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Aerosols are dynamic systems, responding to variations in the surrounding environmental conditions by
changing in size, composition and phase. Although, widely used in inhalation therapies, details of the
processes occurring on aerosol generation and during inhalation have received little attention. Instead,
research has focused on improvements to the formulation of the drug prior to aerosolization and the
resulting clinical efficacy of the treatment. Here, we highlight the processes that occur during aerosol
generation and inhalation, affecting aerosol disposition when deposited and, potentially, impacting total
and regional doses. In particular, we examine the response of aerosol particles to the humid environment
of the respiratory tract, considering both the capacity of particles to grow by absorbing moisture and the
timescale for condensation to occur.
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Therapeutic aerosols & the analytical challenge
Aerosols are widely used in the treatment of respiratory diseases, particularly asthma and chronic obstructive
pulmonary disease. Affording direct delivery to the disease site, rapid clinical response and requiring a small
fraction of a typical dose required in oral or subcutaneous administration routes [1], aerosols are increasingly viewed
as an appropriate route to deliver other therapeutic agents, including the delivery of insulin, and to treat systemic
diseases [2]. However, studies of aerosol therapeutics largely focus on the formulation of the drug and the device
used to generate and deliver the aerosol, or the resulting deposition pattern in the lung, the pharmacokinetics
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of the inhaled medicine and the efficacy of the treatment; the processes occurring between the points of aerosol
generation and deposition are rarely considered. Despite this, improving disease outcomes are likely dependent on
targeting and improving lung deposition fraction in specific regions in the respiratory tract, inherently requiring
knowledge of the aerosol processing that occurs [3]. Indeed, the key barriers to progress in inhalation therapies that
have been identified include a poor understanding of the relationships between the physicochemical characteristics
of the formulation and the performance in the humid environment of the respiratory tract, and an incomplete
understanding of drug disposition in the lung after deposition [4].
The formulation of the drug (excipient, active pharmaceutical ingredient, propellant, co-solvent) and delivery
device (pressurized metered dose inhaler, dry powder inhaler, nebulizer) must be considered in conjunction when
considering the aerosol route for drug delivery [5–8]. Aerosol particles are generated as either solid crystalline,
amorphous or liquid droplet form, the latter as suspensions or solutions, undergoing rapid evolution in their size
and composition in the aerosol phase, shown schematically in Figure 1 [6,7,9]. The response in size can be driven
by the loss in volatile propellants or co-solvents, or by the condensation of water in the humid environment of the
lung, effecting the phase state and morphology of particles [10,11]. Deposition patterns are critically dependent on
particle size and may affect clinical efficacy, although these processes in the aerosol phase lead to continual variation
in size [10,12]. Coarse large particles (>5 μm) penetrate very little into the respiratory tract when inhaled at typical
flow rates with high losses due to impaction and sedimentation, especially in upper and larger airways; the fraction
of fine particles is seen as crucial for increasing deposition in the small peripheral airways with diffusional losses
only becoming significant for particles <200 nm in diameter [13,14]. Indeed, the transition from chlorofluorocarbon
propellants to hydrofluoroalkanes (HFAs), a consequence of the Montreal protocol, led to reports of improved
clinical efficacy at lower dose [15,16]. This observation has been attributed to the smaller particle sizes resulting from
HFA formulations when compared with chlorofluorocarbon, which are able to penetrate deeper into the respiratory
tract and show improved total lung deposition [17]. Once deposited on the airway epithelial layer, the physical state
of the particles may be important for determining the pharmacokinetic profile and drug release rate [2].
The dynamic processes occurring in the aerosol phase following aerosolization and prior to deposition, occur
on timescales of milliseconds to seconds or longer [10,11], commensurate with the timescales of inhalation and
exhalation [18]. Particle sizes are usually measured as residual dry particle sizes using instruments such as the
Anderson cascade impactor, or under conditions of a certain relative humidity (RH) [12]. Although, these techniques
can facilitate assessments of quality and reproducibility of product formulation, we suggest that they are unable to
provide any more than a qualitative assessment of the aerosol particle size distribution and phase state once inhaled.
New analytical approaches are required to provide time-dependent information on the phase state, morphology,
size and moisture content of a particle prior to and up to the point of deposition, if in silico deposition models
are to be refined [18,19], the significance of measurements of deposited dose [13,14] and lung images [20] interpreted,
and the efficacy of aerosol therapies improved [2]. Our purpose here is to highlight new techniques for probing the
aerosol dynamics that occur on inhalation, helping to provide information on a key step in the process of drug
delivery to the lungs.
The capacity of aerosol particles to absorb moisture on inhalation
The consequences of the high humidity of the lungs on inhaled particles will depend on the hygroscopic properties
of the particles, the aerodynamic characteristics of the particles, the concentration of the aerosol phase, and the
respiratory parameters. There is a balance between the response rate of the aerosol particles under the prevailing
RH, the timeframe over which the particles are exposed to the high RH conditions, and competing deposition
mechanism (e.g., inertial impaction removing particles from the airstream). The RH and air temperature reach
99.5% and 37◦ C by approximately the fourth dichotomous branch point of the pulmonary tract [21,22]. The
humidity is therefore close to saturation for aerosol particles which avoid inertial impaction in the uppermost
airways. Under normal tidal breathing conditions, air residence times range between 2 and 5 s [23,24] depending
on whether the individual is sedentary or undertaking heavy exercise. Although, near-tidal breathing is achieved
during nebulization, breathing parameters differ widely for those using dry powder inhalers and metered dose
inhalers (MDI). For example, shorter, rapid inhalation rates are required for dry powder inhalers, which enhances
impaction deposition in the upper airway, minimizing the fraction of the aerosol phase subject to the high-RH
lung environment. However, patients are usually advised to employ a breath hold period of up to 10 s in duration
(or at least as long as is comfortable), and such a period would provide sufficient opportunity for particles that
penetrate into the deep lung to undergo growth under the physiological conditions of the airways.
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Figure 1. Aerosols can be formulated for a number of delivery modalities including metered dose inhalers and dry
powder inhalers, producing solutions, suspensions or dry powders. The outcome of the therapy can be dependent
on the formulation. Aerosolization and aerosol processing are key intermediate steps that are often ignored when
considering the delivery of drugs to the lungs but result in rapid changes in particle size, phase, morphology and
composition, thereby affecting deposition pattern, disposition and, possibly, clinical efficacy.
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Indeed, control over the hygroscopic growth of submicrometer particles on inhalation has been suggested as a
route to achieve low deposition in the extrathoracic region and high deposition in the lung after they have grown [25–
27]. The hygroscopic response of particles on inhalation is dependent on the particle size and RH immediately prior
to inhalation, and on the nature of the chemical component forming the aerosol [13,28]. Less hygroscopic particles
are capable of absorbing less water than more hygroscopic particles and changes in the size dependent dose are
observed in the case of the latter [14,29,30]. Not only is the capacity of the aerosol particles to absorb gaseous water
important in governing response, but the timescale of the condensation process is important [31]. We will consider
these two factors separately.
The capacity of an aerosol particle to absorb water is termed the aerosol hygroscopicity. Typically, the capacity
for growth by water condensation is represented as a mass (GFm ) or diameter (GFd ) growth factor as a function of
gas phase RH:

GFm 

m(RH)
m(RH  0)

(1)

GFd 

d (RH)
d (RH  0)

(2)

In both cases, the particle mass (or diameter) at a particular RH is referenced to the particle mass (or diameter)
in the absence of moisture, equivalent to a perfectly dry particle that just contains all of the solutes, excipients and
active pharmaceutical ingredients (APIs). This provides a convenient way of representing the uniform scaling in
particle size with RH observed across all dry particle sizes larger than ∼100 nm in diameter, a lower size limit above
which the Kelvin effect has minimal impact on the vapor pressure of a liquid droplet [32].
The capacity of aerosol particles of a particular composition to absorb water can be measured directly in the
aerosol phase using an array of conventional techniques [32], such as a hygroscopicity tandem differential mobility
analyzer to measure the response of a particle population or an electrodynamic balance (EDB) for single particle
measurements. Using these techniques, it is possible to make accurate measurements of hygroscopic growth up to
∼90% RH for pharmaceutical aerosol [33]. However, only recently has it become possible to measure the growth of
aerosol up close to the saturation RH of 100%, typical of the respiratory tract, using a refined EDB approach [10,34].
This is a particularly important regime to make measurements in for respiratory aerosol: APIs can often have low
hygroscopicity and solubility in water and growth may be only very minor (if it is even measurable) at RHs below
90%.
As the amount of water carried by the gas phase increases (i.e., an increase in RH), an aerosol particle must
follow this change in moisture content to remain in a state of thermodynamic equilibrium. For soluble aerosol, for
example, saline solutions, the particle has the capacity to absorb a large amount of water growing by as much as an
order of magnitude in mass or diameter as the RH surpasses 99.5%. Typical diameter growth factor dependencies
on RH are shown in Figure 2. As an example, an aqueous sodium chloride crystal, 1 μm in diameter if represented
as a spherical equivalent, will take up enough water to exceed 6 μm in diameter at 99.5% RH. All growth curves
rise extremely steeply as the saturation RH is approached (note the change in both scales between the left and right
sides of the figure), a point where water condensation on a particle would lead to spontaneous and continuous
growth. It should be recognized that the condensation of water leads to a decrease in the mass fraction of solutes
within the droplet, in this case sodium chloride, as the proportion of water increases leading to changes in tonicity.
As examples, the molality of sodium chloride in an aqueous droplet (moles of sodium chloride per kg of water)
decreases from 11.5 mol kg-1 at a typical ambient RH of 50% to 0.6 mol kg-1 at 98% RH. A droplet is isotonic
with blood plasma at a RH of only 99.5% with a molality of 0.15 mol kg-1 [34].
In atmospheric aerosol science, it is typical to represent the capacity of an aerosol to grow by condensation by a
reduced parameter model, referred to as Köhler theory [35]. Here, the dependence of the diameter growth factor on
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Figure 2. Particles respond to changes in the surrounding relative humidity of the gas phase by absorbing water
and growing in size. Here, the growth in size is represented as a diameter growth factor which reports the change in
particle size relative to the dry particle as the relative humidity increases. Growth curves for particles of increasing
hygroscopicity parameter (= 0.01, 0.12 and 1.27) are shown as examples of insoluble, low solubility and high
solubility, respectively.

RH can be calculated from the equation:

GFd  3 1 

  RH
.
1  RH

(3)

The sensitivity of hygroscopic growth to the value of the κ parameter is clearly apparent from Figure 2. Even
for a compound of low hygroscopicity, a particle may still change size by 10’s% at the high humidity in the lung.
Necessarily, the water activity in the particle must approach one (an infinite dilution of solute) by an RH of
100% to satisfy equilibrium thermodynamics. In atmospheric science, although the moisture absorbed by particles
consisting of very insoluble compounds (with < 0.01) may be only 10’s of molecular layers, particles can still
exhibit unhindered condensation of water under supersaturated conditions [36], conditions where the water activity
of the solution droplet may be >0.999. This is still an area of active research and the moisture content of inhaled
particles with low solubility in the respiratory tract has not yet been fully explored [37]. It should be stressed that not
only may the hygroscopic growth impact on deposition pattern, but the moisture content acquired in flight will
impact on the disposition of the drug particles at the point of deposition [25–27]. Indeed, we have shown recently
that the degree of hygroscopic growth of aerosol particles can be very readily controlled by careful consideration
of the chemical components used to form the aerosol, for example, by using mixtures of saccharides and amino
acids [35] or by adding triblock copolymers [38].
The timescale for aerosol particles to absorb moisture on inhalation
The capacity of aerosol particles to absorb moisture during inhalation is only one part of the challenge in understanding the hygroscopic growth of inhalation therapies: the timescale for a particle to absorb moisture can span
from milliseconds to days, depending on particle size, surface composition, and bulk rheological properties (i.e., the
viscosity of the particle). The unhindered condensation kinetics of water on a particle depend on the size; particles
smaller than 1000 nm in diameter grow in less than 0.1 s, responding to a step change in RH from a dry ambient
atmosphere to the RH of the respiratory tract such as would occur on inhalation, as shown in Figure 3. Here, the
mechanism is purely governed by the speed of gas phase transport of water from an ‘infinite’ distance to the particle
surface, following the gradient in RH [32]. However, for particles of 5 μm size, the eventual fractional change in
size is same as smaller particles, but more water must be absorbed by a particle with a lower surface-to-volume
ratio, slowing the response and requiring 5–10 s for condensational growth to be achieved (not fully appreciable in
Figure 3 as shown) [39].
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Figure 3. Simulations of the response in size of sodium chloride droplets to a step change in the relative humidity
surrounding for aerosol particles of varying initial size (note the log diameter axis).

In Figure 4A, we show simulations that illustrate both the capacity of an aerosol particle to grow and the timescale
for growth of particles of 1 μm diameter for particles composed of saline, Tobramycin and a Tobramycin-saline
mixture. Here, the aerosol particles start at a gas phase RH of 50% and grow in response to a step change in RH
up to 99.5%. These simulations are based on generic parameterisations of measurements made for more specific
changes in RH and various particle sizes. Equilibration to the high RH is only complete after ∼10 s. The extent of
growth is clearly dependent on the composition and hygroscopicity of the aerosol components as well as the level
of moisture content in the initial particle prior to experiencing the step change in RH, in other words the initial
RH of the ambient environment the aerosol exists in. This illustrates a further point expanded on in Figure 4B:
the aerosol particle size is very rarely static but continuously evolving on the timescales of seconds in response to
changes in the gas phase environment (RH and temperature). In this example, a solution droplet is prepared under
dilute solute conditions (high water activity) and immediately loses water when exposed to a low RH of ∼70%,
equilibrated only after ∼10 s. Following a relatively small increase in RH to ∼82%, the particle size responds in
∼5 s. In addition to showing model predictions of the temporal response in the aerosol particle size, we also show a
measurement made using the refined EDB approach mentioned above, illustrating the high level of agreement that
can be reached in interpreting the size-changing kinetics. Indeed, this new EDB approach can be used in principle
to expose a particle to a time-dependent pattern in RH that might be expected for particles following generation
and on inhalation [10].
The timescale for water condensation on a growing particle can depend not only on the particle size and the
rate of gas phase moisture transport, but also on the surface and bulk composition of the particle [40]. It was
recognized some time ago that control over the surface composition of aerosol particles used in inhalation therapies,
for example, by including fatty acids in the formulation, could be exploited to control the size changing dynamics
of particles [37]. The presence of an amphiphilic surfactant, a molecule with a hydrophilic head group and a
hydrophobic tail that preferentially resides at an aqueous-air surface with the hydrophobic tail pointing into the
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Figure 4. Dynamic behavior of pharmaceutical aerosol prior to, and during, inhalation. (A) A simulation of the
time-dependence of the size of particles of varying composition during condensation following a step change in
relative humidity. (B) A comparison of the kinetics of particle size change during initial equilibration of an aqueous
sodium chloride solution droplet following injection into a gas phase of lower RH than the starting water activity in
the droplet, followed by condensation of water once the relative humidity is increased. The measurements were
made with an EDB detailed in our previous work [10,34]. The model parameterization includes a quasi-steady
analytical treatment of the coupling of heat and mass transport during water evaporation or condensation [34,39,41].
EDB: Electrodynamic balance; RH: Relative humidity.

gas phase, can influence the ‘appearance’ of the droplet surface to a condensing water molecule, in effect changing
a hydrophilic surface to a hydrophobic surface. As well as impacting on the evaporation kinetics of water from a
droplet by presenting a barrier to water passage through the surface region [41], it has long been considered that
a surfactant film can act as a barrier to adsorption of water, delaying water condensation kinetics [32,39]. With
inhalation/exhalation cycles typically lasting only a few seconds, slowing the condensation kinetics by including a
surfactant in a formulation could readily lead to control over the response timescale of even hygroscopic aerosol on
inhalation, particularly for particles larger than 1 μm.
Many of the excipients used in drug delivery to the lungs are saccharides, for example, the disaccharide lactose.
Although, sugars are reasonably hygroscopic (e.g., galactose has a value of of 0.13 [35]) they can form amorphous
particles under dry conditions, as well as crystalline particles, with some (e.g., sucrose) passing through a moisture
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driven glass transition at room temperature. From a rheological perspective, this suggests that the viscosity of a
dried particle can exceed 1012 Pa s [42], 15 orders of magnitude higher than the viscosity of typical saline solution
droplets with viscosities of order 10-3 Pa s. A particle that is so viscous necessarily responds only slowly to changes
in moisture content in the gas phase due to the slow transport of water within the particle bulk [43]. Instead of a
timescale for the condensation of water that is limited by bulk gas phase transport or transport across the surface (as
in the case of a surfactant film), the timescale may be limited by the dissolution kinetics of the particle bulk and the
rate at which water can permeate throughout the particle [43]. Indeed, this dissolution process has been measured
to extend for timescales longer than >10 s for particles of particular chemical composition [44]. We have shown
recently that the dependence of particle viscosity on moisture content can be controlled very readily by choosing
appropriate molecular constituents, including mono-, di- and tri-saccharides [45].
Conclusion & future perspective
Aerosol particle size and composition are dynamic, responding on timescales that are comparable to, or longer
than, inhalation/exhalation times for particle sizes typical of aerosols used in inhalation therapies. Although often
ignored, and leading to additional complexities in treating aerosol-lung interactions, aerosol dynamics could provide
a route to exploit particle properties for optimizing delivered does to specific regions in the lung. Particles smaller
than 1 μm in diameter can be considered to respond instantaneously to changes in their environment; tuning
their hygroscopicity can have a significant impact on the dependence in particle size with RH and, thus, could
influence the deposition pattern within the lung [25–27]. In addition, influencing condensation kinetics through
using surfactant additives or through controlling the bulk viscosity of the particle can lead to control over timescale,
potentially delaying moisture absorption and retaining small particles for longer in the respiratory tract. For particles
larger than 1 μm in diameter, timescales for changes in size are much longer than for smaller particles, potentially
offsetting any impacts of hygroscopic growth on the size distribution. However, control over particle viscosity and
surface composition can have significant effects on the dissolution timescales of particles and could be used to
influence the disposition of the aerosol on deposition and the drug release rate.
Improvements in our understanding of the microphysical processes occurring in aerosol during inhalation have
been inferred from initial aerosol states starting as aqueous solution droplets or amorphous particles and have largely
focused on hygroscopic response. Much of this work is immediately relevant to understand the microphysics of
aerosols generated from nebulizer formulations [10,38]. However, the processes leading to rapid changes in droplet
size, composition and temperature during the initial generation step, particularly from a MDI [5,12], are now
accessible using advanced experimental approaches for generating droplets containing high-volatility propellants
such as HFAs [11]. It will be instructive to combine these approaches with the refined tools for looking at evolving
particle size in humid atmospheres using an EDB [34,41,44,46]. Realistic, high volatility HFA droplets, containing cosolvents and API, could be generated using these approaches and immediately captured in the high RHs attainable
in the EDB, facilitating a route to prepare the exact particle types formed by MDIs and to mimic the processes
occurring on particles produced from a MDI on inhalation. Alternatively, the evolving composition and size could
be probed on timescales of <100 ms by monitoring droplets falling as a droplet chain [47–49].
Aerosol dynamics also play an important role in the production of particles used in dry particle inhalers [7],
particularly in processes such as spray drying [50]. Particles of increasing complexity and with tailored properties
could be manufactured if the microphysical processes occurring during spray drying were better understood.
For example, Vehring and coworkers have developed new tools to probe the detailed evolution in particle size,
composition and phase during droplet drying [51–53] and these are already promising new routes to controlling
particle synthesis [49,54,55].
All of these avenues of research in therapeutic delivery aerosol modalities require the continual evolution of
new analytical tools to provide the detailed level of information essential to improve drug products [32,56]. The
development of new tools to fill in the gaps in our knowledge between the points of aerosol generation and
deposition will be particularly important as new opportunities in aerosol design move toward particles smaller than
1 m in diameter [57] and as new formulations are explored [3,9,56].
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Executive summary
r Aerosol particles respond to changes in the surrounding environmental conditions on timescales comparable to
inhalation/exhalation times. In particular, aerosols formed from hygroscopic components (e.g., saline) can grow
by as much as an order of magnitude in size when inhaled. By contrast, insoluble drug particles may only absorb
molecular layers of water.
r Inhaled particles smaller than 1 μm in diameter can be assumed to respond instantaneously to the moisture
content of the surrounding environment, except when they contain surfactant molecules or start as crystalline or
amorphous glassy particles. In these instances, the absorption of moisture from the vapour phase and the
ensuing growth in particle size may be delayed by many seconds or longer.

r Inhaled particles larger than 1 μm in diameter absorb water much more slowly, over timescales typically longer
than 5–10 s. However, the moisture content acquired can influence the disposition of the particle when deposited.
r By selecting the composition of the aerosol particles, the microphysical processes occurring in the aerosol phase
can be controlled, delaying the growth of hygroscopic particles or enhancing particle dissolution.
r Understanding further microphysical processes, including the rapid processes that occur when propellant and
co-solvent evaporate from droplets generated by a MDI or the processes occurring in particle production
(e.g., spray drying) could provide further routes to control aerosol dynamics and tailor particle response on
inhalation.
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