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ABSTRACT

Presented in this work are the results of a study designed to investigate the impact of the
valve metering chamber volume and actuator design on the aerodynamic particle size
distribution (PSD) of a suspension metered dose inhaler (MDI) containing propellant
HFA-227. It was hypothesized that the valve metering volume and the actuator design
in the MDI could influence the PSD of the emitted dose since it would affect the aerosol
spray dynamics. The PSD results from this study, measured using cascade impaction,
revealed that samples containing an actuator intended for oral delivery (rectangular
mouthpiece and orifice diameter of ~0.5mm) produced a higher fine particle dose
(FPD) than those containing an actuator intended for nasal delivery (circular nosetip
and orifice diameter of ~1 mm). In addition, the drug PSD profile was shown to be more
sensitive to differences in the particle size of the suspended material when the oral
actuator was used compared to when the nasal actuator was used. The valve metering
chamber (25 vs. 63 pL volume) did not appear to have a major effect on the product
aerodynamic PSD or the droplet size. These results demonstrate the importance of
actuator design and orifice size in determining the aerodynamic PSD of an MDI.
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INTRODUCTION

A metered dose inhaler (MDI), the most
commonly used device for delivering drugs to the
respiratory tract in the treatment of pulmonary
diseases such as asthma,"™ is comprised of the
formulation, a metering valve, container (can), and
actuator. For suspension formulations, which make
up most marketed products, micronized drug is
suspended in a propellant/surfactant mixture. The
MDI formulation is administered to the patient as
an aerosol spray containing fine droplets, formed by
the atomization of the Iliquid phase of the
formulation.

The atomization mechanism is thought to result
from the evaporation of the propellant within
the actuator nozzle! and is highly dependent on the
propellant vapor pressure and actuator spray orifice
dimensions.’ ' The amount of fine particles
in the spray is shown to be inversely proportional
to the orifice diameter of the actuator and pro-
portional to the square root of the vapor pressure of
the formulation.-!"

The aerodynamic particle size distribution (PSD)
of the MDI is a critical parameter that needs to be
carefully controlled since it determines where the
aerosol will deposit in the respiratory tract and is
closely linked to the efficacy of the delivered medica-
tion."""13 Medications used for local treatment of the
lung, i.e., beta-2 agonists for bronchodilation or cor-
ticosteriods for the reduction of inflammation caused
by asthma, generally target the size range of 2—-5 pm.
The delivery of particles to the lung that are not
within the 2-5 um range can lead to high oropharyn-
geal deposition (if much larger than 5um)!'> '3 as
well as local and systemic side effects.!!> 14

Due to the importance of controlling the particle
size of the delivered dose of MDIs, this study was
initiated to evaluate the influence of valve metering
chamber volume and actuator design on the
aerodynamic PSD of a suspension aecrosol. It was
hypothesized that the aerodynamic PSD is affected
by the spray volume and the actuator design since
both of these parameters control the nature of the
emitted aerosol spray.

The focus of the study was to evaluate the
aerodynamic PSD of an MDI formulation containing
hydrofluoroalkane (HFA)-227 using 25 and 63 pL
metered valves and actuators designed for oral and
nasal delivery. The design features of the nasal
actuator allow the production of a larger droplet
size compared with the oral actuator (i.e., larger
orifice diameter and smaller diameter nosetip),
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which is intended to target the emitted spray to the
nasal cavity. An MDI containing an HFA propellant
was selected as the model formulation for this work
since, due to the imminent phase out of chlorofluo-
rocarbon (CFC) propellants,"*!'*! it was considered
to be representative of future MDIs.

MATERIALS AND METHODS
Preparation of Samples

A single batch of a suspension product contain-
ing micronized drug substance, surfactant, alcohol
(i.e., ethanol), and propellant HFA-227 was
manufactured according to a standard method for
the preparation of aerosol products. In this process,
the bulk drug concentrate (drug, oleic acid, ethanol)
was continuously mixed throughout the course of
manufacturing. The manufacturing process con-
sisted of filling the drug concentrate from the bulk
suspension into a l4mL aerosol can, which was
subsequently fitted and crimped with a standard
prototype metering valve for HFA formulations
(either 25uLl or 63uL version). The propellant
was then pressure filled into the can through the
metering valve.

For this study, MDI samples were filled within
30 min of preparing the drug concentrate (beginning
of fill), and then at 48 h (end of fill). The conditions of
the manufacturing process were selected in order to
increase the propensity for particle size growth of the
suspended drug substance over the 48 h filling time.
Independent studies of this formula/process have
shown long mixing times (>24h) to result in an
increase in the particle size of the suspended drug.
The drug concentrate suspension, however, was
uniform throughout the extended filling process as
confirmed by the assay of the drug content per can.

Particle growth during manufacturing has been
attributed to the partial solubility of the drug in the
concentrate and the ensuing Ostwald Ripening,
although particle agglomeration could also explain
this phenomenon. Microscopic evaluation (scanning
electron microscopy using a Hitachi S-3500N,
Hitachi high technologies, Gaithersburg, MD, 5kV
accelerating voltage) of this batch showed, qualita-
tively, that samples from the end of filling generally
contained larger size drug particles than those from
the beginning.

The test samples were divided into the following
four categories: Prototype 1 (63 uL valve, oral actua-
tor), Prototype 2 (63uL valve, nasal actuator),
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Prototype 3 (25 uL valve, oral actuator), Prototype 4
(25uL  valve, nasal actuator). Each prototype
included samples taken from both the beginning
and the end of fill.

Except for the volume of the metering chamber,
the 63 and 25 pL valves used in this study were iden-
tical with respect to design. However, the nasal and
oral actuators used in this study differed in both the
orifice and mouthpiece/nosetip diameters. The orifice
diameters of the oral and nasal actuators are about
0.5 and 0.1 mm, respectively. The mouthpiece of the
oral actuator, which is rectangular in shape, is about
15 x20mm. The nosetip of the nasal actuator is
circular in shape and has a diameter of about 8 mm.
A photograph of each of these actuators is given in
Fig. 1.

Cascade Impactor Testing

For all prototype/fill time combinations, the
particle size was evaluated using cascade impaction,
the method required by the Food and Drug
Administration (FDA) for size classification of
MDIs. This methodology, well documented in the
literature,'® ' provides a measurement of the PSD
of the droplets associated with the drug.

The Mark II Andersen Cascade Impactor (1
AFCM Non-Viable Ambient Particle Sizing
Sampler, 28 L/min flow rate, Graseby-Andersen,
Smyrna, GA) was used to obtain the PSD of the
aerosol spray droplets associated with drug. A 1L
glass entry port was employed in place of the
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United States Pharmacopeia (USP) throat since
studies in this laboratory have shown it to be more
sensitive to changes in particle size profiles.
Each sample was fitted with the appropriate
actuator, primed, and then tested per validated
cascade impaction methodology.

The drug was recovered from the cascade
impactor stages and accessories in an appropriate
high-performance liquid chromatography (HPLC)
grade solvent, and the concentration was determined
by HPLC with spectrophotometric detection. The
mass of drug on each stage or accessory was divided
by the total amount collected to give the dose percen-
tage for each part of the apparatus. The mass median
aerodynamic diameter (MMAD) and geometric
standard deviation (GSD) were estimated based
on the USP method.""™® The fine particle dose, also
calculated, is defined as the percent of the dose
<4.7 um.

In order to evaluate the reproducibility of the
method, the variability of trials (cascade impactor
determinations) was established both within a can
and between cans for the beginning of fill samples of
Prototype 1. For this experiment, four trials were per-
formed with the first can (Can 1) and then a single
trial, each, was performed with a second and third
can (Cans 2 and 3). The cascade impactor acrody-
namic PSD profiles for the four trials of Can 1 and
the single trials of Cans 2 and 3, appear similar (i.e.,
residual standard deviation (RSD) <5% for impactor
recovery, fine particle dose, MMAD, and GSD).
Based on the reproducibility of the aerodynamic

Figure 1. Side view of nasal actuator (left) and oral actuator (right).
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PSD observed with initial samples of Prototype 1, it
was decided that testing would be performed only in
duplicate for other prototype/fill time combinations
(i.e., two samples x one trial each sample).

Sympatec Testing

For the beginning of fill samples of all proto-
types, the particle size was also evaluated using
laser diffraction, a more exploratory method (i.e.,
not required by the FDA) for size classification of
MDIs. This methodology, which is described in the
literature,l'”2"Y  provides a nondiscriminatory
measurement of the distribution of the droplets
associated with the drug as well as the droplets that
are not associated with drug (i.e., contain propellant
alone or with other non-volatile ingredients).

The Sympatec HELOS Compact, model KA with
a R2 helium-neon laser (0.25-87.5 microns) was used
to obtain the PSD, referred to as the volume size
distribution (VSD), of the aerosol spray droplets
(Sympatec, GmbH, Windox Software 3.0, Clausthal-
Zellerfeld, Germany). A special adapter for which
MDI actuation could be performed automatically
was attached. According to this method,"* 2" a
detector with 31 channels is used to measure the dif-
fraction pattern caused by the presence of particles in
the path of the laser beam. The measurement begins
after the first few spray droplets pass through the laser
beam and stop when the spray decays below a
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detectable level. Fraunhofer diffraction is used as the
mathematical theory for assigning the measured
diffraction intensity to the particle size and frequency.
The diameter of the diffraction ring is inversely
proportional to the size of the particles, while the
distribution of the light energy in the diffraction
pattern is associated with the particle quantities. All
particles present in the measured cross section trans-
mit scattered light to create the diffraction pattern.
The software converts the light scattering information
to a VSD, i.e., the volume distribution of particles
present in individual size classes.

The VSD profiles were obtained at a spray
distance of 10cm (measured from the actuator
mouthpiece). It was estimated that droplets emitted
at this distance, the approximate distance from the
mouth to the back of the throat, would provide a
good representation of the product that enters the
cascade impactor. For all prototypes, five sprays
were sampled from each of two cans.

RESULTS
Cascade Impaction
Drug Recovery
The total drug recovered (i.e., percent of label

claim) in the cascade impactor, including all stages
and accessories, was ~20-25% lower for the nasal

Table 1. Percent of label claim (LC) recovered in the Anderson cascade impactor.

% LC of
Valve metering Actuator active recovered,”

Prototype volume (pL) design Filling time mean (range)

1° 63 Oral Beginning 106 (101-110)
End® 101 (99.8-103)
Average 104

2 63 Nasal Beginning 81.8 (81.5-82.0)
End® 81.7 (81.6-81.8)
Average 81.8

3 25 Oral Beginning 101 (93.0-108)
End® 94.1 (93.3-95.0)
Average 97.6

4 25 Nasal Beginning 75.3 (70.9-79.6)
End® 77.4 (75.0-79.8)
Average 76.4

“Described in the experimental section, N =2.

PN =6.
48 h filling time.
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Table 2. Percent recovery from the emitted dose on the Anderson cascade impactor stages and accessories.
% Drug recovered from dose®, mean (range)
Valve
metering Actuator Filling On impactor

Prototype # volume (pL) design time stages On entry port On casings

1° 63 Oral Beginning 85.1 (82.1-87.0) 9.3 (7.5-12.4) 5.6 (5.2-6.0)
End® 85.2 (84.9-85.4) 7.4 (6.7-8.1) 7.5 (7.0-7.9)
Average 85.2 8.4 6.6

2 63 Nasal Beginning 57.5 (57.3-57.6) 39.0 (38.4-39.6) 3.6 (2.8-4.3)
End® 57.9 (54.6-61.2) 38.8 (35.2-42.3) 3.3 (3.1-3.6)
Average 57.7 38.9 3.5

3 25 Oral Beginning 83.9 (81.7-86.1) 9.8 (8.1-11.5) 6.4 (5.8-6.9)
End® 87.4 (85.1-89.6) 6.4 (4.5-8.2) 6.3 (5.9-6.6)
Average 85.7 8.1 6.4

4 25 Nasal Beginning 62.6 (58.6-66.6) 28.9 (27.7-30.0) 8.5 (5.7-11.4)
End® 61.6 (61.0-62.3) 33.6 (33.0-34.3) 4.7 (4.7-4.7)
Average 62.1 31.3 6.6

#Described in the experimental section, N =2.
"N=6.
‘48 h filling time.

samples than for the oral samples (Table 1). This
result is consistent with independent experiments
from this laboratory that compared the amount of
drug that was lost to nasal vs. oral actuators (and
was therefore unavailable for delivery to the cascade
impactor). In these experiments, drug recovery from
nasal actuators was approximately 20% of the dose
whereas, for the oral actuators, 5% or less of the dose
was recovered.

On the other hand, the amount of drug recovered
in the impactor does not appear to be affected by the
size of the valve metering chamber (Table 1). The
impactor recoveries for the oral samples containing
the 63 and 25 puL valves were comparable and within
10% of label claim (Prototypes 1 and 3, Table 1).
Similarly, the impactor recoveries for the nasal
samples, containing the 63 and 25ul valves, are
also comparable and within 80% =4 10% of the label
claim (Prototypes 2 and 4, Table 1).

For each of the prototypes, the total drug recov-
ery was also unaffected by batch manufacturing time.
This was shown by the comparable drug recovery
results for the beginning and end of fill samples
(Table 1).

Impactor Stage Recovery

There was no significant effect seen between the
63 uL vs. the 25puL valve in the % dose recovered

from the impactor stages relative to that on the
entry port. This is shown by the comparable results
for the % dose collected for Prototypes 1 vs. 3 and
Prototypes 2 vs. 4 (Table 2).

The graphical presentation of the % of drug
recovered in the impactor stages (acrodynamic PSD
profiles for the beginning of fill of Prototypes 1-4,
Fig. 2) also illustrates the relative insensitivity of
the particle size to the valve metering chamber. The
shape of the aerodynamic PSD profile produced by
the oral samples containing the 63 pL valve is similar
to that of the oral samples containing the 25 puL valve
(Prototypes 1 and 3, respectively, Fig. 2). Likewise,
the shape of the aerodynamic PSD profile produced
by the nasal samples containing the 63 pL valve
is similar to that of the nasal samples containing
the 25uL valve (Prototypes 2 and 4, respectively,
Fig. 2).

However, significant differences were seen with
the oral vs. the nasal actuator in the % dose recov-
ered from the impactor stages relative to the entry
port. Although no difference was seen for the
amount of drug on the casings (Table 2), the differ-
ence in % recovery between the impactor and the
entry port is greater than 75% for the oral actuator
samples (Prototypes 1 and 3, Table 2) while, for the
nasal actuator samples this difference is only about
25% (Prototypes 2 and 4, Table 2).

The higher recovery on the cascade impactor
seen for samples with oral actuators is also illustrated
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—H—#1 (63 uL valve, oral actuator)

35 4 —©—#2 (63 pL valve, nasal actuator)
—A—#3 (25 uL valve, oral actuator)
30 - —&—#4 (25 uL valve, nasal actuator)
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15 4
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Upper Particle Size Limit (microns)

Figure 2. Andersen cascade impactor PSD profiles for prototypes 1-4 (beginning of fill).

in Fig. 2. In this figure, the % dose recovered on the
cascade impactor for the oral samples (Prototypes 1
and 3) is shown to be substantially higher than the %
dose recovered for the nasal samples (Prototypes 2
and 4).

These results (Table 2, Fig. 2) demonstrate that
the % of dose <10 microns (i.e., the dose recovered
from the impactor stages) is greater for the oral
samples than for the nasal samples, regardless of
the valve used. In addition, the results in Table 2
show that the % dose on the impactor stages, entry
port, and casings is similar for the beginning and end
of fill samples and, thereby, independent of batch
manufacturing time for the prototypes tested.

Aerodynamic Particle Size Distribution

The % fine particles, or the % of drug obtained
from particles < 4.7 microns, is equivalent to the sum
of the % collected on stages 3-7 +filter. For the
beginning of fill samples, the % fine particles is
approximately 26% higher for the oral samples
than for the nasal samples and appears to be inde-
pendent of the valve metering chamber (Table 3).

Interestingly, although a reduction in the % fine
particles from beginning to the end of the batch is

observed for all of the prototypes, this reduction
appears to be attenuated for the nasal samples
(Table 3). For the oral samples, the % fine particle
difference from the beginning to the end of the batch
is approximately 2.6 times greater than that for the
nasal samples (Table 3).

The cascade impactor aerodynamic PSD
profiles shown in Fig. 3 for the 63 pL valve proto-
types illustrate graphically how the profiles are chan-
ging from beginning to the end of the batch for the
oral samples compared with the nasal samples in the
<10 micron particle size region. This profile (Fig. 3)
shows that the shift to larger particle size for the oral
samples is of a greater magnitude than that of the
nasal samples. The same trend is observed for the
25 uL valve prototypes.

The results for the distribution of drug on the
impactor stages and filter when expressed as
the mass median aerodynamic diameter (MMAD)
again point out that the particle size increase for
the beginning to end of filling is smaller for the
nasal samples as compared with the oral samples.
Although all prototypes showed a corresponding
increase in MMAD from the beginning to the end
of the batch, the increase in the oral samples was
approximately 2.3 times larger than that of the
nasal samples (Table 3).
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Table 3. % Fine particles, MMAD and GSD.
% Fine particles MMAD?®®
Valve metering Actuator (<4.7pm), (um), GSD,!*?
Prototype # volume (pL) design Filling time mean (range) mean (range) mean (range)
1€ 63 Oral Beginning 60.5 (58.0-63.0) 3.13 (2.97-3.27) 2.13 (2.07-2.22)
End¢ 43.3 (42.6-44.0) 3.98 (3.86-4.09) 2.32 (2.28-2.36)
Difference® —17.2 +0.85 +0.19
2 63 Nasal Beginning 45.4 (45.4-45.4) 2.54 (2.53-2.54) 2.21 (2.18-2.24)
End¢ 38.9 (35.2-42.6) 2.94 (2.84-3.03) 2.36 (2.34-2.38)
Difference® —6.5 +0.40 +0.15
3 25 Oral Beginning 66.0 (63.8-68.1) 2.63 (2.62-2.64) 2.26 (2.22-2.29)
End¢ 50.3 (49.7-51.0) 3.45 (3.36-3.53) 2.48 (2.46-2.49)
Difference® —15.7 +0.82 +0.22
4 25 Nasal Beginning 48.8 (44.8-52.7) 2.40 (2.31-2.48) 2.51 (2.48-2.53)
End® 42.4 (41.1-43.7) 2.74 (2.70-2.77) 2.59 (2.54-2.63)
Difference® —6.4 +0.34 +0.08

“Estimated based on USP method.

PN=2.
°N=6.
948 h filling time.

“The difference in results obtained at the 48 h timepoint vs. those at the initial timepoint.

40

35

30 -

—H—#1-beg (63 uL valve, oral actuator)
—©—#1-end (63 UL valve, oral actuator)
—A—#2-beg (63 uL valve, nasal actuator)
—o—#2-end (63 UL valve, nasal actuator)

25 4

20

15 A

% of Dose Recovered

10 A

Upper Particle Size Limit (microns)

Figure 3. Andersen cascade impactor PSD profiles for prototypes 1 and 2 (beginning and end of fill).
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Furthermore, the MMAD showed a reduction
with a decrease in valve metering chamber size
that was most apparent with the oral actuator
(e.g., beginning of fill results; Table 3). The effect of
the valve metering chamber on MMAD was, in fact,
the only effect that was seen for the 63 pL vs. the
25 puL valve in this study.

The MMAD values in Table 3 are slightly
lower for the nasal samples compared with the
oral samples. Although the lower MMAD of the
nasal samples suggests a smaller particle size for
these prototypes, the MMAD alone does not
determine the overall particle size. Previous data for
the nasal samples (higher entry port and lower % fine
particles, Tables 2 and 3) suggest that the overall
particle size of the nasal samples is actually larger
than the oral samples. However, it may be that for
the nasal samples the larger particles settle in the
entry port, but the fraction entering the impactor
are actually finer than that produced by the oral
samples.

The geometric standard deviation (GSD) values
of drug distribution on the impactor stages was also
evaluated. As shown in Table 3, no significant trend
was seen with either the actuator type, valve metering
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chamber size, or with the time of batch manufacture
(i.e., with beginning vs. end of fill samples).

Particle Size by Sympatec

The volume size distribution (VSD) profiles of
the emitted spray droplets obtained by Sympatec at
the 10cm spray distance show smaller droplet sizes
for the oral samples compared with the nasal samples
(Fig. 4). These results are consistent with the higher
fine particle dose observed with the oral samples, i.e.,
the production of smaller droplets is expected to lead
to a higher % of fine particles. On the other hand, no
significant difference in the VSD profiles was seen
between the 63 and 25pulL valve prototypes with
either actuator (Fig. 4). This result is also consistent
with the cascade impactor results whereby the % fine
particles was not affected by the valve metering
chamber.

The droplet sizes for 10, 50, 90, and 99% of the
particles in the emitted spray (designated as X 10, 50,
90, and 99, respectively) given in Table 4, also
illustrate the smaller droplet size of the oral samples
compared with the nasal samples. These results show

2.5
—— Prototype 1 - 63 uL valve, oral actuator
—&— Prototype 2 - 63 uL valve, nasal actuator
2.0 A —@— Prototype 3 - 25 uL valve, oral actuator
—&— Prototype 4 - 25 pL valve, nasal actuator

—_
n
|

Density Percent Logarithm
o
1

10 100

0.5
0.0
0 1
Band Droplet Size Mean, microns
Figure 4. Sympatec VSD profiles for prototypes 1-4 at 10 cm spray distance (beginning of fill).
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Table 4. Sympatec laser diffraction results at 10cm spray distance™®.
) Volume distribution (um), mean = SD
Valve metering

Prototype # volume (puL) Actuator design x 10 x50 x90 x99

1 63 Oral 0.97 £0.04 3.49£0.12 8.18 £0.22 12.1+£0.22
2 63 Nasal 2.38 £0.57 20.1 £4.5 72.8 1.3 86.0 £0.2
3 25 Oral 0.90 +0.06 3.13+0.09 7.84 £0.24 12.2+0.2
4 25 Nasal 2.65+0.48 22.5+4.6 73.7+0.8 86.1 0.1

“Described in the experimental section, samples taken from beginning of fill.

PN =10 (2 samples, 5 trials per sample).

that the droplet size of the nasal samples is approxi-
mately seven times larger than that of the oral
samples (Table 4).

DISCUSSION
Impact of Actuator Design

It is apparent from this study that the dimensions
of the actuator play a major role in determining the
characteristics of the resultant MDI aerosol spray.
The cascade impactor and Sympatec results show
that the oral actuator (0.5mm orifice diameter and
15 x20mm rectangular mouthpiece) produces a
higher % of fine particles and smaller droplets than
that of the nasal actuator (1 mm orifice diameter and
8 mm diameter nosetip). Thus, the design features of
a small orifice combined with large mouthpiece or
nosetip (Fig. 1) allow a higher % of the dose to
exit the actuator and deliver a spray with a smaller
aerodynamic particle size.

These results are consistent with earlier findings
in which a small orifice diameter in the actuator led to
the production of smaller drug particles in both
suspension formulations!®?? and solution formula-
tions.['%2324 1n addition, particle size reduction due
to a decrease in the actuator orifice has been shown to
lead to a higher concentration of respirable parti-
cles.'*?323 These findings are also in agreement
with a study using laser diffraction in which a rank-
order relationship between the actuator orifice
diameter and the droplet size of the resulting spray
was established.*®

The significance of the actuator in these studies
is not surprising in that the transformation of the
formulation as a bulk liquid to small droplets
occurs at the actuator orifice.>” Furthermore,
droplet size is controlled by the actuator dia-
meter™” ! whereby a small actuator orifice leads to

the production of smaller droplets due to greater
constriction at the nozzle. The evaporation of the
resulting droplets will also occur more rapidly
as droplet size is reduced due to more efficient
convection from air molecules.!'”

In addition, in the case of suspension
formulations, the reduction in the PSD seen with a
decrease in orifice diameter has also been attributed
to the deaggregation of suspended material.*” It
is thought that a smaller orifice will produce
more flow constriction and, in this way, lead to
greater shear of the drug formulation through the
nozzle.*”

The fact that the nasal actuator shows a higher
entry port deposition than the oral actuator (Table 2)
also appears to be related to the larger size of the
actuator orifice. This effect can be explained by two
different mechanisms. First, it has been found that a
larger orifice results in an increase in the spray
force®®® and this, in turn, could lead to a greater
ballistic effect of the spray with a corresponding
increase in entry port (or throat) deposition.
Alternatively, the larger droplets produced by a
larger actuator orifice might be expected to settle
out of the spray and onto to the entry port
faster than smaller droplets, also causing larger
drug particles to settle in the entry port.

The dimensions of the mouthpiece or nosetip also
affect the spray characteristics. The spray plume is
thought to consist of larger, faster moving droplets
surrounded by smaller, slower moving droplets
that are dispersed in the periphery of the plume.!!
Thus, a reduction in the size of this opening
(mouthpiece or nosetip) could cause a higher
percentage of small droplets to adhere to the
actuator. This, in turn, would result in a higher
proportion of larger, higher velocity particles exiting
the actuator, a greater percentage of the spray
impacting the entry port and, a reduction in the
dose that is collected on the impactor stages. In this
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way, the narrow nosepiece of the nasal actuator may
contribute to the higher percentage of large particles
seen for the nasal samples.

Impact of Valve Metering Volume

Based on the results in this study, the metering
volume does not appear to have as strong an impact
on the spray characteristics as the actuator design.
The cascade impactor results for the 25 and 63 puL
valve prototypes show similar aerodynamic PSD pro-
files (Tables 1-3, Fig. 2) and, the droplet sizes as
measured by Sympatec (VSD), are similar for the
two different valve metering volumes (Table 4, Fig. 4).

However, it has been proposed that a smaller
spray volume will have a higher fine particle fraction
and, thereby, a higher respirable mass. This is based
on the hypothesis that, as a result of more efficient
evaporation and greater impact of drag forces, a
lower spray volume will produce a greater number
of small particles with lower velocity.®®*=% This
effect may explain why the MMAD (Table 3) is
slightly reduced for the 25puL valve compared with
the 63 puL valve using the oral actuator. Nevertheless,
since the % fine particles (Table 3) and aerodynamic
PSD and VSD profiles (Figs. 2 and 4) are relatively
independent of the metering volume, it is assumed
that the spray plume characteristics are similar for
the valves used in this study.

Recent studies have also demonstrated a
similarity of plume characteristics for different spray
volumes. Using HFA-based formulations and a
variety of particle sizing techniques including cascade
impaction, time-of-flight, and laser diffraction, it was
shown that PSD profiles were not influenced by the
metering chamber volume.®'3? In addition, it has
been reported that for both CFC and HFA
propellants, the spray force does not change as a
function of the valve metering volume.”® This
further suggests that there are similarities in the
properties of the spray produced with different
volume sprays.

Device Sensitivity to Particle
Size Changes

As described in the materials and methods sec-
tion, a manufacturing process was selected such that
the particle size of the suspended drug substance
would increase from the initial, beginning samples,
to the end samples which were filled after 48h. As
expected, all the MDI samples did show an increase
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in particle size over time. However, samples contain-
ing the oral actuator showed a much larger particle
size difference between the beginning and end samples
than prototypes containing the nasal actuator (Fig. 3).
This effect can be explained based on the sensitivity of
the cascade impactor to sprays emitted using oral vs.
nasal actuators that are very different in design.

Aerosol spray droplets are separated by cascade
impaction based on an apparent particle size
(MMAD) in which the measured droplets can be
composed of different solid to liquid ratios. In this
way, droplets with similar MMAD values could
contain solid particles of different sizes. It is note-
worthy that the ratio of droplet size to drug particle
size is significantly larger for sprays from the nasal
actuator, e.g., the spray droplet size median (X50) of
the nasal actuator samples is ~20pum (Table 4)
whereas, for the solid, suspended drug, the particle
size median is close to 1 pm. On the other hand, the
spray droplet size median (X50) of the oral samples
is ~3um (Table 4) or about seven times smaller
than that of the nasal samples. Thus, it is postulated
that particle size changes in the suspended solid are
more difficult to detect for the nasal prototypes, in
which small particles are carried within very large
droplets. It is for this reason that the difference in
% fine particles and MMAD is smaller for the
beginning vs. the end nasal samples. Conversely,
for the oral prototypes, the contribution of the sus-
pended solid can be expected to significantly contri-
bute to the overall droplet size. In this case, cascade
impaction testing, as reflected by the % fine particles
and MMAD values, is more sensitive to changes in
particle size of the suspended solid.

CONCLUSION

The actuator design (i.e., orifice diameter,
mouthpiece geometry) plays a major role in determin-
ing the drug PSD of the product. In this study,
the nasal actuator, as compared to the oral
actuator, was shown to produce a larger droplet
size (approximately 7x) and a correspondingly
larger aerodynamic drug particle size. In addition,
the samples fitted with nasal actuators had less total
drug recovery and less sensitivity to particle size
changes of the solid suspension. Hence, any change
in the actuator design has the potential to lead to
changes in both total drug recovery and in the parti-
cle size profile. Conversely, the valve metering volume
did not appear to have a major effect on either the
droplet size or the drug particle size profile.
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