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Measurement of the physico-chemical properties of pharmaceutical aerosols as they travel from 
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Summary 
 

Four different asthma medications were delivered from pressurised metered dose inhalers (pMDI) to a chamber 
acting as an artificial lung, where they were captured in a counter-propagating dual beam optical trap. This setup 
allowed individual drug particles to be levitated in air whilst simultaneously probing the composition of the particle 
using Raman spectroscopy.  The relative humidity (RH) conditions within the chamber were altered to mimic the 
RH conditions encountered by the pMDI particles as they travel from pMDI release in ambient air to the near 
saturated RH conditions of inside the lungs. Analysis of the resulting Raman spectra allowed direct observation of 
the drugs’ hygroscopic properties, determining whether the particles collect water at high RH and thus change 
their aerodynamic diameter, altering their deposition within the respiratory tract. 

Two beta-2 agonists, salbutamol sulfate and salmeterol xinafoate, and two steroids, ciclesonide and fluticasone 
propionate, were analysed in this manner. At greater than 95% RH, Salbutamol exhibited peak broadening 
around the polar functional groups in its Raman spectrum, as previously reported (1). This was interpreted as an 
indication that the trapped drug particle was collecting water from the air, and images of the particle collected at 
low and high RH with a charge coupled device (CCD) camera showed a clear increase in particle diameter. This 
work demonstrates the effectiveness of optical trapping for capturing pharmaceutical aerosols for analysis in more 
representative conditions than a cover slip, and the usefulness of Raman spectroscopy in monitoring the effects 
of changing external conditions such as RH and temperature. 

Introduction 

 
In this paper, we investigate the influence of increasing relative humidity (RH) on the physicochemical properties 
of inhalable drugs delivered from pressurised metered dose inhaler (pMDI) devices, using an optical-trapping 
technique that captures individual particles as they exit the inhaler.  We hypothesise that hygroscopic particles 
may adsorb a layer of water that could increase the particle’s physical and potentially aerodynamic diameter and 
thus may impact on the site of deposition of the particle within the respiratory tract. Particles with an aerodynamic 
diameter greater than 4 µm are more likely to deposit higher in the respiratory tract, for instance in the oropharynx 
and upper bronchi, rather than in the central airways, potentially resulting in reduced drug efficacy and increased 
local and/or systemic side effects. 
 
Optical trapping allows individual solid particles to be held above a cover slip by two counter-propagating lasers, 
in order to avoid changes to the particle’s interactions with water vapour arising from contact with cover slips that 
render conventional microscopic observations unrepresentative. Optical trapping offers an advantage over New 
Generation Impaction (NGI) and Pressurised Spray Deposition (PSD) methods by allowing a single suspended 
particle to be monitored at both high and low RH to directly observe changes in diameter. Coatings such as 
fluorescent dyes can also be applied to trapped particles by sputtering. The current setup can reliably trap solid 
particles for periods up to several hours. Particle hygroscopicity was monitored by Raman spectroscopy, since 
interactions with water cause a broadening of the peaks on a Raman spectrum generated by hydrophilic 
functional groups. 
 
Materials and Methods 

 
Four inhalable asthma drugs delivered from commercially-available pMDI devices (salbutamol sulphate, 
salmeterol xinafoate, fluticasone propionate and ciclesonide) were optically-trapped to observe the behaviour of 
the suspended particles in varying conditions of RH.  The trapped particles were exposed to rising RH conditions 
up to ~95% to simulate the change in surrounding environment that the drugs encounter as they pass from the 
outlet of the pMDI into a patient’s lungs. Salbutamol sulphate (Salamol™), salmeterol xinafoate pMDI 
(Serevent™), fluticasone propionate pMDI (Flixotide™) and ciclesonide pMDI (Alvesco™) were supplied by 
Lexon Ltd (Worcestershire, UK). Samples were discharged directly from each pMDI into a PTFE tube connected 
to an aluminium cell with borosilicate glass windows on four sides to admit the trapping and scanning lasers and 
allow direct observation of trapped particles with a CCD camera. A continuous flow of either dry nitrogen gas or 
nitrogen passed through a bubbler into the cell acted as a control of RH. Figure 1 illustrates the trapping setup. 
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Figure 1 Top down (A) and side (B) views of the sample cell and connections 

 
The counter-propagating dual beam optical trap was the same setup used in the first experiments on trapping 
non-spherical solid particles

 
(2). The beam was generated by a 1064nm Nd:Yag laser (Ventus, Laser Quantum), 

passed through a beam splitter (Oz optics) resulting in a final output of 15mW through the top objective and 
10mW through the bottom. The foci of the lasers were positioned ~10µm apart, creating a trapping volume large 
enough to stably hold 1-5µm particles for long periods. 
 
Raman scattering was generated using a 514.5nm Ar-ion laser (Innova 308C, Coherent), attenuated to give a 
power at focus of 4.3mW. These wavelength and power settings were selected based on previous experiments

 

(3) as they were found to cause minimal heating of samples over long periods of exposure. Raman scattered light 
was collected in the region of 540-1830 cm

-1
. Raman spectra were collected for 30 seconds each. Crystal 

structures were examined using the Cambridge Structural Database (CSD) and the Mercury modelling program. 

Results 

Modelling of Salbutamol sulfate crystals in Mercury shows that every configuration has some hydrophilic groups 
on each face, implying hygroscopic behaviour. Peak broadening around the regions corresponding to the many 
polar groups on salbutamol molecules (Figure 2) is visible on the two spectra collected at high RH. It is most 
visible around the aliphatic hydroxyl stretching bands around 780cm

-1
, and 980cm

-1
, and the amine peak at 

1463cm
-1

. This phenomenon may indicate that the particle has gathered a layer of water that facilitates a wider 
range of stable energy states for the bond, hence the broader peaks (4). The change in particle size can be seen 
in the CCD images of salbutamol compared to those of ciclesonide, which is not hygroscopic. 

The hygroscopic properties of salmeterol (figure 3) are not influenced to a measurable degree by changes in RH 
from 13% to 93-95% at 295K. This is to be expected from the particle’s solubility- 2.26µg/L compared to 2.16mg/L 
for salbutamol (5). While salmeterol and xinafoate molecules each contain polar functional groups, the δ-positive 
amine group on salmeterol is likely to be balanced by the δ-negative carboxylic acid on xinafoate, leaving solid 
particles with very few outward-facing polar groups. 

Fluticasone and ciclesonide are steroids, and as such are expected to be hydrophobic. While fluticasone is two 
orders of magnitude more water soluble than ciclesonide (510µg/L vs 1.57µg/L) (5) neither compound was 
expected to exhibit hygroscopic properties even at close to 100% RH. This is borne out in their respective 
spectra. Commercially produced fluticasone’s crystal structure as described in literature (6) consists of parallel 
rows held together by hydrogen bonding, exemplified by its plate like structure under SEM, which allows little 
access for water. SEM imaging of ciclesonide dispensed from a pMDI shows round, amorphous particles that 
imply a random arrangement of molecules, but the limited number of hydrophilic sites on the molecule (figure 5) 
results in very limited interaction with water on the macro scale. CCD images of ciclesonide show no perceptible 
change in particle diameter at very high RH. 
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Figure 2 Chemical structure and Raman spectra of salbutamol sulfate with CCD images of the 
hygrocopic particle at ~60% (bottom) and ~95% (top) relative humidity 

 

Figure 3 Chemical structure and Raman spectra of salmeterol xinafoate 

 

Figure 4 Chemical structure and Raman spectra of fluticasone propionate 
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Figure 5 Chemical structure and spectra of ciclesonide with CCD images at ~80% (bottom) and ~96% 
(top) RH 

Conclusions 

This research indicates that, for certain drugs, it is necessary to consider the influence of the increased humidity 
to which the particle is exposed once released from the inhaler, as this factor impacts on the physical and 
potentially aerodynamic diameter of the particles. Formulations that exhibit optimal aerodynamic performance in 
aerosolisation testing apparatus such as the NGI and the Andersen Cascade Impactor, which are routinely 
operated under controlled conditions of ambient humidity, may not demonstrate optimal in vivo deposition 
performance due to particle size changes as a result of exposure to increased humidity during inhalation. 
 
The technique documented in this paper describes a novel method to explore the influence of increasing humidity 
on particles emitted from inhaler devices, with those particles captured from the inhaler following actuation of the 
device.  Crucially, the use of a counter-propagating dual beam optical trap allows particles to be suspended in air, 
rather than being deposited onto a surface, thereby removing the risk of interference arising from contact of 
between the particle and the deposition surface.  The technique therefore enables ‘in situ’ measurement of 
humidity effects on aerosolised particles. Raman spectroscopy allows direct observation of the interactions of 
water with specific functional groups within analysed molecules, which has the potential to provide inferences 
about conformation and folding that are not readily apparent in models and calculations. 

For certain substances, exposure to increased humidity following aerosolisation is associated with adsorption of 
water onto the surface of the particle, with a commensurate increase in particle size.  This phenomenon may 
impact on the aerodynamic behaviour of the aerosolised powder, such that the powder does not perform in high 
humidity environments as might be predicted from experiments conducted at ambient humidity.  This has the 
potential to reduce expected therapeutic efficacy of the inhaled drug, as well as increase the incidence of local 
and/or systemic side effects arising from deposition in non-optimal regions of the respiratory tract.  Whilst for high 
efficacy/low toxicity drugs such as salbutamol sulphate this may not be especially problematic, this phenomenon 
may be of particular importance for low efficacy/high toxicity drugs or for novel formulations that are highly 
hygroscopic, in particular non-crystalline formulations generated by techniques such as spray-drying. 
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