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Table S1. List of components for the artificial saliva media[2]. 

Chemical Species Mol. Wt Concn (g per 100 mL) 

MgCl2 203.21 0.004 

CaCl2.H2O 110.99 0.013 

NaHCO3 84.006 0.042 

0.2M KH2PO4 136.09 2.7218 

0.2M K2HPO4 174.2 3.484 

NH4Cl 53.49 0.011 

KSCN 97.18 0.019 

(NH2)2CO 60.06 0.012 

NaCl 58.44 0.088 

KCl 74.55 0.104 

Mucin N/A 0.3 

DMEM N/A 0.1 mL 

Table S2. List of components for the artificial sputum media[1]. 

Chemical Species Mol. Wt Conc (g per 100 mL) 

DNA (fish sperm) N/A 0.4 

Mucin N/A 0.5 

L-tyrosine 181.19 0.025 

L-cysteine 121.16 0.025 

L-alanine 89.09 0.025 

L-arginine 174.2 0.025 

L-aspartic acid 133.1 0.025 

L-glutamic acid 147.1 0.025 

L-glutamine 146.1 0.025 

L-glycine 75.07 0.025 

L-histidine 155.2 0.025 

L-isoleucine 131.2 0.025 

L-leucine 131.2 0.025 

L-lysine.HCl 182.6 0.025 

L-methionine 149.2 0.025 

L-phenylalanine 165.19 0.025 

L-proline 115.1 0.025 

L-serine 105.1 0.025 

L-threonine 119.1 0.025 

L-tryptophan 204.23 0.025 

L-ornithine 168.62 0.025 

L-valine 117.1 0.025 

DTPA 393.55 0.0059 

NaCl 58.44 0.5 

KCl 74.55 0.22 

Changes in Morphology of Bioaerosol Droplets Across a wide range of RHs 
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Figure S1. SEM images of E. coli MRE-162 cells at a concentration of ~109 CFU mL-1 levitated in PBS 

droplets at (a) 10%RH, (b) 30% RH and (c) 50% RH. Scale bars represent 5 µm. 

Measurements of Physicochemical Properties of Surrogate Respiratory Aerosol with 

the CK-EDB  

To accurately capture the interconnection of airborne viability measurements with 

measurements of different physicochemical properties, both measurements must ideally 

be done in parallel with particles of the same size, over the same timescales and using the 

same method for aerosol generation. To that aim, the hygroscopic properties and evapo-

ration dynamics must be measured for droplets chemically and physically identical to 

those where biological decay is measured. 

The hygroscopic properties of artificial respiratory droplets (e.g., artificial saliva and 

sputum) were characterized (Figure S2). The relationships between solute composition 

with the ambient RH for droplets made of representative respiratory secretions are com-

pared with previously published hygroscopicity measurements for common microbiolog-

ical media (e.g. LB broth and PBS solution droplets)[15] and model predictions for NaCl 

from E-AIM (extended aerosol inorganics model).[13]  

In general, aerosol droplets containing a large solute fraction of inorganic com-

pounds, such as PBS and NaCl, have higher hygroscopicity than droplets containing a 

significant organic solute fraction. Similar hygroscopic responses are inferred for both LB 

broth (60% of the mass arising from organic components) and artificial sputum (80% of 

organics by mass). The artificial saliva droplets are the least hygroscopic of the series de-

spite high salt content (approximately 95% of salts by mass, Table S1). This could be ex-

plained by the presence of organic compounds in the recipe, making them absorb less 

water than the pure salt compositions. These results are consistent with our previous re-

port of the hygroscopicity of surrogate  deep lung fluid and artificial saliva.[16] Once the 

hygroscopicity is determined, it is possible to assess the impact of solute concentration 



Atmosphere 2021, 12, x FOR PEER REVIEW 3 of 13 
 

 

changes on the survival of the microbial components hosted within the aerosol. For in-

stance, considering an artificial saliva droplet, its solute weight percentage will change 

from 15% to 50% when the ambient RH decreases from 90% to 50%. This dramatic change 

in concentration can be expected to influence microbial health.  

 

Figure S2. Hygroscopic response of various droplet solutions (e.g. PBS, LB broth, artificial saliva 

and artificial sputum) as a function of droplet water activity (ɑw), equivalent to the gas-phase RH, 

presented in terms of (a) mass fraction of solute (MFS), (b) mass growth factor (GFm) and (c) and 

radial growth factor (GFr). The predicted curve for the hygroscopicity properties of NaCl (line) from 

the Extended Aerosol Inorganic model (E-AIM) is shown for reference purposes. 

Changes in equilibrium composition of aerosol droplets, principally the changes in 

water content, as a function of atmospheric conditions are likely to impact airborne trans-

mission mechanisms through both changes in droplet size (affecting sedimentation and 

impaction rates) and microbe viability. Thus, an accurate understanding of the mass and 

heat transport accompanying the evaporation or condensation of water from aerosol 

droplets composed of respiratory fluids is increasingly recognized to be important to pre-

dict the risks in the airborne transmission of disease.[17-19] Aerosol droplets expelled 

when speaking, coughing, and sneezing evaporate to equilibrate with the surrounding 

atmosphere. The rate of mass and heat transfer to and from respiratory droplets is 
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determined by the conditions of the gas phase and the droplet composition, specifically 

the water activity of the solution phase.  

Based on the equilibrium compositional measurements as a function of water activity 

presented in Figure S2, model predictions of evaporating artificial respiratory droplets 

into a wide range of RHs (30-90%) yield the time-dependent changes in size, solute con-

centration, surface-to-volume ratio and temperature suppression experienced by aerosol 

droplets in short periods (<30 s) after droplet generation as a function of the gas-phase RH 

(Figures S3, S4, S5 and S6). The kinetic simulations reported in Supplemental Information 

were obtained using the mass and heat transport equations from the Kulmala model[8] 

and the parametrization of density for each droplet solute described in detail in the Sup-

plementary Information. 

Probing Dynamics of Artificial Respiratory Droplets 

The model predictions included in Figure S3, S4, S5 and S6 are for droplets composed 

of artificial saliva, artificial diluted (1:10) saliva, artificial sputum and artificial diluted 

(1:10) sputum, respectively. All the dynamic changes take place over a period of less than 

30 s regardless of the ambient RH (<90%). Note that the simulations presented in this sec-

tion are for relatively large droplets with initial sizes of 25µm radius (similar to those in a 

sneeze or in the articulation mode from the mouth when speaking).[20]  

Specifically, rapid time-dependent changes in particle size during drying are shown 

in Figure 3a. where evaporation rates increase within decreasing RH and the final equili-

brated radius are determined by the aw in the droplets matching that of the gas phase 

RH.[3] The effect of droplet size alone on bacterial viability has been previously investi-

gated being both directly proportional when solute concentrations and aw are the 

same.[15] Further investigations also showed a significant impact of droplet size on bio-

aerosol survival.[21] Figure 3b shows the supersaturation of solutes within the droplets 

occurring over very short timescales (<5 s) which also depend on the RH, showing solute 

concentrations reaching over 800 g L-1 at the lowest RH level (30%). These supersaturated 

solute concentrations,  ultra-viscous and glassy states[22] can potentially impact the via-

bility of the airborne microorganisms.[23] The initial solute concentrations controls the 

shrinkage of the droplet while the surrounding gas-phase dictates the evaporation rates 

at which water evaporates. Indeed, the interface is a unique microenvironment in com-

parison to the droplet core with solute concentrations at the surface often evolving more 

rapidly and microbes unable to diffuse away from the surface as the surface boundary 

retracts.  Further, mechanisms of loss of viability, such as exposure to atmospheric oxy-

gen and ozone, direct solar radiation, and open-air factors (OAF),[24,25] may be more 

facile at the interface. Biological decay of microorganisms due to surface inactivation has 

been reported in various studies performed in shaking solutions and in aerosol drop-

lets.[26]  

The rate of inactivation seems to be dependent on the RH, salt concentrations, the 

protective effect of surface-active amino acids and the presence of air, and has been at-

tributed to the extrusion of hydrophobic parts of the microorganisms into the air 

phase.[26-28] Benbough et al. demonstrated the toxicity of oxygen on airborne bacteria at 

low RH which was connected to the loss of bound structural water from the microorgan-

ism, producing changes in the reactivity of macromolecules (throughout free-radical for-

mation) and, consequently, the inactivation of oxidative enzymes.[29,30] This makes the 

surface-to-volume ratio an important property of aerosols to consider when studying mi-

crobial survival. The surface-to-volume ratios of aerosols (<100 microns) is several orders 

of magnitude higher than those of macroscopic solutions.[17] As a result, microorganisms 

enclosed in aerosol droplets will spend a larger fraction of their time at the air-particle 

interface when compared to the bulk phase. Figure 3c shows kinetics simulations of the 

surface-to-volume ratio experienced by aerosol droplets as a function of the gas-phase 

RH. Finally, the temperature changes during the evaporative process undergone by the 
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droplets immediately after generation is shown in Figure 3d, reaching values up to 13K 

in less than 5 s at 30% RH. 

 

Figure S3. Modelled dynamics for artificial saliva droplets (neat concentration). Specifically, model 

results of the time-dependent (a) evaporating radius, (b) solute concentration, (c) surface-to-volume 

ratio and (d) temperature suppression for droplets equilibrating over an RH interval between 30 

and 90% at 20℃. . 

Evaporation on exhalation leads to rapid and dramatic changes in solute concentra-

tion, droplet size and even droplet temperature. Thus, aerosol particles can exhibit super-

saturated states with solute concentrations higher than the solubility limit for macroscopic 

solutions, enhanced reactivity rates[31,32] and even unique phase behaviour[33] due to 

their chemical and physical characteristics.  The kinetics of mass and heat transfer of the 

aerosol droplets will not only affect the viability of the airborne microorganisms but also 

the droplet lifetime in the aerosol phase (e.g., loss rates dues to sedimentation)[16] as well 

as their deposition in the respiratory system.[34,35] Therefore, it is critical to understand 

the impact that aerosol dynamics have on the transmission of airborne pathogens. 
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Figure S4. Modelled time-dependent dynamics for diluted artificial saliva droplets (1:10). (a) evap-

orating radius, (b) solute concentration, (c) surface to volume ratio and (d) temperature suppression 

for droplets equilibrating over a RH interval between 30 and 90% at 20℃. 
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Figure S5. Modelled time-dependent dynamics for artificial sputum droplets. (a) evaporating ra-

dius, (b) solute concentration, (c) surface to volume ratio and (d) temperature suppression for drop-

lets equilibrating over a RH interval between 30 and 90% at 20℃. . 
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Figure S6. Modelled dynamics for diluted artificial sputum droplets (1:10). Specifically, model re-

sults of the time-dependent (a) evaporating radius, (b) solute concentration, (c) surface to volume 

ratio and (d) temperature suppression for droplets equilibrating over a RH interval between 30 and 

90% at 20℃. . 

Correlation Between Airborne Bacterial Longevity and Aerosol Physicochemical 

Properties 

By coupling together the longevity data in Figure 1 with the physicochemical prop-

erties of the same aerosol particle types reported in Figure S2, we are able to explore 

whether there are fundamental parameters of aerosol that specifically affect bacteria via-

bility. The viability of airborne E. coli MRE-162 at 600s of suspension as a function of six 

different physicochemical variables are shown in Figure S7: equilibrated droplet volume, 

the surface to volume ratio, equilibrate solute concentration, the concentration of salts at 

equilibrium, the equilibrated concentration of Na+ and temperature suppression of the 

droplet when equilibrating with the gas-phase atmosphere. From all correlations, three 

(Figure S7A, Figure S7B and Figure S7F) reported a significant collective correlation (with 

α=0.05) for the five different particle compositions (e.g. diluted sputum, saliva, diluted 

saliva, LB broth and PBS) reporting R values of 0.631 for droplet volume, 0.626 for surface 

to volume ratio and 0.595 for droplet cooling with corresponding p-values of 0.006, 0.007 

and 0.011 respectively. Besides, correlation coefficients were also calculated for other pa-

rameters not included in Figure S6, obtaining significant collective correlations also for 

evaporation rates, Peclet numbers, RH, final to initial volume ratio and surface area with 

R values of 0.607, 0.607, 0.589, 0.631 and 0.595 and p-values of 0.010, 0.010, 0.013 and 0.007, 

0.012 respectively. The majority of these correlations relate to the evaporation dynamics 
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(e.g. evaporation rates, temperature cooling, etc) experienced by the aerosol particles as 

the reach equilibrium size in short timescales after generation, reflecting a delayed impact 

in survival over longer times in the aerosol phase (e.g. 600s) instead of after few seconds 

of suspension (e.g. 5 or 120 s). It is important to note that these processes will affect the 

final phase and morphology of the bioaerosol particles, determining the location of the 

microorganisms in the particles once equilibrated with the gas phase and, therefore, de-

fine the different degrees of exposure to open-air and other toxic factors they will experi-

ence.  

 

Figure S7. Correlations between bacterial survival and physicochemical changes  in a) droplet vol-

ume at equilibrium, b) surface area to volume ratio, c) solute concentration at equilibrium, d) con-

centration of salts at equilibrium, e) concentration of Na+ at equilibrium and f) maximum droplet 

cooling for droplets of 5 different compositions evaporating into RHs of 30, 50, 70 and 90%. Note 

that in the case of Saliva, 1:10 Saliva and 1:10 Sputum the correlations at 70% RH are not reported. 

The droplet dynamics for all droplet composition were calculated using the mass-transfer kinetic 

model for droplets with an initial size of 25 m and an initial solute concentration of 25 g L-1 for LB 

broth, 9.59 g L-1 for PBS, 5.98 g L-1 for Saliva, 0.59 g L-1 for 1:10 Saliva and 2.12 g L-1  for 1:10 Sputum. 

Surfactants 
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Figure S8. Chemical formulas, structures and molar masses of surfactants, a) Tween 80, b) 1,2-dypal-

mitoyl-rac-glycero-3-phosphocholine (DPPC) and c) 1-Heptadecanol. 

 

Figure S9. Physicochemical changes of water droplets containing various surfactants  (a) Measured 

radii of a series of 7 saturated water solutions droplets containing different surfactants compared to 

that of pure water solution (light blue) and to that of heptadecanol dissolved in a 1:1 water-ethanol 

mixture (black) into the same conditions. (b) For the same droplets, change in the volume-average 

concentration as a function of time inferred from the experimental measurements of radii. Colours 

for the different water solution compositions under study: Orange, violet, magenta, green, navy 

blue, grey and brown – saturated water solutions with DPPC, Tween80, heltadecanol, decanol, oc-

tadecanol, pentadecanol and tetradecanol, respectively. 

Proxy for Secondary Organic Aerosol 



Atmosphere 2021, 12, x FOR PEER REVIEW 11 of 13 
 

 

 

Figure S10. Diagram of the gas flow set-up for pyruvic acid studies on bacterial viability. 

Table S3. Equilibrium saturation concentrations of pyruvic acid in the aqueous phase as a function 

of the volume fraction of pyruvic acid introduced in the gas inlet at 30% RH. 
Volume percentage of 

Pyruvic Acid in bubbler as 
an aqueous solution (% 

v/v) 

Vapour pressure of 
pyruvic acid above 

equilibrated solution 
(atm) 

Solution phase concentration of 
Pyruvic acid in the bubbler and 
equilibrated in the droplet (mol 

kg-1) 

0 0.00 0.00 

0.01 4.34×10-08 0.01 

0.1 4.34×10-07 0.13 

100 1.70×10-03 527.55 
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