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The phase state of respiratory aerosols and droplets has been
linked to the humidity-dependent survival of pathogens such as
SARS-CoV-2. To inform strategies to mitigate the spread of infec-
tious disease, it is thus necessary to understand the humidity-
dependent phase changes associated with the particles in which
pathogens are suspended. Here, we study phase changes of levi-
tated aerosols and droplets composed of model respiratory com-
pounds (salt and protein) and growth media (organic-inorganic
mixtures commonly used in studies of pathogen survival) with
decreasing relative humidity (RH). Efflorescence was suppressed in
many particle compositions and thus unlikely to fully account for
the humidity-dependent survival of viruses. Rather, we identify
organic-based, semisolid phase states that form under equilibrium
conditions at intermediate RH (45 to 80%). A higher-protein con-
tent causes particles to exist in a semisolid state under a wider
range of RH conditions. Diffusion and, thus, disinfection kinetics
are expected to be inhibited in these semisolid states. These obser-
vations suggest that organic-based, semisolid states are an impor-
tant consideration to account for the recovery of virus viability at
low RH observed in previous studies. We propose a mechanism in
which the semisolid phase shields pathogens from inactivation by
hindering the diffusion of solutes. This suggests that the exoge-
nous lifetime of pathogens will depend, in part, on the organic
composition of the carrier respiratory particle and thus its origin
in the respiratory tract. Furthermore, this work highlights the
importance of accounting for spatial heterogeneities and time-
dependent changes in the properties of aerosols and droplets
undergoing evaporation in studies of pathogen viability.

disease transmission | viral survival | aerosol-phase state | pathogens |
amorphous phases

Pathogenic organisms, including bacteria and viruses, are
responsible for the global spread of many diseases, such
as COVID-19 and seasonal influenza. Transmission of these
infectious diseases is predicated on the transfer of a sufficient
number of viable pathogens from one host to another (1-3).
Coughing, talking, breathing, and singing by an infected host
can release respiratory particles carrying pathogens that can
infect via aerosols or droplets or indirectly via fomites that have
been contaminated with respiratory emissions (2, 4-6). To trig-
ger an infection, pathogens must remain viable. The mecha-
nisms that control pathogen viability in the environment remain
unclear but have been linked to many factors, including the
identity of the pathogen, the composition of the medium in
which it is suspended (e.g., pH and protein content), exposure
to sunlight, ambient temperature, and ambient humidity (1-3,
7-10). The role of humidity is particularly complex since it can
simultaneously influence the composition and phase state of
respiratory aerosols and droplets (7), and many studies suggest
humidity variations can explain the seasonality of, for example,
influenza transmission (11). A deeper understanding of how
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humidity influences pathogen viability is thus critical to under-
standing and mitigating disease transmission.

Bacteria and viruses in aerosols and droplets tend to respond
differently to changes in relative humidity (RH), with bacteria
viability continuously decreasing as RH decreases, whereas, for
some viruses, viability reaches a minimum at intermediate RH
before increasing again at lower RH (that is, viruses often
exhibit a U-shaped, RH-dependent viability) (3, 7, 8, 12-16).
This U-shaped viability has been established with many viruses,
including SARS-CoV-2, MS2, phi-6, influenza A, rhinovirus,
and others. Although this trend has been observed for most
viruses, there are some exceptions. For example, the viability of
equine herpesvirus type 1 has been observed to decrease mono-
tonically with decreasing RH (17). The extent to which viability
decreases and the RH at which viral viability recovers when a
U-shape is observed depends on the virus (e.g., enveloped or
nonenveloped) and the composition of the suspension medium.
For example, Lin et al. (3) systematically demonstrated that the
inclusion of bovine serum albumin can preserve the viability of
both MS2 and phi-6 in droplets but that the viability of MS2
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was generally higher than phi-6 at all RH. Differences in the
composition of the medium can also explain discrepancies in
results between studies on the same virus (2, 3, 8). For example,
Yang et al. (8) studied the viability of influenza A in droplets
composed of differing suspension media, including growth
media and mucus, and reported a U-shaped RH dependence in
all cases. However, the extent of inactivation at high RH, and
the RH at which viability began to increase, was very dependent
on droplet composition. The mechanism for this U-shaped RH
dependence, and the interplay between humidity and aerosol
and droplet composition, remains unclear.

Previous studies have suggested that RH influences patho-
gen viability by altering the composition or phase of the sur-
rounding medium. When respiratory particles are emitted,
whether they remain airborne or are deposited onto a surface,
they experience a drastic decrease in RH moving from the
respiratory system (~100% RH) to ambient RH (<70% RH,
typically) (18). Respiratory particles are composed of water in
addition to solutes, such as salt and protein, and this decrease
in RH drives the evaporation of water to establish an equilib-
rium between the particle and surrounding air. At equilibrium,
the particle-phase water activity (a,,) is equivalent to the gas-
phase RH/100. As water evaporates, the nonvolatile solutes
(salts, proteins, and surfactants) become highly concentrated
(18). For example, in an aqueous NaCl particle at equilibrium
with 75% RH (a, = 0.75), the NaCl concentration is equivalent
to a saturated brine solution (19). There is a general consensus
that the initial decrease in pathogen viability with decreasing
RH is likely due to this increasing solute (disinfectant) concen-
tration (7, 10). The reason for the recovery in viral viability at
lower RH is less clear, but it has been suggested that aerosol
and droplet-phase changes may be responsible (10, 14).

Changes in ambient RH can induce phase changes as solutes
become increasingly supersaturated with dehumidification (8,
10). For example, supersaturated, aqueous NaCl particles have
a high probability of efflorescence (crystallization with loss of
particle-phase water) when at equilibrium with ~45% RH (i.e.,
when a,, ~0.45) equivalent to a NaCl concentration of ~12 mol/kg
(20), although efflorescence has a finite probability of occurring
across a range of RH (21) (see SI Appendix, Factors Influencing
Phase Changes for additional discussion). Pathogens are typi-
cally suspended in complex organic-inorganic media (e.g.,
culture media and respiratory fluid). The phase changes associ-
ated with organic—inorganic aerosols are far more varied than
for simple, aqueous inorganic aerosols (22-31). With decreas-
ing RH, homogeneously mixed organic-inorganic liquids can
transition to an amorphous, glassy, ultraviscous, or gelatinous
state in which diffusion and efflorescence are hindered (22-26).
In these phase states, hindered diffusion of water can inhibit
evaporation and delay the establishment of equilibrium (i.e., a,,
and RH are not necessarily equivalent). Under such nonequili-
brium conditions, there can be significant spatial gradients in
particle-phase viscosity and water content, dependent on the
particle’s composition, size, and rate of initial evaporation (23,
32). Spatial heterogeneities are also possible because of liquid—
liquid phase separation (e.g., amorphous organic shell and aque-
ous inorganic core), aggregation (e.g., of organic compounds),
or partial efflorescence (e.g., amorphous organic coating of a
crystalline inorganic core) (29, 30). Equilibrium phase states are
not established instantaneously upon exposure to ambient air
because the evaporation of water, and associated increase in sol-
ute concentration, is a mass transport process with a finite time-
scale dependent on particle size, composition, and ambient RH
(10, 32-34). During the nonequilibrium evaporation period, a,, is
continuously evolving until equilibrium is achieved and signifi-
cant gradients in viscosity and solute concentration can emerge.
Furthermore, in complex chemical systems, multiple phase states
can exist simultaneously, with each phase state representing a
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unique microenvironment that can influence pathogen viability
(18). Thus, a detailed understanding of phase changes, including
both their spatial and temporal evolution, is likely necessary to
develop a mechanistic understanding of humidity-dependent dis-
ease transmission. However, no comprehensive understanding of
phase states relevant to pathogen viability exists, and many
aspects of disease transmission thus remain unclear.

Here, we provide a detailed exploration of the RH-dependent
phase state of levitated aerosol relevant to understanding the
survival of pathogens and examine the morphology of evaporat-
ing droplets on a surface. To clarify the terminology used in this
article, “particles” refers to aerosols and droplets generally,
“aerosols” are particles that are suspended in a gas, and
“droplets” are particles that fall to a surface under the force of
gravity. In laboratory studies of pathogen viability, a growth
medium is often used as the suspension medium (8, 10). Thus,
to facilitate the interpretation of previous studies, we studied
particles composed of several growth media: Dulbecco’s modi-
fied Eagle’s medium (DMEM), lysogeny broth (LB)—Miller’s
modification—and tryptic soy broth (TSB). Furthermore, since
real-world transmission will occur via respiratory particles, we
also studied the phase state of model respiratory compounds
(salts and protein) with variable salt and protein content. Our
observations can thus be used to interpret previous findings as
well as make qualitative predictions for survival of pathogens in
aerosols and droplets under ambient conditions.

Results

Identification of Crystalline and Amorphous Phase States of Levitated
Aerosol. As shown in Fig. 1, RH-induced phase transformations
of aerosols are studied using a dual-balance quadrupole electro-
dynamic balance (DBQ-EDB) at room temperature (295 + 2 K)
(35). Efflorescence (crystal nucleation and growth with subse-
quent loss of particle-phase water) can be identified based on
mass and morphological changes of singly levitated particles
(20 to 30 pm in diameter) exposed to decreasing RH (Fig. 14)
(20) (see SI Appendix, SI Methods for more details). By contrast,
amorphous phase changes do not necessarily have any clear mor-
phological or abrupt mass change (22). We thus use our dual-
balance technique (35) (Fig. 1B) to identify amorphous phase
changes associated with the organic fraction of respiratory and
growth media aerosols.

An example of detecting efflorescence is shown in Fig. 14
for an aqueous NaCl aerosol particle initially levitated at 80%
RH. Here, we characterize changes in particle mass relative to
80% RH to be explicit about how experiments were performed;
for data in terms of mass growth factors, see SI Appendix, Fig. S1.
As the RH is reduced stepwise from 80 to 45% (at ~5% RH
intervals), there is a gradual decrease in particle mass as water
evaporates from the droplet to maintain an equilibrium water
activity. NaCl reaches its saturation concentration at 75% RH
but remains as a supersaturated solution because of the kinetic
limitations associated with crystal nucleation (36). NaCl efflo-
rescence does not occur until ~45% RH, which is evident by
the abrupt change in particle mass as water is expelled from the
particle during crystal growth. Efflorescence can also be identi-
fied by changes to particle morphology using far-field laser scat-
ter imaging (Fig. 1 A, Right Inset). If morphological changes are
extensive, bright-field imaging can also be used to detect efflo-
rescence. However, in the case of mixed organic—inorganic drop-
lets, even effloresced particles often remain spherical within the
resolution of the imaging system (SI Appendix, Fig. S2), and
thus, far-field imaging is used intermittently to confirm pre-
sumed efflorescence.

In contrast to a phase transition such as efflorescence, amor-
phous phase changes commonly associated with organic and
mixed organic—inorganic aerosols, such as vitrification, gelation,
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Fig. 1. The experimental approach for determining the phase state of levitated aerosol particles. (A) Single particles are characterized as a function of

RH to determine aerosol phase based on changes in particle mass (Left Inset) and particle morphology, as inferred from far-field and bright-field imaging
(Right Inset and S/ Appendix, Fig. S2, respectively). (B) Dual-particle characterization to identify amorphous phase states, in which two levitated particles
are merged together to infer whether the particles are fluid like, semisolid, or solid. When possible, this technique is used to infer the viscosity of merged

particles. The morphologies observed in the present study are illustrated.

and aggregation, do not have abrupt changes in either particle
mass or far-field and bright-field images, as shown in Fig. 14,
for an aqueous particle composed of 1:1 (by mole) CaCl,:
gluconic acid (a composition known to undergo an amorphous
phase transition) (22). Thus, to identify potential amorphous
changes associated with the organic fraction of respiratory
aerosol and growth media, we use our dual-balance technique
developed specifically for that purpose (35). As seen in Fig. 1B,
two oppositely charged particles are simultaneously levitated at
a fixed RH and then subsequently merged by removing the
voltage applied to the top counterbalance. Bright-field images
are binarized, and the aspect ratio of the merged dimer is
determined, in which the aspect ratio, d,/d,, is the ratio of the
long-to-short axis. Fluid particles coalesce completely to a
spherical shape, in which the timescale of coalescence is pro-
portional to the viscosity of the fluid. Fluid states can be char-
acterized based on viscosity as liquid (<10* Pa-s), semisolid
(10* to 10" Pa-s), or solid (>10'? Pa-s) (27). In the DBQ-EDB,
amorphous particles with a viscosity >10° Pa-s appear completely
rigid on the timescale of an experiment (i.e., no discernible coa-
lescence occurs). Many of the compositions studied here were
observed to be partially rigid on the timescale of an experiment
(i.e., incomplete coalescence occurred). Thus, characterizing each
composition in terms of a single viscosity was not possible across
all RH, as seen in SI Appendix, Fig. S3. In these instances, we
characterized phase behavior based on the final aspect ratio of
the merged dimers, in which, for semisolid and solid particles,
the aspect ratio of the merged particles remains greater than
unity, as demonstrated in Fig. 1B.

Incomplete coalescence is indicative of a multiphase particle
(35). In levitated aerosols, our ability to identify the phase-
separated components is limited. Thus, we also used micros-
copy to examine the morphology of phase-separated aerosols
by ejecting merged dimers from the DBQ-EDB onto a micro-
scope slide, as seen in SI Appendix, Fig. S4. Peptides and
proteins containing the aromatic amino acids (tryptophan, phe-
nylalanine, or tyrosine) fluoresce under ultraviolet (UV) expo-
sure (37-39). Thus, fluorescence microscopy was used to track
the location of the organic fraction within aerosols.

With our combination of techniques, we characterize a range
of RH-dependent aerosol morphologies relevant to the model
respiratory compounds and growth media studied here, as illus-
trated in Fig. 1B.

Humidity-Dependent Phase Changes of Levitated Aerosol. Figs. 2
and 3 show the RH-dependent phase behavior for levitated
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aerosols composed of the growth media and model respiratory
compounds, respectively, upon dehumidification.

Growth media. For growth media, DMEM, LB, and TSB were
chosen as representative media because they have been used pre-
viously in studies of pathogen survival in aerosols and droplets in
which a U-shaped RH dependence of virus viability was observed
(8, 10). LB (Fig. 24), DMEM (Fig. 2B), and TSB (Fig. 2C) are
mixtures of organic nutrients, such as glucose, and inorganic salts
(see SI Appendix, Table S1 for the composition of the culture
media.) LB and DMEM have similar amounts of NaCl (40 and
48 weight percent [wt.%)] by dry mass), while TSB has a much
lower-NaCl content (17 wt.%). The organic fraction of LB and
TSB is dominated by tryptone (40 wt.%) and peptone (67 wt.%),
respectively, while DMEM is dominated by glucose (27 wt.%)
and amino acids (12 wt.%). These culture media, thus, represent
a range of relevant compositions.

LB. As seen in Fig. 24 for LB aerosols, particle coalescence indi-
cates three distinct regions of phase behavior: liquid like, with
rapid coalescence and thus nonviscous properties; semisolid, in
which viscous, incomplete coalescence was observed; and solid,
in which the majority of the particle was nonfluid, following
partial efflorescence. At RH above ~58%, all LB particles rap-
idly coalesced to a spherical shape with a corresponding viscos-
ity <107 Pa-s (the lower limit of viscosity that can be measured
in our system), consistent with expectations for liquid aerosols.
At ~60% RH, there is evidence in the laser scatter imaging for
aggregates that are small relative to the particle bulk or
liquid-liquid phase separation (Movie S1). Thus, the particles
are predominately liquid but may have regions of semisolid
material. Single-droplet mass measurements show that LB par-
ticles respond to decreasing RH with a continuous decrease in
mass, further confirming the liquid behavior. Considering this
fluid behavior and the fact that the NaCl is supersaturated
below ~75% RH, it is unlikely that virions would have signifi-
cant protection from deactivation between 60 and 75% RH,
consistent with the maximum inactivation of MS2 bacterio-
phages occurring between 55 to 70% RH in LB (10).

At RH less than ~58%, merged particles begin to exhibit
complex, semisolid behavior. That is, particles do not coalesce
completely and are highly viscous. Partial coalescence is evi-
dence for a multiphase system, in which a fraction of the parti-
cle remains fluid and a fraction of the particle is rigid (i.e., does
not coalesce), as illustrated in Fig. 1B. At 50% RH, we estimate
the viscosity of the fluid and rigid phase to be ~10* and
>10® Pa-s, respectively, as discussed in SI Appendix, Fig. S3A.
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Fig. 2. The phase changes of levitated culture growth media (A-C) and microscopy images of partially coalesced aerosols (D and E). (A-C) The top plots
are the results from the dual-particle characterization, shown as merged aspect ratio (+1 SD) as a function of RH (+1 SD, with uncertainty propagated
from individual RH measurements), except with TSB in which it was possible to infer viscosity for most trials and is thus shown; see the text for estimates
of viscosity for other compositions. The lower plots show relative mass as a function of RH for single-particle characterization. Measurements were per-
formed at or near equilibrium, so gas-phase RH was assumed to approximate the particle-phase water activity as a,, = RH/100, as indicated on the plots.
For LB and DMEM, phase identification is based on observed changes in the coalescence measurements as well as single-particle mass measurements. TSB
did not exhibit any distinct change in phase behavior and remained amorphous at all RH with a gradual increase in viscosity. LB (D) and DMEM (E) aero-
sols were merged at 50 + 2% RH, ejected onto microscope slides, and then imaged in ambient air (~65% RH). Panel 1 shows fluorescence images. Panels
2 and 3 show brightfield images. In panel 3, efflorescence is induced by blowing dry air over the surface of the slide. For both LB and DMEM, it is seen
that incomplete coalescence is due to rigid, organic-dense regions. The organic-dense regions appear in the fluorescence images with higher intensity.
For DMEM, the region of highest intensity is outlined in a white line; see S/ Appendix, Fig. S4B for a threshold intensity image. The DMEM particle
appears round in panel 2, likely because the surrounding fluid phase has spread on the slide. In both cases, crystallization occurs around the edges of the

particle, with the amorphous phase at the center, as indicated by the white (amorphous) and red (crystalline) arrows. (Scale bars, 20 pm.)

With decreasing RH, the rigid state becomes gradually more
pronounced, suggesting a gradual aggregation, growth, or thick-
ening process. There is no abrupt change in single-particle
mass measurements between ~35 to 58% RH, which indicates
that efflorescence of NaCl cannot explain this semisolid state.
Rather, the semisolid state of LB must be a result of an amor-
phous phase state. Microscopy images confirm that incomplete
coalescence is due to the presence of rigid, organic-enriched,
amorphous regions that are surrounded by a viscous fluid, as
seen in Fig. 2D and SI Appendix, Fig. S44. Within the range of
RH where a semisolid was observed there was some variability
in the coalescence process between different trials, as seen in
SI Appendix, Fig. S3A4. This suggests some variability in the size
and number of the organic-dense, rigid regions. This likely
reflects the stochastic nature of many phase transitions and sug-
gests a nucleation-initiated process (40, 41). However, in all
cases, LB existed as an amorphous semisolid.

The exact nature of the rigid phase (e.g., gel or aggregate) is
unclear. In addition to NaCl and tryptone, LB contains yeast
extract, which is a complex mixture of organic biomolecules
and inorganic compounds. Multivalent ions in yeast extract may
facilitate a gel state by cross-linking organic molecules (22, 42),
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and proteins can undergo phase separation through aggrega-
tion or liquid-liquid phase separation (28, 43, 44). What is clear
is that the aerosols remain noncrystalline in this RH range, as
confirmed by far-field laser scatter imaging (SI Appendix, Fig.
S2) and microscopy (Fig. 2D). Regardless of the molecular-
level structure of the semisolid, viscous and gel states may both
have a protective effect on the survival of viruses between 35
and 58% RH by inhibiting the diffusion of reactants (27).

At ~35% RH, both particle coalescence and single-particle
mass measurements indicate a transition to a solid state. Merged
particles remain rigid, and there is an abrupt change in single-
particle mass, consistent with efflorescence of the NaCl. With
repeat trials, the efflorescence RH, RH.g, was 35 + 3% RH
(n = 5). This RHcg can be interpreted as the RH at which the
efflorescence probability, Peg, is 1.0 + 0.4 under these experimen-
tal conditions (see Materials and Methods, Statistical Analysis).
Efflorescence of LB occurs at a lower RH than aqueous NaCl
(~45% RH), likely due to the presence of organic compounds
that hinder nucleation (23-25) (see SI Appendix, Factors
Influencing Phase Changes for additional discussion). Efflores-
cence of the inorganic fraction, along with further thickening
of the amorphous phase through dehydration, will likely offer
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maximum protection of pathogens by hindering diffusion and
thus reactivity.

DMEM. As seen in Fig. 2B, DMEM aerosol particles also exhib-
ited three distinct phases. Using the same characterization pro-
cess as for LB, DMEM is observed to be in a liquid state above
~53% RH. At ~53% RH, coalesced droplets exhibit a com-
pressed, partially rigid structure, in which the average aspect
ratio was ~1.4 (see Fig. 1B for an example). Merged dimers
adopted a compressed shape rapidly (<3 s; SI Appendix, Fig.
S3B), so we conclude particles must be phase separated, com-
prised of a relatively nonviscous fluid and a rigid semisolid. As
seen in Fig. 2FE, microscopy images confirm this morphology.
Incomplete coalescence at long timescales suggests that the
rigid phase has an equivalent viscosity of >10% Pa-s. The abrupt
change in morphology over a narrow RH range is consistent
with a gel transition (22, 35). DMEM contains low-mass, car-
boxylated organic compounds (e.g., the amino acids) in addi-
tion to divalent ions, including Ca®*. A gel transition involving
carboxylated organics and Ca** has previously been shown to
occur at ~50% RH in levitated aerosols. In DMEM, it is likely
that the divalent ions are cross-linking the amino acids to form
a gel state (22). A solid state is observed when efflorescence
occurs at 31 + 3% RH (Per = 1.0 + 0.4, n = 5). Similar to LB
aerosols, efflorescence of NaCl is hindered relative to aqueous
NacCl alone.

7s8. As seen in Fig. 2C, TSB aerosols gradually transition from
a fluid state to an ultraviscous, amorphous solid state, as evi-
dent in the dual-particle coalescence measurements. For TSB,
we report viscosity rather than aspect ratio because complete
coalescence was consistently observed, as seen in SI Appendix,
Fig. S4C, except at high viscosity and low RH. Aerosols with a
viscosity >10% Pa-s are typically described as semisolid because
diffusive limitations can influence observations that occur on
the timescales of a typical experiment (seconds or longer) (23,
27, 45). Tt is thus likely that TSB exhibits semisolid behavior
below ~70 to 80% RH, in which the viscosity is ~10* to 10° Pa:s.
However, there is no distinct transition, and the transition to
semisolid behavior occurs across a range of viscosity. As shown
in SI Appendix, Fig. S5, viscosity increases rapidly following ini-
tial trapping and is >10* Pa-s at 50% RH after ~1 min. Below
~40% RH, TSB behaved as an amorphous solid, and the high
viscosity made complete coalescence impractical to observe, as
seen in ST Appendix, Fig. S4D. The viscosity reported is thus a
lower limit, based on observation time (22). The gradual
increase in viscosity as RH is decreased is consistent with expect-
ations for an ultraviscous or glass-forming fluid (35). As seen in
the single-particle mass measurements, there is no clear efflores-
cence transition with TSB, as confirmed with microscopy (S
Appendix, Fig. S4C). Because of the high viscosity and high-
organic content, efflorescence of NaCl is likely completely hin-
dered in aerosols of TSB.

Model respiratory compounds. For model respiratory com-
pounds, we focused on mixtures of salt and protein. The compo-
sition of biological respiratory fluid can vary across individuals
and depend on state of illness and origin in the respiratory tract
(18, 46-48), and it is not practical to study every possible respira-
tory fluid composition. We thus focus here on understanding the
fundamental processes that are occurring with mixtures com-
posed of the dominant components of respiratory fluid (NaCl
and protein) and CaCl,, the latter of which is known to cross-link
proteins and other molecules into a gel state (22, 42). For
NaCl-protein mixtures, we studied the effect of varying protein
content using a low-protein mixture (10:1 NaCl:mucin by mass;
Fig. 34) and a high-protein mixture (1:1 NaCl:protein, with a
protein content of 9:1 albumin:mucin by mass; Fig. 3B). For com-
parison, 1:1 NaCl:albumin was also studied. The high-protein
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mixture was also studied with CaCl, at 10:1 NaCl:CaCl, by mass
(Fig. 3C). Although real saliva and lung fluid are composed of
more compounds than salt and protein, these compounds com-
prise a significant portion of the inorganic and organic fraction
(4649), and our observations can thus provide fundamental
insight into the morphology and phase transitions of expelled
respiratory particles.

Low-protein content. With the low-protein composition (Fig. 34),
the phase behavior of levitated aerosol is similar to that of
aqueous NaCl. At all RH >45%, aerosol particles were pre-
dominately liquid, although far-field imaging (Movie S1) sug-
gests the presence of small protein aggregates or emulsions
that are too small to prevent or inhibit coalescence. Subtle,
semisolid behavior is not observed until <50% RH, in which
the average aspect ratio of merged dimers is just above unity
(1.06 + 0.03), so any semisolid portion is small relative to the
bulk of the droplet. Phase separation (referred to here as the for-
mation of any protein-enriched phase through, for example,
aggregation or liquid-liquid phase separation) is possible in pro-
tein solutions and is likely responsible for any semisolid behavior
(44, 50-52). The transition to a solid particle occurred at the
characteristic efflorescence RH of NaCl at 45 + 2% RH (Peg =
1.0 + 0.4, n = 5). These results indicate that the phase behavior
of respiratory particles with a high mass fraction of NaCl will be
similar to the characteristic efflorescence/deliquescence behavior
of NaCl, consistent with previous observations (53).

High-protein content. With the high-protein mixture, the RH
region over which semisolid behavior was observed was signifi-
cantly expanded (relative to the low-protein mixture), as seen
in Fig. 3B. Merged dimers began exhibiting semisolid behavior
at ~70 to 75% RH, in which viscous flow was observed, as
shown in SI Appendix, Fig. S3D. Above 75% RH, coalescence
was rapid, and viscosity was <10® Pas. At 70% RH, the
inferred viscosity was ~10° Pa-s (SI Appendix, Fig. S3D). Below
~65% RH, the aspect ratio of merged dimers could not be
determined clearly because contact efflorescence was observed
(SI Appendix, Fig. S6). That is, upon the merging of two par-
ticles, both particles were observed to effloresce. Contact efflo-
rescence of NaCl has been described previously (21, 36, 54).
Aerosols of 1:1 NaCl:albumin (i.e., without mucin) exhibited sim-
ilar phase behavior as the mixture with mucin, but no contact
efflorescence was observed. As seen in Fig. 3B, NaCl-albumin
aerosols were rigid at RH < 65%, suggesting an ultraviscous state
(>10° Pa-s). We note that we saw no evidence of heterogeneous
efflorescence in the single-particle studies, with efflorescence at
the homogeneous efflorescence RH for NaCl of 44 + 3% (Pegs =
1.0 +£ 0.4, n = 5), as evident in the single-particle measurements.

It is notable that NaCl efflorescence was observed despite the
highly viscous state (demonstrated in SI Appendix, Fig. S3D) and
the high organic fraction. This suggests that phase separation
has occurred, in which the protein has phase separated from the
aqueous inorganic (29, 50). A viscous, protein-enriched shell
with a nonviscous, aqueous inorganic core would explain how we
can observe an ultraviscous, semisolid phase in the coalescence
measurements but also observe rapid and uninhibited NaCl
efflorescence. Evidence for this morphology is seen in Fig. 3 D
and E. Furthermore, as shown in SI Appendix, Fig. S7, Mie reso-
nance measurements of single particles supports the notion that
phase separation is occurring in NaCl-protein mixtures (S/
Appendix, SI Methods). Mie resonance spectra (55) indicate a
reversible loss of spherical morphology (i.e., heterogeneities at
the aerosol surface) at <70% RH. Efflorescence occurred at
~45%, consistent with coalescence data.

High-protein content with CaCl,. In addition to the simple NaCl-

protein mixtures, we moved toward more complex systems by
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10:1 NaCl:mucin
a,, (unitless)

B 1:1 NaCl:protein
a,, (unitless)

C 1:1:0.1 NaCl:protein:CaCl:
a,, (unitless)
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Fig. 3. The phase changes of levitated model respiratory compounds (A-C) and microscopy images of merged aerosols (D and E). (A-C) The top plots are
the results from the dual-particle characterization, showing merged aspect ratio (+1 SD) as a function of RH (+1 SD, with uncertainty propagated from
individual RH measurements). The lower plots show relative mass as a function of RH for single-particle characterization. In B, open markers show data
points for 1:1 NaCl:albumin. Measurements were performed at or near equilibrium, so gas-phase RH was assumed to approximate the particle-phase
water activity as a,, = RH/100, as indicated on the plots. (D and E) Panel 1 shows fluorescence images. Panels 2 and 3 show brightfield images. In panel 3,
efflorescence is induced by blowing dry air over the surface of the slide. Images were collected in ambient laboratory air with an RH of ~65%. (Scale
bars, 20 pm.) (D) 1:1 NaCl:protein merged at 68 + 1% RH. Protein appears uniformly distributed on the particle surface (see SI Appendix, Fig. S4E for a
binary contrast image). Upon efflorescence, there are two distinct NaCl crystals surrounded by an amorphous phase, as indicated with the red and white
arrows, respectively. This suggests the protein was phase separated from an aqueous, NaCl-enriched core and that the NaCl cores had not coalesced upon
merging. As with DMEM (Fig. 2E), the amorphous phases do not appear to have sufficient contrast to be well-resolved in brightfield images prior to
efflorescence. However, heterogeneities in the image are visible, as indicated by the yellow arrow in panel 2 and shown in more detail in S/ Appendix,
Fig. S4F. (E) 1:1 NaCl:albumin merged at 60 + 1% RH. In the absence of mucin, contact efflorescence was not observed and it was possible to collect a
rigid dimer. The dimer did not deposit flat on to the substrate, and one portion was elevated relative to the other. In the images shown, the lower half is
in focus. Fluorescence images suggest elevated intensity along the outer edge. Brightfield images show spherical aerosols (within the resolution of the
imaging system). Upon efflorescence, the exterior remains spherical with roughening of the interior, as evident by increased refraction of transmitted

light. This suggests an amorphous shell around a crystalline core. An additional example is shown in S/ Appendix, Fig. S4G.

including CacCl, in the high-protein mixture at a ratio of 1:1:0.1
NaCl:protein:CaCl, by weight. As seen in Fig. 3C, the presence
of Ca®* broadens the range over which levitated aerosol
particles are (semi)solid (relative to the other salt-protein
mixtures), with a semisolid state at ~80 to 85% RH. In this mix-
ture, the Ca®* is likely cross-linking the protein to create a
gelatinous matrix (22, 42).

Although coalescence measurements indicate an amorphous,
(semi)solid phase as high as 80 to 85% RH with the NaCl-pro-
tein—-CaCl, mixtures, this did not inhibit the efflorescence of
NaCl, which occurred at 45 + 2% RH (Pegr = 1.0 +£ 0.4, n = 5).
As demonstrated in SI Appendix, Fig. S8, merged NaCl-
protein-CaCl, particles are rigid at intermediate RH, but these
rigid dimers still effloresce at ~45% RH. Similar to the 1:1
NaCl:protein mixture, this points to a phase-separated morphol-
ogy, potentially in which a gelatinous shell, which is sufficiently
rigid so as to prevent coalescence, is covering an aqueous inor-
ganic core, as suggested by Vejerano and Marr with model
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respiratory compounds (18). Microscopy evidence for this mor-
phology is shown in SI Appendix, Fig. S4 H and 1.

In general, our results demonstrate that elevated protein
content increases the RH range over which respiratory aerosols
are likely to exist in a (semi)solid state. Divalent ions will also
enable a wider range of semisolid phases than protein and
NaCl alone. Although our model systems do not contain the
full chemical complexity of respiratory fluid, it is clear from
these results that considering NaCl efflorescence alone is inade-
quate to describe the phase state of respiratory emissions as
well as aerosolized culture growth media.

Phase Changes of Droplets Deposited on a Surface. To comple-
ment the studies of levitated aerosol and to explore the phase
changes of these systems deposited on a surface, we collected
microscopy images of evaporating growth media and model
respiratory droplets deposited on hydrophobic (Fig. 4 and SI
Appendix, Fig. S9) and hydrophilic (ST Appendix, Fig. S10) glass
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Fig. 4.

slides. Droplets (3 pL initial volume) were exposed to ambient
laboratory air (30 to 45% RH) while monitoring the evapora-
tion process.

Fluorescence microscopy images of droplets on hydrophobic
slides are shown in Fig. 4 (corresponding bright-field images
are shown in SI Appendix, Fig. S9). Fig. 44 shows the time-
dependent evaporation of 1:1 NaCl:protein droplets exposed to
40% RH laboratory air. Immediately, after droplet deposition
(t = 0 min), the protein fraction, which appears blue in the
image, is distributed across the droplet with the highest inten-
sity at the center (where the droplet is thickest; see S/
Appendix, Fig. S11 for an intensity line profile). As the droplet
evaporates, a protein-enriched shell forms, evident by an
increase in fluorescence along the outer edge, as seen at ¢ = 13
min. This is consistent with the evidence for phase separation
observed in aerosols, with a protein-enriched shell and an
aqueous core that is dominated by NaCl (29, 44). Although the
exact mechanism of phase separation is unclear from these
images, Mie resonance measurements on aerosols (SI Appendix,
Fig. S7) suggest that phase separation occurs through the
formation of aggregates or other protein-dense regions that
accumulate at the interface. In the case of evaporating droplets,
Marangoni flow may facilitate the transport of protein-dense
regions to the interface (i.e., the coffee ring effect).

At ¢t = 21 min, NaCl crystal nucleation and growth is evident,
with nucleation appearing to originate at the organic-inorganic
interface. We note that the growing crystalline phase appears to
have a higher fluorescence intensity than the surrounding solu-
tion. NaCl crystals are nonfluorescent (confirmed in SI
Appendix, Fig. S10J). Thus, this increased intensity is likely due
to scattering and reflection of the excitation and emission wave-
lengths off of the irregular facets of the growing crystal, which
leads to an enhancement in the observed fluorescence. As seen
at t = 26 min, after crystal growth is complete, there is no visi-
ble presence of crystals along the outer edges of the droplet.
Rather, the NaCl crystals grow along the inner edge of the
amorphous, protein-enriched phase. As shown in SI Appendix,
Fig. S12, this morphology is also observed in acoustically levi-
tated microliter droplets in the absence of a surface.

Of the remaining compositions, all evaporated in 30 min or
less and had clear evidence of an amorphous phase state,
except the low-protein mixture (Fig. 4B), consistent with the
aerosol levitation experiments. No clear protein shell is
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Fluorescence microscopy images of evaporating droplets deposited on a hydrophobic glass surface at ~40% RH. (A) 1:1 NaCl:protein, with images
shown as a function of time at t = 0 (frame 1), 13 (frame 2), 16 (frame 3), 19 (frame 4), 21 (frame 5), and 26 min (frame 6). Images B—F show the morphol-
ogy of deposited droplets after 30 min of evaporation. (B) 10:1 NaCl:mucin. The white dashed line marks the outline of the droplet (S/ Appendix, Fig. S9).
(C) 1:1:0.1 NaCl:protein:CaCl,. LB (D), DMEM (E), and TSB (F). (G) The distribution of 100-nm diameter fluorescent nanobeads in 1:1 NaCl:protein after ini-
tial deposition (frame 1) and after 30 min of evaporation (frame 2). (Scale bar, 200 um.) White arrows indicate amorphous phases, and red arrows indicate
crystalline phases. Contact angles are provided in S/ Appendix, Table S2.

apparent in the low-protein droplets in Fig. 4B, potentially
because of adsorption of a thin layer of protein to the hydro-
phobic surface (56). However, higher-magnification images sug-
gest phase separation has still occurred, as seen in SI Appendix,
Fig. S9G. We note that, in Fig. 4B, the high fluorescence inten-
sity associated with the NaCl crystals is likely due to enhanced
fluorescence due to scattering and reflection and is not indica-
tive of a high protein content in the NaCl crystal. As seen in
Fig. 4C, the presence of Ca”* leads to a different crystal habit
than with NaCl-protein alone (Fig. 4A4), although there
remains a clear protein-enriched shell.

LB (Fig. 4D) and DMEM (Fig. 4E) also exhibited phase-
separated morphology, with an amorphous and crystalline
phase. Rather than a distinct organic shell, the amorphous
phase was nonuniformly distributed throughout the droplet. LB
also transitioned to a phase-separated morphology in the pres-
ence of Escherichia coli, as seen in SI Appendix, Fig. S13,
suggesting that our observations of a semisolid state will not
be significantly changed by propagating pathogens, although
hygroscopicity may be changed to some extent, as indicated by
Fernandez et al. (57).

In contrast to the other compositions, TSB droplets (Fig. 4F)
did not have clear phase separation; the organic content was
distributed throughout the droplet, with no apparent crystalline
phase. On hydrophilic surfaces (SI Appendix, Fig. S10), TSB,
LB, and low-protein droplets exhibited slightly different mor-
phologies. However, the trends remained the same, with an
amorphous phase state observed in all cases.

Although the final evaporated morphology and crystal habit
varied somewhat between different droplet compositions, an
amorphous phase state was the unifying characteristic. Particu-
larly notable was the phase separation observed for compositions
with high-protein content and salts because these components
dominate respiratory fluid. Considering the general protective
effect of proteins on viral survival, the presence of a protein-
enriched phase has implications for the surface and airborne sur-
vival of pathogens.

To qualitatively explore whether pathogens may be influenced
by the protein-enriched shell of NaCl-protein solutions, we
doped the 1:1 NaCl:protein solution with amine-functionalized
100-nm fluorescent polystyrene latex spheres (PSLs). SARS-
CoV-2 is ~100 nm in diameter (58). Thus, the PSLs used here
will have similar diffusive mobility. As seen in Fig. 4G, the PSLs
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are initially distributed uniformly through the droplet (Fig. 4G,
frame 1) and then partition to and become concentrated near the
droplet interface (Fig. 4G, frame 2). The location of the PSLs in
the evaporated droplet is within the region that is enriched in
protein. As seen in SI Appendix, Fig. S14, the PSLs are indeed
embedded in the viscous protein phase, and few exist entirely at
the air-fluid interface. The presence of proteins may explain why
fluorescent particles did not partition to the air—droplet interface
of smaller droplets composed of model respiratory compounds
(18) and saliva (13). Considering viruses to be organic colloids, it
would be reasonable to expect them to partition to an interface
(the extent of partitioning being dependent on virus surface com-
position and size) (59), in which inactivation can occur (60).
However, as shown here, proteins can become enriched at the
surface, which can inhibit surface partitioning.

Discussion

The Potential Role of Aerosol and Droplet Phase on the
RH-Dependent Survival of Pathogens. Laboratory observations
have suggested that efflorescence of NaCl can have a protective
effect on viral stability and can help explain the U-shaped RH
dependence of virion survival (14). Focusing on NaCl efflores-
cence alone, however, cannot account for the protective effect
of proteins (3) and extracellular material (2) nor for the
U-shaped survival of viruses in aerosol compositions with low
salt content that were not observed to effloresce (e.g., TSB)
(10). Based on our observations of organic- and protein-
enriched, amorphous phase states in model respiratory com-
pounds and growth media, we propose here an additional
factor influencing the survival and, thus, transmission of patho-
gens: hindered diffusion within amorphous (semi)solid states.

As illustrated in Fig. 5, if an aerosol or droplet contains
pathogenic material, each phase state would present a different
microenvironment with distinct physicochemical properties. At
high RH, the liquid-like state of aerosols and droplets will leave
virions exposed, although solute concentrations will be lower,
and disinfection may proceed at a slower rate. As RH is
decreased, solute concentrations increase, which is expected to
increase the rate of inactivation (8, 10, 15). We posit that, with
decreasing RH, this increased rate of inactivation due to
increasing solute concentration will be partially offset by the
formation of phase-separated organic and organic—inorganic
amorphous phases that hinder diffusion of reactants.

Organic and organic—inorganic (semi)solid states, such as
glassy, ultraviscous, and gelatinous phases, can exhibit proper-
ties that are similar to a solid on timescales relevant to patho-
gen survival (hours to days). For example, diffusion rates of
molecules through a gelatinous or glassy matrix can be substan-
tially hindered, with potential diffusional mixing timescales of

Liquid-like

Liquid-exposed virions ...

H20()
Aerosolized respiratory .. : i
fluid or growth medium Thlcke'nlng,
gelation,
aggregation

Small protein aggregates

Organic/ organic-inorganic

(semi-)solid
Decreasing water activity

hours to years for a (semi)solid 1-pm diameter aerosol (27, 61)
(SI Appendix, Effects of Diffusive Limitations). Viscous states
thus tend to slow chemical reactions, in which reaction rates
are directly proportional to the diffusion coefficient of reacting
solutes and inversely proportional to the viscosity of the reac-
tion medium (62, 63). Any biological material, including patho-
gens, encased in a gelatinous or glassy matrix may thus be
protected from oxidative damage or solute effects. Indeed, this
protective effect is the basis for utilizing polymeric gels and
glasses as a means for microencapsulation and preservation
(64, 65). The organic fraction of respiratory aerosol and growth
media thus represent a phase in which bioactive material can
be protected. The effect will become more pronounced as RH
is reduced further, increasing viscosity and further hindering
diffusion (27, 61). Upon efflorescence (if it occurs), aerosols
and droplets transition to a partially crystalline state, which
likely provides further protection from inactivation (14).

To explore whether an amorphous, semisolid state may
indeed be influencing viral survival, we compared our observa-
tions to previously reported datasets of viral survival from Yang
et al. (8) and Lin and Marr (10). These studies were chosen for
comparison because there are a sufficient number of RH values
for a relevant comparison to our data and because the time-
scale of evaporation was short relative to the total observation
time. In Yang et al. (8), droplets evaporated in ~30 min, which
is short, relative to the observation time of 3 h for DMEM and
2 h for mucus. In Lin and Marr (10), LB and TSB aerosols
likely evaporated in seconds or less, which is short, relative to
the 1-h observation time. As seen in Fig. 6, detailed knowledge
of the aerosol phase state, including semisolid phases, can help
explain the RH-dependent viability of viruses in a range of
aerosol and droplet compositions. The RH at which a semisolid
phase is observed in our studies is coincident with recovery of
virus viability in previous studies. As RH is reduced further, the
extent of semisolid behavior and viscous properties gradually
increases, which corresponds to a gradual recovery in virus
viability.

The existence of an amorphous phase state that influences
pathogen survival has been suggested previously (10, 16, 18).
Here, our observations provide empirical evidence to support
that supposition and strongly suggest that there are four equi-
librium RH regions that dictate virus viability: 1) physiological
conditions (high RH, ~99 to 100%), in which solute concentra-
tion is low and harmless to pathogens; 2) concentrated condi-
tions, in which elevated solute concentrations are high, and
particles are in a liquid-like state (and diffusion is not hin-
dered) (~75% RH, depending on composition); 3) semisolid
conditions, in which increasing viscosity (and decreasing diffu-
sion) offsets increasing solute concentrations (~45 to 75% RH,

Semi-solid Solid

Semi-solid/ solid-

H20(g) encased virions

Efflorescence

Residual aqueous fluid Crystaliine saltd

>

Fig. 5. The different microenvironment pathogens can be exposed to in aerosols and droplets composed of growth media and respiratory compounds.
With decreasing RH, amorphous, (semi-)solid phases can form at intermediate to low a,,, potentially shielding pathogens from inactivation by inhibiting

diffusion of reactants.
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Fig. 6. Plots of previously reported virus viability data in a range of com-
positions compared to our observations of inferred equilibrium phase
states from Figs. 2 and 3 (i.e., when a,, ~ RH/100). RHe¢ indicates our
observed efflorescence transition for the medium used. (A) Influenza in
DMEM droplets from Yang et al. (8). (B) Influenza in mucus droplets from
Yang et al. (8). We use our observations of NaCl-protein-CaCl, aerosols as
proxies for mucus. (C) MS2 in LB aerosols from Lin and Marr (10). (D) Phi-6
in TSB aerosols from Lin and Marr (10). No RH¢ is indicated since TSB was
not observed to effloresce in the present study. Since no distinct transition
in phase behavior was observed for TSB, we indicate the RH values at
which the viscosity of TSB was 10> and >10® Pa-s (respectively, the approxi-
mate lower and upper limit of viscosity observable in our system). The RH
of minimum viability of phi-6 in TSB is coincident with an equilibrium vis-
cosity of ~10% Pa:s. This correlation may be because, at ~10° Pas and
greater, diffusive mixing timescales of solutes in micrometer-sized aero-
sols, as used by Lin and Marr (10), can be comparable to or longer than
the timescale of the viability experiments (minutes to hours) (45) (S/
Appendix, Effects of Diffusive Limitations), which may help explain the
recovery of phi-6 in TSB aerosols at <75% RH. At >10® Pa-s, TSB aerosols
behaved as amorphous solids on the timescale of the coalescence mea-
surement (hours). Semisolid behavior is thus expected within this range of
viscosities. In all cases (A-D), the recovery in virus viability is coincident with
RH values at which we observe an amorphous, semisolid state, demonstrat-
ing that salt efflorescence alone is inadequate to explain the RH-dependent
viability of viruses. These RH values and viscosities should not be taken as
definitive thresholds for the recovery in viral viability because of additional
factors that influence viral survival, as well as the existence of time-
dependent spatial gradients in phase and viscosity in which RH and a,, are
not necessarily equivalent. See text for additional discussion.

depending on composition); and 4) dry conditions, in which a
substantial fraction of water is lost, and the formation of a crys-
talline or amorphous solid inhibits inactivation (<45% RH).
This conceptual framework predicts that increased organic frac-
tion of aerosols and droplets will, in general, shift the RH of
minimum viability to higher RH and increase overall viability.
This is consistent with observations. For example, proteins typi-
cally have a protective effect on viral survival (3). Furthermore,
the organic fraction of human saliva can explain why Fedor-
enko et al. (13) observed enhanced survival and a higher RH of
minimum viability for bacteriophages in saliva droplets relative
to SM buffer (which is dominated by NaCl and other salts).
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Similarly, relative to a salt solution, Zuo et al. (66) observed
enhanced survival of MS2 in aerosols doped with mucin and
composed of TSB (75% organic by dry weight), further suggest-
ing that amorphous, semisolid-phase states are influencing viral
survival.

Although this description of semisolid-phase states can quali-
tatively account for trends in viral survival, we emphasize that a
comprehensive description of aerosol and droplet composition
must consider additional factors. Notably, RH is only an appro-
priate indicator of particle-phase water content and, thus,
solute concentration and phase state, under equilibrium con-
ditions. In aerosols, quasiequilibrium with RH is reached rela-
tively quickly [i.e., a majority of the water will evaporate in
seconds or less (33) and a semisolid-phase state can form in <1
min, as demonstrated in ST Appendix, Fig. S5]. These timescales
decrease with decreasing aerosol diameter and are short, rela-
tive to the timescale of survival for most viruses. However, with
increasing viscosity and particle diameter, spatial gradients
become increasingly significant, and the timescale to reach
equilibrium increases. For example, evaporation timescales can
be significant in droplets (minutes to hours). Thus, in addition
to the RH regions stated here, this evaporation period is an
important consideration for understanding viral survival in
droplets (34). We note that even under quasiequilibrium condi-
tions, spatial heterogeneities due to phase separation or viscos-
ity gradients suggest that virions in the same particle can be
exposed to drastically different microenvironments, depending
on location. Furthermore, because of the stochastic nature of
some phase transitions, as suggested with observations of LB
(SI Appendix, Figs. S34 and S5B), there may be particle-to-par-
ticle variability in pathogen viability. Because of this variability,
it is likely that viral viability reflects a statistical average of the
outcomes in these different microenvironments. Indeed, spatial
heterogeneities and particle-to-particle variability may explain
why there is not a complete recovery in viral viability at inter-
mediate RH in the studies shown in Fig. 6.

We note that virus inactivation will be influenced by many
complex factors beyond the media phase state. These factors
can include surface structure, specific solute effects, location in
the particle (e.g., surface or bulk), and sunlight exposure,
among other factors (1, 3, 9, 60). Many of these factors are
likely interdependent, with a complex interplay between patho-
gen surface structure, solvent (water), and solutes. Considering
virions to be large solutes or colloids, certain virions may incor-
porate into gel structures or serve as protein aggregation sites,
while others may preferentially remain in the aqueous phase.
Indeed, different viruses can exhibit different, RH-dependent
behavior, even in the same media. However, solute effects are
all slowed in a viscous or (semi)solid state because of diffusive
limitations (27, 61).

Viruses with rapid disinfection kinetics or highly unstable
surface structure may be less protected by a semisolid state.
For example, Harper et al. (67) observed a U-shaped viability
curve for poliomyelitis in aerosols after 5 min of aging, but the
recovery in viability at low RH was small compared to the via-
bility at high RH. For this virus, this may reflect rapid inactiva-
tion during the evaporation phase. In particular, extremely
rapid inactivation during evaporation may evade the protective
effect of an amorphous state if inactivation occurs on faster
timescales than the formation of the semisolid phase (seconds
to minutes). Thus, because of variations in viral structure and
mechanisms of inactivation, which are not entirely known, the
RH at which viral viability is preserved may vary to some
extent, particularly in media that do not exhibit a distinct phase
separation (e.g., TSB). However, gel transitions and phase sep-
arations often occur within a relatively narrow equilibrium RH
(a,,) range (i.e., a critical solute concentration) and can lead to
abrupt discontinuities in physical properties (22, 29, 44, 68).
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Such phase transitions, as observed with, for example, DMEM
and LB, may have an effect on viral viability at the transition
point, depending on the location of the pathogen in the parti-
cle, the mechanism of inactivation, and rate of disinfection rela-
tive to the formation of the amorphous phase. This highlights
the importance of further understanding the spatial and tempo-
ral evolution of aerosols and droplets during evaporation, the
location of virions in suspension media, and the time depen-
dence of pathogen viability (69). Overall, even in the absence
of a phase transition, our observations suggest that increasing
the protein content of the medium is likely to increase viability,
consistent with observations (8).

Although the mechanism of viral inactivation is not known,
hindered diffusion is expected to impact any solute-induced
mechanism of disinfection. For example, long mixing timescales
in an amorphous (semi)solid are likely to provide protection
against gas-phase disinfectants, such as ozone, which must par-
tition to the surface of the particle and then diffuse into the
bulk (27). While diffusive mixing timescales are dependent on
compartment size, the rates of chemical reactions are slowed in
a viscous state independent of length scales (62, 63). We thus
expect a semisolid state to also provide protection against sol-
utes in solution, such as salts. Thus, the protective effects of
amorphous organic phase states are likely general, with implica-
tions for understanding disease transmission.

Implications for the Transmission of Pathogens under Ambient
Conditions. There are several implications for the presence of
an organic-based, protective phase of respiratory aerosols and
droplets. For example, this suggests that pathogen survival may
not only depend on temperature and RH but also where the
associated respiratory particle originated in the respiratory
tract. Respiratory fluid composition varies along the tract (70),
and sites with higher organic content may produce respiratory
particles containing pathogens that are better equipped to sur-
vive in the environment because of their surrounding matrix.
Some researchers hypothesize that respiratory particles con-
taining viable influenza A virus can originate from deep in the
lungs (5, 71), where total organic concentrations are thought to
be higher than in saliva and other areas of the respiratory tract
(70). Furthermore, it was recently reported that cough-
generated aerosols from healthy subjects are primarily organic
(~90% organic by volume of nonvolatile components) (72).
With such a high organic fraction, it is highly likely that cough
aerosols exist in a semisolid state that can protect pathogens
from inactivation, even at intermediate RH (50 to 70% RH).
By contrast, large respiratory droplets are thought to originate
primarily from the oral region where saliva is present (73). An
additional consideration is that illness can increase the produc-
tion of mucus in infected hosts. Thus, pathogen viability likely
depends on the extent of illness.

Concluding Remarks. The transmission of pathogens from host
to host is a complex process involving many factors. Respiratory
aerosol and droplet phase state is one potential factor that can
influence the viability of airborne and surface-deposited, infec-
tious material. In this study, we illuminated important aspects
of aerosol and droplet evaporation and associated phase
changes, demonstrating that there exist amorphous phase states
that are likely influencing the survival, and thus transmission, of
pathogens carried by respiratory emissions.

Our observations also indicate that for laboratory studies of
pathogen survival in aerosols and droplets, particle size, media
composition, and supporting substrate (if any) should be carefully
considered when making extrapolations to ambient conditions.
This is because all of these factors can influence phase changes
and the existence of spatial heterogeneities in phase and viscosity
(see SI Appendix, Factors Influencing Phase Changes for additional
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discussion). If a growth medium is used as the aerosol/droplet
suspension, it would be prudent to select a medium that exhibits
comparable phase behavior to that of various respiratory fluids to
ensure laboratory observations are translatable to human respira-
tory emissions originating in different locations in the respiratory
tract. Growth media, such as DMEM, which do not contain a sig-
nificant fraction of protein, may be more comparable to respira-
tory fluid with the addition of albumin or mucin.

The presence of amorphous phase states may contribute to
the RH and temperature-dependent survival of extracellular
pathogens. Low RH and temperature favor the formation of
amorphous solids, consistent with the observations that virions
survive best at low RH and low temperature (although many
factors contribute to temperature-dependent survival; see SI
Appendix, Discussion of Temperature Effects for further discus-
sion). The slow diffusion of disinfectants in amorphous solids
will effectively microencapsulate pathogens in respiratory par-
ticles. Respiratory particles with higher-protein content may
thus protect virions from disinfection at a higher RH than
would respiratory particles with a higher-inorganic content.
These observations will help interpret laboratory studies as well
as inform mitigation strategies for controlling the spread of
pathogens.

Materials and Methods

Aerosol Levitation. Aerosol particles, 20 to 30 um in diameter, were levitated
in a DBQ-EDB, as described extensively elsewhere (35). The DBQ-EDB was used
for both single-particle and dual-particle characterization, as described in
greater detail in S/ Appendix, SI Methods. In brief, aerosol particles are gener-
ated from aqueous solutions using an on-demand droplet dispenser (MicroFab
MJ-APB-050), injected into the DBQ-EDB through an induction electrode
(<+500 Vq4 typical), and electrostatically confined axially within a vertically
oriented quadrupole (+600 V,, 300 Hz typical). Counterbalance electrodes
(<4500 Vg4 typical) countered the force of gravity and the nitrogen gas flow
to achieve levitation. The RH inside the levitation chamber was controlled by
varying the ratio of dry and humidified nitrogen gas (total flow 500 sccm typi-
cal). A 671-nm laser was used for far-field imaging to avoid absorption by the
growth media (as seen in S/ Appendix, Fig. S15), and a blue light-emitting
diode (LED) was used for bright-field imaging.

Dual-Balance Technique. The experimental process for inferring aerosol viscos-
ity and identifying aerosol gel transitions is described in extensive detail in
previous publications (35). In the present study, particles were equilibrated at
a constant RH for 10 min and then merged. The coalescence process was
tracked with bright-field or far-field laser scatter imaging. For TSB, the coales-
cence timescale t (extracted time constant from an exponential fit of aspect
ratio as a function of time) was related to viscosity through the relationship ©
to ~(y-r)ls, where n is the viscosity of the aerosols, ¢ is the surface tension
[which was estimated to be ~55 mN - m~" (35, 74)], and r is the radius of the
merged dimer.

Single-Particle Characterization to Identify Efflorescence. The voltage neces-
sary to levitate a droplet is directly proportional to particle mass. To identify
efflorescence phase transitions (which result in abrupt change in mass because
of rapid water loss), we characterized changes in single-particle mass relative
to 80% RH, and the relative mass of a particle is calculated as V4.(RH)/V4.(80%
RH), where V4(RH) and V4.(80% RH) are the counterbalance voltages neces-
sary to levitate the droplet under zero airflow at, respectively, the set RH and
80% RH (see SI Appendix, S| Methods for expanded details). Any efflorescence
transition could be clearly identified by the abrupt change in mass (as seen in
Figs. 2 and 3 and S/ Appendix, Fig. S1) as well as distinct changes in the far-
field laser scatter, as demonstrated in S/ Appendix, Fig. S2.

Statistical Analysis. Each experiment was performed for a minimum of four
trials, and respective values reported +1 SD. Average RH values include prop-
agated uncertainty from individual RH measurements. RHe¢ values from
single-particle measurements are reported as the RH (+1 SD), in which efflo-
rescence was observed. At this reported RHe, the efflorescence probability,
Pett = Netf/Niot, is 1.0, where Negs and Nyor are the number of particles
observed to effloresce and the total number of particles, respectively. Uncer-
tainty in Pt is estimated as +1/v/Nyr (21). See SI Appendix, Factors
Influencing Phase Changes for additional discussion.

Huynh et al.
Evidence for a semisolid phase state of aerosols and droplets relevant to the
airborne and surface survival of pathogens


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109750119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109750119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109750119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109750119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109750119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109750119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109750119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109750119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109750119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109750119/-/DCSupplemental

Downloaded from https://www.pnas.org by Trinity Univ Library on August 11, 2022 from |P address 131.194.80.65.

Microscopy. Evaporating droplets were imaged using a fluorescence micro-
scope (Olympus BX40) equipped with a mercury burner as the excitation light
source (U-LH100HG) on both hydrophobic (glass slides coated with a hydro-
phobic film [Rain-X]) and hydrophilic (uncoated glass slides) surfaces. Droplets
were deposited on slides by pipetting 3 pL solution directly on the surface. UV
excitation was used to identify the location of proteins and peptides contain-
ing aromatic amino acids (see S/ Appendix, SI Methods for expanded details).
Droplets were exposed to ambient laboratory air (~40% RH). For DMEM drop-
lets, it was necessary to blow dry nitrogen across the drop to initiate
crystallization.

Chemicals and Solution Preparation. All materials were purchased as dry
powders through Sigma-Aldrich. DMEM, LB, and TSB solutions were made
at 4 wt.% from dry powders in 18 MQ water that was filtered prior to use
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