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Abstract

The impact of respiratory particle composition on the equilibrium morphology and phase are not well
understood. Furthermore, the effects of these different phases and morphologies on the viability of
viruses embedded within these particles are equally unknown. Physiologically relevant respiratory
fluid analogues were constructed, and their hygroscopic behavior were measured using an ensemble
technique. A relationship between hygroscopicity and protein concentration was determined,
providing additional validation to the high protein content of respiratory aerosol measured in prior
works (>90%). It was found that the salt component of the respiratory particles could crystallize as a
single crystal, multiple crystals, or would not crystallize at all. It was found that dried protein particles
at indoor-relevant climatic conditions could exist separately in a glassy (~77% of particles) or
viscoelastic state (~23% of particles). The phase state and morphology of respiratory particles may
influence the viability of embedded pathogens. We recommend that pathogen research aiming to
mimic the native composition of respiratory fluid should use a protein concentration of at least 90%

by solute volume to improve the representativity of the pathogen’s microenvironment.

Keywords

respiratory aerosol, droplet physicochemistry, virus viability, glassy aerosol, hygroscopic growth, atomic force
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Synopsis

We establish links between chemical and physical properties of simulated respiratory fluid. This work
helps to explain the results of prior airborne virology studies and encourages scientists to use protein-
enriched growth media for future work to accurately mimic human respiratory fluid.
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1. Introduction

The emergence of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has
brought increased attention to the airborne transmission of viruses. There is evidence that the
transmission of SARS-CoV-2, among other prominent respiratory viruses such as influenza and
rhinovirus, can be through the airborne mode 3. Recent research has solidified the importance of the
airborne route and have highlighted the gaps in knowledge regarding this process *°. Most
importantly, the link between droplet physicochemistry and virus viability and transport are not well
understood and yet are crucial for managing and preventing transmission. In measurements of
airborne virus viability, climatic conditions, particularly absolute or relative humidity (RH) and
temperature, have shown to be important factors in contribution to virus viability 2. This is likely
due to physical and chemical interactions between the ambient air and the particle in which the

viruses are embedded 3.

Viruses emitted into the air through expiration (talking, breathing, coughing, sneezing, etc.) will be
embedded in droplets composed of the fluid which lines the respiratory tract 146, The solutes in this
respiratory fluid will interact with the atmosphere and provide the microenvironment for the viruses.
The exact composition and size of the respiratory aerosols can vary by production region and also
between individuals #5718, The primary composition of respiratory fluid is proteins, inorganic salts
and surfactants 1*21, Simulating respiratory fluid for use in virus experiments is not trivial, as
respiratory fluid is a viscoelastic fluid (e.g., mucus) and is not easily nebulized. The protein content of
human respiratory aerosol is estimated to be upwards of 90% by solute total volume 17?223, The
primary inorganic is NaCl, which is a hygroscopic salt, and therefore human respiratory aerosol
exhibits hygroscopic growth 7. In the context of airborne virus transmission, this means that as the
droplets are released into the atmosphere, they will release water to reach equilibrium with ambient
RH. Additionally, the respiratory particles may exhibit RH-dependent discontinuous phase transitions
depending on composition 7. Upon dehydration, aqueous NaCl particles will promptly release the
remaining liquid water and crystallize (effloresce) below the efflorescence RH (ERH, ~45% RH).
Conversely, upon subsequent hydration, crystalline NaCl particles will uptake water vapor until
prompt redissolution (deliquescence) at the deliquescence RH (DRH, ~75% RH). Deliquescence and
efflorescence have also been observed in human respiratory aerosol, indicating that the phase state of

the particles may have further influence on the viability of airborne viruses *'.

Studying the dynamics and viability of airborne viruses has been of importance in determining the
transmission route of viral respiratory infections. Studies have been conducted on both infectious
human respiratory viruses (influenza 6°24, SARS-CoV 2, rhinovirus &) and also on bacteriophages as
viral surrogates (bacteriophage phi6 227, MS2 2":28), The results of these studies suggest complex

mechanisms determine the viability of the virus, with a “V-shape’ RH dependence being a common
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occurrence for viruses nebulized in culture media. Increased fractions of viable viruses are observed at
high and low RH and viability is typically minimised at intermediate RH, while the effects of protein-

enriched media are inconclusive.

Effects of particle composition, morphology and phase state on virus viability are not well
understood, although it is clear that they are important. Phase transitions of hygroscopic salts may
explain parts of the V-shaped viability curve 8, and phase separated liquids may contribute to
inactivation at intermediate RH . Semisolid phases, such as glassy or high viscosity semisolids, may
also influence virus viability at indoor-relevant RH 2°-32, Glassy aerosol are extremely viscous
semisolid particles and have bulk properties like solids (hardness, rigidity) and inhibit molecular
diffusion. The occurrence of these phenomena, of course, depend primarily on the interactions
between the particle solutes and the ambient atmosphere. If the primary mechanism of virus
inactivation in respiratory particles is through exposure to highly ionic solutions, such as concentrated
aqueous salts, then it becomes clear that higher protein concentration particles would favor virus
viability. Therefore, in laboratory studies of virus viability, it becomes most prudent to ensure that the
composition of the nebulization fluid is representative of typical respiratory aerosol. Studies have
aimed to use simulated respiratory fluid (SRF) to investigate aerosol dynamics and virus viability
8918273334 In all cases, the primary components of the SRF were NaCl and protein (combinations of
mucins and albumins). It has been demonstrated that the composition of human respiratory aerosol
can be primarily proteins (>90% by volume) and may be useful in future works to incorporate larger

protein concentrations "2,

In this work, we investigate the effects of protein concentration on the morphology and phase state of
simulated respiratory particles. To clarify terminology for further reading, “aerosol” refers to particles
suspended in a gas and “droplet” refers to liquid aerosol particles. We use different particle protein
volume fractions and used an ensemble technique to measure the average hygroscopic behavior of the
particles at different RH values %37, We collected particles for transmission electron microscopy
(TEM) and atomic force microscopy (AFM) analysis to determine morphology and viscoelastic
properties of the particles. Previous methods * were adapted to produce a phase diagram of SRF
aerosol as a function of RH, which predicts glassy solid phase of respiratory aerosol. The recent work
of Huynh et al. is supported in this work, identifying semisolid phases of SRF 2°. Particularly,
evidence of distinct viscoelastic semisolid phases of porcine gastric mucin were observed, varying
between glassy and moderately viscous. The influence of particle phase and morphology on virus

viability are not well understood, but the work here provides some foundation for future studies.
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2. Materials and methods

2.1. Sample preparation

The bulk simulated respiratory fluid (SRF) mixtures used in this study were composed of water,
porcine gastric mucin (PGM) (type 111, Sigma-Aldrich) and NaCl (>99%, Sigma-Aldrich). PGM was
used as an analogue for human respiratory mucin, as mucin 5AC are primary mucins present in both
human airways and in the gastrointestinal tract of pigs *>°. Each mixture was prepared with a
predetermined target organic mass fraction of dry solutes (wg). The mass of the dry solutes were
measured in separate vials and then added to 40 mL of 18.2 MQ-cm water (Milli-Q). The final mass
of the vials were then measured to calculate the organic volume fraction of dry solutes (¢o) in each
mixture (Table 1). The particles were generated using a Collison nebulizer with filtered and dried
compressed air as the carrier gas.

Figure 1 panel Wo do

(@) 0.238+0.004 | 0.385+0.01
(b) 0.538+0.005 | 0.700+0.01
(©) 0.666+0.007 | 0.800+0.02
(d) 0.741+0.007 | 0.851+0.02
(e) 0.811+0.01 | 0.896+0.02
U] 0.905+0.02 | 0.95040.05
Q) 0.912+0.02 | 0.954+0.05
(h) 0.934+0.03 | 0.966%0.06
(i) 1 1

(i) 1 1

Table 1. The measured organic mass fraction of dry solutes (w,) and organic volume fraction of dry solutes (¢,) in each

simulated respiratory fluid solution.

Additionally, a solution of sucrose (>99.5%, Sigma-Aldrich) was used for force-response atomic force
microscopy (AFM) analysis as representative of semisolid particles.

2.2. Hygroscopic growth measurements

The aerosol were passed through a silica diffusion dryer with an internal mesh (inner diameter = 2.5
cm) at 0.3 Lmin! for a total length of 80 cm (residence time ~80 s). The relative humidity (RH) after
drying the particles was measured using a RH sensor (HC2-C04, Rotronic AG, Switzerland) to be <
3%. After being charge neutralized using a ®Kr neutralizer, a monodisperse aerosol fraction at 100

nm was sampled from the original polydisperse sample with the first differential mobility analyser
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(DMA) (DMAL). The particles were then passed into a humidification tandem differential mobility
analyser (H-TDMA), which is described in detail elsewhere 1735341 and the diametric hygroscopic
growth factors (GF) were measured for both hydration and dehydration humidity cycles. For
hydration measurements (deliguescence), the monodisperse aerosol fraction was passed directly from
the DMAZ1 outlet into the RH conditioning flow in the second DMA (DMAZ2). For dehydration
measurements (efflorescence), the monodisperse aerosol fraction was pre-humidified (RH > 90%)
using a gas exchange cell (FC100-6, Perma Pure LLC, Lakewood, NJ) before entering the RH
conditioning flow in DMA2. The sheath flow rate in DMA1 was 4.5 Lminand the sheath flow rate
in DMA2 was 3.5 Lmint using mass flow controllers (MCP, Alicat Scientific, Inc., Tucson, AZ), and
particle counts were measured after DMAZ2 using a TSI 3776 CPC (TSI, Shoreview, MN). The data
were then inverted using the TDMAinv algorithm to calculate the diametric hygroscopic growth

factor as the ratio of the diameter of the particles at some RH to the diameter of the particles at RH <

10% (GF = gﬂ) 42, This process was repeated for each solution wy, listed in Table 1.
dry

2.3. Atomic force microscopy

Aerosol samples were collected for AFM analysis on Si wafers (Ted Pella, Inc.), which were first
cleaned with ethanol and dried using nitrogen gas. Particles were collected onto the Si wafers via
electrostatic precipitation using a TSI Nanometer Aerosol Sampler 3089 (TSI, Shoreview, MN)
operating at -9 kV with a flow rate of 1 Lmin, and analysed immediately. Prior to deposition, the
particles were dried to RH < 5% using the same silica desiccator described previously (residence time
~27 s) at ~24 °C. Topographical images and force spectroscopy measurements were collected using a
Bruker Dimension Icon PT AFM (Bruker Co., Billerica, MA). The AFM was housed in a vibration
isolation chamber, in which the RH and temperature were measured to be 35+2% and 26+1 °C,
respectively, over the duration of the measurements. Silicon nitride probes with nominal spring
constant of 0.4 Nm* were used (Bruker Co., ScanAsyst Air). The spring constant was calibrated
before each measurement using the thermal noise method. Topographic images were collected in
PeakForce Tapping mode, and force-response measurements were collected using the force ramp
function in PeakForce QNM mode with a force threshold of 5 nN and 10 nN. As the tip was indented
into the particles, the tip-particle separation distance and force recorded and used to infer viscoelastic
properties of the particles (N = 111 particles) >4, The phase of the particles could then be determined
as compared to phases of reference materials (NaCl, sucrose). All solutions were prepared at a solute

concentration of 5 g/L.
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2.4. Transmission electron microscopy and energy-dispersive X-ray spectroscopy
Aerosol samples were collected for transmission electron microscopy (TEM) analysis on continuous
carbon-coated copper grids (200 mesh, Ted Pella, Inc.). Particles were collected onto the grids via
electrostatic precipitation using a TSI Nanometer Aerosol Sampler 3089 (TSI, Shoreview, MN)
operating at -9 kV with a flow rate of 1 Lmin, and analysed immediately. Prior to deposition, the
particles were dried to RH < 5% using the same silica desiccator described previously (residence time
~27 s) at ~24 °C. Electron micrographs were collected using a JEOL 1400 TEM or JEOL 2100 TEM
with an accelerating voltage of 100 kV or 200 kV, respectively. Elemental analysis of particles was
performed using energy-dispersive X-ray spectroscopy (EDS) using an Oxford Instruments X-Max
EDS detector (Oxford Instruments, Oxford, UK), which detects characteristic X-rays emitted from
electron excitation during TEM measurement. All solutions were prepared at a solute concentration of
5g/L.

3. Results and discussion

3.1 Hygroscopicity

The diametric hygroscopic growth factor (GF) of each mixture described in Table 1 are shown in
Figure 1 as a function of relative humidity (RH). A measured sample of pure porcine gastric mucin
(PGM) hygroscopic growth shows continuous water transfer with no evidence of discontinuous phase
transitions. Additionally, a polynomial was also fit to the pure PGM data (Figure 1i) and is further
discussed in the supplementary material (section S2) to predict diametric hygroscopic growth factor as

a function of RH.
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Figure 1. Hygroscopic growth factor (GF) of simulated respiratory fluid particles as a function of relative humidity (RH) for
(a) 38%, (b) 70%, (c) 80%, (d) 85%, (e) 90%, (f) 95%, (g) 95.4%, (h) 97%, and (i) 100% porcine gastric mucin by dry solute

volume. Discontinuities in the growth indicate liquid & solid phase transitions. Shaded bands represent the standard error.

As the mass of PGM in each sample increases, the GF at 90% RH (GFqy) for each sample decreases,
and that the midpoint-RH of efflorescence (ERHso) decreases. A third-order polynomial (equation
(S9)) was fit to the experimental GFy data (coefficients in Table S3) as a function of organic volume

fraction of dry solute (¢g).

The efflorescence of particles of varying protein concentrations were determined using the
dehydration hygroscopic growth measurements. The process to determine ERHso is explained in

greater detail in the supplementary material (section S3), but in short, four piecewise linear equations
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were fit to each dehydration dataset between 30%<RH<60%. In all solution systems, this was
sufficient to clearly identify the onset and offset of efflorescence, if it existed. The ERHso was then
calculated as the midpoint between the onset and offset of efflorescence and is visualised as a function
of organic volume fraction of dry solutes (¢o) in Figure 2.
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Figure 2. Midpoint-efflorescence relative humidity (ERHso) of simulated respiratory fluid aerosols as a function of organic
volume fraction of dry solutes (¢,). The transition between efflorescing and non-efflorescing particles was observed
between 0.955<¢,<0.97.

In this case, the ERH gradually decreases with increasing ¢ until it can no longer be distinctly
observed between 0.955<¢4<0.97. A similar set of measurements using a solution composed of
bovine serum albumin (BSA) and NaCl was performed by Mikhailov et al. and identified a similar
trend, with efflorescence being suppressed at high ¢ *°.

The GFg values were calculated from experimental data by fitting a linear model to the GF values
between 89.5% and 90.5% RH then and using the function input of 90% RH to calculate the output
GFg. Additionally, a physical model (separate solute volume-additivity, SS-VA*) and a simplified
mixing rule (Zdanovskii-Stokes-Robinson, ZSR*®) were computed at 90% RH for comparison (Figure
3a).
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Figure 3. Organic volume fraction of dry solutes (¢) as a function of particle growth factor at 90% RH (GFg0) for (a)
simulated respiratory fluid solutions of known composition and (b) fitted to prior measured values of human respiratory
aerosol as reported in Groth et al. . A physical model (separate solute volume-additivity, SS-VA) and a simple mixing rule

(Zdanovskii-Stokes-Robinson, ZSR) are shown as comparison to measured values.

The method to predict ¢ from GFg can be extended to previous measurements of human respiratory
aerosol hygroscopicity . The GFg of human participants and bovine bronchoalveolar lavage fluid
(B-BALF) discussed in Groth et al. were then used to estimate ¢ using equation (S9) (Figure 3b,
Table S4). Using the GFy to predict ¢ estimates that the organic volume fraction of the measured
human respiratory aerosol is no less than 91%. As discussed in the supplementary material (section
S1), the physical models appear to underpredict the hygroscopicity of PGM, and thus, underpredict
the organic volume fraction of the ternary particles. In our prior study, one participant and the B-
BALF exhibited the most distinct deliquescence and efflorescence. In comparison to those results,
here we measured the hygroscopic behavior of a solution which was composed of 90% PGM by
volume, which also exhibited the state hysteresis behavior. Additionally, the next highest predicted
organic volume fraction measured in the human samples was 96.01% and does not exhibit
efflorescence, consistent with the results of this study (Table S4). This indicates that the threshold for
distinct efflorescence may be approximately 96% dry solute organic volume fraction.

3.2 Predicted phase state of simulated respiratory aerosol

The glass transition temperature (Tg) of bulk PGM was measured using sorption calorimetry and
differential scanning calorimetry (DSC) by Znamenskaya et al., and was reported as a function of
weight % of PGM compared to water from 0% to 100% (comparable to weight % observed in PGM
aerosol), and is discussed in greater detail in the supplementary material (section S4) . The work of
Davies and Viney also investigated the glass transition temperature of PGM, however, the

concentration range of PGM investigated in their study (~5-50 %w/w) does not represent the
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concentration range investigated in our study #’. Using the hygroscopic growth of PGM measured
here (Figure 1), the weight % of PGM in the aerosol can be calculated, and the T, of PGM aerosol can
be reported in terms of RH (Figure 4a). For particles containing PGM and NaCl, prior to
efflorescence, the weight % of PGM is calculated relative to the total solution mass. After
efflorescence, it is calculated relative only to the water and the PGM. This is a more useful
interpretation to predict the phase state of airborne particles in ambient conditions. Figure 4 shows
predicted Ty of PGM particles as a function of RH, and includes the assumed particle phase state in
each case. For pure PGM aerosol, Figure 4a shows a region of viscoelastic/gelated particles at T>T,
(deformable, soft) and vitreous particles at T<Tg (rigid, hard). Figure 4b shows the case where the
particles also contain NaCl but do not effloresce (¢o = 0.97) and shows comparative behavior to
Figure 4a. For the case where NaCl is present in the system and at high enough concentrations to
exhibit efflorescence (¢ < 0.96), the proteins within the particles are expected to exhibit the same
behavior as in Figure 4a and b, and the NaCl will be crystalline at RH < ERH and aqueous otherwise
(Figure 4c,d). Different configurations of these phases are possible depending on the ambient
conditions and will likely lead to different particle morphologies. These four-phase systems are shown
most clearly in Figure 4c. It is important to note, that these diagrams do not denote hard phase
transition boundaries and require a sufficient temperature and RH differential. Given that these phases
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were not measured explicitly in ternary SRF particles, there may be more complex physicochemical
behavior affecting potential glass transition which cannot be predicted from calorimetry.
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Figure 4. Predicted glass transition temperature (Tg) of 100 nm simulated respiratory fluid particles as a function of RH for
(a) 100%, (b) 97%, (c) 95% and (d) 90% porcine gastric mucin (PGM) by dry solute volume. The shaded regions represent

distinct particle phases and morphologies, and the dashed line is a visual reference for 25 °C.

In the case of the samples measured in this study, it is expected that the dynamic phase behavior of
the particles would be consistent with the results reported by Huynh et al. 2°. Immediately at
generation, the particles will be liquid droplets and through dehydration, the particles would transition
from a liquid to an amorphous solid through aggregation and gelation of proteins (Figure 4, red

region) %. As these particles further release water (decreasing RH), the viscosity of the viscoelastic
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protein will increase and eventually vitrify with sufficiently high drying rates (Figure 4, dark-blue
region). This process was incorporated by Dette et al. as the ‘MARBLES’ technique to observe glass
transition in organic aerosols . For lower organic fractions, and thus higher inorganic fractions, it
becomes less probable that the particles will vitrify in room conditions due to the decreasing glass
transition temperature (Figure 4d).

3.3 Measured morphology and phase state of dry particles

To confirm the morphology and phases predicted earlier (Figure 4), simulated respiratory fluid (SRF)
particles were investigated using transmission electron microscopy (TEM) and atomic force
microscopy (AFM). The observed morphologies could be primarily classified by the behavior of the
NaCl as monocrystalline (Error! Reference source not found.b,c,d), polycrystalline (Figure 5c¢,d),
microcrystalline (Figure 7), or non-crystalline (Figure 8). The differing observed morphologies
suggest that the distribution of PGM within the aerosols was not homogeneous. It is assumed that the
distribution of aqueous NaCl is uniform due to high water solubility and thus complete dissociation
within the solution. Therefore, the organic volume fraction of the droplets will be a distribution of
what was measured in the bulk, indicating that the composition of each individual droplet will affect

the morphology of the dried particles 34°,



277

278
279
280

281
282
283
284
285
286
287
288
289
290

polycrystal

Figure 5. Representative atomic force micrographs of simulated respiratory fluid particles with (a) 100%, (b) 97%, (c) 95%,
and (d) 90% mucin by dry solute volume, deposited on a Si wafer. Images are annotated to demonstrate different particle
morphologies.

Physiologically relevant SRF particles were collected onto Si wafers for AFM with 90%, 95%, 97%,
and 100% PGM by dry solute volume. The pure PGM aerosol AFM micrograph (Figure 5a) shows
that the deposited protein aerosol could be either a single protein or an aggregate (annotated on
image). In AFM micrographs of NaCl/PGM aerosol, the same frequency of protein aggregates is not
observed. Particles with crystalline NaCl were observed in all cases, with varying frequency. For 97%
PGM particles, ~31% of particles (out of N = 107 particles total) had a single crystal morphology. For
90% PGM particles, using TEM micrographs, ~59% of crystalline particles (out of N = 193 particles
total) had a single crystal morphology (median area equivalent diameter = 48 nm). Polycrystalline
NaCl was observed in ~41% of crystalline particles in 90% PGM particles (median area equivalent

diameter = 145 nm). Higher drying rates may influence the nucleation of polycrystal structures, where
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upon drying, the viscosity of the organic phase increases and will kinetically limit the diffusion of
water out of the particles %4, At generation, where RH =100%, the particles are likely homogeneous
liquid droplets. Upon dehydration, liquid-liquid phase separation (LLPS) between organic and
inorganic phases % or aggregation of the proteins will occur. The aqueous inorganics form multiple
inclusions, and will then not coalesce into a single inclusion before nucleation due to the inhibitive
viscosity of the organic matrix, resulting in multiple crystal structures %%, Works have shown that
LLPS for organic/organic mixed aerosol *°, and for organic/inorganic mixed aerosol °¢, can occur for
organics with O:C < 0.44 and O:C < 0.7, respectively. The O:C ratio of mucin 5AC is ~0.35
(UniProtKB:P98088), which suggests it may be a candidate for LLPS. In the case of PGM, which is
relatively insoluble in water compared to NaCl, it is expected that any LLPS will occur at high RH
prior to the loss of sufficient water for the PGM to remain in solution. It is also important to note that
the location of the single NaCl crystals within these particles is consistently on the side of the particle,
whereas polycrystalline NaCl crystals are distributed throughout the particles. We could not determine
conclusively if these crystals were embedded within the protein or located at the particle-atmosphere

interface.
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Figure 6. Transmission electron micrographs of simulated respiratory fluid particles with (a) 95% and (b) 90% mucin by dry
solute volume, along with (c) the size distribution of particle morphologies for 90% mucin by dry solute volume for N = 193
particles.
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Figure 7. Transmission electron micrograph of simulated respiratory fluid (SRF) particles (97% mucin by dry solute volume)
deposited on a carbon coated TEM grid. The images are (a) micrograph displaying deposited particles annotated to show
monocrystal and microcrystal morphologies, (b) representative image of microcrystals within a particle, and (c) select area
electron diffraction (SAED) pattern showing lattice planes of NaCl in the seemingly amorphous particle.

In 97% PGM particles, both amorphous and particles with NaCl microcrystals were observed.
Microcrystalline NaCl was observed in some particles (Figure 7a,b), with select area electron
diffraction (SAED) analysis showing d-spacing corresponding to the (200) and (400) lattice planes of
NaCl (Figure 7c). Amorphous particles were observed using energy-dispersive X-ray spectroscopy
(EDS). An EDS linescan measurement was taken (Figure 8) on SRF particles which shows that
chlorine counts increased with particle height. Nitrogen counts are also shown as a reference for
PGM, as the other major elements in PGM (C, O) are also present in the polymer coating of the TEM
grid or are too light to be detected via EDS (H). The size of the high contrast NaCl spots in Figure 7b
are ~3 nm and are distributed relatively sparsely throughout the particle. Because CI counts increase
with particle height, it indicates that the Cl is distributed homogeneously throughout the particles,
rather than NaCl microcrystals. For 97% PGM particles, ~69% of particles had no clear crystal
structure (out of N = 107 particles total). These morphologies are either amorphous protein with
Na/Cl distributed homogeneously throughout the particle or are amorphous protein with NaCl
microcrystals distributed throughout the particle (the exact frequency could not be determined). In the
cases of higher NaCl concentration SRF systems, some particles were also observed which did not
contain distinct crystals. The reason for this is not understood but may be due to variation in

composition across different particles. Significant organic enrichment may limit efflorescence within
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particles due to increasing viscosity during drying, which prevents sufficient quantities of NaCl from
coalescing and crystallizing. The crystallization was not observed in H-TDMA measurements,
indicating that perhaps for the 97% PGM SRF additionally equilibration time was required for
efflorescence, or that the morphology of particles deposited on a surface can differ from those
suspended in the air.

(b)
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Figure 8. Energy-dispersive X-ray spectroscopy (EDS) linescan of amorphous simulated respiratory fluid (SRF) particles, with
97% protein by dry solute volume. (a) shows the reference scanning transmission electron micrograph (STEM) and (b) shows
the X-ray count profile for nitrogen and chlorine.
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Figure 9. Example representative force response curves for pure porcine gastric mucin (PGM) particles of height (a) 107

nm and (b) 132 nm. The particles were deposited on a Si wafer and a maximum applied force of 5 or 10 nN at 35% RH. The

determination of indentation depth (1) and viscoelastic response distance (VRD) are shown graphically (b, ). Figures (a)

and (b) show representative force response of solid and semisolid PGM particles, respectively. Shown also are force

response curves for (d) NaCl (solid) and © sucrose (semisolid) particle for reference. Figure (c) shows the aspect ratio (AR)

distribution for N = 111 PGM particles. Figure (f) shows the VRD of the PGM particles as a function of AR.

The viscoelastic response distance (VRD) and relative indentation depth (RID) of pure PGM particles

~100 nm and larger (N=111) were measured through AFM force spectroscopy. In each force response

measurement, the tip is indented into the particle until the force threshold (5 nN or 10 nN) is reached.

The RID is calculated as the ratio of the indentation depth and the height of the particle. For solid

particles, the RID is expected to be low because the tip cannot indent a large distance into the

particles, and for liquid particles the RID should be approximately 1. The VRD is measured through

hysteresis in the force response measurements (at force = 0) due to viscoelastic properties of the

material. The results presented by Lee et al. and Ray et al. suggest that particles with VRD < 0.5 nm

are solid and with VRD > 0.5 nm are viscoelastic semisolids *3#4. From the 111 particles measured

using force spectroscopy in this study, ~77% were determined to be solid, and ~23% were determined

to be viscoelastic semisolid. The average aspect ratio (AR) of the particles measured here was

0.63+0.01 (Figure 9c) and was not significantly affected by particle phase (Table S7). Representative

force response curves were collected for representative solid (NaCl, Figure 9d) and semisolid
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(sucrose, Figure 9e) particles. The NaCl and sucrose force response curves shown here (Figure 9d,e)

agree with previously reported results 4344,

4. Implications of vitreous protein aerosol

The systems investigated here show comparative behavior to that of human respiratory aerosol. In the
context of airborne virus transmission, the predicted phase sate of the particles in typical ambient
room conditions is most important. The dynamic transport of respiratory aerosol begins in the
respiratory tract of one individual at approximately 37 °C and 100% relative humidity (RH). The final
phase of transport will involve reinhalation of a particle to another individual, also at 37 °C and 100%
RH. Between these phases, the second phase of transport is spatiotemporally dependent, and will vary
between climatic and indoor conditions. From the morphology and phases discussed earlier, it is
evident that typical indoor air conditions (30%<RH<60%, 20 °C<T<25 °C) may be a problematic
intersection of respiratory aerosol physicochemistry due to numerous possible state configurations,
which may affect virus viability. During the process of respiratory aerosol transport, it is evident that
the particles will experience a large temperature and RH differential (~10 °C and ~50% RH over ~1
second during expiration into room air). Rapid cooling and/or drying rates are typically required for
glass transitions, which further suggests that glass transition of respiratory aerosols are possible 48,

As discussed earlier, these respiratory particles can be classified as either efflorescing (¢o<0.96,
Figure 4c,d) or non-efflorescing (¢o>0.96, Figure 4a,b). Efflorescing particles below the
efflorescence RH (ERH) will limit the exposure to concentrated aqueous salts and promote the
viability of viruses such as influenza A virus H3N2 and human rhinovirus-16 &°, while having lower
viability in moderate RH ( 60%<RH>ERH) (Figure S4). High temperature environments will favor
viscoelastic protein (Figure 4, red and light-blue regions), whereas low temperature environments will
favor vitreous protein (Figure 4, dark-blue and yellow regions). At RH>ERH, the NaCl will be in an
aqueous phase (Figure 4, red and dark-blue regions), and low RH environments will favor crystalline
NaCl (Figure 4, light-blue and yellow regions). If the particles are below the threshold for glass
transition, the organic phase will be viscous and limit kinetic processes within the particle and is
assumed that they will be kinetically ‘frozen’ at the RH at the transition boundary. Given sufficient
time, the particles will relax to their stable equilibrium with the ambient environment. Viruses in non-
efflorescing particles (high ¢o) will likely have higher viability in all RH situations due to lower ion
concentration (limited disinfectant effect) and a protein-enriched microenvironment. Additionally, the
high viscosity of low-RH non-efflorescing particles will further promote virus viability by limiting the
molecular transport of oxidizing species and other harmful reactants 2°. Therefore, the composition of
the respiratory particles must be directly linked with the phase state and morphology and depend on

the ambient conditions, especially RH and T.
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Although lacking the complexity of real respiratory fluid, the results of this study expand on prior
physicochemical characterisation of simulated respiratory fluid 8223334, Future investigations
involving increasingly representative compositions may be useful (e.g., the inclusion of surfactants
and different inorganics, or animal respiratory fluid), although it is unlikely that completely
simulating the complexity of both the composition and production mechanisms of respiratory aerosol
is possible. Additional in situ experiments to confirm morphology and phase in levitated droplets are
also desired. For further airborne virology research, it is important to consider the composition of the

solution more carefully, using higher protein concentration than used in prior studies.
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