS-CoV-2 transmission on the explicit decay dynamics inferred
from measurements with the CELEBS technique has been investigated using a Wells-Riley model (37).
The effects that environmental factors such as [COz(g)] and humidity on the likelihood of disease
transmission have been explored. The Wells-Riley model is based on transmitted quanta that inherently
assume a uniformly mixed room ("gas" phase like), which is only true for small particles largely in
bronchiolar and laryngeal mode, both <5 pm diameter. The decay data measured in this study are for
droplet sizes in the oral mode (initially > 50 pm diameter). We use the infectivity decay data from these
large droplet measurements to inform estimates of transmission risk for the small aerosol fraction and to
estimate the relative changes in risk that result from changes in [COz(g)].

Typically, models assume that the aerosolized viral decay has a half-life of 1.1 hours (38) when
estimating the risk of COVID-19 transmission, a rate of decay which is negligible when compared to the
effects of even the poorest ventilation. As shown in Fig. 1, viral decay dynamics are more complex than
the assumed single exponential decay. Moreover, the rapid early decay in infectivity of aerosolized SARS-
CoV-2 we report here, as well as previously (14), appears to contradict the consensus opinion that
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airborne transmission prevails as the dominant mode of transmission. However, our objective here is to
demonstrate that the decay dynamics reported in Figs. 1A and 2B are actually consistent with this
consensus, especially in indoor environments. We therefore focus on the limit of a well-mixed indoor
environment using the Wells-Riley framework and using our refined characterization of the infectivity
decay rate.

Central to the Wells-Riley approach is the number of infectious units (“quanta”) that remain active in a
room. In a ventilated environment, the probability that an aerosolized unit remains in the room after some
time is described by Eq. 2.

—1

vent

(Eq.2):p,tje = 1 — €z

where T,¢n: IS the characteristic time to cycle air in the room. We consider typical ventilation rates for
Tv;;t in the range 0.5-8 hr™ ! with smaller numbers indicating a poorly ventilated space (39). Any effect
of droplet removal by deposition which may occur for coarser droplets is ignored. The fraction of droplets
remaining viable to initiate infection is p,,.,;,., Where /is their infectivity. Initially we consider ventilation
within a fully recirculating system where the [COz(g)] remains constant so that we can assume the decay
in infectivity directly follows that reported from the CELEBS data; this set-up models a closed Heating,
Ventilation and Air-Condition (HVAC) system. We assume the HVAC system perfectly filters the air of
aerosol droplets, although this is a crude oversimplification (40). Later we will allow for varying [COz(g)] in
order to model ventilation and mixing with an outdoor air source (from e.g. opening a window). For
convenience we fit the CELEBS data (Figs. 1A and 2B) with two exponentially decaying functions (details
in Supplementary). In poorly ventilated environments, the viability of aerosolized virus is dominated by
the intrinsic decay in infectivity (Fig. 4A). Air recirculation dominates in better conditioned environments
leading to convergence of the long-time decay (Fig. 4B). We compare these model predictions with a
simple exponentially decaying infectivity with the widely assumed aerosolized half-life of 1.1hr (29).

In the Wells-Riley model, the infection probability p; is assumed to depend exponentially on the number
of infectious units (“quanta”) received n, i.e. p; (t) = 1 — exp (—n (t)). This is essentially a

consequence of the independent action hypothesis (41). The typical number of quanta received increases
!/ /
linearly in time t asn (t) = ¢ V t where cis the concentration of quanta in the well-mixed air and V' is

the minute volume of exhaled air (from breathing) which we take to be 7.5 L/min. The steady state
quanta concentration is found where p,, ... .I balances the rate that infectious quanta are produced and
released into the environment (details in Supplementary). For illustration purposes, we consider a

10x10x3=300 m? classroom with up to 40 occupants where there is a single infected individual. The
quanta production rate by an infected individual is considered to be in the range 0.01-0.1 s for SARS-

CoV-2 (38). We assume a value of 0.1 s7" for illustrative purposes, with the understanding that this factor
remains a major source of uncertainty in transmission models. The probability of onwards transmission
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in a poorly ventilated classroom is similar for all datasets at low [COz(g)] (Fig. 4C), because only the long-
time behavior matters in this well-mixed limit. By contrast, the probability of onwards transmission rises
much more rapidly for the high [CO,)l. The amplifying effect of [CO,y)] is visible but less pronounced in
a space with good ventialtion using e.g. an open window (Fig. 4D).

For risk management we must consider the risk that any susceptible individual becomes infected, rather
than just a single individual. The probability that at least one individual becomes infected is:

(Eq.3):1 — (1 —p, ()"

where N is the room occupancy. As a measure of risk, we invert this relationship to determine the length
of time the classroom space can be shared until there is a 50% chance that secondary transmission has
occurred. The probability of a successful transmission (assuming a well-mixed environment) as a
function of viral aerostability and ventilation is explored in Fig. 5. Estimates for the Delta variant at high
[COz(g)] are comparable in magnitude to predictions with a decay time assumed from the drum studies.
Moreover, the [COz(g)] is estimated to have a profound effect on overall risk both in terms of room
occupancy and ventilation rates.

Sustained [COz(g)] at a higher concentration at a fixed ventilation rate (e.g. more recirculation of room air
and less mixing of fresh air) means lower aerosol pH, means greater survival means shorter time until
50% transmission. Assuming a slower decay consistent with the drum data does not incorporate the
rapid initial loss of infectivity which means at the same quanta emission rate, there is more infectious
virus and shorter time to reach 50% infectivity. Outdoor air, lowers the CO2 concentration, mixing in low
CO2 fresh air, that means the pH remains higher, means lower infectivity, means longer time to reach
same infectivity as ACH goes up.

Despite the rapid initial decay (Figs. 1A and 2B), the Wells-Riley model prediction estimates that long
distance transmission is possible. However, the Wells-Riley model neglects short-time decay indicating
that short-range airborne transmission route (from e.g. direct conversation) may be underestimated in
these conventional approaches. Collectively, the risk estimations from the Wells-Riley model demonstrate
the importance of ventilation in mitigating risk as it addresses aerosolized viral load on two fronts: firstly,
the rate of loss of viral infectivity in the aerosol phase (e.g. lower [COz(g)] increases decay rate) and,
secondly, the physical reduction of the number of viral containing particles (e.g. displaced from the
room). The Wells-Riley model demonstrates the importance of [COz(g)] and RH on long distance
transmission risk. In the future, the effect the rapid loss of infectivity in the aerosol phase at low RH has
on short distance transmission risk should be explored using a CFD model.

Discussion

In the absence of infectious virus sampling, ambient [COz(g)] has been shown to indicate increased
COVID-19 infection risk, through a reduction in effective ventilation and an increase in infectious particle
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concentrations (42). The data presented here suggests that [COz(g)] concentration may be more than just
an indicator of poor ventilation or air filtration efficiency. Ultimately the aerosolized virus and CO, have
the same origin, and their mutual interaction increases the overall risk (Fig. 5). This means that the utility
of [COz(g)] as a proxy for transmission is of increased value as increased [COz(g)] itself may increase the
likelihood of successful transmission by increasing viral viability.

Broader Implications

The ability of [COz(g)] to affect virus aerostability may have broader implications beyond disease
transmission, and prompts many new avenues of research. For example, the aerostability of a virus being
affected by the [CO, ()] raises many questions regarding the potential effect that increases in the [COy(q)
in the atmosphere has on both the transmissibility of extant viruses, as well as on the emergence of novel
viruses. [COz(g)] has increased from preindustrial revolution (275 ppm), through to now (~ 400 ppm), and
may reach upwards of >1,000 ppm by the turn of the century (43). This increase may be enough to
improve viral transmission through both increasing the aerostability of the virus outdoors, but also
increasing the baseline [COz(g)] indoors as well.

Respiratory viral infections, such as influenza and rotavirus, are notable as they have a seasonality (44).
There are numerous hypotheses as to what drives this process including, for example, that the dry indoor
air over winter may have an effect (45, 46). The effect of RH may also be important with regards to
processes such as mucosal immunity (2, 47) and plume dynamics (48), and less so for the viral
infectivity. Seasonal variation in indoor [COz(g)] occurs globally, across a broad range of geographies
(49-51). From the experimental and model data reported here, we hypothesize that the seasonality of
respiratory viral infections at a populations scale may be affected by indoor [COz(g)] as well as changes in
RH. Further study is needed to explore this relationship across a broad range of respiratory viruses.

Moderate increases in [COz(g)] affecting the aerostability of SARS-CoV-2 have very broad implications
with regards to how all previously published aerovirology experiments should be interpreted. Standard
experiments involve the nebulization of a virus-containing starting formulation into a confined volume
where the aerosol is suspended. The starting formulation will contain some level of bicarbonate, either
from the growth medium in which the virus is made, or because the starting formulation is some form of
respiratory fluid. If the starting formulation does not have bicarbonate, the utility of the data is
questionable as the starting formulation is missing a critical component that is both driving the loss of
viral infectivity in respiratory aerosol and necessarily a part of the respiratory system of mammals. The
presence of bicarbonate in the starting formulation necessitates that CO, must be produced during the
nebulization process, and there is no physical means to separate the aerosol condensed phase from the
gas phase. The amount of CO, produced will be a product of the nebulization time (14). A survey of the
literature found that a large portion of manuscripts do not provide the nebulization period, while none
have been found to report the [COz(g)]. Accordingly, in the study of aerosolized viruses, a major parameter
that affects viral aerostability (CO,) is simultaneously intrinsic in the experiment, and not considered.
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The decay rate of SARS-CoV-2 in aerosol as measured with a rotating drum, or similar closed system in
which the sample is nebulized and the subsequent plume was captured, is reported as a half-life of ~ 1.1
hours (10, 11, 29). This matches with the half-life reported in this study when the [CO, ;)] was elevated
(Fig. 2D, after 20 minutes). Direct confirmation of this is not possible as the [COz(g)] in rotating drum
studies have never been reported. In the absence of elevated [COZ(g)], the half-life as measured with the
CELEBS for any of the SARS-CoV-2 VOCs is < 20 minutes. The ability for small increases in [COy(q)] to
dramatically increase the aerostability of SARS-CoV-2 largely explains the discrepancy between the
aerostability reported using the CELEBS system with those reported previously using nebulized based
instruments.

SARS-CoV-2 has a Triphasic Decay Profile

The high time resolution of the CELEBS technology has afforded unique insights into the decay dynamics
of aerosolized viruses that have been previously impossible. Historically, the decay of an aerosolized
virus has been described as having a half-life. As shown here and in previous studies (14, 15, 25), this is
clearly not the case (Fig. 2D). Rather, the decay profile is a complex process that is highly dependent on
both microbiology and aerosol dynamics. From our studies using this next generation technology, we
have found that there are 3 distinct phases of aerosolized viral decay: the Lag Phase, the Dynamic Phase
and the Slow Decay Phase as shown schematically in Fig. 6.

First is the “Lag Phase”. During this phase, the conditions in the droplet are in flux (i.e. CO, evaporation,
water evaporation, solute concentration), but the conditions are such that they are not yet toxic to the viral
particle. The length of the Lag Phase is highly RH (Fig. 3A), temperature, [CO,] (Fig. 3B) and variant
dependent (Fig. 2B). At low RH, the Lag Phase is very short (< 5s) since droplet efflorescence will initiate
rapid loss of viral infectivity (Fig. 5, Top). At high RH, the pH of the droplet increases during the Lag
Phase, thus the time before the virus begins to decay is dependent on how sensitive the virus is to pH
(Figs. TA and 3A), and the speed at which the aerosol pH rises (Figs. 3B), a process that may take on the
order of minutes. The wild type SARS-CoV-2 had a 2 minute Lag Period. The virus was readily able to
survive the rapid increase in salt concentration that took place over the first 20—30 seconds of
aerosolization. Viral decay did not begin until the pH level had considerably increased when it began to
drive the loss of infectivity (Fig. 6D). It is likely that the increase in salt concentration plays a role in
further increasing the rate of viral inactivation but based on the length of the Lag Period relative to the
evaporation rate, we suggest that the change in salt concentration alone is not the primary driving force.
The interplay between these two processes on viral stability needs to be explored further.

After the Lag Phase, the conditions in the droplet are still in flux, while the pH increase is still occurring.
The second phase of decay is the “Dynamic Phase” phase. In this phase, the pH in the droplet have
changed to the point where they have become toxic to the virus and the rate of loss is dictated by the
changing conditions in the droplet. For example, the rapid loss of infectivity during efflorescence may
occur in the Dynamic Phase.
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The final phase is the “Slow Decay Phase” phase where the loss of viral infectivity is much slower than
the Dynamic Phase. The Slow Decay Phase continues until all viral infectivity is lost, which may take tens
of minutes to hours, depending on the virus and environmental conditions. The mechanism of the slower
decay rate in this phase remains unclear and may be biological (e.g. fraction of strain being more resilient
to the conditions) or physical/chemical (e.g. the remaining virus protected by its immediate location such
as in a liposome or associated with a protein (25)). The length of the Lag Period, and the rate of loss in
the Dynamic Phase are both highly dependent on the pH sensitivity of the virus as well as [COz(g)] and
RH. At a high [COz(g)], the Dynamic Phase can be dramatically truncated or even eliminated entirely

(Fig. 2B). The decay rate in the Slow Decay Phase is largely RH independent, but highly dependent on the
[CO,] (Figs. 2A, 2B, 2D and 3B). The data collected using closed systems, such as a Goldberg drum,
largely miss the Lag and Dynamic phases (perhaps catching the tail end of the Dynamic Phase), and
measure primarily in the Slow Decay Phase. Moreover, the rate of loss in the Slow Decay Phase is highly
[COz(g)] dependent (Figs. 2A, 2B, 2D and 3B).

The Triphasic Viral Aerosol Decay (TVAD) profile accurately describes the general relationship between
viral infectivity and aerosolization time. The applicability of the TVAD to all other respiratory viruses is
unclear, though it is notable that we have observed similar behaviour for the MHV virus and all VOC for
SARS-CoV-2 (14, 25, 34). It provides a framework to understand and explore which properties of the viral
particle or the aerosol droplet will affect the likelihood of both short and long distance transmission. The
parameters that affect the Lag and Dynamic phases may affect short distance transmission while the
parameters that effect the Slow Decay Phase may affect long distance transmission.
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(A) Infectivity of the Delta and Omicron BA.2 VOCs that have been levitated at RHs of 40% and 90%. Data
for 90% at times over 100s are offset by 5s to facilitate reader interpretation. BA.2 and Delta VOCs in
DMEM 2% FBS bulk solution with pH maintained at 11 and infectivity measured by (B) cytopathy and (C)
immunostaining. Error bars indicate standard error for all figures.
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Figure 2

Exploring the effect that [COz(g)] has on the aerostability of the Delta VOC as measured with the CELEBS.
(A) Infectivity as a function of ambient concentrations of CO,. Statistical significance was assessed
using a two-sample equal-variance t-test (*p < 0.05, **p < 0.005). (B) The effect that an elevated
concentration of CO, has on the decay profile of the Delta variant of SARS-CoV-2. Inset is simply a zoom

in of the first 5 minutes of the x-axis. (C) Relative infectivity of aerosolized Delta variant exposed to
increased [CO,] as a function of time. Note that the errors bars increase with time results from the

infectivity of the “Delta, 500 ppm” data set approaching zero which causes the relative standard deviation
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to increase. (D) Infectivity of the Delta variant (In([A]l/[A,])) as a function of time. Least square fit through
the Bulk data (R? = 0.995). Error bars in all the figures indicate standard error.
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(A) Infectivity of the Delta and Omicron BA.2 variants at 15 seconds in ambient air as a function of
relative humidity. Infectivity of the Delta variant at 15 seconds as a function of relative humidity and (B)
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[COz(g)] and (C) the [NaCl] in the droplet. Error bars indicate the standard error. A two-way ANOVA of the
data in (B) indicated that both CO, and RH are significant factors in predicting infectivity, but do not
interact, meaning the effect of CO, is similar at different RHs (all 80% and below). P-values: RH 0.016,
CO, <0.0001. A two-way ANOVA of the data in (C) indicated that [NaCl] had a significant effect (P
<0.0001), with no significant interaction between the RH and [NaCl].
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Figure 4

Numerical modelling of risk of indoor transmission in a 300 m? classroom that combines fits of
infectivity data from Figures 1-3 with the Wells-Riley model for airborne transmission of the Delta VOC in
a well-mixed environment. (A-B) Fraction of infectious aerosol particles remaining in the classroom
following where “Time” is the time following exhalation of the infectious aerosol. (C-D) Probability of
onwards transmission to a susceptible individual assuming a well-mixed environment, where “Time” is
the time following occupation of the room. An infectious quanta production rate of 0.1s™ is assumed
(38). Decay profile in (A-B) is used to model the transmission risk in (C-D).
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Figure 5

Time until there is a 50% chance that at least one susceptible person will have become infected in an
occupied classroom containing a single infected individual, where the viral decay rate is dictated by the
RH and [COZ(g)] in the replacement air. We combine estimates of the [COz(g)] in the room with

interpolations of the datasets for Delta variant’s infectivity at 90% RH to estimate the risk when
exchanging with outdoor air (black, 40% RH, 450 ppm [COy)]). This interpolation is purely intended to
illustrate the nonlinear role of ventilation qualitatively, and so these numbers should not be taken literally.
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For comparison we also show the expectation at fixed low (purple) and high (orange) [COy )] without any
interpolation; this models recirculation flow within a HVAC system. The number of occupants is varied (A)
20, (B) 30, and (C) 40. An infectious quanta production rate of 0.1s™ is assumed.
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Summary of the Triphasic Viral Aerosol Decay (TVAD) profile of respiratory aerosol, where the general
regions are indicated ((A) and (B)) are governed by the conditions in the droplet (Bottom). The three
phases are the “Lag Phase”, the “Dynamic Phase” and the “Slow Decay Phase”. Conditions in the droplet
(C) are estimates for a respiratory droplet injected into 90% RH at 500 ppm [COz(g)] based upon previously

published reports (14, 17). The dynamics of the TVAD are governed by the virus’s sensitivity to pH of the
aerosol (D); data from previous study (74).
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