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Abstract

In this study, a novel laser diffraction particle size analysis dispersion system, capable of sizing particles in situ within
suspension hydrofluoroalkane (HFA) pressurised metered dose inhalers (pMDIs), was developed and tested. The techniqu:
was compared to four indirect particle sizing methods commonly used to determine the size of particles suspended in HFA
pMDIs. The median volume diameter obtained using laser diffraction of both the salbutamol sulphate and fluticasone propionate
suspended either in 2H, 3H-decafluoropentane or perfluoropentane (employed as surrogate propellants) was over one-order ¢
magnitude larger than the particle sizes of the drugs suspended in HFA 134a. In contrast, the “in-flight” particle size using the
Sympatec inhaler 2000aser diffraction equipment undersized the particles, predicting higher delivery efficacy compared to the
other sizing methods. However, the size of particles suspended in HFAs derived using the novel pressurised dispersion systerr
showed a linear correlation with the impaction resufts; 0.8894 ¢ =10). The novel pressure cell sizing technique proved to
be simple to use, has the ability to be automated and was accurate, suggesting it could be an essential tool in the developmer
of new suspension-based pMDI formulations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction nes (HFAs), a move enforced bjontreal protocol on
substances that deplete the ozone layer (19883
The replacement of chlorofluorocarbon (CFC) provided an opportunity to reformulate pMDls, and
metered dose inhaler propellants with hydrofluoroalka- hence the potential to increase the delivery efficiency
from such devices, which is typically pooH¢lzner
mpondmg author. Tel.: +44 20 78484049: and Muller, 1995; Steckel and Muller, 1998lowever,
fax: +44 20 78484800. propellant replacement has produced a new problem.
E-mail address: stuart.jones@kcl.ac.uk (S.A. Jones). The majority of therapeutic compounds are not stable
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when formulated alone as colloidal suspensions within (Mitchell et al., 2003; Su et al., 20p4microscopy
HFA propellants and additional excipients can often (Lamprecht et al., 2000; Columbano et al., 2pagd
be required to prevent aggregation. Excipients tradi- impaction {Veda et al., 2000 Nevertheless currently,
tionally used in CFC-based pMDIs cannot be used in inertial impaction is considered as the “gold stan-
HFA-containing products due to their low solubility. dard” with which to assess the in vitro performance of
Therefore, to facilitate the reformulation of CFC prod- inhaled formulations. Impaction techniques are capa-
ucts and allow the incorporation of novel therapeutic ble of chemical identification and measure the aerody-
agents within pMDIs, new compounds are required namic diameter of particles (the importance of which
to stabilise suspensions of drug in HP¥efvaet and was recently highlighted bifdwards et al., 1997but
Byron, 1999. they are time-consuming and cumbersome to dge (
Suspension stability is critical to the performance Boer et al., 2002a Furthermore, it is difficult to draw
of pharmaceutical pMDls, as this not only determines conclusive mechanistic information from these indi-
the dosing reproducibility of the formulation, but it rect techniques, as the properties of the suspension are
can also determine the site of deliveiyeyder et al., never physically measured.
1980. It is accepted that numerous factors related to  Laser diffraction particle size analysis, has been
the formulation, drug, patient, device and disease statesuggested as a suitable alternative to impaction meth-
can affect the optimal particle size required for max- ods to measure the particle size of aerosdis Boer
imal deep lung deposition. However, for the latter to et al., 2002a,b; Triballier et al., 20Pp3This technique
be obtained, it is generally agreed that a successful uses narrow angle diffraction of a high-power laser
inhaleable formulation must store and reproducibly source to determine the volume of both solid and
dose a population of sub-1dn particles to the res-  liquid particulates. The changes in a columnar laser
piratory tract Terzano, 2001; Martonen et al., 2002; projection resulting from the intersection with a par-
Musante et al., 2002; Miller et al., 20p3rherefore, ticle field is transposed onto a Fourier transform lens
particle size is considered a primary endpointinthe pre- and the resultant laser diffraction pattern is converted
formulation and development of new pMDI products into a volume-based size, derived using a mathematical
and it is commonly used to predict delivery efficiency model (Triballier et al., 2003 The non-invasive nature
and physical stability in vitroTzou et al., 199¥. of laser diffraction particle size analysis makes it ver-
Until recently, CFCs were routinely used as medi- satile, quick and simple to perform and cost-effective.
cal propellants. Of the three compounds approved for In addition, laser diffraction does not require addi-
human use, CFC 11, CFC 12 and CFC 114, only CFC tional chemical analysis and can be easily automated.
12 exhibits a boiling point belowC (McDonald and However, unlike impaction, laser diffraction does not
Martin, 2000Q. Although CFC 12 is highly volatile, = measure the aerodynamic diameter of particulates, and
when used in pMDils, it is typically blended with other therefore does not take account of particle density. Fur-
CFCsinordertoreduce the final vapour pressure within thermore, during the mathematical calculation of the
the can. A combination of CFC propellants, whilst still  volume-based size measured using laser diffraction, it
volatile can be analysed at room temperature within is assumed that particles are all spherical and this can

simple sealed systemaghurst et al., 19961n contrast lead to inaccuracies if the particles deviate radically
to CFCs, the HFA propellants, HFA 134aand HFA 227, from this presumed shapklé et al., 200L
both have boiling points of less tharl5°C. The sim- To try and make direct measurements within pMDI

ilarity of their boiling points means that HFAs cannot suspensions, researchers have attempted to use sol-
be blended in order to reduce their volatility. As HFAs vents with similar chemical properties but higher
exert a pressure of up to 4kgcH) in situ analysis boiling points as surrogate propellants, in order to
of propellant suspensions in simple sealed systems iscarry out studies at room temperaturBidkinson
problematic and indirect techniques for measuring par- et al.,, 2000; Young et al.,, 2003; Ashayer et al.,
ticle size, are therefore commonly employed. 2004). The most commonly employed solvents include
The particle size of pMDIs can be measured indi- 2H, 3H-perfluoropentaneRpgueda, 2003; Ashayer

rectly using laser diffractionde Boer et al., 2002a etal., 2004, perfluorohexane and 2,2,2 trifluoroethanol
image analysisRower et al., 199), time of flight (Dickinson et al., 2000 These solvents can be used
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at room temperature, and therefore analytical tech- system. When the pressure cell particle sizing method-
nigues such as zeta potential determination, atomic ology was developed, this was compared to indirect
force microscopy and particle size measurement can methods currently used to characterise the physical
be performed in situ to investigate the properties of stability of particles in HFA systems, i.e. “in-flight”
apolar suspensions. However, an ideal surrogate sol-laser diffraction measurements, sizing in surrogate pro-
vent has yet to be identified which matches the key pellants and impaction techniques, using four model
properties of either of the two HFA propellants cur- formulations. Finally, the capability the laser diffrac-
rently employed commercially in pMDIs. Thus, whilst  tion system to act as a high-throughput screen for HFA
each of the surrogate systems differ slightly in physic- pMDIs was assessed. A wide range of HFA-containing
ochemical characteristics, it is difficult to extrapolate pMDIs were manufactured with numerous stabilising
the findings to real systems and draw definitive conclu- excipients and particle sized analysis of the formula-
sions from the scientific work in which the solvents are tions was performed using both impaction and pressure
used. cell measurements in order to assess the predictive
Several attempts have been made to design specialistbility of the novel in situ particle sizing system to
equipment that allows the direct in situ measurement determine pMDI deposition.
of high-pressure suspensions. For example, Malvern
Instruments Ltd. designed a specialised cell that pre-
vents the evaporation of volatile solvents. Using this 2. Materials and methods
system, it should be theoretically possible to size parti-
cles that are suspended within HFA propellants under 2.1. Microparticle production
pressure as liquids. However, the high volatility of
HFAs means they must be transferred into sealed sys- Fluticasone priopionate and salbutamol sulphate
tems under pressure. The cell produced by Malvern microparticles were recovered by slowly evaporating
Instruments Ltd. inits currentform does not allow high-  the propellant from two commercial HFA-bases pMDI
pressure filling, and therefore it cannot be filled ade- preparations (Flixotide 50 50.g per dose AAH Phar-
guately using highly volatile solvents, such as HFAs. maceuticals, UK, lot D040214, expiry Jun 2005 and
The protracted indirect methods by which the suc- Ventolin®, 100ug per dose, AAH Pharmaceuticals, lot
cess or failure of novel stabilising excipients are cur- DY577, expiry July 2005) in a fume cupboard. After
rently tested has resulted in development programs for the propellanthad been evaporated, the remaining pow-
new HFA suspension pMDIs becoming inefficient, and der was collected and stored under silica desiccation at
therefore expensive. As a potential consequence of thisroom temperature. BDP microparticles were used as
problem since the introduction of HFA propellants no received from Airflow Co., UK.
formulation has been marketed that includes a novel PVA coated BDP microparticles were manufac-
HFA suspension stabiliser. tured by spray-drying 1.0g of BDP suspended in
The aim of this work was to develop and test a 100ml of DI water-containing 600 mg of poly(vinyl
novel method, to analyse the stability of HFA-based alcohol) (PVA) 80% hydrolysed, Mw 8000-10,000
suspensions of therapeutic agents in situ, using laser(Sigma—Aldrich, UK). A 191 spray-drier (Bucchi,
diffraction particle size analysis. The design of such a Switzerland) using an inlet temperature of T80
system would enable the ability of new excipients to material feed rate of 4 mlmirt, atomisation flow of
stabilise HFA-based suspensions to be rapidly quali- 70% and nozzle air flow of 800 ml mit was employed
fied. Only the better performing excipients would then to process the agueous suspension.
be selected for further investigation using the more
time-consuming impaction models. Such a strategy 2.2. Microparticulate characterisation
would enable the formulation development time of sus-
pension pMDIs to be shortened. The particle size of the microparticles produced
The initial aim of the study was to compare several in Section2.1 was measured using a liquid stirring
methods of dispersing aersolisable particles within a cell placed in a Model 26CA4L particle size analyser
pressurised HFA system to derive a reproducible sizing (Malvern Instruments, UK) so as to determine the orig-
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inal size of the microparticles prior to suspension in 3M Ltd., UK). These second HFA suspension pMDIs
the HFA propellants. The optical bench was calibrated were used to transfer samples into the re-circulatory
using a latex standard prior to use. A saturated cyclo- pressure cell.
hexane (Merck, UK), 1% span 80 (Sigma—Aldrich)
solution was used as the dispersion media. A method 2.4. Comparison of direct and indirect methods to
validated according t¢ISO 13320, 1999)data not determine HFA suspension stability
shown) used a sample sonication time of 40 min and
laser diffraction parameters of three-fourth power stir- The feasibility of using surrogate propellant sys-
ring rate, 2000 sweeps, a measurement path lengthtems to predict the size of particles suspended in
of 14.5mm and a 63 mm lens for each measurement. HFA solvents was determined by directly comparing
Three measurements were made of each sample andhe volume-derived particle size obtained using two
three samples were taken from each microparticle batch surrogate solvents with that derived directly within
using a standardised sampling procedure. HFA 134a and HFA 227 using the pressure cell sys-
A helium pycnometer (Micromeretics, UK) was tem (methods described below). However, in order to
usedto measure the density of the all the microparticles. compare, the volume derived diameters obtained by
The machine was calibrated as per the manufacturerslaser diffraction in the liquid stirred cell, the Sympatec
instructions using a calibration sphere and in addition, Inhaler 2008 and the pressure cell (methods described
an aluminium standard (Micromeretics) was used to below), the data from these measurements were con-
check the operation of the equipment. Approximately, verted to a MMAD using the measured density and
100-150 mg of each sample was measured five timescompared to the twin-stage impinger results using Eq.

and three samples taken from each batch, again using(1). The percentage of particles < uh MMAD, i.e.

a standardised sampling protocol.
2.3. pMDI manufacture

A 50.0 mg sample of each BDP microparticle batch
(Section2.1) was suspended in either 20.0g of HFA
134a (Solkane, Solvay, UK) or 17.5 @f HFA 227
(Solkane) to produce the pMDI formulations. The
microparticles were weighed directly into a clear
polyethylene terephthalate (PET) canister (donated by
AstraZeneca, UK) and sealed by crimping ap25
metered valve (donated by AstraZeneca) onto the ves-
sel. The HFA was filled into the sealed PET canister
using the Pamasol MDI filler (Pamasol, Switzerland)
until the desired weight was attained. Ultrasonication
was applied to the microparticle suspension for 1 min
to ensure dispersion of the powder in the HFA. The
Flixotide 50° and Ventolif® 100 pMDIs were used as
received.

An identical process was followed to produce other
HFA suspensions of drug (including those containing
the drug particles obtained from commercial prepara-
tions as described in Secti@nl). However, these con-
tainers were sealed with a continuous valve (donated by

1 17.5 g of HFA 227 produces an equivalent volume to 20.0 of HFA
134a due to density differences.

the fine particle fraction (FPF), was compared across
the four techniques. Fluticasone propionate, salbuta-
mol sulphate, BDP and BDP with PVA (all suspended

within HFA 134a when appropriate) were used as the
test formulations in all comparisons.

MMAD = MMD , /2
Po

where the MMD is mass median diameter (or volume
median diametex density),p the particle density and
po is the unit density (i.e. 1 gcn?).

1)

2.4.1. Surrogate propellant particle size analysis

2H, 3H-decafluoropentane (Apollo scientific, UK)
and perfluoropentane (Apollo scientific) were used as
surrogate propellants. Samples were dispersed in the
solvents prior to laser diffraction using sonication for
1 min (duplicating the manufacture of the pMDI for-
mulations). An identical laser diffraction method was
used to determine the particle size each of the four
test formulations in the two surrogate propellants as
that employed to determine the size of the raw material
(Section2.2).

2.4.2. Pressure cell particle size analysis
Two pressure cells were designed in-house. The first
was a simple sealed unit consisting of a plastic cell with
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two optical borosilicate glass surfaces. The particle size of flow rate through the machine with a view to estab-
of a sample was measured in this cell by placing a pre- lishing experimental trigger conditions, data collection
determined weight of solid inside the unit, which was speed and the effect of the refractive index disturbance
sealed and filled with HFA 134a through a specially of HFA (as detailed previouslySimyth and Hickey,
adapted valve. The measurements were performed on2003). Using these data, a set of experimental con-
a Mastersizer X patrticle size instrument (Malvern ditions to test the pMDIs was determined.
Instruments) using identical operational parameters as

per the validated method described previously (Sec- 2.4.4. Impaction particle size analysis

tion 2.2). A second pressurised cell, manufactured by ~ The twin-stage impinger apparatus was set up and
Malvern Instruments Ltd., was also employed, but the operated according to the USP, drawing air through the
re-circulatory system and filling mechanism for this apparatus at 60 | mirt. A total of 20 actuations of each
cell was designed in-house. The re-circulatory system inhaler were sprayed into the apparatus “mouth piece”
could be filled with HFA using a specially designed with a 5s gap between sprays. Chemical analysis was
valve and samples were injected into the system via a performed using a validated assay on a Waters Inte-
high-pressure sample input port. Samples were allowed grated Millennium HPLC system (Waters, UK) with
to equilibrate in the HFA and were measured using the parameters detailed ifable 1 The study used
two methods of re-circulation, either stop-flow re- filtered and degassed (Qu2n nylon filter, Watman,
circulation (which involved re-circulating the system UK)HPLC grade solvents (Merck labs, Germany). The
on full power for 10s then switching the pump off) washing solutions for the impinger equipment were the
or continuous re-circulation (which involved contin- same as the mobile phase for all of the therapeutics
uous re-circulation during the measurement sequenceexcept for salbutamol, which used 0.05M phosphate
at three-fourth full power of the high-pressure pump). buffer (Sigma—Aldrich, UK).

The particle sizing instrument was set up to match the

previously used parameters (Sectihf). 2.5. Pre-formulation screening
2.4.3. “In-flight” laser diffraction particle size To test the capability of the pressure cell laser
analysis diffraction system to be used as a pre-formulation

The Sympatec Inhaler 200QSympatec, UK) was  screen, six novel sets of excipients were combined
used to characterise the particle size of the HFA-basedwith BDP, spray dried (SectioR.1) and suspended in
pMDI formulations post-actuation, i.e. “in-flight”. The  either HFA 134a or HFA 227 (Sectiéh3). The particle
equipmentusedthe R2lens (0.45-87B) andwasset  size of these six novel BDP formulations were com-
up specifically to measure the size of particles emitted pared using the twin-stage impinger (method as per
by pMDls. The optical bench was validated priorto use Section2.4.4 and the pressure cell system (method
with the manufacturer’s calibration standards. Method as per Sectior2.4.2). To allow direct comparison of
development experiments were performed using the the two techniques, the derived volume diameter dis-
two commercial inhalers and determined the effects tribution obtained by laser diffraction was converted

Table 1

Summary of the HPLC methodology used in the study

Parameter Beclomethasone Salbutamol Fluticasone
Column (Gg) 150 mmx 3 pum 150 mmx 3 um 250 mmx 5pum
Mobile phase 70/30, ACN:}O 8/92, ACN:P 72/25, MeOH:AmAC
Flow rate (mlmimr?t) 1 0.75 1

Injection volume ful) 100 10 20

Temperature®C) Room temperature 40 40

Runtime (min) 12 6 9

Columns used for the assay of beclomethasone and salbutamol were sourced from Hichrome, UK, and that for the analysis of fluticasone was
base-deactivated, purchased from Capital HPLC, UK. ACN corresponds to acetonitrile, P to 0.05 M phosphate buffer, AmAC to 0.6% ammonium
acetate solution, MeOH to methanol.
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into mass median aerodynamic diameter using Q.
The derived FPF for these six formulations and the four
pMDls used in Sectiof.4for both twin-stage impinger
and pressure cell measurements were compared.

3. Results
3.1. Microparticle characterisation

The size of the microparticles prior to incorporation
into HFA propellant was similar for each of the four
test formulations (se&ble 9. The BDP alone had the
lowest median size (Dv, 0.5) but this was only approxi-
mately 1um smaller than the largest formulation, BDP
with PVA. The salbutamol sulphate contained the great-
est size range of particles, 90% of the cumulative size
distribution (Dv, 0.9) for this material was ovef2n
larger than the other microparticle batches.

The density of the fluticasone was significantly
larger p <0.05, tested using ANOVA) compared to the
other microparticle batches (s&able 2, which were
not significantly different from each othep $ 0.05,
tested using ANOVA).

3.2. Comparison direct and indirect methods to
determine HFA suspension stability

3.2.1. Method development

The two different pressure cells and the two meth-
ods of pressure cell re-circulation were directly com-
pared using the BOP microparticles in HFA 134a.
The Dv, 0.5 obtained for the BDP particles using
the stop-flow re-circulatory method in the Malvern
adapted cell, the continuous re-circulation method in
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Fig. 1. Effects of re-circulation rate on particle size of BDP in HFA
134a (=9, meant S.D.). Dv, 0.1 represents the particle diameter at
10% of the cumulative undersize curve for the volume-based patrticle
distribution (Dv, 0.5), 50% the cumulative undersize (i.e. the median)
and (Dv, 0.9), 90%.

cant difference in the derived median volume diameter
either between the re-circulation methods or the two
cell types p>0.05, tested using ANOVA). Therefore,
the simplest methodology to perform practically, i.e.
the continuous re-circulatory method was used in all
future experiments of this type.

The Dv, 0.5 for the BDP particles suspended
in HFA 134a, in order to achieve a low-,
medium- and high-laser obscuration levels (which
corresponded to approximately one-order of mag-
nitude increase in the suspension concentration)
were 10.29:0.10,10.79£ 0.54and 11.15-0.13pm,
respectively. Therefore, variation in the laser obscu-
ration, and thus suspension concentration, was shown
to have no significant effect on the median particles
size of BDP within the pressure celt £ 0.05, tested
using ANOVA). However, altering the shear applied
to the BDP particles within HFA 134a did influence

the Malvern adapted cell, and sealed pressure cell man-the median volume diameter (s€&. 1). Increasing

ufactured in-house were 11.161.64, 9.86+ 0.50 and
10.774+ 2.24m, respectively. There was no signifi-

Table 2

The density, median particle size (Dv, 0.5) and the 10 and 90% cumulative dimensions (Dv, 0.1; Dv, 0.9) of the four test formulations prior to

the re-circulation rate from a low HFA flow rate (i.e.
applying low shear), to medium flow rate (i.e. medium

incorporation into the pMDI formulations: & 3, meant S.D.) measured using laser diffraction in a liquid stirred cell

Sample Dv, 0.1,(m) Dv, 0.5 (wm) Dv, 0.9 @m) Density (g cnt®)
BDP 1.83+ 0.21 3.13+ 0.15 4.90+ 0.36 1.336+ 0.007
Salbutamol sulphate 2.18 0.01 3.78+ 0.30 11.60+ 1.68 1.363+ 0.046
Fluticasone propionate 2.25 0.05 4.07+ 0.29 8.11+ 0.97 1.4264+ 0.015
BDP +PVA 2.54+ 0.02 4,22+ 0.16 7.99+ 0.24 1.359+ 0.021
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Fig. 2. Effects of flow rate and blank HFA subtraction)(on the
particle size distributions of two commercial inhaler preparations in
HFA 134a =3, meant S.D.).

shear) reduced the particle size of the BDP particles
suspended in HFA by almost one order of magnitude.
In contrast, varying the re-circulation rate from medium

to high changed the median particle size by less than

8%, indicating at either medium or high re-circulation
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the data capture speed or experimental trigger sensi-
tivity had only limited effects on the particle size of
the therapeutics contained within the commercial for-
mulations (data not shown). In addition, each of the
three particle size indices detailedrig. 2showed no
significant differencey(>0.05, tested using ANOVA)
with or without (detailed on irFig. 2 as salbutamol
(-)) the subtraction of the particle size data obtained
from measuring the HFA 134a propellant alone. As a
consequence of these results, the following machine
parameters were used to compare the particle sizes of
the drugs presentin the different formulations using the
sympatec machine, flow rate 29.7 | mit) 0.3% opti-

cal concentration trigger and 5 ms data collection with
no blank HFA subtraction.

3.2.2. Surrogate propellant particle size
comparison

The four microparticle batches dispersed within per-
fluoropentane produced aggregated suspensions with

rates the particles were at their smallest stable size (seea large Dv, 0.5 (sed@able 3. In this propellant, the

Fig. 1).

Inverting a plain canister of HFA 134a and spray-
ing the vapour directly across the optical bench of
the Sympatec inhaler 2080produced an identical
“ghost effect” to that previously reported myth
and Hickey (2003)data not shown). The refractive

two BDP suspensions were found to contain parti-
cles with a similar median patrticle size aroundu38.

In addition, When fluticasone and salbutamol parti-
cles were suspended in perfluoropentane they both
appeared to form aggregates, as they displayed median
particle diameters of 82.66 and 48o8), respec-

index disturbance was present in the top four channels tively, when analysed by laser diffraction. Conversely,
of the three lenses tested on this optical bench, andin 2H, 3H-decafluoropentane the particles from the
hence during the subsequent measurements, the dat2 BDP formulations displayed median diameters of

obtained from these channels was suppressed to elimi-

nate this effect from the true diffraction result. Varying
the flow rate of air through the extraction hood of the
laser diffraction apparatus from 20.9 to 29.7 Imin
(termed low and high iffrig. 2) generated a small, but
statistically significant{<0.05, ANOVA) change in
the median particle size of the aerosol emitted form
the two commercial inhaler${g. 2). Manipulation of

Table 3

The density, median particle size (Dv, 0.5) and the 10 and 90% cumulative dimensions (Dv, 0.1; Dy, 0.9) of the four test formulations suspended

in four apolar solvents

3.60 and 3.8wm, respectively. The particle size of the
two BDP formulations in 2H, 3H-decafluoropentane
was not significantly differentp(>0.05 tested using
ANOVA) from the original particle size of the formu-
lations (se€Table 9 implying that these particles are
forming a physically stable single particle suspension
in this solvent. Both the fluticasone and salbutamol
particles showed some aggregation when suspended

Formulation PFtm) DecaF um) HFA 134a {um) HFA 227 @m)
BDP 33.42+ 10.88 3.60+ 0.48 9.86+ 0.50 6.25+ 1.33
BDP + PVA 28.61+ 4.96 3.85+ 0.19 9.68+ 0.19 Soluble
Fluticasone 82.66- 11.82 11.09+ 0.68 422+ 0.41 -
Salbutamol 48.53 11.82 15.41+ 0.80 4.32+ 0.27 -

BDP, BDP monohydrate; PF, perfluoropentane; DecaF, 2H, 3H-decafluoropentaBenfeant S.D.).
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0 Fig. 4. Comparison of the percentage of particles with an aerody-
" Boackmethasons Salbutamol Sulphate Fluticasone propionate  BOP + PVA namic diameter of <6.4m in eight novel HFA-based pMDI for-

Dipropionate mulations and two commercial HFA pMDI preparations, measured
_ ) ) o using the twin-stage impinger and the pressurised laser diffraction
Fig. 3. The percentage of particles with an aerodynamic diameter of system,2 is the linear correlation coefficient € 3, meant S.D.).
<6.4pm in the four-test formulation compared using four particle

sizing techniquesi(= 3, meant S.D.).

was good agreement between the particle size derived
in 2H, 3H-decafluoropentane, displaying median par- in the pressure cell, i.e. the particles suspended in the
ticle diameters of between 10 and 201 (se€Table 3. HFA propellant, and the impaction data. The percent-
All of the formulations suspended within the surrogate @ge of BDP and salbutamol particles < i was not
propellants produced significantly differept<0.05,  Significantly different £>0.05, ANOVA) when mea-
ANOVA) median particle sizes compared to the true Sured using the pressure cell or impaction equipment.
particle size, determined either in HFA 134a or HFA BDP formulated with PVA did show a small but sig-
227 (se€Table 3. nificant difference £ <0.05, ANOVA) in percentage
of particles with an aerodynamic diameter of <@
when measurements were made using the pressure cell
and the impaction equipment, whilst the fluticasone
pMDI was oversized by the pressure cell on the basis
of the data obtained by impaction.

3.2.3. Pressure cell, “in-flight”, stirred cell and
twin-stage impinger measurement comparison
Comparing the particle measurements obtained for
the two BDP formulations and the two commercial
preparations using the four sizing methods both before
and after formulation within the propellant showed that 3.3. Pre-formulation screening
the suspension of the respirable particles within HFA
134a resulted in some degree of aggregation for three A strong linear correlation r£=0.8894) was
of the four formulationsKig. 3). Only the fluticasone  obtained when the percentage of particles g6#for
propionate was found to have a similar median particle the eight novel HFA formulations and the two com-
size both prior to incorporation within the propellant mercial preparations was compared using data obtained
suspension, within the HFA vehicle and after expul- from boththe impinger and the pressure cell,Bge4.
sion from the formulation. The excellent stability of The greatest impinger stage 2 deposition of the eight
the fluticasone particles in the propellant resulted in this novel BDP formulations was just over 50%, which was
formulation displaying the greatest deposition upon the a five-fold increase upon the binary mixture of BDP
second stage of the impaction apparatus. and HFA 134a. This indicates the linear trend between
The size of the particles measured within the spray these two measurements was applicable over a wide
plume of the formulations, i.e. “in-flight” was consis- range of particle size results.
tently smaller in comparison to the sizes obtained for
the same particles using either the pressure cell or the
impaction equipment. In three of the four formulations 4. Discussion
analysed the percentage of particles <@ using the
Sympatec inhaler 2060was twice the figure obtained Previous work comparing surrogate solvent systems
using the twin-stage imingeF{g. 3). In contrast, there  has shown that at present there is not an ideal HFA sur-
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rogate commercially availabl®{ckinson et al., 2000;  the mouthpiece of the inhaler and the beam to allow
Rogueda, 2003 Data in this study agreed with these the plume to equilibrate, but the further the particles
conclusions and showed that particles from the four have to travel prior to intersection with the laser beam,
test formulations, which have a wide range of physico- the lower the particulate concentration, and hence the
chemical characteristics, interacted with the surrogate worse the signal to noise ratio. Recent workHsynes
propellants in a radically different manner compared et al. (2004)also showed that the pMDI plume was a
to the HFA solvents. There was no correlation between very dynamic environment in which to measure par-
the particle size in either of the surrogate solvents and ticles size close to the point of actuation. This group
the HFA propellants, which infers that predicting the found that by separating the point at which the pMDI
particle size of HFA suspensions using the surrogate is actuated from the laser, by using a heated impinger
propellants 2H, 3H-decafluoropentane or perfluorpen- throat, the laser diffraction/impinger measurement of
tane is not a valid sizing technique. particle size could be better correlatddfnes et al.,
The data obtained using the Sympatecinhaler 2000 2004).
particle size analyser was found to consistently under-  The particle size distribution determined in this
sized the particles within the pMDI formulations com-  study using the novel pressure cell methodology corre-
pared to those obtained using the impinger and the pres-lated better with the data from the impaction equip-
sure cell. Such discrepancies could be due to the appli-ment, in comparison to that derived from the Sym-
cation of the Fraunhoffer theory to the data (used by this patec inhaler 2000. The pressure cell particle sizing
machine to covert the diffraction pattern into a volume methodology described in this work was based on the
distribution), which has previously been reported with premise that after the application of a moderate shear
multi-modal particle size distribution®Afinapragada  force if the particles do not retain their original particle
and Adjei, 1998. However, this explanationis unlikely,  size, the suspension would be considered in some way
as the similarity of particle size distributions should unstable. For example, if the particles appeared to be
have consistently propagated the error, i.e. still ranked smaller than the original particle size, dissolution was
the formulations correctly, which it did not. A second possibly occurring and if they were larger, the parti-
explanation for the apparent undersizing of the formu- cles may have been irreversibly aggregating. Thus, the
lations using the Sympatec inhaler 260fay lie in the greatest potential source of error with this technique
loss of particle size information in the four suppressed is not as a result of the actual measurement as with
data channels, which was necessitated by the refractivethe Sympatec, as such measurements are known to be
index disturbance discussed previously. Little work has accurate due to the wealth of validation data concerning
been performed to investigate the effects on the parti- particle sizing in suspensiong/tt and Rothele, 1996;
cle size measurement caused by the refractive indexMuhlenweg and Hirleman, 19981SO 13320, 1999)
distortion seen in this study. The loss of data is pre- but is centred upon the degree of shear applied to the
sumably caused by vapours crossing the laser beam,formulation. If the shear is applied to the particles is too
but very little can be done to practically to prevent this greatthen this will not represent the typical shaking and
when measuring pMDIsSmyth and Hickey, 2003 actuation of the particles prior to the actuation of a dose
However, the most plausible explanation of the lack of and may result in the undersizing of the drug particles.
correlation between the data obtained using the Sympa-Conversely, if the shear applied is insufficient there will
tec inhaler 2008 and other particle sizing techniques be a tendency to oversize the particles in the suspen-
is the disparity between the type of dispersion in which sion. Such a problem will be more pronounced when
the particle size measurementis taking place. The Sym-a flocculated rather than a deflocculated suspension is
patec machine measures the size of particles directly assized. However, the strong correlation between the par-
they exit the inhaler device. During this time, the par- ticle size results obtained using thistechnigue and those
ticles are travelling at a high velocity, the propellant is derived from the impaction studies using an extensive
evaporating, particles may be forming, aggregating and range of formulations, including flocculated suspen-
de-aggregating and resulting in a complex multi-phase sions Fig. 4) suggest that the degree of shear applied
dispersion. To try and measure a more stable disper-to the suspensions only confered a small source of error
sion, it is possible to increase the distance betweenin the particle size measurements of pMDI suspen-



S.A. Jones et al. / International Journal of Pharmaceutics 302 (2005) 154-165 163

sions when this parameter was optimised to produce aogy for the particle sizing of pharmaceutical aerosols.
smooth re-circulatory flow (i.e. medium or high shear). Although laser diffraction methods have been sug-
In addition, whilst it is accepted that the mathematical gested as a suitable replacement for impaction par-
conversion of volume particle diameter measurements ticle sizing techniques (which can be labour inten-
provides only a relatively crude estimate of aerody- sive) accuracy in determining absolute particle size
namic diameter, absolute precision is not required in is difficult to attain using current equipment, which
this instance. It is envisaged that pressure cell studiesis obviously a crucial problem when attempting to
would be employed to screen for the most promising develop respirable dosage forms. The major differ-
pMDI suspensions of a drug, and therefore providing ence between aerosolised drug particles emitted from
a linear correlation exists between this techniqgue and complex dosage forms as pressurised metered dose
impaction data, absolute accuracy in predicting the pre- inhaler or dry powder inhalers and simple suspensions
cise percentage deposition is not required. or solid dispersions, is that during the measurement
The pressure cell sizing technique was not only sequence dynamic processes are occurring within the
shown to be superior to several indirect methods of aerosol cloud. Typical examples of this include, a sol-
determining pMDI suspension stability, but it also dis- ventrapidly evaporating during the actuation of apMDI
playedthe potential to act as a diagnostic tool to identify or the de-aggregation of a carrier and drug during
why certain HFA suspensions might produce only low the actuation of a DPI. There has been little evidence
pulmonary deposition. Fluticasone propionate was the to show that these dynamic processes do not affect
only drug that did not change in particle size both the particle size results derived from laser diffraction
prior too and after suspension in HFA 134a, suggest- equipment. Perhaps as a consequence, several recent
ing a stable suspension existed. This excellent suspen-studies have failed to correlate absolute particle size
sion stability led to an excellent FPF in the twin-stage measurements determined within impaction apparatus
impinger for fluticasone. In contrast, the suspension of to the same measurements made within aerosol clouds
salbutamol sulphate increased in particle size within using novellaser diffraction dispersion syste@siyth
the propellant, thus implying a degree of irreversible and Hickey, 2003; Berry et al., 2003a,b; Haynes et al.,
aggregation, not broken down by the shear imparted 2004).
during the re-circulation process. Hence, although the  Currently, the United States Food and Drug Admin-
salbutamol suspensions displayed an element of sta-istration (FDA) does not accept data obtained by laser
bility a small degree of aggregation led to a lower diffraction in lieu of results obtained from impaction
FPF compared to fluticasone. The BDP microparticles studies for the regulatory submissions of new medic-
increased dramatically in size upon suspension in HFA inal products. A great wealth of data comparing laser
134a, leading to the conclusion that the vast majority of diffraction to other particle sizing methods will be
the particles aggregated irreversibly. The pressure cell required for this stance to be altered. However, the
predicted a low fine particle fraction would be obtained future development of a pressurised particle sizing
fromthe BDP/HFA 134a suspension and thiswas found system as employed in this work would allow laser
to be correct when the same formulation was assessedliffraction particle size analysis to be employed in
using the impaction technique. The physical stability combination with other more time-consuming meth-
of the BDP suspension was not improved by the addi- ods. Such a technique can be used at a pre-formulation
tion of PVA, since this formulation had similar particle stage of suspension pMDI development to perform
size characteristics to the binary BDP/HFA formula- compatibility screening of drug-excipient-propellant
tion, which implies that PVA did not act as a suspension interactions. Screening of HFA suspension formula-
stabiliser for BDP in HFA solvents. tions using laser diffraction and subsequent assess-
ment with impaction equipment will not only assist
the production of required regulatory data, but also
5. Conclusion improve the efficiency of pMDI formulation develop-
ment. The novel method developed and tested in this
This study highlights the requirement for the devel- work, which uses basic laboratory equipment, and can
opment of an efficient, accurate and precise methodol- be very simply and cost effectively automated, could
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play avital role in the future of suspension pMDI devel-
opment.

Acknowledgements

Many thanks to MedPharm Ltd. and King’s College,
London, for financial support for this project.

References

Annapragada, A., Adjei, A., 1996. An analysis of the fraunhofer
diffraction method for particle size distribution analysis and its
application to aerosolized sprays. Int. J. Pharm. 127, 219-227.

Ashayer, R., Luckham, P.F., Manimaaran, S., Rogueda, P., 2004.
Investigation of the molecular interactions in a pMDI formulation
by atomic force microscopy. Eur. J. Pharm. Sci. 21, 533-543.

Ashurst, I.C., Schultz, R.D., Shurkus, D.D., 1996. Optimisation and
scale-up of a new pressure filling manufacturing process for
albuterol/HFA 134a inhaler. In: Proceedings of the Conference
on Respiratory Drug Delivery, V, pp. 294-295.

Berry, J., Heimbecher, S., Hart, J.L., Sequeira, J., 2003a. Influence
of the metering chamber volume and actuator design on the aero-
dynamic particle size of a metered dose inhaler. Drug Dev. Ind.
Pharm. 29, 865-876.

Berry, J., Kline, L.C., Hart, J.L., Sequeira, J., 2003b. Influence of the
storage orientation on the aerodynamic particle size of a suspen-
sion metered dose inhaler containing propellant HFA-227. Drug
Dev. Ind. Pharm. 29, 631-639.

Bower, C., Washington, C., Purewal, T.S., 1997. The use of image
analysis to characterize aggregates in a shear field. Colloid Surf.
Physicochem. Eng. Aspect 127, 105-112.

Columbano, A., Buckton, G., Wikeley, P., 2003. Characterisa-
tion of surface modified salbutamol sulphate-alkylpolyglycoside
microparticles prepared by spray drying. Int. J. Pharm. 253,
61-70.

de Boer, A.H., Gjaltema, D., Hagedoorn, P., Frijlink, H.W., 2002a.
Characterization of inhalation aerosols: a critical evaluation of
cascade impactor analysis and laser diffraction technique. Int. J.
Pharm. 249, 219-231.

de Boer, A.H., Gjaltema, D., Hagedoorn, P., Schaller, M., Witt, W.,
Frijlink, H.W., 2002b. Design and application of a new mod-
ular adapter for laser diffraction characterization of inhalation
aerosols. Int. J. Pharm. 249, 233-245.

Dickinson, P.A., Seville, P.C., McHale, H., Perkins, N.C., Taylor, G.,
2000. An investigation of the solubility of various compounds
in the hydrofluoroalkane propellants and possible model liquid
propellants. J. Aerosol Med. 13, 179-186.

Edwards, D.A., Hanes, J., Caponetti, G., Hrkach, J., BenJebria, A.,
Eskew, M.L., Mintzes, J., Deaver, D., Lotan, N., Langer, R., 1997.
Large porous particles for pulmonary drug delivery. Science 276,
1868-1871.

Haynes, A., Shaik, M.S., Krarup, H., Singh, M., 2004. Evaluation of
the Malvern Spraytec (R) with inhalation cell for the measure-

S.A. Jones et al. / International Journal of Pharmaceutics 302 (2005) 154-165

ment of particle size distribution from metered dose inhalers. J.
Pharm. Sci. 93, 349-363.

Heyder, J., Gebhart, J., Rudolf, G., Stahlhofen, W., 1980. Physical

factors determining particle deposition in the human respiratory
tract. J. Aerosol. Sci. 11, 505-515.

Holzner, P.M., Muller, B.W., 1995. Particle size determination of

metered dose inhalers with inertial separation methods: apparatus
Aand B (BP). Four stage impinger and Andersen Mark |l cascade
impactor. Int. J. Pharm. 116, 11-18.

ISO Standards Authority, 1999. Particle Size Analysis—Laser

Diffraction Methods. Part 1: General Principles.

Lamprecht, A., Schafer, U.F., Lehr, C.-M., 2000. Characterization of

microcapsules by confocal laser scanning microscopy: structure,
capsule wall composition and encapsulation rate. Eur. J. Pharm.
Biopharm. 49, 1-9.

Ma, Z.H., Merkus, H.G., Scarlett, B., 2001. Extending laser diffrac-

tion for particle shape characterization: technical aspects and
application. Powder Tech. 118, 180-187.

Martonen, T.B., Zhang, Z., Yue, G., Musante, C.J., 2002. 3-D Particle

transport within the human upper respiratory tract. J. Aerosol.
Sci. 33, 1095-1110.

McDonald, K.J., Martin, G.P., 2000. Transition to CFC-free metered

dose inhalers into the new millennium. Int. J. Pharm. 201,
89-107.

Miller, D.D., Amin, M.M., Palmer, L.B., Shah, A.R., Smaldone,

G.C., 2003. Aerosol delivery and modern mechanical ventila-
tion. Am. J. Crit. Care Med. 168, 1205-1209.

Mitchell, J.P., Nagel, M.W., Wiesema, J., Doyle, C.C., 2003. Aero-

dynamic particle size analysis of aerosols from pressurized
metered dose inhalers: comparison of anderson 8-stgae cascade
impactor, next generation pharmaceutical impactor, and model
3321 aerodynamic particle sizer aerosol spectrometer. AAPS
PharmSciTech 4, 1-9.

Montreal protocol on substances that deplete the ozone layer, 1989.
Liaisons Office of the United Nations Environmental Program.
New York.

Muhlenweg, H., Hirleman, D.E., 1998. Laser diffraction spec-
troscopy: influence of particle shape and a shape adaptation
technique. Particle Particle Syst. Character. 15, 163-169.

Musante, C.J., Schroeter, J.D., Rosati, J.A., Crowder, T.M., Hickey,
A.J., Martonen, T.B., 2002. Factors affecting the deposition of
inhaled porous drug particles. J. Pharm. Sci. 91, 1590-1600.

Rogueda, P.G.A., 2003. HPFP, a model propellant for pMDIs. Drug
Dev. Ind. Pharm. 29, 39-49.

Smyth, H.D.C., Hickey, A.J., 2003. Multimodal particle size distribu-
tions emitted from HFA-134a solution pressurized metered-dose
inhalers. AAPS PharmSciTech 4, 309-319.

Steckel, H., Muller, B.W., 1998. Metered-dose inhaler formula-
tions with beclomethasone-17,21-dipropionate using the ozone
friendly propellant R 134a. Eur. J. Pharm. Biopharm. 46, 77-83.

Su, Y.X,, Sipin, M.F., Furutani, H., Prather, K.A., 2004. Development
and characterization of an aerosol time-of-flight mass spectrome-
ter with increased detection efficiency. Anal. Chem. 76, 712—719.

Terzano, C., 2001. Pressurized metered dose inhalers and add-on
devices. Pulm. Parmacol. Ther. 14, 351-366.

Triballier, K., Dumouchel, C., Cousin, J., 2003. A technical study on
the spraytec performances: influence of multiple light scattering



S.A. Jones et al. / International Journal of Pharmaceutics 302 (2005) 154-165 165

and multimodal drop-size distribution measurements. Exp. fluids Equivalence testing and equivalence limits of metered-dose

35, 347-356. inhalers and dry powder inhalers measured by in vitro impaction.
Tzou, T.Z., Pachuta, R.R., Coy, R.B., Schultz, R.K., 1997. Drug form Eur. J. Pharm. Biopharm. 49, 295-302.

selection in albuterol-containing metered-dose inhaler formula- Witt, W., Rothele, S., 1996. Laser diffraction—unlimited? Particle

tions and its impact on chemical and physical stability. J. Pharm. Particle Syst. Character. 13, 280-286.

Sci. 86, 1352-1357. Young, P.M., Price, R., Lewis, D., Edge, S., Traini, D., 2003. Under
Vervaet, C., Byron, P.R., 1999. Drug-surfactant-propellant interac- pressure: predicting pressurized metered dose inhaler interac-

tions in HFA-formulations. Int. J. Pharm. 186, 13-30. tions using the atomic force microscope. J. Colloid Interface Sci.
Weda, M., Geuns, E.R.M., Vermeer, R.C.R., Buiten, N.R.A., 262, 298-302.

Hendriks-de Jong, K., Bult, A., Zanen, P., Barends, D.M., 2000.



	High-pressure aerosol suspensions-A novel laser diffraction particle sizing system for hydrofluoroalkane pressurised metered dose inhalers
	Introduction
	Materials and methods
	Microparticle production
	Microparticulate characterisation
	pMDI manufacture
	Comparison of direct and indirect methods to determine HFA suspension stability
	Surrogate propellant particle size analysis
	Pressure cell particle size analysis
	"In-flight" laser diffraction particle size analysis
	Impaction particle size analysis

	Pre-formulation screening

	Results
	Microparticle characterisation
	Comparison direct and indirect methods to determine HFA suspension stability
	Method development
	Surrogate propellant particle size comparison
	Pressure cell, "in-flight", stirred cell and twin-stage impinger measurement comparison

	Pre-formulation screening

	Discussion
	Conclusion
	Acknowledgements
	References


