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Summary  

The efficacy of a pharmaceutical is dependent on the location in the body in which the majority of the dose is 
delivered.  In the case of drug delivery to the lung (DDL) specifically, the region in the lung where the dose is 
delivered will have a direct effect on the magnitude of the biological response.  In this study, we explore the potential 
that the region in lung where the majority of the dose is delivered can be manipulated through understanding and 
controlling the hygroscopic behaviour of the aerosolized pharmaceutical.  A suite of novel single aerosol analysis 
techniques are used to probe the physicochemical properties of aerosol particles generated from formulation mimics 
of commercially available pharmaceutical products.  Additionally, the effect of putting additives into the starting 
formulations on the hygroscopic behaviour of the aerosol is studied.  The information gained from these experiments 
can then be input into a whole lung model to estimate total and regional dose.  This model is based on the standard 
International Commission on Radiological Protection model (ICRP) wherein the detailed aerosol dynamic hygroscopic 
behaviour prior to and during inhalation is added.  The results from this study demonstrate that manipulating either the 
starting formulation or the treatment of the aerosol prior to inhalation, or both, have a significant effect on where the 
majority of the dose is delivered.   

Introduction 

Advancements to the overall efficacy of drugs administered to the lung will directly improve overall public health and 
well-being, and will drive down the annual costs of healthcare.  On a more personal level, patients receiving 
aerosolised treatments using nebulizers for diseases such as cystic fibrosis, require upwards of nine treatments daily 
with each treatment lasting between five and fifteen minutes.  Even marginal improvements in dosing efficiency could 
serve to drastically lower the time of each treatment and, in doing so, dramatically improve the quality of life and 
productivity of the patient.  

A consensus forum of industrial, academic and regulatory experts identified a poor understanding of the relationships 
between physicochemical characteristics of drug formulations and performance in the humid environment of the 
respiratory tract as one key barrier to progress in inhalation therapeutics [1].  Thus, quantifying how the compositions 
and properties of pharmaceutical aerosol govern hygroscopic growth has the potential to facilitate the rational design 
of new formulations for drug delivery to the lungs based on an improved understanding of the dynamics of particle 
size during inhalation and the consequences for the overall dose. This requires a comprehensive approach to study 
the complex relationship between the physicochemical transformation of aerosol on inhalation and human health 
utilizing cutting edge single droplet analysis techniques coupled with a whole lung model capable of determining dose 
to various regions in the lung. This unique perspective offers a significant opportunity to gain valuable insight into the 
treatment of numerous lung and systemic diseases.  

The thermodynamic properties that govern the size of an aerosol droplet are typically dependent on the activity of 
water (aw) at the surface of the droplet and the relative humidity (RH) in which the aerosol particles are situated.  It is 
for this reason that when a droplet is inhaled, the highly elevated RH within the lung (ranging between >90% and 
99.5%, depending on disease state and ambient RH) leads to droplet growth.  The extent and rate of growth during 
inhalation depends on both the chemical composition of the droplet and the RH trajectory the aerosol experiences.  A 
detailed understanding of initial size distribution of the aerosol and rate and magnitude of the change in size 
distribution during inhalation are important as they dictate where in the lung the droplet will eventually settle, 
potentially having a profound effect on the downstream biological response.   



The ability to control the hygroscopic growth of inhaled pharmaceutical aerosol to improve drug efficacy through 
targeted dosing has garnered renewed interest in recent years.  Strategies such as changing the primary gas in the 
air flow [2, 3], changing the RH profile the aerosol experiences prior to inhalation [4], or changing the composition of 
the aerosol itself [5] have proved promising.  Other suggested strategies involve imposing a kinetic limitation on 
hygroscopic growth by adding a surface active species, such as a long chain fatty acid [6], to control the rate of mass 
flux to and from a droplet.   

In this study, we (a) quantify the thermodynamic and 
kinetic factors that control the hygroscopic growth of 
pharmaceutical aerosol during inhalation, (b) model how 
the hygroscopic properties of the aerosol affect overall 
dose, and (c) explore possible routes to tailor metered 
dose inhaler (MDI) and nebulizer formulations to exploit 
aerosol hygroscopic growth to maximize dose in specific 
regions in the lung. 

 Experimental 

This project involves the coupling of detailed single aerosol 
analysis with a comprehensive whole lung model.  The 
general workflow of this project is to first use single aerosol 
analysis technique to probe a single droplet as its size 
rapidly changes, and to use the data to accurately 
parameterise models of the hygroscopic response of the 
aerosol during inhalation.  Then, these data are input to a 
whole lung model where the total and regional dose is 
estimated based upon the dynamic behaviour of the 
aerosol prior to and during inhalation. 

Single Aerosol Analysis: A comparative kinetic 
electrodynamic balance (CK-EDB) [7] was used to probe 
the physicochemical properties of a single aerosol.  The 
CK-EDB is designed to dispense a single droplet of known 
chemical composition and trap it in an electrodynamic field 
within 100 milliseconds of its generation.  Once the particle 
is trapped, its absolute radius is measured every 10 
milliseconds (figure 1A). The mass flux from a droplet 
during evaporation is a function of the water activity (aw) at 
the surface of the droplet extending to an infinite distance.  
Given that the composition of the aerosol is known from 
generation through the entire evaporation time, the data in 
figure 1A can be readily used to calculate the radial growth 
factor as a function of the aerosol particle’s aw (figure 1B).  
From this information, the dynamic behaviour the aerosol 
will exhibit from the point of generation through inhalation 
can be predicted.  Moreover, this behaviour can also be 
directly measured using the CK-EDB (figure 1C), and in 
doing so will experimentally verify the model prediction. 

The hygroscopic behaviour of numerous particle types 
were measured, from the simple (saline), to mimics of 
commercially available solutions (e.g. Tobramycin and 
Salbutamol), through to commercially available solutions 
modified to include trace species that can modify the 
hygroscopic behaviour of the aerosol (e.g. Pluronic 
polymers and citric acid). 

Integrated Whole Lung Model: A comprehensive whole 
lung model was written based upon the standard 
International Commission on Radiological Protection 
(ICRP) model [8].  The standard ICRP model was modified 
to include detailed information regarding the dynamic 

 

Figure 1 Experimental data used to collect the 

parameters necessary to accurately model dynamic 
aerosol behaviour during inhalation.  (A) The radius 
of a particle originating from a mimic of commercially 
available Salbutamol solution injected into an airflow 
with a relative humidity of 82%. (B) Radial growth 
factor of commercial Salbutamol mimic as a function 
of water activity. (C) Model prediction and 
experimental measurement of the diameter of a 
particle (originating from a mimic of commercially 
available Salbutamol solution) injected into an 
airflow with an RH of 71% for 21 seconds before the 
RH is rapidly raised (<0.1 seconds) to 82% as a 
function of time. 



behaviour of aerosol.  This will allow for more accurate predictions of aerosol growth during inhalation, and equally 
important, the aerosol’s hygroscopic behaviour prior to inhalation to be considered. 

To estimate dose, first an estimate of the size of distribution of the aerosol from a nebulizer is used (based upon 
previous experimental studies) (figure 2A).  The total and regional dose is estimated as a function of initial particle 

diameter (figure 2B).  The parameters considered that 
are specific to this model includes: starting formulation 
composition, RH prior to inhalation, RH in the lung, 
distance between aerosol generator and the mouth, and 
particle size distribution at generation. 

By combining the initial particle size distribution (figure 
2A) with the estimated regional and total doses as a 
function of size (figure 2B), the relative dose as a 
function of aerosol size can be estimated (figure 2C).  By 
integrating the area under each curve, the total and 
regional dose of the drug can be readily estimated. 

Results 

The effect of changing the size distribution of the 
nebulized aerosol particles at the point of generation is 
shown in figure 3.  The initial size distribution (figure 3A) 
has a direct effect on both the total (figure 3B) and 
regional (figures 3C and 3D) dose delivered to the lung.  
The location where the majority of the dose is delivered 
in the lung is directly affected by the size distribution of 
the aerosol particles at generation; when the aerosol size 
distribution at generation is centred ~2 µm, the majority 
of the dose is delivered to the bronchiolar region while 
when the aerosol particle size distribution at generation 
is centred to ~5 µm the majority of the dose is delivered 
to the alveolar region.  Note that these size distributions 
are at the point of generation and will be smaller 
(dependant on ambient RH) once they reach the 
respiratory system.  The larger aerosol penetrating 
deeper into the lung is likely a result of the larger aerosol 
having a greater capacity to grow once in the lung and to 
more readily settle out. 

Additionally, the ambient RH that mixes with the airflow 
prior to inhalation was also found to have a significant 
effect on where the majority of the dose was delivered.  
Again, this is a result of the interplay between the 
ambient RH having an effect on both the size the aerosol 
particles at the point of inhalation which in turn will affect 
the magnitude the aerosol particle can grow once in the 
lung. 

The effect of changing the starting formulation through 
the addition of trace additives was explored, and found to 

have a significant effect (data not shown).  The addition of citric acid was found to have a 5% shift in the regional dose 
of the aerosol (note that this percentage is a shift in the entire dose delivered to the lung being dosed from one region 
to another).  Although this shift may seem small, in terms of experience of the patient, this will result in less treatment 
time coupled with a reduction in potential side effects.  Similarly, the addition of Pluronic polymers to the starting 
formulations was found to have a significant effect on the regional shift in dose. 

The time the aerosol particles spent at various RHs was also explored (data not shown).  It was found that ambient 
RH had an effect on regional and total dose, even when the mixing time was reduced to below 50 µs. 

Preliminary studies on the effects of additives to the starting formulations of MDI solutions on total and regional dose 
were also undertaken. 

 

 

Figure 2 Modelling aerosol dose. (A) Nebulized 

aerosol size distribution. (B) Particle deposition is 
estimated as a function of particle diameter. (C) The 
dosage is estimated through multiplying the results 
from (A) and (B), then integrating the area under the 
curves. 
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Figure 3 The effect of changing the size distribution of the nebulized aerosol originating from commercially 

available Salbutamol on total and regional dose in the lung.  (A) The size distribution of the nebulized aerosol 
at the moment of generation.  The percent of the total dose delivered to (B) the total lung, (C) the bronchiolar 
region and (D) the alveolar region, as a function of RH.  Colour indicates starting aerosol size where the black 
data points are for the small aerosol (starting diameter ~2 µm) while red represents the larger aerosol (starting 
diameter ~5 µm). 


