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Summary 

Background: particle formation mechanisms and aerosol performance of solution-based pressurized metered dose 
inhalers (pMDIs) are dramatically changed when ethanol is introduced in the formulation. The current study is to 
investigate the effect of ethanol on particle formation and aerosol performance of solution pMDIs using different 
pharmaceutical compounds. Methods: the aerosol performance of solution pMDIs containing beclomethasone 
dipropionate, fluticasone propionate and caffeine, with different ethanol concentrations and doses was evaluated using 
aerosol cascade impaction. The surface and internal structures of the particles were examined using Scanning Electron 
Microscopy (SEM) and Focus Ion Beam – Scanning Electron Microscopy (FIB-SEM). Results: the aerodynamic 
performance of the experimental formulations showed a significant reduction as the ethanol concentration in a 
formulation was increased. Particles produced from two corticosteroid formulations were amorphous with two different 
types of morphology – smooth surface with a solid core and coral-like with porous internal structure. Caffeine particles 
were crystalline with elongated morphological feature. Conclusion: due to the difference in ethanol concentration in 
emitted droplets, residual particles from solution pMDIs may have distinct drying process: droplets with less ethanol will 
be dried during the propellant/ethanol co-evaporation period and ethanol-abundant droplets will undergo an extra 
ethanol condensation stage after depletion of propellant.  

Introduction 

Our previous work (1) has studied the effect of ethanol as co-solvent, on the formation of particles delivered by a 
budesonide solution pressurized metered dose inhaler (pMDI) that only contains the active pharmaceutical ingredient 
(API), co-solvent and propellant (HFA 134a). It has been reported that the residual particle structure will be dependent 
on: (a) the concentration of ethanol included in a solution formulation, and (b) the ability of a rapid drying droplet to 
recover from internal cavitation and propellant/ethanol evaporation. The current study aims to understand the formation 
process of particles emitted from solution-based pMDIs using three different pharmaceutical compounds.  

Materials and Methods 

Solution-Based pMDI Formulations: experimental pMDIs formulations were prepared using HFA 134a according to 
Table 1. The formulations were formulated according to the intrinsic solubility of each API in HFA and ethanol. For 
example, caffeine could be formulated to deliver 50 µg from a HFA system with 0% and 30% (w/w) ethanol, while the 
same dose of fluticasone could be only formulated with ethanol concentration above 15% (w/w).   

Table 1 pMDI Formulation Matrix 

Formulations 
(Ethanol %/ Dose µg) 

Ethanol 
(%, w/w) 

Designed Dose 
(µg) 

Drug 
(%, w/w) 

HFA 
(%, w/w) 

BDP 
(Beclomethasone 

Dipropionate) 

5/50  5 50 0.1 94.9 
5/100  5 100 0.2 94.8 
15/50  15 50 0.1 84.9 

15/200  15 200 0.4 84.6 
30/50  30 50 0.1 69.9 

30/200 30 200 0.4 69.6 
FP (Fluticasone 

Propionate) 
15/50  15 50 0.1 84.9 
30/50  30 50 0.1 69.9 

Caffeine 

0/50  0 50 0.1 100 
0.1/50  0.1 50 0.1 99.8 
1/50  1 50 0.1 98.9 
5/50  5 50 0.1 94.9 

15/50  15 50 0.1 84.9 
15/200  15 200 0.4 84.6 
30/50  30 50 0.1 69.9 

30/200  30 200 0.4 69.6 



	  

Evaluation of Aerosol Performance: the aerosolization efficiency of each formulation was investigated using the 
Marple Miller impactor (Model 150) at 30 L/min. The impactor was chosen as it has a limited number of stages and 
allowed for easy particle recovery for physico-chemical analysis. 

Morphological Evaluation: the surface morphology of particles deposited on the impactor stage four from a single 
actuation of each pMDI formulation at 30 L/min was evaluated using SEM. As BDP is slightly soluble in HFA 134a (2), a 
BDP saturated HFA 134a solution, prepared using a solubility apparatus (3), was exhausted into the cascade impactor 
and particles captured on the impactor stage were microscopically examined. The internal structures of the particles 
produced from BDP and FP formulations were examined using FIB-SEM (Zeiss Auriga, Carl Zeiss NTS GmbH, 
Oberkochen, Germany) using an ion beam at a probe voltage of 30 KV and current of 25 pA.  

Results  

In Vitro Aerosol Performance: the mass median aerodynamic diameter (MMAD), geometric standard deviation (GSD) 
and fine particle fraction (FPF) of each formulation are listed in Table 2. 

Table 2 MMAD, GSD and FPF of each formulation 

Formulation (%/µg) MMAD (µm ± STDEV) GSD ± STDEV FPF (% ± STDEV) 

BDP 

5/50  0.85 ± 0.02 2.17 ± 0.14 50.63 ± 0.58 
5/100  1.05 ± 0.13 2.25 ± 0.10 39.21 ± 0.73 
15/50  1.14 ± 0.04 2.04 ± 0.01 25.81 ± 0.42 

15/200  1.35 ± 0.01 4.05 ± 0.18 18.35 ± 0.69 
30/50 1.19 ± 0.06 2.33 ± 0.07 12.85 ± 0.29 

30/200 1.86 ± 0.18 3.97 ± 0.14 9.86 ± 0.61 

FP 15/50 1.02 ± 0.03 2.25 ± 0.24 22.55 ± 0.67 
30/50 1.22 ± 0.04 2.25 ± 0.12 11.29 ± 0.62 

 
 
 
 

Caffeine 
 
 

0/50 1.00 ± 0.02 1.88 ± 0.46 45.10 ± 0.65 
0.1/50 1.10 ± 0.07 2.13 ± 0.12 60.86 ± 0.16 
1/50 1.08 ± 0.04 1.72 ± 0.04 57.25 ± 0.95 
5/50 1.15 ± 0.04 1.79 ± 0.06 52.78 ± 0.55 

15/50 1.12 ± 0.07 1.82 ± 0.02 25.06 ± 0.38 
15/200 1.14 ± 0.10 2.29 ± 0.03 21.67 ± 0.89 
30/50 1.19 ± 0.06 2.02 ± 0.05 11.92 ± 0.47 

30/200  1.42 ± 0.08 4.63 ± 0.45 8.32 ± 0.70 

Morphological Evaluation: representative SEM images of amorphous particles collected from the corticosteroid 
formulations (XRPD data not shown) are shown in Figure 1. As seen, particles emitted from BDP saturated formulation 
(Figure 1A) did not attain a spherical surface morphology, possibly due to the rapid propellant evaporation during the 
drying process (1). BDP and FP particles from ethanol-containing formulations mainly possessed two types of 
morphology: (a) irregular-shape with different surface structures (Figure 1B-1E and 1G) at a low ethanol concentration 
(≤ 15%, w/w), and (b) spherical with a smooth surface (Figure 1F and H) when 30% (w/w) ethanol is present in the 
formulation. The representative FIB-SEM images of the corticosteroid formulations are shown in Figure 2. 

Figure 3 shows the morphology of caffeine particles. All the caffeine particles were crystalline and possessed elongated 
surface morphology (XRPD data not shown). Some of the particles appeared to be ‘hollow’ (at the particle tip, Figure 
3B and 3C), possibly due to the rapid droplet expansion from the propellant (1). The addition of ethanol at low 
concentration (0~1%, w/w) did not affect the particle morphology to a great extent, since an identical surface 
morphology was retained (Figure 3A and 3B). The elongated morphology became more evident when more ethanol 
(5~30%, w/w) was introduced in the formulation (Figure 3C and 3D).  

Discussion 

The Influence of Formulation Variables on Aerosol Performance: the co-solvent concentration in a solution 
formulation is one of the key factors affecting aerosol performance. As seen in Table 2, the MMAD of the experimental 
matrix increased as a function of the ethanol concentration in the formulation, while FPF decreased dramatically to 
approximate 10% of the emitted doses. The observed phenomenon is largely due to the impaired formulation vapor 
pressure when a large amount of ethanol was incorporated in the solution formulation after a pMDI is actuated. The 
aerodynamic performance of caffeine formulations with 0~1% (w/w) ethanol failed to follow the above trend. Such 
observations are in good agreement with previously reported data (4) where lower ethanol concentrations resulted in 
increased actuator orifice deposition, presumably due to reduced drying times, precipitation at the interface and altered 
plume geometry.  



	  

 
Figure 1 Representative SEM images of corticosteroid particles collected on the impactor stage four: (A) BDP 

saturated formulation, (B) BDP 5%/50 µg, (C) BDP 5%/100 µg, (D) BDP 15%/50 µg, (E) BDP 15%/200 µg, (F) BDP 
30%/50 µg and 200 µg, (G) FP 15%/50 µg and (H) FP 30%/50 µg 

 
Figure 2 Representative FIB-SEM images of internal structures of corticosteroid particles: (A) irregular-shape BDP 

particles with internal cavities, (B) spherical BDP particles with a solid interior, (C) irregular-shape FP particles with a 
porous internal structure and (D) spherical FP particles with a solid core 

 
Figure 3 Representative SEM images of particles collected from caffeine formulations: (A) and (B) 0~1% (w/w) ethanol, 

(C) and (D) 5~30% (w/w) ethanol 

The Influence of Formulation Variables on Particle Morphology: the formation of aerosols delivered by a solution 
pMDI usually involves two phases (5) – atomization (Phase I) and droplet drying (Phase II). In our previous study (1), it 
was demonstrated that atomized droplets with less ethanol content may be dried during the process of 
propellant/ethanol co-evaporation and ethanol-abundant ones may undergo an additional ethanol condensation phase 
after depletion of propellant. The morphology of particles is governed by: (a) the co-solvent concentration in an 
atomized droplet, and (b) the ability of a rapidly drying droplet to recover from internal cavitation and ethanol/propellant 
evaporation. Therefore, BDP particles emitted from the saturated formulation (Figure 1A) may undergo a much shorter 
and more violent drying process, lacking the ability of recovering from propellant evaporation and cavitation. With the 
presence of increased ethanol content in the formulation/droplet, the evaporation rate of drying droplets may also be 
suppressed (5), resulting in prolonged drying time. Therefore, ethanol-abundant droplets may recover to a minimized 
surface geometry (Figure 1F and 1H) and internal structure (Figure 2B and 2D) during the ethanol condensation stage. 
When the ethanol level in a formulation is ≥ 5% (w/w), the overall droplet viscosity may also govern the particle 
structure. As contributed by non-volatile components (i.e. APIs in the current study), the increased overall droplet 
viscosity may hinder the ability of drying droplet to recover to the minimized geometry due to the impaired molecular 
mobility (Figure 1B and 1C; 1D and 1E). In addition, ethanol concentration in emitted droplets may also affect the 



	  

overall droplet viscosity (i.e. droplets emitted from the formulation with the same API and drug concentration, but lower 
ethanol weight fraction, may have a lower overall viscosity). 

Although caffeine particles were crystalline, the evidence of the hypothesized particle formation mechanism (1) can 
also be found. ‘Blowholes’ at the particle tips (Figure 3B-3D) can be observed. Such a feature may be developed during 
the propellant/ethanol co-evaporation process, as the initially dried surface at the particle tips may not be sufficiently 
strong to hold the vapor pressure from internal propellant cavitation. With the increase of ethanol concentration in the 
caffeine formulations, the elongated surface morphology became more evident, indicating a relationship between 
caffeine crystal development and extended evaporation. 

The difference in the solid state between corticosteroid and caffeine particles may be due to different glass transition 
temperatures (Tg) that these APIs possess. Caffeine has a Tg of ~17ºC (6) and Tg

  of BDP and FP is ~66ºC and ~17ºC 
(7), respectively. Therefore, it can be speculated that molecules, with Tg well below room temperature, will be 
principally restricted to the rotational and vibration motions during particle formation, with essentially the same 
intra/inter molecular bond as in their crystalline from (8). The molecular mobility will increase when the temperature is 
close to or above Tg, resulting in large-scale configurational modifications and finally a disordered amorphous solid 
state (7).  

Conclusion 

The aerosol performance and formation process of particles released from caffeine and two corticosteroid formulations 
containing various ethanol and drug weight fractions were evaluated. Generally, the MMAD increased with the gradual 
addition of ethanol in the formulations, while the FPF showed an opposite trend. Corticosteroid particles were 
amorphous, possessing two types of morphology – spherical with a solid core and irregular-shaped with porous interior. 
Crystalline caffeine particles had elongated surface morphology. The unique glass transition temperature (Tg) of these 
different materials may greatly influence the solid state of the output particles – i.e. when Tg is greatly below the 
ambient temperature, emitted aerosols most likely are crystalline, due to the restricted molecular motion during aerosol 
formation, while amorphous particles may be produced if the Tg

 is above or close to the atmospheric temperature. 
These observations support our hypothesis on the mechanisms of particles formation produced from solution pMDIs – 
both volatile and semi-volatile components of an atomized droplet with low ethanol composition will be depleted 
simultaneously during the co-evaporation process, leaving a coral-like residual surface morphology, while droplets with 
high ethanol content will undergo an additional condensation stage, where particles will be recovered to a minimized 
structural geometry. The current work, along with our previous study, may offer additional scopes for the future 
formulation of solution-based pMDIs.  
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