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Abstract

The aim of this study i1s to investigate aerosol plume geometries of
pressurised metered dose inhalers (pMDIs) using a high-speed laser
image system with different actuator nozzle materials and designs.
Actuators made from aluminium, PET and PTFE were manufactured
with four different nozzle designs: cone, flat, curved cone and curved
flat. Plume angles and spans generated using the designed actuator
nozzles with four solution-based pMDI formulations were imaged using
Oxford Lasers EnVision system and analysed using EnVision Patternate
software. Reduced plume angles for all actuator materials and nozzle
designs were observed with pMDI formulations containing drug with
high co-solvent concentration (ethanol) due to the reduced vapour
pressure. Significantly higher plume angles were observed with the
PTFE flat nozzle across all formulations, which could be a result of the
nozzle geometry and material’s hydrophobicity. The plume geometry of
pMDI aerosols can be influenced by the vapour pressure of the
formulation, nozzle geometries and actuator material physiochemical
properties.
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INTRODUCTION

Pressurised metered dose inhalers (pMDI) are portable and convenient
devices that have been widely used in inhalation therapy to deliver
multiple doses of aerosolised medication to the pulmonary system,

especially for the treatment of asthma. Since its first development in 1950s

by 3M Riker Laboratories (1), the basic design of the pMDI remains
almost unchanged, except for the transition of propellants from
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chlorofluorocarbons to more environmentally friendly hydrofluoroalkanes
(HFAs) in the 1990s (2). The physical components of the pMDI include
the following: a disposable canister where drug, liquid propellant and/or
excipients are stored; a metering valve which ensures a correct dose of the
formulation is delivered; and a plastic actuator for atomisation (3).

Besides coordination with patients’ inhalation, the dose effectiveness of
pMDI relies on the successful aerosolisation of the drug. The respiratory
fraction of an active component delivered by pMDIs is often influenced by
the aerosol plume properties, including plume velocity and spray geometry,
which have direct correlations with oropharyngeal deposition and delivered
dose (4). During actuation, the pressure force provided by the propellant
causes the suspended and/or solubilised drug to form a liquid-gaseous
spray that subsequently generates particles once both the propellant and
co-solvent are evaporated. The plume of the spray and the size of the
particles produced by the pMDI largely depend on the vapour pressure of
the propellant, the ingredients of the formulation, the metering valve, the
ambient environment and the actuator nozzle designs (5,6).

Spray geometry analysis can be used to evaluate the pMDIs actuator
nozzle’s performance, and there are several methods that can be applied to
assess this parameter. Originally, the aerosol plume was often evaluated
through impingement of the spray on a piece of dye-talc-treated paper (7).
In 1983, Benjamin et al. integrated thin layer chromatography into spray
analysis with photographs of the plume (8). Since then, optical methods,
including flash photography and high-speed video, have been frequently
used to assess the spray dynamic of pMDIs (9-12). The advantages of
photographic imaging methods are fast screening and ease of obtaining and
analysing the data. However, the accuracy of the images provided by these
techniques relies on the photography parameters include lens, shutter speed
and illumination intensity.

Laser diagnostic methods such as laser diffraction, Laser Doppler
Anemometer (LDA) and Phase Doppler Anemometer (PDA) have also
been developed to provide better resolution of the plume spray and are
often used in conjunction with photographic methods to deliver critical
information on droplet size, velocity and mass volume of the plume
(13,14). However, these methods rely on the diffraction and refraction of
light, and consequently, accurate measurements are limited by the droplet
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properties, such as colour, shape and density (15). The spray emitted from
a pMDI is fast moving and transient; the plume contains multiphase
aerosols with continuous propellant evaporation and generation of flow
turbulence. These inherent characteristics of the pMDI aerosol introduce
challenges when trying to obtain accurate results over the whole sample
spray (16), with both optical and laser diagnostic tests.

A new platform that allows effective investigation of plume characteristics,
especially for high-pressure aerosolised drugs, has been developed
recently. The Oxford Laser EnVision system (Oxford Laser Ltd,
Oxfordshire, UK) is designed to capture the transient nature of the aerosol
plume using a safety enclosure, equipped with a high frequency camera,
shot-pulsed laser light source and automatic image analysis software. This
technique can be used to obtain a multitude of data relating to the
generated aerosol including information about the aerosol, such as plume
intensity, thermal properties and droplet size analysis. The advanced laser
illumination of this technique enables the capture of images free from

motion blur; hence, it 1s suitable for evaluation of atomisation process for
pMDI aerosols (17,18).

In recent years, there has been an increasing interest in aerosol
electrostatics since they may play a role in aerosol plume properties and
regional lung deposition. Aerosols emitted from a pMDI are charged
through contact with device materials and other particles (19). This
process is called triboelectrification and depends largely on the materials’
properties. Studies using actuators made from different triboelectric
materials have demonstrated aerosol charging to follow the triboelectric
properties of the actuator materials, with formulation containing no drug
and low co-solvent (1% ethanol) emitted from a cone-shaped nozzle design
(20). The influence of nozzle design on aerosol electrostatic changing
dynamics and performance for solution pMDI have also been analysed,
using different orifice geometries, and results have shown increased throat
deposition with reversed aerosol charge polarity for orifices with curved
edges (21). While advances have been made with respect to understanding
the relationship between charge generation and actuator orifice material
and geometry, it is still not well understood whether the changes in
deposition pattern are due to plume angle variations caused by the different
nozzle designs and/or electrostatic forces between the charged particles.
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The pMDI nozzle geometry is important for the atomisation process;
hence, differences in the orifice shape could influence the aerosols
characteristics. The purpose of this study was to investigate the plume
geometries of a series of solution pMDI aerosols containing HFA 134a,
ethanol and beclomethasone dipropionate (BDP), emitted from different
nozzle designs namely cone, flat, curved cone and curved flat (Fig. 1),
using the Oxford Laser Envision system and to relate the findings to
overall aerosol performance and previously investigated aerosol
electrostatic charge profiles.

Fig. 1
Schematic representation of the four pMDI nozzle designs: cone, flat, curved

cone and curved flat orifice, all with 0.3-mm nominal orifice diameter and 1-
mm jet length

'::'.. \! Curved Cone Curved Flat

MATERIALS AND METHODS

Actuator Materials and Manufacture

Three materials, including aluminium (Aalco Metals Ltd, Cobham, UK),
polyethylene terephthalate (PET) and polytetrafluoroethylene (PTFE)
(Ensinger GmbH, Nufringen, Germany) were selected to manufacture the
pMDI actuator nozzles. These materials represent different triboelectric
charging properties, and their rank from positive to negative charge
potential follows the order of aluminium > PET > PTFE (22). The nozzles
had a 0.3-mm nominal atomisation orifice diameter and 1-mm jet length.
Four different atomisation orifice geometries were manufactured namely
cone, flat, curved cone and curved flat, designed using Siemens NX
software and engineered with high-speed steel cutting tools (Fig. 1). A
dimensional accuracy to within £0.01 mm was achieved and was
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confirmed for all designed nozzles using spatially calibrated microscope
and MediaCybernetics Image-Pro software.

Pressurised Metered Dose Inhaler Formulations

Four pMDI formulations were prepared according to Table 1 and are
referred as formulation A, B, C and D hereafter. The required co-solvent
ethanol (Sigma-Aldrich Pty Ltd, Castle Hill, Australia) and
beclomethasone dipropionate active pharmaceutical ingredient (BDP,
Chiesi Farmaceutici S.p.A, Parma, Italy) were accurately weighted into
C128P aluminium canisters (ID214, Batch 1002043-3, 18-ml brim
capacity, Presspart Manufacturing Ltd, Lancashire, UK). The filled
canisters were immediately crimped with a 50-ul metering valve (ID201,
batch BK0313029, Bespak Europe Ltd, Norfolk, UK) and pressured filled
with 1,1,1,2-tetrafluoroethane (HFA 134a, Solvay Chemicals, Brussels,
Belgium) propellant using a Pamasol Laboratory plant P2016 (Pamasol
Willi Madaden AG, Pfaffikon, SZ). The solubility of the drug component
was confirmed visually using glass canisters (Saint Gobain, France). All
canisters were stored at ambient temperature for 24 h prior to testing.

Table 1

Composition of the Pressurised Metered Dose Inhaler Formulations

HFA 134a Ethanol BDP Targeted dose
pMDlIs (Wiw%) (wiw%) (wiw%) (ng)
iormulation 100 0 0 NA
gormulation 99 1 0 NA
Eormulation 35 15 0 NA
Formulation 35 14.9 0.1 50

D

Plume High-Speed Laser Imaging

The pMDI plume angle of each formulation with each of the nozzle
designs was evaluated using an Oxford Lasers EnVision laser-based
imaging system equipped with a CMOS sensor Photron® FASTCAM MCI1
camera and Oxford Lasers FireF'LY pulsed diode laser illumination
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(illustrated in Fig. 2). The FireFLY laser delivers a planer light sheet,
orientated parallel to the plume emitted from the pMDI device. The camera
is set up perpendicular to the light sheet to visualise the flow of the plume.
The designed nozzles were mounted on an automated actuator system with
a fixed platform (point of origin). One actuation event from the pMDI was
sprayed into still air, and a high-speed image sequence was captured at

250 Hz over the full event. The EnVision Patternate software automatically
analyses the intensity of each image of the spray and detects the fully
formed plume with highest intensity from the captured sequence of images
and analyses the plume geometry. All tests were performed in triplicate
under general laboratory conditions (temperature 25°C and ~60% RH).

Fig. 2

Schematic of the Oxford-laser high-speed laser image test setup

FireFLY
Laser

Light-sheet

pMDI Device

Plume

Camera

Data Analysis

All experiments were randomised. The plume angles and orientations for
different nozzle designs and pMDI formulations were calculated by the
EnVision Patternate software based on the laser image obtained for the
fully formed spray. Plume span was measured for the fully formed plume
at the distance of 2, 4, 6 and 8 cm to the orifice for all tests. Statistical
analysis using one-way ANOVA (unstacked) was performed with
STATPIlus statistics software package (AnalySOft Inc., VA, USA), and
significant difference was based on p <0.05.
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RESULTS AND DISCUSSION

Spray pattern analysis is a very important parameter for the quality and
performance of metered dose inhalers. Many factors include actuator
orifice diameter, vapour pressure, excipients and surfactant, as well as
actuator materials (9,23). In this study, the effect of different nozzle
geometry and actuator material on pMDI aerosol plume angles was
investigated using four formulations. The results are shown in Figs. 3, 4,
5 and 6 and are discussed below.

Fig. 3
Plume angles for three actuator materials and four types of the nozzle
designs for formulation A (n =3 + SD)
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Fig. 4

Plume angles for three actuator materials and four types of the nozzle
designs for formulation B (n =3 + SD)
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Fig. 5
Plume angles for three actuator materials and four types of the nozzle
designs for formulation C (n =3 + SD)
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Fig. 6
Plume angles for three actuator materials and four types of the nozzle
designs for formulation D (n =3 + SD)
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Effect of Actuator Materials and Formulations on Plume
Geometries

The plume angles generated with propellant only formulation A, for all
different nozzle designs and actuator materials, ranged between 12 + 1.64°
and 18.57 +0.72° (Fig. 3). Statistical analysis using one-way ANOVA
comparison between the three different actuator materials for the same
nozzle demonstrated no significant differences, except for the flat nozzle
design.

In our previous study, all three actuator materials produced negative
charged pMDI aerosols, where aluminium showed the highest magnitude
followed by PET and PTFE for the flat nozzle (21). Based on the theory of
electrostatic forces, charged aerosols with similar polarity will repel each
other; hence, induced plume expansion was expected. However, the results
from high-speed laser image analysis have shown opposite plume angle
trend for flat nozzle designs, where PTFE displaying the lowest negative
charge magnitude (21) and the highest plume angle (Fig. 3). One possible
explanation for this result could be the method used to detect aerosol
electrostatic charges in the previous study. The Electrical Low Pressure
Impactor (ELPI) can only produce net charge measurements for the particle
at certain size ranges after the aerosol has passed through a USP throat.
Therefore, the summarised net charge results for insulating materials like
PET and PTFE can be biased due to neutralisation between bipolar charged
aerosols (21). In addition, there is also no indication of the charge
distribution for the aerosol droplets within the plume during the initial
atomisation process, where plume angle images were measured (21).
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When formulation B was used (Fig. 4), the addition of 1% ethanol to the
propellant demonstrated plume angles with no significant difference
between actuator materials, for both curved cone and curved flat nozzle
designs. Whereas for cone nozzles, the PET actuator produced a
significantly wider plume angle compared with aluminium and PTFE. The
flat nozzle design with formulation B showed similar plume angles for
aluminium and PET actuator compared with formulation A, and a
significant increase in plume angle was observed for the PTFE flat nozzle.

Aerosols generated from pMDI largely depend on the energy provided by
the propellant in the formulation. The addition of a co-solvent, such as
ethanol, can reduce the vapour pressure and lead to decreased plume angle
and increased initial aerosol droplet size (23 ). Comparison of the plume
angle for different material and nozzle designs for formulations A and B
(Figs. 3 and 4) showed no significant differences. However, formulation C
with 15% ethanol demonstrated a smaller plume angle, with both curved
cone and curved flat nozzles, compared with formulation A and B (Fig. 5).
These observations correlated with the reduced vapour pressure with
increased ethanol concentration, but not for cone and flat nozzle designs.
In a previous study, pMDI formulations containing co-solvent had reduced
negative charges that could be associated with increasing ethanol
concentrations, especially for curved nozzle designs with aluminium, PET
and PTFE actuators (21). Therefore, aerosol plume formation and
performance can be influence by not only the vapour pressure but also the
electrostatic charges.

Significant differences were observed between the three actuator materials
with formulation C for the cone nozzle, with the PTFE flat nozzle showing
again the highest plume angle, similar to the results for formulation A and
B (Figs. 3, 4 and 5). When a non-volatile component is included in the
pMDI formulation, such as the active pharmaceutical ingredient BDP, it
will form physicochemical interactions with the propellant and co-solvent,
influencing the cavitation and evaporation of the generated aerosol droplets
(23), and consequently the spray dynamic and plume geometry. This was
confirmed by significantly reduced plume angle measurements across all
materials and nozzle designs with formulation D (Fig. 6), except for the
flat nozzles, compared with formulation C (Fig. 5).

In a previous study, curved cone and curved flat nozzles with PET and
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PTFE actuator materials produced reversed aerosol charge polarity and
higher throat deposition with formulation D, compared with normal cone
and flat nozzle designs (21). One of the hypotheses for this observation is
that the inclusion of a curved edge in the actuator design can induce plume
expansion and increase contact charging with the actuator material’s
surface. This increased contact charging may result in the plume to
becoming more bi-polar with a shift of one polarity to the edge of the
plume. Ultimately, such an observation would result in higher deposition of
the aerosols in the throat region (21). However, no significant difference
in plume angles for curved nozzle designs was observed in this study

(Fig. 6), which indicates that aerosol deposition for pMDIs is influenced
dominantly by the electrostatic charges more than by the plume
geometries, especially for the orothoracic region. On the other hand, the
flat nozzle PTFE actuator showed persistent high plume angle across all
four formulations, which could not be correlated with the aerosol
electrostatic charge results (21).

Effect of Nozzle Designs on Plume Geometries

In general, both cone and flat nozzles produced variable plume angles
across all pMDI formulations, compared with curved cone and curved flat
nozzle designs (Figs. 3, 4, 5 and 6). Significant differences were
observed for the same material and formulation when comparing the four
types of nozzle designs, except for PET and PTFE with formulation A
(Fig. 3), suggesting that nozzle geometry is important for aerosol plume
geometry.

Significantly higher plume angles were observed with the PTFE flat nozzle
compared with other materials and nozzle geometries, and have shown
increased plume angle with increased ethanol concentration across
formulation A, B and C (Figs. 3, 5 and 6). In a previous study, a flat
nozzle with a different actuator generated variable aerosol static charges
with similar drug deposition profile to the cone nozzle design (21), which
could be related to increased surface interaction between aerosols and the
flat nozzle surfaces caused by the expanded plume angle.

Further analyses with high-speed images have also shown a wider plume
angle at the near orifice exit for PTFE flat nozzle, compared with
aluminium and PET nozzles (Fig. 7) using formulation C. However, the
plume angles for all pMDI actuations were measured using a single pre-set
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origin point, with plume expansion angle determined near the orifice exit
that may not represent the overall plume geometries. Therefore, the spans
of the fully formed plume at different distances from the origin were
measured for all formulations and are shown in Fig. 8. In general, all
actuator materials and nozzle designs have shown increased plume span
with increased distance from the origin where plume span for PTFE flat
nozzle has shown significant higher width compared with other actuator
nozzles with formulation C and D.

Fig. 7

Sample high-speed laser images (plume angle measurements with
formulation C using aluminium, PET and PTFE flat nozzles). Cyan colour
line represents the largest plume angle, and the magenta line represents the
plume orientation in relationship to the origin point

Aluminium

Fig. 8

Plume span measurements with formulations A, B, C and D using
aluminium, PET and PTFE nozzles at the distance of 2, 4, 6 and 8 cm from
the pre-set origin (n =3 £+ SD)

http://eproofing.springer.com/journals/printpage .php?token=aUyd 7] vy5UgCds3NncE040LzpvbOrx358KVd0OyeFybG6GpJkB35idg

13/20



6/9/2016

e.Proofing

a ALU b ALU
v C-:lﬂt B Curved Cone L Gn-nt B Carved Come
. Cusved Flaz B Curved Flai
| J_I j ji | j [- j
| j | j
4 §r
£ £
H H
E E
= =
= £
2om 4cm o Sem 2o 4om BT e 1
Distanece b Orifice [ristaruee o Orrifiee
Cc d ALU
1TE co B Carved Core
B Pl B Curved Flat
2
ol
Xm dom Hem Bom
FET
4
g g
: 3
E E
£ 2
Zem dem oy fem
FTFE PTFE

Zom dcm e Bem Zem 4om Bem Eom,
Drigtanes o Orifice [rstaree fo O fies

Plume geometry studies with different actuator nozzle for pMDI are still at
their infancy due to the difficulties related to the transient and rapidly
changing atomisation process. However, this technique is well established
in fuel and spray industries, where it has been demonstrated that plain
orifice atomiser (flat nozzle) can have very complex internal flows and
external atomisation mechanics (24); this is often referred to as plain
orifice atomiser model.

In an ideal spray system with a flat nozzle, the liquid jet should completely
fill the nozzle orifice and the aerosol plume generated will depend on the
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orifice diameter. However, in pressurised systems with volatile propellant,
such as pMDIs, the propellant flash boiling after its emission from the
canister will cause bubbling of the liquid propellant, creating vapour
pockets near the inlet surface of the nozzle (Fig. 9) (25,26). These vapour
pockets will generate an internal pressure on the flowing liquid jet that will
cause higher gradient changes after the orifice exit, where the plume will
expand more dramatically, such as observed in PTFE flat nozzle (Fig. 7).
When a curved edge is included in the nozzle geometry, there is a reduced
gradient in the sudden constriction of the nozzle exit; hence, lower plume
expansion will be achieved.

Fig. 9

Schematic cavitation flow model for the flat nozzle geometry (25)

Liguid Jet

On the other hand, the cone and curved cone nozzles contain outer
expansion in their geometries. This cone shape will provide regions for
vapour recirculation and generates extra pressure on the initial plume after
its exit (Fig. 10). Therefore, the plume angle produced by the cone and
curved cone nozzles will be smaller compared with the flat nozzle, as
demonstrated by the results (Figs. 3, 4, 5 and 6).

Fig. 10

Schematic recirculation flow model for the cone nozzle geometry (24)

http://eproofing.springer.com/journals/printpage .php?token=aUyd 7] vy5UgCds3NncE040LzpvbOrx358KVd0OyeFybG6GpJkB35idg

15/20



6/9/2016

e.Proofing

Recirculation region

. Liguid Jet
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Recirculation region

The proposed plain orifice cavitation model can only be observed for
actuator material PTFE; consequently, it is believed that the results could
be influenced by the material properties. PTFE, otherwise known as
Teflon™, has a very hydrophobic surface. When hydrophobic liquids such
as HFA 134a come into contact with the PTFE surface, it will decrease the
contact angle allowing the liquid jet to completely fill the nozzle and
produce a controlled plume angle, such as in formulation A (Fig. 3). When
ethanol is introduced into the formulation, the hydrophobicity of the liquid
mixture is reduced, increasing the contact angle between the propellant and
the actuator surface. This incomplete contact promotes cavitation that
generates an internal pressure on the flowing aerosol stream and is
correlated with the concentration of hydrophilic component (e.g. Ethanol).
As a result, for the PTFE flat nozzle, increased plume angles with
increased ethanol were observed (Figs. 4, 5 and 6). However, one other
parameter that should be considered is the diameter of the commercial
pMDI actuator nozzles. Generally, this ranges from 0.14 to 0.6 mm (27)
and the flash boiling atomisation is a rapid process. Therefore, it is
unknown whether there are opportunities for these hypothesised
hydrophobic/hydrophilic interactions between liquid formulation and the
actuator surface to cause changes in plume geometry during such limited
length and short transit times.

CONCLUSIONS

In summary, this study has shown that high-speed laser image system is a
suitable method for analysis of pharmaceutical pressurised aerosols. It can
potentially provide valuable information regarding to plume geometry and
can assist the development of inhalation therapies. For the current study,
high-speed images have shown that the plume geometry of pMDIs can be
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influenced by the vapour pressure, nozzle geometry and actuator materials.
However, correlation between aerosol performance, plume angles and
nozzle designs cannot be established due to the lack of simultaneous
aerosol deposition analysis with the high-speed laser imaging. At the same
time, pressurised aerosols could be influenced by other physical and
chemical interactions between device surface and the formulations, such as
electrostatic charges. The high-speed imaging analysis used in the study
was not able to provide direct measurement of the electrostatic profile for
the plume, but it has the potential to provide detailed analysis of aerosol
intensity and droplet morphologies that can be useful to predict static
interaction for pMDI aerosols.
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