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Summary 

Building on previously published work [1], further studies were conducted on the drug deposition mechanisms 
occurring with the aluminium canisters employed with pressurised Metered Dose Inhalers (pMDIs). The current 
studies explored an expanded range of surface treatments, applied to the canisters, with canister drug deposition 
quantification providing a final benchmark of performance. Interactions between the coating applied and the 
humidity present during drug deposition testing were also explored. Physicochemical characterisation of the surface 
treated canisters was performed to explore potential links between surface topography, surface chemical 
composition, total surface free energy, and canister drug deposition. The data from these analyses were correlated 
with those from a drug deposition test, using a model dispersion of salbutamol sulphate in decafluoropentane to 
enable deposition quantification. The commercial coating treatments explored were; Fluorinated Ethylene 
Propylene (FEP) lacquer, a 3M proprietary fluorosilane applied to both plain canisters and to Polyethersulphone 
(PES) lacquered canisters, vapour deposited Parylene, and anodised canisters both with and without the 3M 
proprietary fluorosilane coating as a final treatment. The results obtained indicated a close correlation between 
canister total surface free energy, along with Relative Humidity (RH), and drug deposition on canister walls. The 
lowest total surface free energy values and lowest deposition values were seen when the 3M-proprietary 
fluorosilane coating was applied as the final treatment to canisters pre-treated with a PES lacquer.  In this case a 
surface free energy value of 13.75 mN/m was obtained with essentially zero measured drug deposition across a 
wide humidity range.  

Introduction 

PMDIs are the most popular aerosol devices used for inhalation therapy. However, one of the most significant 
drawbacks of pMDI systems is that drug deposition commonly appears on the hardware of the device, from 
suspension-based formulations [2, 4]. Such drug deposition (caking), may result in ineffective inhalation therapy 
due to low or inconsistent dosing [5, 6]. There are several published studies on drug deposition phenomena in pMDI 
devices, most of which focus on stabilisation of the formulation by the use of either excipients, surfactants or particle 
engineering techniques [7, 8]. Further studies focus on the effect of both moisture and temperature storage 
conditions on the drug caking appearing on the device [9, 10]. Other investigations explore the effect of hardware 
design on the performance of pMDIs [11, 12]. However, there are limited studies concerning surface treatments 
applied to the hardware of the inhaler i.e. cleaning methods and coating procedures [13, 14]. Our earlier studies 
showed a direct correlation between the total surface free energy and the extent of drug deposition for a range of 
canisters with varying surface chemistry and topography [1]. The aim of this study was to explore a wider range of 
canister coatings providing different surface chemistries and topographies and in addition assess any impact of 
ambient relative humidity whilst performing the deposition test. 

Experimental 

The aluminium canister surface treatments which were employed in the study were; an FEP coating applied by 3-
stage commercial spray coating of a proprietary FEP lacquer formulation, a Parylene C coating applied by vapour 
deposition (Speciality Coating Systems Ltd) [15], an anodised coating formed using a sulphuric acid-based anodic 
oxidation process applied commercially, a polyethersulphone (PES) coating applied by a laboratory process 
involving fluid contact with a PES organic solvent-based lacquer, and finally 3M fluorosilane coating applied by a 
laboratory process involving fluid application, followed by drying and thermal curing. In order to observe the effect 
of different surface treatments on surface morphology, surface elemental composition and total surface free energy 
of the samples, three different analysis techniques were applied to the samples: Scanning Electron Microscopy 
(SEM), X-ray Photoelectron Spectroscopy (XPS), and Contact Angle (CA) analysis. The results obtained are 
presented below.  

Scanning Electron Microscopy (SEM) Analysis 

The SEM technique was used to acquire high resolution information on sample surface topography. The SEM 

analysis was conducted with a FEGSEM 1530 VP model manufactured by Carl Zeiss (Leo). The sample pre-

treatment employed an Au/Pd vapour-deposited coating. The SEM analysis is presented below.  
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Figure 1: Surface topography of aluminium canisters after various surface treatments  

   

 

    

 

 

In Figure 1, it is seen that complete masking of the aluminium surface irregularities was observed with both the FEP 
coating treatment (Figure 1b) and with the PES coating treatment (Figure 1e). In contrast, the Parylene coating 
treatment masked only the fine topography of the sample whilst creating variably fused rounded surface features 
(Figure 1c). The anodisation treatment produced a morphologically distinct, relatively smooth surface layer 
(Figure1d). There was no difference seen between the PES coated canister (Figure 1e) and the PES coated canister 
with applied fluorosilane (Figure 1f). 

X-ray Photoelectron Spectroscopy (XPS) Analysis  

The aim of the XPS analysis was to determine the surface chemical composition of the aluminium canisters before 
and after coating application. An K-Alpha XPS model by Thermo Scientific Manufacturer was used during this 
experimental procedure. The results are shown in Figure 2. 

 

 

In Figure 2 the surface atomic% composition of the canisters after the application of various treatments is shown, 
with respect to three target elements; aluminium, fluorine and carbon. These data indicate that the coatings have 
created specific surface chemistry. The presence of aluminium at the surface is indicative of exposure of the 
untreated can surface.  The presence of fluorine along with carbon represent the surface chemistry of fluorinated 
coatings applied on the canisters.  The absence of detectable aluminium at the surface for the FEP, PES combined 
with 3M fluorosilane, and the Parylene coatings suggests that each of these coating types completely mask the 
surface. The high percentages of fluorine for both the FEP coating and the 3M fluorosilane coating, with and without 
the PES lacquer as a pre-treatment, suggest that effective non-stick performance might be expected for these 
systems.  The high percentage of carbon is characteristic of the Parylene coating, while the high percentage of 
aluminium for the anodised can is characteristic of the aluminium oxide layer formed by anodisation treatment.   
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Figure 1a: Untreated aluminium can 
at high magnification 

Figure 1d: Cross section of Anodised 
aluminium can at high magnification 

Figure 1c: Parylene coated aluminium 

can at high magnification 

Figure 1b: FEP coated aluminium can at 

high magnification 

Figure 2: Surface chemical composition (atomic%), of the aluminium canisters after various surface treatments  

Figure 1e: PES coated aluminium 
can at high magnification 

Figure 1f: PES+3M fluorosilane coated 

aluminium can at high magnification 
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Canister surface free energy (γtot) and measured drug deposition (DD) 

The contact angle technique was employed to quantify the surface hydrophobicity and the total surface free energy 
of the samples. A DataPhysics OCA 20 automatic image capture contact angle instrument was employed. The 
results are shown in Figure 3. Finally, the canisters were subjected to a previously published rapid screening 
deposition test based on the controlled deposition of micronised salbutamol sulphate particles on the internal 
surface of canisters [14]. The results are also shown in Figure 3. 

 

 

In Figure 3 the surface free energy of treated canisters is shown (orange line), along with the contact angle data for 
water (green line) and diodomethane (DIM) (purple line) from which it is derived. The sessile drop technique was 
used for the acquisition of the contact angle data. The surface free energy calculation employed was that of Owens-
Wendt and Kaelble (OWK) [16]. One single canister was used from each category. Ten contact angle 
measurements were acquired from each liquid for each sample. The surface free energy calculation was conducted 
with the linear regression method. The results indicated a range of values of the total surface free energy across 
the samples. The lowest total surface free energy was seen with the 3M fluorosilane coating as a final treatment, 
irrespective of any surface pre-treatment applied, while the highest total surface free energy was observed with the 
Parylene coated sample. Notable is the significant decrease of the total surface free energy observed with the 
anodised can, following application of the 3M fluorosilane as a final treatment. Also in Figure 3, the drug deposition 
performance of the aluminium cans, after different surface treatments, is shown (blue line). Three replicates were 
used from each category of coated canisters. From the results obtained it is observed that the highest drug 
deposition occurred with the Parylene coated sample, while the lowest drug deposition occurred with the 3M 
fluorosilane coated sample, irrespective of any pre-treatment applied. Notable is the decrease in drug deposition 
for the anodised can, when followed by the 3M fluorosilane as a final treatment.  

Drug deposition testing; the effect of changes in ambient relative humidity (RH) 

The aim of this study was to determine any effect of controlled changes in relative humidity on the results of the 
drug deposition test for selected canister types. The results are shown in Figure 4. 

Figure 4 Drug deposition for selected canisters versus relative humidity during test. 

 

 

In Figure 4 the results obtained from the drug deposition test, applied to selected canisters under different conditions 
of relative humidity, are shown. An environmental cabinet was employed to provide an atmosphere of relative 
humidity between 25% and 65% with a 10% step. Five replicates were used from each category of coated canisters.  
The results indicated that an increase in drug deposition occurred with increasing relative humidity for the samples 
presenting high surface micro-roughness (untreated can and 3M fluorosilane coated can without any pre-treatment 
applied). In contrast, the samples presenting low surface roughness (FEP coated can, and PES coated can 
combined with 3M fluorosilane), presented low drug deposition irrespective of relative humidity increase.  
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Figure 3 Total surface free energy of treated canisters vs drug deposition phenomena 
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Discussion 

Viewing all experimental data in totality, it was seen that FEP and fluorosilane coatings provided the highest 
measured surface fluorine levels, which in turn correlated to low drug deposition performance. Although FEP 
provided the smoothest coating, the key driver for deposition, at low relative humidity, appeared to be surface free 
energy, since the fluorosilane coating applied directly to the aluminium can does not significantly alter the 
topography of the can surface, yet still performs slightly better than the FEP coating in terms of measured drug 
deposition. The Parylene coated canister shows both higher surface free energy and higher drug deposition than 
the uncoated canister, yet is topographically smoother then the latter canister. This further supports the argument 
that surface free energy is the key driver to drug deposition. However, with high relative humidity, surface 
topography was seen to be important with the 3M fluorosilane treated plain canister which exhibited low surface 
free energy but a high degree of micro-roughness, showing a marked increase in drug deposition with increasing 
relative humidity. This may be due to the entrapment of a higher mass of water to surfaces exhibiting higher micro-
roughness with a consequent higher adhesive potential to bind the hydrophilic salbutamol sulphate particles. 

Conclusions 

Salbutamol sulphate deposition on pMDI canisters was shown to vary considerably across a range of samples with 
different coatings applied. The drug deposition was found to correlate very strongly with total surface free energy.  
Surface micro-roughness was seen to play a role but only at high relative humidity. Hence coatings depositing high 
surface fluorine and providing low surface free energy combined with low surface micro-roughness, gave the best 
performance across a range of test relative humidity levels. Further work will focus on developing a deeper 
understanding of the variables in coating application, drug deposition test methodology and fluorosilane chemistry 
on measured drug deposition performance.    
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