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The airborne dynamics of respiratory droplets, and the transmission routes
of pathogens embedded within them, are governed primarily by the diam-
eter of the particles. These particles are composed of the fluid which lines the
respiratory tract, and is primarily mucins and salts, which will interact with
the atmosphere and evaporate to reach an equilibrium diameter. Measuring
organic volume fraction (OVF) of cough aerosol has proved challenging due
to large variability and low material volume produced after coughing. Here,
the diametric hygroscopic growth factors (GF) of the cough aerosol pro-
duced by healthy participants were measured in situ using a rotating
aerosol suspension chamber and a humidification tandem differential mobi-
lity analyser. Using hygroscopicity models, it was estimated that the average
OVF in the evaporated cough aerosol was 0.88 ± 0.07 and the average GF at
90% relative humidity (RH) was 1.31 ± 0.03. To reach equilibrium in dry air
the droplets will reduce in diameter by a factor of approximately 2.8 with an
evaporation factor of 0.36 ± 0.05. Hysteresis was observed in cough aerosol at
RH =∼35% and RH =∼65% for efflorescence and deliquescence, respect-
ively, and may depend on the OVF. The same behaviour and GF were
observed in nebulized bovine bronchoalveolar lavage fluid.

1. Introduction
Understanding the mechanisms governing the transmission and survival of res-
piratory pathogens has been of considerable importance in attempting to
control the spread of airborne pathogens such as SARS-CoV-2 [1,2]. Fully charac-
terizing the composition of expired cough aerosolwill allow for the determination
of expired particle equilibrium diameters and the micro-environments to which
airborne pathogens are exposed during transport. The surface of the respiratory
tract is coated with airway surface liquid (ASL), a mobile layer of mucus which
can be aerosolized during expiration events. The composition of ASL is under-
stood to consist primarily of water and solids, including mucins (mucin 5AC
and 5B), inorganic salts (NaCl, KCl), andpulmonary surfactants [3–5]. These inor-
ganic salts, and to a lesser extend the mucins, are hygroscopic, so that when
droplets containing these species are exposed to the ambient environment, the
droplets will grow or evaporate to reach a thermodynamic equilibrium with
the relative humidity (RH) of the environment. During hydration from a crystal-
line state, some salts exhibit an abrupt transition to a liquid state (deliquescence),
and through dehydration from an aqueous statemay also exhibit a prompt recrys-
tallization (efflorescence). Understanding the hygroscopicity and state hysteresis
of human respiratory aerosol is an important step in determining both the com-
position of the micro-environment to which airborne pathogens are exposed,
and the equilibrium particle sizes required to predict airborne dynamics.

There are several key challenges when investigating the physico-chemical
characteristics of respiratory aerosols. The coughing process aerosolizes a very
small volume of respiratory fluid (picolitres) compared to the volume of air
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Figure 1. Experimental schematic of the system used to suspend respiratory
aerosol and measure hygroscopic growth.

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

18:20210209

2
during expiration (litres) [6,7]. The resulting low mass concen-
tration causes difficulties in conducting compositional
analyses, as cough aerosolmust to be collected overan extended
period of time to accumulate sufficient material for analysis [8].
The countmedian diameter (CMD) of these respiratorydroplets
has been measured to be less than 2 µm [6,7,9], which is gener-
ally too small to suspendprecisely in an electrodynamic balance
(EDB) for hygroscopicity measurements [10–14]. The interper-
sonal variability of ASL composition [15] makes it difficult to
develop precise analogues for respiratory fluid, as changes in
the organic concentration will affect particle hygroscopicity
and therefore equilibriumdiameterandairborne transport. Res-
piratory aerosol is produced through bubble bursting [16],
which in sea spray aerosol, has been shown to result in enriched
organic concentrations at small particle diameters [17–20],
suggesting that the aerosol produced through coughing may
differ in organic concentration in comparison to bulk ASL col-
lected through bronchoalveolar lavage (BAL).

Pathogens transferred through cough droplets can
contaminate surfaces or be spread through the air in two pri-
mary airborne transmission routes. The first is through large
‘ballistic’ droplets [21] depositing directly onto mucous mem-
branes, and the second is through the inhalation of cough
aerosols or droplet nuclei (DN). A droplet nucleus is the
residual particle after the primary respiratory droplet has par-
tially evaporated [22]. The size and state (liquid or dry DN) of
respiratory aerosols is dependent on ambient RH due to
hygroscopic salts present within respiratory droplets. Because
of the potential for complex interaction between proteins, sur-
factants, and hygroscopic salts within the respiratory fluid, it is
not fully understood how humidity changes can affect air-
borne pathogen viability or the size of the droplets. Many
studies have been conducted investigating the survival of air-
borne pathogens in pure water, saliva, and ASL analogues
[23–32]; however, it has proven to be difficult to conduct
in vivo experiments to measure pathogen viability in the
cough aerosol of infected individuals.

It is clear that many factors, including airborne suspension
times and pathogen viability, are dependent primarily on par-
ticle diameter, and thus, particle composition. Understanding
the hygroscopicity of respiratory aerosol will provide a link
between equilibriumparticle diameterandparticle composition.
2. Material and methods
2.1. Participant selection
The experimental study was fully scrutinized and cleared by the
Queensland University of Technology Research Ethics Commit-
tee. Subjects aged between 19 and 60 years of age were
recruited via an e-mail broadcast. Subjects were asked to self-
exclude if they were smokers, experiencing illness, asthma
sufferers, had recently experienced respiratory problems or
were likely to experience discomfort in confined spaces. In
total, there were 10 participants who did not self-exclude and
participated in this study. Out of these 10 participants, five
were excluded from hygroscopicity analysis due to insufficient
aerosol production or if the measured growth factors at low
RH (RH less than 40%) were consistently not close to unity.

2.2. Collection of bovine respiratory fluid
Bovine bronchoalveolar lavage fluid (B-BALF) was collected from
the lung of a deceased cow. The cow was killed as part of routine
commercial food production, and the lung was freshly recovered
by the processing personnel and immediately transferred to a
sterile container for lavage. The lung was washed thoroughly
with distilled deionized water, and through massaging and gravity,
the B-BALF was collected in a sterile bottle and sealed.

2.3. Aerosol collection and storage
The 400 l rotating drum described by Johnson et al. was used in this
study to maintain aerosol suspension during the hygroscopicity
tandem differential mobility analyser (H-TDMA) measurements
at a rotation rate of 1.7 r.p.m. [33,34]. An H-TDMA uses a differen-
tial mobility analyser (DMA) to select a monodisperse aerosol
fraction, of a precisely specified diameter, from an initial
polydisperse aerosol sample. The monodisperse fraction is then
humidified to a target RH before remeasuring its size using a scan-
ning mobility particle sizer (SMPS). The participants breathed
HEPA filtered room air for 2 min prior to coughing to purge ambi-
ent aerosol particles from their lungs, and then subsequently
coughed at a comfortable pace and intensity into the drum for
2 min. While a participant was coughing, the internal drum
pressure was maintained at ambient pressure by setting the
valves to allow air to leave the drum during exhalation and to
allow filtered room air to enter the drum during inhalation. The
provision of HEPA filtered room air during inhalation was a
necessary measure to prevent contamination of the sample by
room air, as even a small leak of room air had the potential to con-
tribute a large number of particles to the cough sample, preventing
accurate analysis. The H-TDMA drew air from the drum at
0.6 l min−1 which was replaced by HEPA filtered room air. In a
separate experiment, B-BALF was nebulized directly into the
clean drum with a Collison nebulizer using filtered air at a flow
rate of 1 l min−1, with the remaining procedure unchanged. The
B-BALF mixture was composed of 2 ml B-BALF and 8 ml distilled
deionized water. The initial size distribution of each participant’s
cough aerosol was measured using an SMPS, and the average
CMD was measured to be 101.6 nm and the average geometric
standard deviation (GSD) was measured to be 1.98.

2.4. Aerosol growth and measurement
A schematic of the experimental set-up is shown in figure 1.
Aerosol was drawn from the rotating chamber at 0.6 l min−1

through a silica gel diffusion dryer and Kr-85 aerosol charge neu-
tralizer. The aerosol size distribution was then measured with a
scanning mobility particle sizer (SMPS), using a TSI 3787 con-
densation particle counter (CPC) (TSI, Shoreview, MN) and a
custom manufactured DMA (specifications in electronic sup-
plementary material, table S1). The first DMA had a sheath
flow rate of 4 l min−1 and selected a monodisperse sample at a
Ddry of 100 nm (RH < 10%), and the resulting monodisperse aero-
sol was subjected alternately at 2-min intervals to either
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Figure 2. Diametric growth factor (GF) measurements of (a) participant A, (b) participant B, (c) participant C, (d ) participant D, (e) participant E, and ( f ) bovine
bronchoalveolar lavage fluid (B-BALF), at a series of relative humidity (RH) values. The best-fit separate-solute volume additivity (SS-VA) model is accompanied
(black) and the standard error of the GF (shaded bands) as retrieved from the TDMAinv algorithm.
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humidification (initial RH < 10%) or desiccation (initial RH >
90%) to measure both hydration and dehydration behaviour.
The aerosol carrier flow out of this humidity-dependent path
was then passed through a humidification sheath and con-
ditioned to 90% RH. The H-TDMA was then used to measure
the particle size distribution at 90% RH after hydration and
dehydration to determine the diametric growth factor (GF),
with a sheath flow rate of 3.6 l min−1. The RH in the carrier
flow was then incrementally lowered to 10% RH over a period
of approximately 2 h, with corresponding size distributions to
measure the diametric growth factor as a function of RH.

3. Results
3.1. Hydration and dehydration of respiratory aerosol
Figure 2 shows the effect of hydration and dehydration on the
diameter of respiratory aerosol from the coughs of the



Table 1. Organic volume fraction estimates of the respiratory droplets of each participant using the Zdanovskii–Stokes–Robinson (ZSR) mixing rule, the
compressed film model (CFM), and the separate-solute volume additivity (SS-VA) model for each participant, the B-BALF, and a known mixture of media from
Niazi et al.

organic volume fraction of dry solute

human participants nebulized mixture

A B C D E B-BALF media [32]

ZSR 0.86 ± 0.02 0.76 ± 0.05 0.87 ± 0.01 0.89 ± 0.02 0.90 ± 0.01 0.74 ± 0.01 0.51 ± 0.02

CFM 0.88 ± 0.02 0.77 ± 0.06 0.89 ± 0.01 0.91 ± 0.02 0.93 ± 0.01 0.76 ± 0.01 0.52 ± 0.03

SS-VA 0.91 ± 0.01 0.84 ± 0.04 0.92 ± 0.01 0.93 ± 0.01 0.94 ± 0.01 0.84 ± 0.01 0.62 ± 0.02

average 0.88 ± 0.03 0.79 ± 0.04 0.89 ± 0.02 0.91 ± 0.02 0.92 ± 0.02 0.78 ± 0.05 0.55 ± 0.06
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Figure 3. Comparison between each participant’s cough aerosol diametric
growth factor (GF). The best-fit separate-solute volume additivity (SS-VA,
solid line) accompanies the raw data (triangles). Participant A is represented
in black, participant B in red, participant C in blue, participant D in green and
participant E in magenta.
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participants and the B-BALF. The GF as a function of RH was
measured using an H-TDMA, with a 2 min time interval
between hydration and dehydration scans. All post humidifi-
cation H-TDMA data were inverted using the TDMAinv
algorithm [35].

The variability between participants, in both number con-
centration and composition, has shown to be common in
human expiration studies [6–9,15,36–38]. Repeated hygro-
scopicity measurements in higher number concentration
samples are typically similar (figure 2a,b,c,f ), however low
number concentration samples (electronic supplementary
material, figure S2) typically show larger variability between
measurements at similar RH (figure 2d,e). Having higher par-
ticle number concentrations increase the likelihood that an
individual hygroscopicity measurement will be representa-
tive of the typical particle at the selected diameter. Due to
the low aerosol material volume produced during expiration
relative to the total volume of air expired, H-TDMA measure-
ments of participants with low aerosol number concentrations
will not be suitable for analysis.
4. Discussion
4.1. Hygroscopicity measurements
The airborne dynamics of expired ASL are governed primarily
by the diameter of the particles [39]. For this reason, an accurate
understanding of how the particles will grow or shrink as they
exchange water vapour with the atmosphere in response to
changing RH is necessary to predict the transport routes of
potentially pathogen-laden airborne respiratory droplets or
DN. The average GF value measured at 90% RH in this study
was 1.31 ± 0.03, and is lower than the values observed in artifi-
cial ASL studies, indicating a difference in composition or
aerosol generation process [32,40–42]. The average diametric
growth factors are presented in the electronic supplementary
material (electronic supplementary material, table S5) at 40%,
60% and 90% RH. Figure 3 shows the comparison of each par-
ticipant’s GF measurements. It can be assumed that the cough
aerosol of participants A, C, D and E are similar in composition
(table 1) due to similarities in hygroscopicity; however,
participant B exhibits distinctly different behaviour.

4.2. Organic volume fraction estimates
For each H-TDMA measurement, hygroscopicity models
were implemented to estimate the OVF. To achieve this, a
nonlinear model of the form GF(RH) = β0 + β1exp(β2RH) was
fit to the experimental data. The data used in the fit were
from the hydration scans above the identified deliquescence
RH (DRH) if it existed. In this study, deliquescence was
observed only in the H-TDMA data of participant B and in
the B-BALF (figure 2b,f, respectively). If deliquescence was
not observed, the model was fit across the range of RH.
The physical models were then computed allowing the
OVF to vary and then compared to the nonlinear model
using least-squares fitting to determine the OVF which best
represented the experimental data for each physical model.
The Zdanovskii–Stokes–Robinson (ZSR) mixing rule was
implemented using the osmotic pressure parameterization
of protein hygroscopicity [43,44] in conjunction with Pitzer’s
parameterization of the osmotic coefficient of NaCl [45]. The
compressed film model (CFM) was implemented using par-
ameters typical of seawater (electronic supplementary
material, table S3) to account for the surfactant effect of the
organics in the droplets [20,46,47]. Finally, the separate-
solute volume additivity (SS-VA) model was implemented,
which accounted for the hygroscopic effects of the protein
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and the salt in the solution [43]. All models were
implemented under the simplified solute assumption that
only mucin and NaCl were present in water. Porcine gastric
mucin (PGM) was chosen as the organic component (material
data presented in electronic supplementary material, table S2
[48,49]) because the primary mucin in both porcine gastric
mucus and human respiratory mucus is mucin 5AC [50,51],
and therefore it is assumed that PGM is sufficient to represent
the mucus found within ASL as a first approximation [40].
All models assume an initial dry diameter of 100 nm,
which is the same as the dry monodisperse size that was
selected by the initial DMA. All models were implemented
using a temperature of 293.15 K. The hygroscopicity models
computed with each best fit OVF are presented in figure 4
alongside the nonlinear fit and its 95% confidence intervals.

From these models, the OVF is estimated and presented
in table 1. The average estimated OVF is 0.88 ± 0.07 and is
in agreement with a range of estimates provided in the
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literature [8,40,41,52]. The same method was used using a
known mixture as a comparison. In the work of Niazi et al.,
a solution was nebulized composed of 10 g NaCl, and 8 g
BSA, which corresponds to a solute OVF of approximately
0.62 [32]. The SS-VA model, using the density and molecular
weight of both PGM and BSA [43], is in good agreement with
this OVF (electronic supplementary material, table S4). The
CFM and the ZSR mixing rule, however, underestimate the
OVF in this nebulized mixture. This discrepancy indicates
that for respiratory aerosol below supersaturation, the ZSR
rule and the CFM may not accurately predict hygroscopic
growth. For experiments that aim to model the airborne
dynamics or pathogen viability in respiratory aerosol, it is
essential that the composition is representative of what is
measured in real participants’ expiratory aerosol due to inter-
actions between the components of the droplets, which will
affect the particle diameter and thus airborne dynamics and
ionic concentration of the micro-environment to which the
pathogens are exposed.
ments of participant B (blue) and the B-BALF (red).

8:20210209
4.3. Hysteresis behaviour
Figure 2b shows evidence of deliquescence at approximately
65% RH. The DRH of a multiple component system is
expected to be lower than what is observed in a binary
NaCl solution as this phenomenon has been observed
previously in complex organic–inorganic solutions and mix-
tures, such as SSA [53,54]. The same behaviour is also
observed at 65% RH in figure 2f, suggesting that nebulized
B-BALF may be a useful analogue for the human respiratory
aerosol of some humans (figure 5). The mass fraction of the
non-ionic components of respiratory aerosol have previously
been estimated to account for approximately 90% of the
solute mass [40,52] and the bulk of this organic component
is also expected to be proteinaceous. Proteins have the
capacity to retain some water after dehydration and will
not crystallize in these conditions. Because of proteinaceous
water retention, it is expected that efflorescence would
occur on a longer timescale than would be observed in a
binary NaCl solution. This is consistent with the observed be-
haviour in the dehydration measurements shown in figure 2b
at approximately 35% RH, where gradual efflorescence may
be occurring. Once again, this is observed the B-BALF
sample (figure 2f ) where efflorescence is observed at 35% RH.

Hysteresis was observed in the cough aerosol of the
participant with the lowest estimated OVF, indicating that
there may exist some critical protein concentration required
for hysteresis. The work of Mikhailov et al. shows the
hygroscopic growth and hysteresis behaviour of BSA:NaCl
mixtures with different mass fractions of BSA [43]. Those
results showed that the efflorescence RH (ERH) was decreas-
ing with increasing organic concentrations, and there was
likely microstructural rearrangement during hydration and
deliquescence. The findings of Mikhailov et al. indicate
that between 75% and 90% organic mass fraction (OMF),
corresponding to 82.6% and 93.5% OVF, respectively, the
hysteresis behaviour becomes largely suppressed. Based on
the OVFs estimated by the SS-VA, presented here, there
may exist a critical protein concentration for which hysteresis
becomes suppressed between 84% and 91% OVF. Current
physical models are limited in predicting the physical behav-
iour of proteinaceous components of aerosol, and further
work must be done to incorporate physical processes such
as liquid–liquid phase separation and vitrification. Identifi-
cation of systems in which efflorescence occurs is of
particular importance, as the physical state of the particles
will affect the viability of embedded viruses [32]. The use
of B-BALF as an additional comparison is very useful here
as it shows good agreement with the behaviour of a human
participant. This shows potential for the use of B-BALF as
an analogue for human ASL and could potentially be incor-
porated into airborne pathogen viability experiments to
ensure the suspension fluid accurately represents the environ-
ment in which these pathogens would exist after being
expired in human respiratory aerosol.
4.4. Droplet equilibrium diameters
An equation presented by Nicas et al. for calculating the size
of a droplet immediately after being generated has been
applied in the form of equation (4.1), to determine the droplet
diameter before evaporation. The corresponding ‘evaporation
factor’ (EF) can also be calculated, where Csolute is the concen-
tration of the solute in the solution, ρsolute is the density of the
solute, deq is the equilibrium diameter of the droplet at a
given RH, and ddrop is the diameter of the droplet before
any evaporation has commenced [52].

deq ¼ ddrop
Csolute

rsolute

� �1=3

¼ ddropEF: ð4:1Þ

Using the OVF estimates from the SS-VA model implemented
in this work, equation (4.2) was used to determine the
corresponding mucin mass concentration (Cmuc) in the respir-
atory droplets, assuming a reasonable NaCl concentration of
8.8 g l−1 [52].

Cmuc ¼ rmucCNaClOVF
rNaCl(1�OVF)

: ð4:2Þ

Combining equations (4.1) and (4.2), and expressing the den-
sity of the total solute as the volume weighted sum of the
density of both solutes, equation (4.1) can be expressed as

deq ¼ ddrop
CNaCl

rNaCl(1�OVF)

� �1=3

¼ ddropEF, ð4:3Þ
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for respiratory droplets under the simplified solute assump-
tion. The EF at 0%, 40%, and 60% RH for each participant is
calculated and reported in the electronic supplementary
material (electronic supplementary material, table S6). The
average EF estimate at 0% RH is 0.36 ± 0.06 and indicates
that the respiratory droplets will reduce in size by a factor of
approximately 2.8 of their initial diameters when reaching
an equilibrium at 0% RH, or if the droplets effloresce and
recrystallize. If there is no recrystallization, then in typical
comfortable room RH (40% < RH< 60%) it is expected that
the droplets will reduce in size by a factor of approximately
2.6 with an EF of 0.38 ± 0.05. These predictions also estimate
the concentration of proteins in evaporated droplets to be 60
± 10 g l−1, similar to what was measured by Effros et al. [8].
The particle size distribution of each participant was
measured, and the average volume median diameter (VMD)
was determined to be 0.41 µm (figure 6). After applying the
EF presented in this study, the VMD was increased to
1.14 µm before any evaporation, compared to 821 nm using
EF = 0.5 from Nicas et al. [52]. The decreased initial droplet
size scaling factor (EF) presented here indicates that the initial
volume of respiratory droplets immediately after expiration
may be larger than previously estimated, meaning that the
concentration of pathogens embedded within equilibrium
droplets may also be higher than previously estimated. Com-
bining this new estimate of the EF with information about the
size distribution of cough aerosol, concentration of virions
within the respiratory tract, fluid dynamic models of droplet
transport, and the distribution of virions within respiratory
droplets, useful probabilistic models can be developed for pre-
dicting transmission potential of infected individuals [41,55].

5. Conclusion
The hygroscopicity of expired human respiratory droplets of
several participants and B-BALF was measured using an
H-TDMA. Physical models with simple assumptions of the
overall composition were compared to the measured values
to estimate the OVF of the aerosol, and it was found that
organics account for an estimated 0.88 ± 0.07 of the dry
solute volume. The initial diameter of the droplets prior to
any evaporation was calculated to determine how much
water is lost from the droplets in typical indoor atmospheric
conditions and the resulting diameter of the droplet. The
average GF of the human samples at 90% RH was measured
to be 1.31 ± 0.03. Hysteresis behaviour was observed in one
sample at approximately 65% and 35% RH for deliquescence
and efflorescence, respectively. This behaviour was observed
in the human sample with the lowest estimated OVF, indicat-
ing that the mechanisms that determine the hydration
dependent state transitions of human ASL droplets may
depend on the organic concentration. It was determined
that bovine B-BALF can exhibit similar hygroscopic growth
and hysteresis behaviour of some human cough aerosol, indi-
cating that animal B-BALF may be a valuable substitute for
human respiratory fluid in nebulization studies. The three
models implemented in this work describe only water
uptake of the droplets, and further work into predicting con-
ditions under which respiratory droplets effloresce will
provide critical insight into the physico-chemistry and air-
borne dynamics of respiratory droplets at typical room RH
values, having implications for airborne pathogen viability
and preventing the spread of infectious diseases. The evapor-
ation factor of respiratory droplets in dry air was estimated to
be 0.36 ± 0.05, which if combined with cough aerosol particle
size distributions, can provide insight into the volume and
sedimentation rates of respirable pathogen-laden aerosol gen-
erated during coughing. Further work investigating the
suitability and variability of bovine bronchoalveolar fluid as
an analogue for human respiratory fluid may prove very
useful for investigating the viability of respiratory pathogens.

Ethics. Ethics approval for this study has been approved by the
Queensland University of Technology Research Ethics Committee
with approval number 1900000752, and participant data have been
anonymized. For collection of the bovine bronchoalveolar lavage,
as per the Australian guidelines, animal ethics committee approval
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killed as part of routine commercial food or fibre production.



royalsocietyp

8
Data accessibility. Raw participant size distribution measurements are
presented in the electronic supplementary material. Processed
H-TDMA data and unprocessed SMPS data can be accessed online
at https://doi.org/10.5061/dryad.fn2z34tt8 [56].

Authors’ contributions. R.G., L.T.C., S.N., Z.R. and G.R.J. contributed
to study design. R.G., L.T.C., S.N. and G.R.J. contributed to collecting
the data. R.G., L.T.C. and G.R.J. contributed to data analysis and pro-
cessing. R.G., L.T.C., S.N., Z.R. and G.R.J. drafted the manuscript.

Competing interests. The authors declare no competing interests.
Funding. This study was funded by the Australian Research Council
discovery grant no. DP170102733.
ublishing.org
References
/journal/rsif
J.R.Soc.Interface

18:20210209
1. van Doremalen N et al. 2020 Aerosol and surface
stability of SARS-CoV-2 as compared with SARS-
CoV-1. N Engl. J. Med. 382, 1564–1567. (doi:10.
1056/NEJMc2004973)

2. Niazi S, Groth R, Spann K, Johnson GR. 2020 The
role of respiratory droplet physicochemistry in
limiting and promoting the airborne transmission of
human coronaviruses: a critical review. Environ.
Pollut 276, 115767. (doi:10.1016/j.envpol.2020.
115767)

3. Thornton DJ, Rousseau K, McGuckin MA. 2008
Structure and function of the polymeric mucins in
airways mucus. Annu. Rev. Physiol. 70, 459–486.
(doi:10.1146/annurev.physiol.70.113006.100702)

4. Fahy JV, Dickey BF. 2010 Airway Mucus Function
and Dysfunction. N Engl. J. Med. 363, 2233–2247.
(doi:10.1056/NEJMra0910061)

5. Boisa N, Elom N, Dean JR, Deary ME, Bird G,
Entwistle JA. 2014 Development and application of
an inhalation bioaccessibility method (IBM) for lead
in the PM10 size fraction of soil. Environ. Int. 70,
132–142. (doi:10.1016/j.envint.2014.05.021)

6. Johnson GR et al. 2011 Modality of human expired
aerosol size distributions. J. Aerosol Sci. 42,
839–851. (doi:10.1016/j.jaerosci.2011.07.009)

7. Lindsley WG et al. 2012 Quantity and size
distribution of cough-generated aerosol particles
produced by influenza patients during and after
illness. J. Occup. Environ. Hyg. 9, 443–449. (doi:10.
1080/15459624.2012.684582)

8. Effros RM, Hoagland KW, Bosbous M, Castillo D, Foss
B, Dunning M, Gare M, Lin W, Sun F. 2002 Dilution of
respiratory solutes in exhaled condensates.
Am. J. Respir. Crit. Care Med. 165, 663–669.

9. Zayas G, Chiang MC, Wong E, MacDonald F, Lange
CF, Senthilselvan A, King M. 2012 Cough aerosol in
healthy participants: fundamental knowledge to
optimize droplet-spread infectious respiratory
disease management. BMC Pulm. Med. 12, 11.
(doi:10.1186/1471-2466-12-11)

10. Tang IN, Munkelwitz HR. 1984 An investigation of
solute nucleation in levitated solution droplets.
J. Colloid Interface Sci. 98, 9.

11. Rovelli G, Miles REH, Reid JP, Clegg SL. 2016
Accurate measurements of aerosol hygroscopic
growth over a wide range in relative humidity.
J. Phys. Chem. A 120, 4376–4388. (doi:10.1021/acs.
jpca.6b04194)

12. Rothfuss NE, Marsh A, Rovelli G, Petters MD, Reid
JP. 2018 Condensation kinetics of water on
amorphous aerosol particles. J.Phys. Chem. Lett. 9,
3708–3713. (doi:10.1021/acs.jpclett.8b01365)
13. Song M, Marcolli C, Krieger UK, Zuend A, Peter T.
2012 Liquid–liquid phase separation and
morphology of internally mixed dicarboxylic acids/
ammonium sulfate/water particles. Atmos. Chem.
Phys. 12, 2691–2712. (doi:10.5194/acp-12-2691-
2012)

14. Krieger UK, Marcolli C, Reid JP. 2012 Exploring the
complexity of aerosol particle properties and
processes using single particle techniques.
Chem. Soc. Rev. 41, 6631. (doi:10.1039/
c2cs35082c)

15. Potter JL, Matthews LW, Lemm J, Spector S. 1963
Human pulmonary secretions in health and disease.
Ann. NY Acad. Sci. 106, 692–697. (doi:10.1111/j.
1749-6632.1963.tb16677.x)

16. Johnson GR, Morawska L. 2009 The mechanism of
breath aerosol formation. J. Aerosol Med. Pulm.
Drug Deliv. 22, 229–237. (doi:10.1089/jamp.2008.
0720)

17. Prather KA et al. 2013 Bringing the ocean into the
laboratory to probe the chemical complexity of sea
spray aerosol. Proc. Natl Acad. Sci. USA 110, 6.
(doi:10.1073/pnas.1300262110)

18. Quinn PK, Bates TS, Schulz KS, Coffman DJ, Frossard AA,
Russell LM, Keene WC, Kieber DJ. 2014 Contribution
of sea surface carbon pool to organic matter
enrichment in sea spray aerosol. Nat. Geosci. 7, 5.

19. Facchini MC et al. 2008 Primary submicron marine
aerosol dominated by insoluble organic colloids and
aggregates. Geophys. Res. Lett. 35, L17814. (doi:10.
1029/2008GL034210)

20. Cravigan LT et al. 2020 Sea spray aerosol organic
enrichment, water uptake and surface tension
effects. Atmos. Chem. Phys. Discuss. 20, 7955–7977.
(doi:10.5194/acp-20-7955-2020)

21. Prather KA, Marr LC, Schooley RT, McDiarmid MA,
Wilson ME, Milton DK. 2020 Airborne transmission
of SARS-CoV-2. Science 370, 303–304. (doi:10.
1126/science.abf0521)

22. Duguid JP. 1946 The size and the duration of air-
carriage of respiratory droplets and droplet-nuclei.
Epidemiol. Infect. 44, 471–479. (doi:10.1017/
S0022172400019288)

23. Shechmeister IL. 1950 Studies on the experimental
epidemiology of respiratory infections: III. Certain
aspects of the behavior of Type A influenza virus as
an air-borne cloud. J. Infect. Dis. 87, 128–132.
(doi:10.1093/infdis/87.2.128)

24. Yang W, Marr LC. 2011 Dynamics of airborne
influenza A viruses indoors and dependence on
humidity. PLoS ONE 6, e21481. (doi:10.1371/
journal.pone.0021481)
25. Shaman J, Kohn M. 2009 Absolute humidity
modulates influenza survival, transmission, and
seasonality. Proc. Natl Acad. Sci. USA 106,
3243–3248. (doi:10.1073/pnas.0806852106)

26. Piercy TJ, Smither SJ, Steward JA, Eastaugh L, Lever
MS. 2010 The survival of filoviruses in liquids, on
solid substrates and in a dynamic aerosol: survival
of filoviruses. J. Appl. Microbiol. 109, 1531–1539.
(doi:10.1111/j.1365-2672.2010.04778.x)

27. Kormuth KA, Lin K, Prussin AJ, Vejerano EP, Tiwari
AJ, Cox SS, Myerburg MM, Lakdawala SS, Marr LC.
2018 Influenza virus infectivity is retained in
aerosols and droplets independent of relative
humidity. J. Infect. Dis. 218, 739–747. (doi:10.
1093/infdis/jiy221)

28. Yang W, Elankumaran S, Marr LC. 2012 Relationship
between humidity and influenza A viability in
droplets and implications for influenza’s seasonality.
PLoS ONE 7, e46789. (doi:10.1371/journal.
pone.0046789)

29. Harper GJ. 1961 Airborne micro-organisms: survival
tests with four viruses. Epidemiol. Infect. 59,
479–486. (doi:10.1017/S0022172400039176)

30. Karim YG, Ijaz MK, Sattar SA, Johnson-Lussenburg
CM. 1985 Effect of relative humidity on the airborne
survival of rhinovirus-14. Can. J. Microbiol. 31,
1058–1061. (doi:10.1139/m85-199)

31. Prussin AJ, Schwake DO, Lin K, Gallagher DL,
Buttling L, Marr LC. 2018 Survival of the enveloped
virus Phi6 in droplets as a function of relative
humidity, absolute humidity, and temperature.
Appl. Environ. Microbiol. 84, e00551-18. (doi:10.
1128/AEM.00551-18)

32. Niazi S, Groth R, Cravigan L, He C, Tang JW, Spann
K, Johnson GR. 2021 Susceptibility of an Airborne
Common Cold Virus to Relative Humidity. Environ.
Sci. Technol. 55, 499–508. (doi:10.1021/acs.est.
0c06197)

33. Johnson GR, Knibbs LD, Kidd TJ, Wainwright CE,
Wood ME, Ramsay KA, Bell SC, Morawska L. 2016 A
novel method and its application to measuring
pathogen decay in bioaerosols from patients with
respiratory disease. PLoS ONE 11, e0158763. (doi:10.
1371/journal.pone.0158763)

34. Wood ME et al. 2019 Cystic fibrosis pathogens
survive for extended periods within cough-
generated droplet nuclei. Thorax 74, 87–90.
(doi:10.1136/thoraxjnl-2018-211567)

35. Gysel M, McFiggans GB, Coe H. 2009 Inversion of
tandem differential mobility analyser (TDMA)
measurements. J. Aerosol Sci. 40, 134–151. (doi:10.
1016/j.jaerosci.2008.07.013)

https://doi.org/10.5061/dryad.fn2z34tt8
http://dx.doi.org/10.1056/NEJMc2004973
http://dx.doi.org/10.1056/NEJMc2004973
http://dx.doi.org/10.1016/j.envpol.2020.115767
http://dx.doi.org/10.1016/j.envpol.2020.115767
http://dx.doi.org/10.1146/annurev.physiol.70.113006.100702
http://dx.doi.org/10.1056/NEJMra0910061
http://dx.doi.org/10.1016/j.envint.2014.05.021
http://dx.doi.org/10.1016/j.jaerosci.2011.07.009
http://dx.doi.org/10.1080/15459624.2012.684582
http://dx.doi.org/10.1080/15459624.2012.684582
http://dx.doi.org/10.1186/1471-2466-12-11
http://dx.doi.org/10.1021/acs.jpca.6b04194
http://dx.doi.org/10.1021/acs.jpca.6b04194
http://dx.doi.org/10.1021/acs.jpclett.8b01365
http://dx.doi.org/10.5194/acp-12-2691-2012
http://dx.doi.org/10.5194/acp-12-2691-2012
http://dx.doi.org/10.1039/c2cs35082c
http://dx.doi.org/10.1039/c2cs35082c
http://dx.doi.org/10.1111/j.1749-6632.1963.tb16677.x
http://dx.doi.org/10.1111/j.1749-6632.1963.tb16677.x
http://dx.doi.org/10.1089/jamp.2008.0720
http://dx.doi.org/10.1089/jamp.2008.0720
http://dx.doi.org/10.1073/pnas.1300262110
http://dx.doi.org/10.1029/2008GL034210
http://dx.doi.org/10.1029/2008GL034210
http://dx.doi.org/10.5194/acp-20-7955-2020
http://dx.doi.org/10.1126/science.abf0521
http://dx.doi.org/10.1126/science.abf0521
http://dx.doi.org/10.1017/S0022172400019288
http://dx.doi.org/10.1017/S0022172400019288
http://dx.doi.org/10.1093/infdis/87.2.128
http://dx.doi.org/10.1371/journal.pone.0021481
http://dx.doi.org/10.1371/journal.pone.0021481
http://dx.doi.org/10.1073/pnas.0806852106
http://dx.doi.org/10.1111/j.1365-2672.2010.04778.x
http://dx.doi.org/10.1093/infdis/jiy221
http://dx.doi.org/10.1093/infdis/jiy221
http://dx.doi.org/10.1371/journal.pone.0046789
http://dx.doi.org/10.1371/journal.pone.0046789
http://dx.doi.org/10.1017/S0022172400039176
http://dx.doi.org/10.1139/m85-199
http://dx.doi.org/10.1128/AEM.00551-18
http://dx.doi.org/10.1128/AEM.00551-18
http://dx.doi.org/10.1021/acs.est.0c06197
http://dx.doi.org/10.1021/acs.est.0c06197
http://dx.doi.org/10.1371/journal.pone.0158763
http://dx.doi.org/10.1371/journal.pone.0158763
http://dx.doi.org/10.1136/thoraxjnl-2018-211567
http://dx.doi.org/10.1016/j.jaerosci.2008.07.013
http://dx.doi.org/10.1016/j.jaerosci.2008.07.013


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

18:20210209

9
36. Chao CYH et al. 2009 Characterization of expiration
air jets and droplet size distributions immediately at
the mouth opening. J. Aerosol Sci. 40, 122–133.
(doi:10.1016/j.jaerosci.2008.10.003)

37. Xie X, Li Y, Sun H, Liu L. 2009 Exhaled droplets due
to talking and coughing. J. R. Soc. Interface 6,
S703–S714. (doi:10.1098/rsif.2009.0388.focus)

38. Yang S, Lee GWM, Chen C-M, Wu C-C, Yu K-P. 2007
The size and concentration of droplets generated by
coughing in human subjects. J. Aerosol Med. 20,
484–494. (doi:10.1089/jam.2007.0610)

39. Baron PA, Kulkarni P, Willeke K (eds). 2011 Aerosol
measurement: principles, techniques, and
applications, 3rd edn. Hoboken, NJ: Wiley.

40. Vejerano EP, Marr LC. 2018 Physico-chemical
characteristics of evaporating respiratory fluid
droplets. J. R. Soc. Interface 15, 20170939. (doi:10.
1098/rsif.2017.0939)

41. Walker JS, Archer J, Gregson FKA, Michel SES, Bzdek
BR, Reid JP. 2021 Accurate representations of the
microphysical processes occurring during the
transport of exhaled aerosols and droplets. ACS Cent.
Sci. 7, 200–209. (doi:10.1021/acscentsci.0c01522)

42. Davies JF, Price CL, Choczynski J, Kohli RK. 2021
Hygroscopic growth of simulated lung fluid aerosol
particles under ambient environmental conditions.
Chem. Commun. 57, 3243–3246. (doi:10.1039/
D1CC00066G)

43. Mikhailov E, Vlasenko S, Niessner R, Poschl U. 2004
Interaction of aerosol particles composed of protein
and salts with water vapor: hygroscopic growth and
microstructural rearrangement. Atmos. Chem. Phys.
4, 323–350.

44. Stokes RH, Robinson RA. 1966 Interactions in
aqueous nonelectrolyte solutions. I. Solute–solvent
equilibria. J. Phys. Chem. 70, 2126–2131. (doi:10.
1021/j100879a010)

45. Pitzer KS. 1973 Thermodynamics of
electrolytes. I. Theoretical basis and general
equations. J. Phys. Chem. 77, 268–277.

46. Ruehl CR, Davies JF, Wilson KR. 2016 An interfacial
mechanism for cloud droplet formation on organic
aerosols. Science 351, 1447–1450. (doi:10.1126/
science.aad4889)

47. Forestieri SD, Staudt SM, Kuborn TM, Faber K, Ruehl
CR, Bertram TH, Cappa CD. 2018 Establishing the
impact of model surfactants on cloud condensation
nuclei activity of sea spray aerosol mimics. Atmos.
Chem. Phys. 18, 10 985–11 005. (doi:10.5194/acp-
18-10985-2018)

48. Znamenskaya Y, Sotres J, Gavryushov S, Engblom J,
Arnebrant T, Kocherbitov V. 2013 Water sorption
and glass transition of pig gastric mucin studied by
QCM-D. J. Phys. Chem. B 117, 2554–2563. (doi:10.
1021/jp311968b)

49. Schömig VJ, Käsdorf BT, Scholz C, Bidmon K, Lieleg
O, Berensmeier S. 2016 An optimized purification
process for porcine gastric mucin with preservation
of its native functional properties. RSC Adv. 6,
44 932–44 943. (doi:10.1039/C6RA07424C)

50. Rose MC, Voynow JA. 2006 Respiratory tract mucin
genes and mucin glycoproteins in health and
disease. Physiol. Rev. 86, 245–278. (doi:10.1152/
physrev.00010.2005)

51. Wagner CE, Turner BS, Rubinstein M, McKinley GH,
Ribbeck K. 2017 A rheological study of the
association and dynamics of MUC5AC Gels.
Biomacromolecules 18, 3654–3664. (doi:10.1021/
acs.biomac.7b00809)

52. Nicas M, Nazaroff WW, Hubbard A. 2005 Toward
understanding the risk of secondary airborne
infection: emission of respirable pathogens.
J. Occup. Environ. Hyg. 2, 143–154. (doi:10.1080/
15459620590918466)

53. Estillore AD et al. 2017 Linking hygroscopicity
and the surface microstructure of model inorganic
salts, simple and complex carbohydrates, and
authentic sea spray aerosol particles. Phys. Chem.
Chem. Phys. 19, 21 101–21 111. (doi:10.1039/
C7CP04051B)

54. Choi MY, Chan CK. 2002 The effects of organic
species on the hygroscopic behaviors of inorganic
aerosols. Environ. Sci. Technol. 36, 2422–2428.
(doi:10.1021/es0113293)

55. Anand S, Mayya YS. 2020 Size distribution of virus
laden droplets from expiratory ejecta of infected
subjects. Sci. Rep. 10, 21174. (doi:10.1038/s41598-
020-78110-x)

56. Groth R, Cravigan LT, Niazi S, Ristovski Z, Johnson
GR. 2021 Data from: In situ measurements of
human cough aerosol hygroscopicity. Dryad Digital
Repository. (https://doi.org/10.5061/dryad.
fn2z34tt8)

http://dx.doi.org/10.1016/j.jaerosci.2008.10.003
http://dx.doi.org/10.1098/rsif.2009.0388.focus
http://dx.doi.org/10.1089/jam.2007.0610
http://dx.doi.org/10.1098/rsif.2017.0939
http://dx.doi.org/10.1098/rsif.2017.0939
http://dx.doi.org/10.1021/acscentsci.0c01522
http://dx.doi.org/10.1039/D1CC00066G
http://dx.doi.org/10.1039/D1CC00066G
http://dx.doi.org/10.1021/j100879a010
http://dx.doi.org/10.1021/j100879a010
http://dx.doi.org/10.1126/science.aad4889
http://dx.doi.org/10.1126/science.aad4889
http://dx.doi.org/10.5194/acp-18-10985-2018
http://dx.doi.org/10.5194/acp-18-10985-2018
http://dx.doi.org/10.1021/jp311968b
http://dx.doi.org/10.1021/jp311968b
http://dx.doi.org/10.1039/C6RA07424C
http://dx.doi.org/10.1152/physrev.00010.2005
http://dx.doi.org/10.1152/physrev.00010.2005
http://dx.doi.org/10.1021/acs.biomac.7b00809
http://dx.doi.org/10.1021/acs.biomac.7b00809
http://dx.doi.org/10.1080/15459620590918466
http://dx.doi.org/10.1080/15459620590918466
http://dx.doi.org/10.1039/C7CP04051B
http://dx.doi.org/10.1039/C7CP04051B
http://dx.doi.org/10.1021/es0113293
http://dx.doi.org/10.1038/s41598-020-78110-x
http://dx.doi.org/10.1038/s41598-020-78110-x
https://doi.org/10.5061/dryad.fn2z34tt8
https://doi.org/10.5061/dryad.fn2z34tt8

	In situ measurements of human cough aerosol hygroscopicity
	Introduction
	Material and methods
	Participant selection
	Collection of bovine respiratory fluid
	Aerosol collection and storage
	Aerosol growth and measurement

	Results
	Hydration and dehydration of respiratory aerosol

	Discussion
	Hygroscopicity measurements
	Organic volume fraction estimates
	Hysteresis behaviour
	Droplet equilibrium diameters

	Conclusion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


