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• Immediate response in aerosol size and composition following generation with 
loss of volatiles, change in phase and response to ambient relative humidity.
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• Changes in size and number concentration due to inter-particle interactions 
and coalescence. 

• Hygroscopic growth on inhalation: capacity to absorb water and rate of growth. 
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• At a well define RH, a crystalline particle dissolves to form a saturated solution droplet.
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Capacity to Grow: The Change in the Size Distribution

• Hydrophobic aerosols grow by a small amount depending on RH, hydrophilic 
aerosols can grow a lot.

Highly 
Hygroscopic

Low

Hygroscopicity



Timescales of Growth: Variation with Size

• The timescale for a particle to 
grow and equilibrate in size 
depends on how large it is.

• Sub-micrometre diameter 
particles typically grow in <<0.5 s.

• Particles larger than a 
micrometre in diameter can take 
more than 10 s to adjust in size.



Capacity and Timescale

• Wide ranging changes in conditions: 
particles respond to changes.

• Timescales: responses occur on 
timescales similar to inhalation and 
breath hold.



Hygroscopic Growth: The History

• Ferron (1977): Model to estimate time-dependent growth of hygroscopic 
particles. 

• Local deposited fraction depends significantly on hygroscopic growth 
in size range 0.4 to 6 mm. 

• Concluded that growth time and inhalation time are comparable for a 
1 mm particle.

Ferron GA. The Size of Soluble Aerosol Particles As a Function of the Humidity of the 
Air. Application to the Human Respiratory Tract. J. Aerosol Sci. 8(1), 251--267 (1977).



Hygroscopic Growth: The History

• Broday (2001): 

• Cumulative time in airways may 
be insufficient for particles to 
reach equilibrium (e.g. normal 
single breath), unless submicron-
sized particles. 

• Growth potential unlimited as 
tend to 100% RH.

Broday DM, Georgopoulos PG. Growth and Deposition of Hygroscopic Particulate Matter 
in the Human Lungs. Aerosol Sci. Technol. 34(1), 144–159 (2001).

• Ferron (1977): Model to estimate time-dependent growth of hygroscopic 
particles. 

• Local deposited fraction depends significantly on hygroscopic growth 
in size range 0.4 to 6 mm. 

• Concluded that growth time and inhalation time are comparable for a 
1 mm particle.



Hygroscopic Growth: Some Recent Developments

Tian, Longest, Li, Hindle. Targeting Aerosol Deposition to and Within the Lung Airways 
Using Excipient Enhanced Growth. J. Aerosol Med. Pulm. Drug Deliv. 26, 248–265 (2013)

• Excipient Enhanced Growth (CFD) – Insulin + Hygroscopic Excipient. 

• Moving to <1 mm particles, reduced mouth-throat deposition by one 
order of magnitude to <1% of drug dose. 

• Final particle sizes exiting tracheobronchial region entering alveolar 
>3 mm with factor of 20-30× increase in deposited fraction in lower TB 
region. 

MT TB



Hygroscopic Response: The Key Uncertainties

• Hygroscopic Growth at High RH: Lack of measurements, 
particularly for low solubility/insoluble drugs at RHs>99 %. 

• Surface Films and Additives: Change in kinetics of water 
transport across surface, delaying hygroscopic growth.

Hickey AJ, Martonen TB. Behavior of Hygroscopic Pharamceutical Aerosols and the 
Influence of Hydrophobic Additives. Pharm. Res. 10(1), 1–7 (1993).



Hygroscopic Response: The Key Uncertainties

• Hygroscopic Growth at High RH: Lack of measurements, 
particularly for low solubility/insoluble drugs at RHs>99 %. 

• Surface Films and Additives: Change in kinetics of water 
transport across surface, delaying hygroscopic growth.

• Supersaturation (RH>100 %): Some models have predicted 
supersaturation in the nasopharyngeal/oropharyngeal regions.

• Dissolution kinetics: How quickly do solid particles dissolve, 
what is their disposition at deposition?

• Efficiency of Heat Transfer: How 
efficiently is heat removed/deposited 
on particle surface? Can change 
timescales by factor of 2-3 or ever larger.

A route to targeted DDL? 
(1) Reduction in mouth-throat deposition; 
(2) Ensure aerosol retention in the lungs (TB or 

alveolar);
(3) Increasing deposition within certain regions .



New Tools for Dynamic Aerosol Measurements

Conventional 
Instrumentation:
Steady state, residual 
dry particles, long-
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Time-Resolved Measurements of Aerosol Size

• Using an electrodynamic 
balance, individual droplets 
can be injected and their 
dynamic properties studied.

• The angularly scattered light 
can be used to infer particle 
size with high time-resolution.

• Droplets can be injected in 
sequence and compared.  

J.F. Davies, A.E. Haddrell, A.M.J. Rickards and J.P. Reid, 'Simultaneous Analysis of the Equilibrium 
Hygroscopicity and Water Transport Kinetics of Liquid Aerosol‘, Analytical Chem. 85  (2013) 5819-5826.



The Capacity and Timescale and for Growth

Capacity to Grow Timescale to Grow

• The capacity of the droplets to absorb water up to very high relative humidity can 
be determined.

• The timescale of water condensation can be studied by a step change in RH. 

• Multicomponent droplets can be studied with multiple volatile components over 
short timescales. 

J.F. Davies, A.E. Haddrell, A.M.J. Rickards and J.P. Reid, 'Simultaneous Analysis of the Equilibrium 
Hygroscopicity and Water Transport Kinetics of Liquid Aerosol‘, Analytical Chem. 85  (2013) 5819-5826.
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• Surface Films and Additives: Change in kinetics of water 
transport across surface, delaying hygroscopic growth.

• Supersaturation (RH>100 %): Some models have predicted 
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The Capacity for Growth of Typical Drugs and Excipients

A. Haddrell, J. Davies, R. Miles, J. Reid, L. Dailey, D. Murnane, Dynamics of aerosol size during 
inhalation: hygroscopic growth of commercial nebulizer formulations, Int. J. Pharm. 463 (2014) 50–61. 

• The capacity of aerosol to 
absorb water formed from 
different APIs and excipients can 
be measured and reported as a 
diameter growth factor.

• The equilibrium response to RH 
can be reported as an increase in 
the diameter of a particle as the 
particle absorbs water, the radial 
growth factor.



The Capacity for Growth of Typical Drugs and Excipients

• Different APIs and excipients 
show varying degrees of 
hygroscopic growth, dependent 
on functionality.

• Mixtures can then be 
calculated.

Farkas Á, Lewis D, Church T, et al. Experimental and computational study of the effect of breath-actuated 
mechanism built in the NEXThaler® dry powder inhaler. Int. J. Pharm. 533(1), 225–235 (2017).

Fluticasone

Lactose

Tobramycin

Salbutamol 
sulphate and base

Mannitol

Ipratropium 
bromide

Beclometasone
dipropionate

NaCl Sodium Chloride



Evaporation and Condensation

• The kinetic response of aerosol of different type can then be compared.

• Both aerosols are initially at 2.5 mm radius, both lose water immediately in lower 
RH environment.

• Once the RH increases to 99.5 %, the aerosols grow at different rates. 

A. Haddrell, J. Davies, R. Miles, J. Reid, L. Dailey, D. Murnane, Dynamics of aerosol size during 
inhalation: hygroscopic growth of commercial nebulizer formulations, Int. J. Pharm. 463 (2014) 50–61. 
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• The kinetic response of aerosol of different type can then be compared.

• Both aerosols are initially at 2.5 mm radius, both lose water immediately in lower 
RH environment.

• Once the RH increases to 99.5 %, the aerosols grow at different rates. 

• Models of simulated inhalation kinetics can be compared to measurements.



Dependence of Deposition on Hygroscopitiy

A.E. Haddrell, J.F. Davies, J.P. Reid, Dynamics of Particle Size on … and Impact on 
Deposition Fraction, Environ. Sci. Technol. 49 (2015) 14512−14521. 

Hydrophobic kerosene aerosol

• Adapted ICRP model, based on estimates of transit times, to include explicit 
thermodynamics of hygroscopic growth and kinetics of size change.
• Model able to capture measurements of deposited fraction and differences for 
hydrophilic and hydrophobic aerosol.
• Note large differences in deposited fraction at 1 mm size. 

Aqueous NaCl aerosol
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Equilibrium 
Hygroscopic Response

Hygroscopic Response of 
Dynamically Evolving System



Evaporation of (Very) Volatile Droplets

Thanks to Flo Gregson for 
experiments (Bristol) and 
Reinhard Vehring and 
Mani Ordoubadi for model

• Ethanol droplets evaporate rapidly into 
dry air but more slowly into humid air. 

• The composition of the droplet 
completely changes in <0.5 s from pure 
ethanol to a pure water droplet.  

• When a volatile droplet evaporates, 
significant evaporative cooling can occur.

S=1.02
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Dissolution of 
Crystalline Particles

Dissolution of Amorphous 
(Glassy) Particles



Condensation on Viscous and Amorphous Particles

• The viscosity of a particle has an important influence on the rate of water 
condensation during hygroscopic growth with more viscous particles less responsive.

High viscosity, 
low diffusion constant, 
slow water transport

R. M. Power, S. H. Simpson, J. P. Reid* and A. J. Hudson 'The Transition from Liquid to Solid-Like 
Behaviour in Ultrahigh Viscosity  Aerosol Particles‘, Chemical Science 4(6) (2013) 2597 - 2604



Condensation on Viscous and Amorphous Particles

• The viscosity of a particle has an important influence on the rate of water 
condensation during hygroscopic growth with more viscous particles less responsive.

• For some aerosol constituents, the viscosity of the aerosol can be tuned over many 
orders of magnitude, potentially influencing dissolution timescale.

• Particles which evolve through highly viscous states as they are inhaled (e.g. 
amorphous compared with solution) require greater time for growth. 

R. M. Power, S. H. Simpson, J. P. Reid* and A. J. Hudson 'The Transition from Liquid to Solid-Like 
Behaviour in Ultrahigh Viscosity  Aerosol Particles‘, Chemical Science 4(6) (2013) 2597 - 2604
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Condensation on Viscous and Amorphous Particles

R. M. Power, S. H. Simpson, J. P. Reid* and A. J. Hudson 'The Transition from Liquid to Solid-Like 
Behaviour in Ultrahigh Viscosity  Aerosol Particles‘, Chemical Science 4(6) (2013) 2597 - 2604

High viscosity, 
low diffusion constant, 
slow water transport

Measured using 
Aerosol optical 
tweezers



Condensational Growth Kinetics on Particles

Water condensation kinetics onto single 

aqueous droplets containing sodium 

nitrate (RH stepped from 24% to 80%) 

and sucrose (25% to 80% RH). 

Marsh, A. et al. Accurate Representations of the Physicochemical Properties of 
Atmospheric Aerosols: … Faraday Discuss. 200, 639–661 (2017).



Condensational Growth Kinetics on Particles

Water condensation kinetics onto single 

aqueous droplets containing sodium 

nitrate (RH stepped from 24% to 80%) 

and sucrose (25% to 80% RH). 

• The time-constant for condensational growth can be tuned 
depending on the viscosity and phase of the aerosol particle.

Marsh, A. et al. Accurate Representations of the Physicochemical Properties of 
Atmospheric Aerosols: … Faraday Discuss. 200, 639–661 (2017).



Conclusions: The Key Uncertainties

• Hygroscopic Growth at High RH: Lack of measurements, 
particularly for low solubility/insoluble drugs at RHs>99 %. 

• Surface Films and Additives: Change in kinetics of water 
transport across surface, delaying hygroscopic growth.
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• Efficiency of Heat Transfer: How 
efficiently is heat removed/deposited 
on particle surface? Can change 
timescales by factor of 2-3 or ever larger.



Further Microphysical Challenges and Opportunities

• Mass and heat transport in evaporating droplets:
Dynamics during loss of solvents, hygroscopic 
growth under supersaturation, consequences for 
drug solubility/disposition…

• Dissolution kinetics of crystalline/solid particles:
Measurements of condensation rates on solid 
particles, moisture content of dried amorphous 
particles,…

• Coalescence in the plume with evolving size 
distributions: Interparticle interactions, 
outcomes of collisions (bounce, coalescence etc.)
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