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SUMMARY  
 

Background: Electrostatic charge plays an important role in particle deposition in pressurised metered dose inhaler 
(pMDI) and is influenced by factors, such as chemical/physical properties of the formulation and device materials. 
Charges can accumulate at the sharp edges of the pMDI actuator, leading to electrostatic discharge to the surrounding 
environment and causing changes in inhalation aerosol charge profile. In this study the influence of different nozzle 
designs, using conducting and insulating actuator materials, on pMDI aerosols performance was investigated.  
Methods: Two actuator materials (aluminium and polyethylene terephthalate), each with four types of nozzle designs 
(flat, curved flat, cone and curved cone) were tested using the electrical low-pressure impactor (ELPI) for the 
determination of their electrostatic charge profiles. Beclomethasone (BDP) pMDI solution was chosen as model 
formulation and drug deposition was analyzed and assayed using high performance liquid chromatography (HPLC).  
Results:  Curved nozzle designs for the insulating PET actuator significantly influenced charge profiles (-ve polarity to 
+ve polarity) and drug deposition (ANOVA, p<0.05) compared with the metal aluminium actuator. These results are 
probably due to the change of plume geometry imparted by the curved edge nozzle design. Aluminium flat nozzle shown 
significantly higher electronegative charge (-249.45pC ± 77.22) and higher induction port deposition (66.78 % of total ex-
valve dose), indicating particle deposition is influenced by the electrostatic charge magnitude.  
Conclusion: The property of the actuator materials and nozzle designs could both influence aerosol electrostatic 
charges suggesting that, by choosing different nozzle design and actuator materials combination, drug deposition pattern 
for pMDI formulations could be altered.  
 
INTRODUCTION 
 
Aerosols emitted from a pMDI are known to be charged (1) and the attraction/repulsion forces generated from such 
electrostatic charges plays an important role in the deposition mechanisms of pulmonary drug (2). Although both 
theoretical and experimental studies have established that increased drug deposition is associated with charged particles 
under suitable conditions (3-6), the mechanisms behind this electrostatic charge generation in pMDI aerosols still remain 
unclear. This is largely due to the complexity of mechanisms involved during a pMDI actuation. These mechanisms 
includes: flash-boiling evaporation of the propellant and the solvents, liquid-gas-solid phase transition, material properties 
of the device/actuator, conductivity and electrostatic potentials of the different pMDI components, generation, 
accumulation and relaxation of the electrostatic charge on the actuator and aerosols. All these parameter can influence 
the triboelectric charge properties of the pMDI aerosols.  
 
The mechanism by which a material acquires charges upon contact/friction with another material is called 
triboelectrification. Furthermore, there are three other ways to gain charges, including electron, ions and materials 
transfer (7). The electron transfer is the major mechanism for triboelectrification, especially for conductor material contact 
charging, such as metal. As electrons can move relatively free within the entire conductor body, the accumulated 
charges on the conductor material show a uniform polarity (8). This creates an electric field within the conductor material, 
mostly concentrated at the sharp edges of the material. The redistribution of the build up of electrons will then 
concentrate at those sharp edge regions and eventually leads to dielectric breakdown of the surrounding air, with 
consequent spark electrostatic discharge (9). Although electron transfer is believed to be the charging mechanism for 
insulators, such as polymers, there are new studies that have proposed transfer of ions that may already be present on 
the polymer’s surface or acquired from the atmosphere water content as the main mechanism (9-12). The polarity of 
such acquired charges will largely depend on the acidity and basicity of the polymeric material. Unlike conductors, where 
build up charges is distributed throughout the material, insulators are unable to allow deep penetration or free movement 
of the electrostatic charge. Consequently, the accumulated charge would be localised on isolated spots on the insulator’s 
surface with different polarity distribution (12). Electrostatic discharges also arise from insulating materials present at the 
surface with highest curvature. However, multiple accumulated charge spots on a single insulator surface could 
discharge simultaneously and lead to brush-like electrostatic discharge (13).  
 
Although it is not well recognized in the pharmaceutical industry, electrostatic discharge has been well investigated in 
other industrial areas, including particle separation (e.g. recycling) and powder/fuel processing (e.g. mining) (14, 15). 
Many factors that could influence the nature of the electrostatic discharge include chemical/physical properties of the 
charged surface, surface geometry and the magnitude and polarity of the electrostatic charge. In a previous study, the 
pMDI actuator nozzle shape, flat and cone were shown to greatly influence the electrostatic charging dynamics of a BDP 
solution based pMDI aerosol (16). Also, it was shown that by changing the sharp edges of the flat and cone nozzle 
design with curved ones, the polarity of the charge profile for the pMDI aerosol with an insulator actuator material like 
PTFE was completely reversed (17). This study extends the previous investigation to include four actuator nozzle 
designs and two actuator materials selected from the triboelectric series to further assess their influence on pMDI 
aerosols triboelectrification. 



 

 
MATERAILS AND METHODS 
 
A pMDI formulation containing 50µg/dose BDP was prepared with 15% w/w ethanol co-solvent in 1,1,1,2-tetrafluroethane 
(HFA 134a) propellant using standard aluminium canisters (Presspart Manufacturing Ltd, Lancashire, UK) fitted with 
50µl-metered valves (Bespak Europe Ltd, Norfolk, UK). Aluminium and Polyethylene terephthalate (PET) were selected 
from the triboelectric series and used to make the actuator, as no commercial options are available. Four types of nozzle 
designs were manufactured including: conventional flat and cone, and curved flat and curved cone, using a laser drill 
technique (Figure 1). All nozzles had a 0.3 mm aerodynamic atomisation orifice diameter and 1mm jet length. The 
actuator was fitted with the canister using an in-house designed adaptor constructed via a rapid- prototype printer 
(Dimension Elite, MN, USA) using acrylonitrile butadiene styrene (ABS) (the actuator/canister/adaptor unit is not 
earthed). Native charges generated from the pMDI aerosols with different actuator nozzle designs were measured using 
a modified 13-stage electrical low-pressure impactor (ELPI, Dekati Ltd, Finland), with the corona charger removed. At a 
flow rate of 30 l/min, 5 consecutive pMDI actuations at an interval of 30 seconds each, were delivered to the impactor 
and charge data were recorded by the electrometers connected to stage 1 to 12 as current versus time (fA/s). Drug 
depositions on each stage were recovered and chemical analysis of the BDP was conducted using a validated HPLC 
method. Three replicates were preformed for each experiment (5 shots per run × 3 runs). The net charge is based on the 
total charge of the 12-recorded stages of the electrostatic charge profile and mass deposition data is expressed as the 
mean of 3 repeats, with standard deviation. All experiments were randomised and preformed inside enclosed Perspex 
box under controlled humidity (~45% RH) using wet or dry air at 25°C.  

 

Figure 1: Four actuator nozzle design including flat, curved flat, cone and curved cone, all with an aerodynamic 
atomization orifice diameter of 0.3mm. 

RESULTS AND DISCUSSION 
 
The net charge profile for the pMDI aerosols generated from each nozzle designs and both materials are shown in 
Figure 2. 
 

 
 
Figure 2: Net charge profiles for all actuator nozzle designs with materials: A- aluminium and B- PET (n=3; ±SD). 

Generally, the aluminium actuator produced net electronegative charge profiles with magnitude significant lower than the 
PET actuator. This is consistent with the triboelectric charging behavior of aluminium, classified into the positively 
charged group and consequently resulting in a negative charged aerosol cloud (Figure 2A). Also, the aluminium 
conducting property may allow backflow of electrons from the charged aerosols to the actuator material body, resulting in 
a lesser charge magnitude compared with the PET.  
 
For the PET actuator, the polarity of the charge profiles varied between different nozzle designs and large errors were 
present throughout the net charge data (Figure 2B). One possible reason is that PET is classified in the negative group 
of the triboelectric series, but relatively close to the neutral region (18). This would make the material able to charge both 
negatively and positively, depending on the properties of the other material that come in contact with it. The pMDI 
formulation used in the study containing HFA 134a, which is fairly non-conducting propellant. However, the addition of 
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the 15% ethanol co-solvent increased the conductivity of the aerosols. This favors the transfer of electrons/ions from the 
PET surface to the semiconducting droplet during contact charging process, hence resulting in a higher magnitude of net 
charge profiles (Figure 2).  
 
Statistically significant differences (ANOVA p<0.05) in net charge were observed when the curved nozzle designs were 
compared with conventional nozzles, for both materials. For aluminium, curved flat and curved cone nozzles 
demonstrated reduced negative charges, compared with the conventional geometries. The negative charge droplets 
arising from the aluminium actuator are evaporating and the charges carried by such shrinking droplets will eventually 
reach the Raleigh limit (the amount of charges that can be carried by a droplet with certain size) and bursting into smaller 
droplets due to the repulsive forces of the same charges present on the surface. Smaller droplets with unipolar charges 
will repel each other and cause plume expansion, hence increasing the chance of electron exchange with the curved 
nozzle surface and reduces the charge magnitude in the aluminium actuators. For the PET, the curved designs 
completely reversed the charge polarity for the flat and cone nozzle. This result is similar to previous findings where 
Teflon was used as actuator material (17). It was hypothesized that curved nozzle designs changed the plume geometry 
to have a wider angle due to the lack of defining edges. Therefore, the electron exchange between the outer edges of 
the aerosol plume with actuator nozzle surface is significantly increased. This results in net electronegative-charged 
aerosols on the outside region of the plume to have higher chance to deposit on the induction port area. In consequence, 
the impacted aerosol will be the core aerosols within the plume that has high density of counter charge polarity, which 
reflected by the net charge results (Figure 2B). 
 
As described before, electrons/ions generated from triboelectrification have a tendency of concentrating at the sharp 
edge of the actuator nozzle. The possibility of accumulated electrons/ions to discharge to the surrounding environment 
could alter the electrostatic charge profiles of the pMDI aerosols. However, for both PET and aluminium actuators, there 
is no sudden reduction or escalation in charge magnitude for the curved nozzle designs compared with the conventional 
ones. A possible explanation could be related to the fact that electric discharges are normally carried by electrons and 
both aluminium and PET are positively charged, due to high electronegativity of the HFA 134 propellant resulted from the 
fluorine elements. Therefore, electrons are concentrated on the evaporating propellant contain droplets, whether 
discharge of excessive electrons occurs from the aerosols droplets still remains unclear. 
 

 
 
Figure 3: Cumulative mass undersize distribution for all actuator nozzle designs with material A: aluminium and 
B: PET, (n=3; ±SD). 

To further understand the relationship between the aerosol charge profiles and the actuator nozzle designs, aerosol 
performance parameters were analyzed. Particle size distributions are shown as percentage of cumulative mass 
undersize in Figure 3. No significant differences were observed for all nozzle designs and actuator materials, except for 
aluminium cone at particle size range from 1.62 to 4.02 µm (one way ANOVA, p<0.005) (Figure 3A). These results show 
actuator nozzle geometry and material have no significant influence on the aerodynamic particle size distribution of pMDI 
aerosols.  
 
Further analysis of emitted dose (ED), drug deposition in the USP throat region (USP), fine particle fraction (% FPF < 
6.66µm) and mass median aerodynamic diameter (MMAD) for all nozzle designs and both materials are shown in 
Figure 4. No significant differences were observed for MMAD with all four types of nozzle design and both materials, 
except for aluminium with cone geometry (one way ANOVA, P<0.5). This is associated with a lower emitted dose from 
the pMDI. The aluminum flat nozzle was shown to have the highest USP deposition (Figure 4A), compared with other 
nozzle designs with the most electronegative charge profile (Figure 2A). This could be the result of plume expansion due 
to the repulsive force of highly unipolar charged aerosols, indicating that the higher charge magnitude is capable of 
modifying particle deposition for pMDI. For PET, significantly less emitted dose for cone and curved cone nozzle were 
observed (one way ANOVA, p<0.005), compared with flat and curved flat, possible due to the larger contact surface area 
present in the cone outer shape (Figure 4B). Although no significant differences were found in the emitted dose for the 
flat and curved flat PET nozzle, the drug deposition in the USP induction port for the curved flat design was significantly 
higher than flat nozzle (student t-test, p<0.05). This is then reflected again in the USP drug deposition of the curved cone 
nozzle that was found to be higher than the cone nozzle (student t-test, p<0.05). Interestingly, high USP depositions for 
both curved nozzles are associated with the reversed net charge polarity for the pMDI aerosol with actuator PET (Figure 
2B). This supports our hypothesis that curved nozzle designs can have an effect on plume geometry hence increase 
induction deposition with more negative charged particles.  
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Figure 4: Emitted dose (ED), USP deposition (USP), Fine particle fraction (% FPF < 6.66um) and mass median 
aerodynamic diameter (MMAD) for the pMDI formulation with all nozzle designs for both material A: Aluminium 
and B: PET (n=3; ±SD). 
 
CONCLUSIONS 
 
In summary, four different pMDI actuator nozzle designs built with two different materials, aluminium and PET were 
investigated for their effect on aerosol electrostatic charges using a BDP solution based pMDI formulation. It was found 
that curved nozzle designs built with an insulating polymer, like PET, could influence the electrostatic charge and particle 
deposition patterns of pMDI aerosols. Aluminium did not show the same trend, but showed high induction port deposition 
associated with high electrostatic charge magnitude, which could result from plume expansion by the repulsion force 
from unipolar charged aerosols. However, due to the different contact charging mechanism of conductor and insulator, it 
cannot be definitely concluded that electrostatic discharge is influencing triboelectrification of the pMDI aerosols. Future 
studies using high speed imaging of the plume pattern and droplet size distribution are underway and have the potential 
to corroborate our hypothesis.    
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