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Abstract. Metered dose inhalers (MDIs) are complex drug-device combination products
widely used to treat pulmonary disorders. The efficacy, driven by aerosol performance of the
products, depends on a multitude of factors including, but not limited to, the physicochemical
properties of drug and nature and amount of excipient(s). Under the quality by design (QbD)
paradigm, systematic investigations are necessary to understand how changes in critical quality
attributes (CQAs) of formulation, device, and manufacturing process influence key product
performance parameters, such as delivered dose (DD) and fine particle dose (FPD). The purpose
of this work is to provide a better understanding of the effects of different levels of excipients and
drug particle size distribution on the aerosol performance of MDI products, while using two
fundamentally different MDI products as relevant model systems, Proventil® HFA (albuterol
sulfate suspension) and Qvar® (beclomethasone dipropionate solution). These MDI products, as
model systems, provided mid-points around which a design of experiments (DOE), consisting of
22 suspension and 9 solution MDI formulations, were defined and manufactured. The DOE
included formulations factors with varying ethanol (2 to 20% w/w and 7 to 9% w/w for the
suspension and solution, respectively) and oleic acid concentrations (0.005 to 0.25% w/w and 0 to
2% w/w for the suspension and solution, respectively) and drug volumetric median particle size
distribution (PSD D50, 1.4 to 2.5 μm for the suspension). The MDI formulations were analyzed
using compendial methods to elucidate the effect of these formulation variables (ethanol, oleic
acid, and PSD D50) on DD and FPD. The outcomes of this study allowed defining design spaces
for the formulation factors, such that DD and FPD would remain within specific pre-defined
requirements. The systematic approach utilized in this work can contribute as a QbD tool to
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evaluate the extent to which the formulation factors govern the aerosol performance ofMDI drug
products, helping to design MDI formulations with desired product performance parameters.

KEY WORDS: albuterol sulfate; beclomethasone dipropionate; delivered dose; design of experiments;
design spaces; excipients; fine particle dose; mathematical models; metered dose inhalers.

INTRODUCTION

Metered dose inhalers (MDIs) have been employed to
deliver drugs for the treatment of asthma for over 60 years. In
that period, the requirement to transition from chlorofluoro-
carbon (CFC) propellants, implicated in atmospheric ozone
depletion, to hydrofluorocarbon (HFA) propellants resulted
in a significant increase in research and development activity
to reformulate previously marketed drugs and prepare new
products. This significant effort has occurred in parallel with
regulatory emphasis on quality by design (QbD) as a means
of ensuring the quality and performance of the drug product
through improved understanding in how to control material
properties and manufacturing processes. Few studies have
been published where these properties and processes have
been systematically varied to evaluate their influence on
product quality and performance (1).

Especially in the last decade, increasing emphasis has
been placed on control of product quality and performance
through well-understood manufacturing processes. This ap-
proach is intended to eventually supersede traditional prod-
uct quality control by iterative methods based on batch
testing and disposal of product that falls outside of specifica-
tions. The critical quality attributes (CQAs) or associated
interactions between CQAs of MDI product formulation and
manufacture that may impact performance include (i) particle
size and distribution of micronized particles to be used in
suspension formulations, (ii) composition of the formulation
with respect to propellant, cosolvent, and surfactant selection
and concentrations, and (iii) device (i.e., canister, valve, and
actuator). These factors often have significant impact on
quality and performance variables, such as delivered dose
uniformity (DDU), aerodynamic particle size distribution
(APSD), plume geometry, spray pattern, and dissolution,
specifically for poorly soluble or slowly dissolving drugs (1–3).

The intent by regulatory agencies when requiring
developers to build quality into products based on sound
scientific and engineering principles requires that the
manufacturing variables and the testing protocols and proce-
dures are suitable to achieve the desired monitoring and
control of the product. The present study provides such data
for two MDI systems: a suspension formulation modeled
based on commercially available albuterol sulfate MDI (i.e.,
Proventil® HFA) and a solution formulation modeled based
on commercially available beclomethasone dipropionate
MDI (i.e., Qvar®). This study utilizes the approach detailed
in Fig. 1 as a means of systematically identifying the impact of
ethanol and oleic acid concentration on product performance
of suspension and solution MDI formulations and micronized
drug volumetric median particle size distribution (PSD D50)
on product performance of suspension MDI formulations,
which use drugs with different physicochemical properties.
DDU and fine particle dose less than 5 μm (FPD) with the
United States Pharmacopeia (USP) induction port and a
more anatomically realistic mouth/throat model, the Alberta

Idealized Throat (AIT), were selected as primary product
performance endpoints for this analysis due to the relevance
of these in vitro properties to pharmacokinetic outcomes (4).
The data generated from the experiments described below
were subsequently used to develop mathematical models
relating formulation factors to the primary endpoints. These
models were used to examine the design spaces for these
formulations, providing an indication of the magnitude of
impact each CQA has on the selected product performance
measures. The systematic approach utilized in this work has
the potential to contribute as a QbD tool to evaluate the
extent to which the formulation factors govern the aerosol
performance of MDI products, helping to design MDI
formulations with desired product performance.

MATERIALS AND METHODS

Materials

Proventil® HFA Inhalation Aerosol (3M Drug Delivery
Systems, Northridge, NJ, USA, batch no. 130150, no.
130369, no. 130374, and no. 130256, expiry May 2015,
October 2015, October 2015, and July 2015, respectively)
and Qvar® 40 (Teva Respiratory LLC, Horsham, PA, USA,
batch no. 130101, no. 130102, and no. 130442, expiry
February 2015, March 2015, and December 2015, respec-
tively) were the suspension and solution commercial MDI
batches used for the study, respectively. These commercial
MDI batches were purchased from Community Care Phar-
macy (Congers, NY, USA) and were within the expiry at the
time of testing. Unmicronized albuterol sulfate was purchased
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Fig. 1. Overview of the systematic approach utilized to evaluate the
influence of formulation factors on the aerosolization performance of
solution and suspension MDIs
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from two different vendors, which included batch 2CB0171
(Spectrum Chemical Manufacturing Corp., New Brunswick,
NJ, USA; retest date May 31, 2018) and batch 03561300413
(Teva Pharmaceutical Fine Chemicals S.R.L., Milano, Italy;
retest date February 28, 2018) with volume median particle
size distribution (PSD D50) ranging from 11 to 17 μm.
Micronized beclomethasone dipropionate (BDP) was pur-
chased from Teva API, Inc. (Woodcliff Lake, NJ, USA) with
PSD D50 of 1.3 μm. Ethanol (200 proof, ≥99.5% dehydrated
alcohol) and oleic acid (NF grade) were purchased from
Fisher Scientific (Hampton, NH, USA). 1,1,1 ,2-
tetrafluoroethane (HFA-134a, pharmaceutical grade) was
purchased from Mexichem UK Limited (Cheshire, UK).
Canisters (17 mL uncoated aluminum) were purchased from
Presspart (Lancashire, UK) and metering valves (EPDM
gasket, 28 and 50 μL) were purchased from Aptar Pharma
(Congers, NY, USA). Plastic actuators supplied with the
commercially available Proventil® HFA and Qvar® were
used in the study. The actuators were washed with water and
methanol at the frequency noted in the package insert of the
commercial MDIs and only used for the number of actuations
noted on the label of the commercial MDIs. All solvents were
of high-performance liquid chromatography (HPLC) grade
(Fisher Scientific, Hampton, NH, USA and Sigma-Aldrich, St.
Louis, MO, USA). Ultrapure water was produced by MilliQ
A-10 Water Purification System (Millipore, Billerica, MA,
USA).

Analytical Methods

Drug Assay

HPLC mass spectrometry detection (HPLC-MSD) was
used to assay albuterol base and BDP (see Supplementary
Material, Table S1 for more details). For the albuterol assay,
the deuterated internal standard (d3-albuterol) was pur-
chased from CDN Isotopes Inc. (Pointe-Claire, Quebec,
Canada), and the method had a linear range from 20 to
2700 ng/mL, 100 ± 2% accuracy, and 1% precision. For the
BDP assay, the deuterated internal standard (d5-BDP) was
purchased from BDG Synthesis (Wellington, New Zealand),
and the method had a linear range from 20 to 1000 ng/mL,
100 ± 2% accuracy, and 1% precision.

Total Content Per Canister

The total albuterol sulfate and BDP content per
canister samples were prepared by chilling the canister,
then cutting it open to collect all drug in the canister to
sample the entire content. The prepared samples were then
analyzed using the HPLC-MSD methods described above.
A similar approach was used to determine the oleic acid
content per canister. In contrast, the ethanol content per
canister was determined by sampling up to 15 actuations
from the beginning of canister life to prepare each sample.
The total ethanol and oleic acid content per canister was
determined using gas chromatography with flame ionization
detector (GC-FID)–the method for ethanol content had a
linear range from 160 to 270 μg/mL, 100 ± 2% accuracy, and
0.4% precision; the method for oleic acid content had a

linear range from 30 to 120 μg/mL, 100 ± 2% accuracy, and
0.7% precision.

Drug Particle Size Distribution

The PSD D50 of micronized albuterol sulfate was
determined using static laser-light diffraction (Sympatec
HELOS)–a dry dispersion method was used to analyze
unmicronized and micronized bulk albuterol sulfate, and a
wet dispersion method was used to analyze albuterol sulfate
aerosolized from the sprays (the MDIs were actuated into a
hexane/sorbitane trioleate (Span® 85) mixture of 97.5:2.5
v/v). The PSD D50 of micronized BDP was 1.3 μm, as per the
certificate of analysis provided by the vendor, and the PSD
D50 of BDP from the sprays was not determined because
Qvar® is a solution formulation.

Delivered Dose Uniformity

The DDU through life stages–at beginning (B), middle
(M), and end (E)–was conducted according to USP <601>
(5). B, M, and E life stages are defined elsewhere (6). The
sampling apparatus consisted of a 500 mL glass separatory
funnel with cotton plug. The airflow rate through the
experimental setup was 28.3 L/min (± 5%) and the volume
of air sampled was 2 L. The MDIs were prepared (shaking,
priming, and firing) and tested as per labeled instructions for
use of the corresponding commercial products. The target ex-
actuator delivered dose was the one specified by the label
claim; this equates to 90 μg albuterol base and 40 μg BDP per
actuation. The drug content was quantified using the HPLC-
MSD drug assay methods described above, and the ex-
actuator delivered dose for the B, M, and E life stages was
determined, in this work, using two actuations in order to
improve analytical sensitivity.

Aerodynamic Particle Size Distribution

The APSD was characterized at B and E life stages using
a Next Generation Impactor (NGI) connected to a vacuum
pump (0.25 hp, Series 0523, Gast Manufacturing Inc., Benton
Harbor, MI, USA). The NGI method used Apparatus 6 of
USP <601> (5) with uncoated cups and a terminal glass fiber
filter. The NGI tests were conducted using the industry
standard sampling induction port for cascade impactor
testing, the USP induction port, as well as an anatomically
more relevant mouth/throat model (Alberta Idealized Throat
(AIT) from Copley Scientific Limited, Nottingham, UK). The
USP induction port was uncoated, whereas the AIT was
coated (7) with a thin layer of glycerol. The MDIs were
prepared (shaking, priming, and firing) and tested as per
labeled instructions for use of the corresponding commercial
product. For each NGI test with the suspension formulations,
two actuations per each B and E life stages were discharged
into the NGI using an airflow rate of 30 L/min for the
duration of time corresponding to 4 L inhaled volume. For
each NGI test with the solution formulations, APSD was
evaluated only at B life stage based on the experience
obtained from evaluation of the suspension formulations.
Following dose actuation, the NGI was dismantled, and each
part was washed down using known volumes of mobile phase.
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The mass of drug deposited on each NGI stage (including the
filter), valve stem, actuator, and induction port was quantified
using the HPLC-MSD drug assay methods described above.
Fine particle fraction less than 5 μm (FPF), fine particle dose
less than 5 μm (FPD), mass median aerodynamic diameter
(MMAD), and geometric standard deviation (GSD) were
determined from the obtained NGI data. The FPF was
calculated by linear interpolation between the ex-device
cumulative percent mass on stage 4 to filter (≤3.99 μm) and
the ex-device cumulative percent mass on stage 3 to filter
(≤6.4 μm). The FPD was calculated by multiplication of the
FPF and the total ex-device mass collected from the induction
port to the filter (e.g., delivered dose as determined by NGI).
MMAD and GSD were calculated based upon the inverse
normal of the cumulative percent distribution of the aerody-
namic diameter versus the log of the effective cut-off
diameter (8). Linear regression of the two data points closest
to 50% of the cumulative particle mass was used to compute
MMAD and GSD (8). The cut-off diameters were those
specified in the USP <601> for Apparatus 6 at 30 L/min (5).
In all NGI tests, the mass balance (i.e., total recovery in
percent of ex-valve label claim, as determined by NGI) was
within 100 ± 15% of the ex-valve label claim of the
commercial MDI products (i.e., 100 μg albuterol base or
50 μg BDP).

Establishment of Model System MDIs

Reverse Engineering of Commercial MDIs

The commercial MDIs were characterized according to
drug and excipients content per canister, and DDU and
APSD through life stages, using the methods described
above and standard methodologies outlined in the FDA
Draft Guidance for Industry (9) and USP (5). Seating time,
shaking time and frequency, delay between waste and
collected actuations, and delay between actuations (actua-
tion hold time) were optimized for the DDU test using the
commercially available product. The product handling
parameters determined from the DDU testing of the
commercial MDIs were then utilized for the DDU and
APSD tests for all subsequent formulations (i.e., model
systems and DOE MDIs) with the given drug. The drug
product was handled as follows: at minimum 15 s elapsed
between actuations and if more than ten actuations were
performed consecutively, a 5 min break was introduced to
allow the MDI to warm up to ambient temperature. During
the time between actuations, the suspension MDIs were
shaken vertically for approximately 10 s and actuated
immediately after shaking ceased. Each actuation was held
down for approximately 1 s. The PSD D50 of albuterol
sulfate in the commercial MDIs was determined via static
laser-light diffraction using the wet dispersion method
described above.

Manufacture and Characterization of Model System MDIs

The formulations of suspension and solution model
system MDIs were developed to be qualitatively (Q1) and
quantitatively (Q2) the same as the corresponding commer-
cial MDIs based on the data from reverse engineering

conducted at Recipharm. Q1 and Q2 are defined elsewhere
(6). Unmicronized albuterol sulfate was micronized using two
jet mills (Glen Mills LHM001, Clifton, NJ, USA and Fluid
Energy Processing and Equipment Company Jet-O-Mizer
Model 00, Telford, PA, USA) operating at pressure range of
50–120 psi, feed rate of 0.5–3 g/min, and up to three passes
through the jet mills. Drug PSD D50 was determined via static
laser-light diffraction using the dry dispersion method de-
scribed above.

The suspension model system MDI was manufactured
via a one-step pressure filling process at a 3-L scale using a
diaphragm filler (Pamasol, Pfäffikon, Switzerland), parallel in-
line homogenization 13,500–17,500 rpm for 1 h; suspensions
were filled into 17 mL canisters with 28 μL metering valves.
The solution model system MDI was manufactured using a
two-step pressure filling process (Pamasol, Pfäffikon, Switzer-
land); BDP dissolved in ethanol was added to the 17 mL
canisters, 50 μL metering valves were crimped, and HFA-
134a propellant was added through the metering valve.
Different metering valve volumes were selected for the
suspension and solution formulations based on shot weight
and delivered dose data gathered from reverse engineering of
suspension and solution commercial MDIs. At least 20
canisters were filled per each batch, with representative filling
overages as that found in the commercial MDIs. DDU and
APSD tests were conducted on the suspension and solution
model system MDIs using the plastic actuators of suspension
and solution commercial MDIs, respectively, and using the
methods described above.

MDI Batches Based on Design of Experiments

Statistical DOE

The levels of excipients (ethanol and oleic acid
concentrations in suspension and solution formulations)
and drug PSD D50 (in suspension formulations) were varied
according to a factorial statistical DOE approach which was
used to develop a MDI batch manufacturing plan. The
DOE approach considered the targets of the factors
determined from the model system MDIs as central points,
and the addition of low and high levels separated from the
central points to ensure detection of effects. Table I
summarizes the DOE plan for suspension (three-factor,
three-level reduced factorial design) and solution (two-
factor, three-level full factorial design) MDIs. Note that,
for the suspension formulations, additional MDI batches
were added to the DOE after the first 18 batches were
tested, to further study the effect of ethanol in a lower and
narrower range and the effect of oleic acid in a wider range
than that studied using the first 18 batches. The DOE for
the solution MDIs was partially guided by the findings from
the DOE for the suspension MDIs; for instance, to evaluate
the impact of oleic acid, the oleic acid concentration range
was significantly increased in the DOE of the solution MDIs
compared to that in the DOE of the suspension MDIs.
Additionally, since the strong dependence of endpoints was
noted for ethanol concentrations, the ethanol concentration
range was also reduced.
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Manufacture and Characterization of DOE MDIs

The batch manufacturing of suspension and solution
MDIs was executed according to the DOE plan. A total of
22 (suspension, as 18 + 4 batches) and 9 (solution) batches
were manufactured as described above for the model
system MDIs, with representative filling overages as that
found in the commercial albuterol sulfate or BDP MDI
products. The DOE MDI batches using the most extreme
combination of the factor levels (four for the suspension
and two for the solution) were prepared first to confirm
manufacturability and suitability of the DOE plan. The
remaining batches were then manufactured following the
full randomized order as per the DOE plan. At least 20
canisters were filled for each batch, and the batches were
equilibrated at ambient conditions for 14 ± 2 days (suspen-
sion MDIs) and 7 ± 2 days (solution MDIs) prior to
characterization. The suspension and solution DOE MDIs
were characterized according to total content per canister

(drug and excipients), DDU and APSD performance, using
the plastic actuators of suspension and solution commercial
MDIs, respectively, and using the methods described above.

Statistical Data Analysis

The results from DDU and APSD testing were subject to
statistical two-way analysis of variance (ANOVA)with an a priori
α level of 0.05 using SAS v9.2 and JMP v13.0 to explore the
possible effects by the different formulation factors on the aerosol
performance of suspension and solution MDIs. The primary
endpoints were (i) overall mean DD from DDU tests and (ii)
mean FPD at B and E life stages using USP induction port and
AIT from APSD tests. For suspension MDIs, a between-canister
standard deviation (SD) of 1.5 μg in overall mean DD was
assumed, and based on this, the sample size (one canister per
batch and two determinations per each B, M, and E life stages)
was estimated to be sufficient to detect a 4 μg difference in overall

Table I. Statistical DOE Plan for Suspension (Three Formulation Factors at Three Levels) and Solution (Two Formulation Factors at Three
Levels) MDIs According to Reduced and Full Factorial Design, Respectively

MDI formulation Batch no. Target formulation factors Actual formulation factors

Ethanol
(% w/w)

Oleic acid
(% w/w)

Drug
PSD D50 (μm)

Ethanol
(% w/w)

Oleic acid
(% w/w)

Drug
PSD D50 (μm)

Suspension 1a 7 0.005 1.4 6.7 0.007 1.35
2a 20 0.1 1.4 20.6 0.111 1.35
3a 7 0.1 2.5 7.3 0.117 2.41
4a 20 0.005 2.5 20.2 0.009 2.41
5 7 0.005 1.65 6.7 0.005 1.67
6 14 0.02 1.65 14.0 0.022 1.67
7 7 0.02 2.5 6.8 0.022 2.41
8 20 0.02 1.65 20.7 0.029 1.67
9 14 0.1 1.65 13.5 0.115 1.67
10 7 0.02 1.4 6.6 0.023 1.35
11 20 0.005 1.65 19.4 0.005 1.67
12 7 0.1 1.65 6.7 0.118 1.67
13 20 0.02 1.4 18.4 0.021 1.35
14 14 0.005 1.4 13.7 0.005 1.35
15 20 0.1 2.5 20.0 0.111 2.41
16 14 0.005 2.5 14.5 0.005 2.41
17 14 0.02 2.5 14.7 0.022 2.41
18 14 0.1 1.4 14.9 0.119 1.35
19b 2 0.25 2.5 1.8 0.252 2.27
20b 2 0.006 2.5 1.8 0.007 2.27
21b 5 0.25 2.5 5.0 0.272 2.27
22b 5 0.006 2.5 5.0 0.007 2.27

Solution 1a 7 0 – 7.0 0 –
2a 9 2 – 8.2 1.758 –
3 9 0.5 – 8.8 0.493 –
4 8 0 – 7.8 0 –
5 7 2 – 6.5 1.809 –
5 8 0.5 – 7.7 0.489 –
6 8 2 – 7.3 1.800 –
8 9 0 – 9.0 0 –
9 7 0.5 – 6.7 0.490 –

aCorner batches (manufacture was started with these Bextreme^ MDI batches to confirm manufacturability)
bAdditional MDI batches manufactured after the initial 18 batches were tested, to further study the effect of ethanol in a lower and narrower
range and the effect of oleic acid in a wider range
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meanDDbetween any two factors (96%probability). Similarly, a
between-canister SD of 2.8 μg in mean FPD was assumed, and
based on this, the sample size (one canister per batch and one
determination per each B and E life stages) was estimated to be
sufficient to detect a 6 μg difference in mean FPD between any
two factors (82%probability). For solutionMDIs, the sample size
(two canisters per batch for DDU and APSD tests) was based on
a desire to match the total sample size as that of the suspension
DOE plan; as half the number of batches were studied for the
solutions in comparison with the suspensions (9 vs. 18), twice the
number of canisters per batch were tested. The secondary
endpoints from DDU tests were mean DD at B, M, and E life
stages,meanDD through life trend [(DDatB−DDatE) /DDat
B) × 100], SD, and coefficient of variation (CV; SD as a percent of
the overall mean DD). A formulation factor (ethanol and oleic
acid concentrations or drug PSD D50) was considered to have a
statistically significant effect on the endpoint if the associated p-
value was <0.05.

Establishment of Design Spaces of MDI Aerosol Performance

Various multivariate mathematical models were tested
to identify the best model capable of predicting differences
in DD and APSD performance from the levels of formula-
tion factors established for this study, as appropriate.
Models were selected based on the explanatory power, i.e.,
how much (in percent) of the total variation can be
explained by the selected model. For all cases, a multivar-
iate linear regression model was initially evaluated, using all
independent variables that appeared to have an influence
on the endpoints of interest, regardless of their statistical
significance levels. Based on the residuals analysis of the
multivariate linear regression model, various empirical
linear, log-linear, and power-linear models were selected
for further evaluation with the inclusion of cross terms, as
supported by the residuals analysis. The best models
identified were used to assess the effects of 5% changes in
formulation factors on the endpoints and to determine
design spaces such that the performance characteristics
under study remains within specified limits based on the
experimental data and for exploratory purposes only.

RESULTS

Part I–Model System MDIs

Reverse Engineering of Commercial MDIs

The commercial suspension and solution MDIs were
reverse engineered and characterized according to the total
content per canister (drug and excipients), DDU through life
stages, and APSD performance (at minimum n = 3 per each
of the three batches) in order to establish model system MDIs
as central targets for the statistical DOE plan. The results are
summarized in the Supplementary Material (Table S2).

Formulation and Aerosol Performance of Model System MDIs

Table II shows the formulation of suspension and solution
model system MDIs established based on the reverse

engineered commercial MDIs. The aerosol performance of
suspension and solution model system MDIs was characterized
based on DDU through life stages and APSD profiles and
compared to the corresponding commercial MDIs. The results
are summarized in the Supplementary Material (Figs. S1, S2,
and S3 and Tables S3 and S4). The mean delivered dose of
albuterol base and BDP at each stage of canister life was within
±15% of label claim (Fig. S1). The overall mean DD for
albuterol sulfate suspension model system MDI was 102%
(ranging from 100 to 103% for mean DD at B, M, or E life
stages) of that for the average of the suspension commercial
MDI batches evaluated. The overall meanDD for BDP solution
model system MDI was 101% (ranging from 96 to 107% for
mean DD at B, M, or E life stages) of that for the average of the
solution commercial MDI batches evaluated. While fairly large
differences are seen for drug deposition on selected impaction
stages (i.e., stages 1 and 4 to 6) or MDI components (i.e.,
actuator and valve stem), all the key APSD parameters (FPD,
FPF, MMAD, GSD, and mass balance) differed <10%
between the model system and commercially available MDIs
(Tables S3 and S4).

Part II–MDIs Based on the DOE Plan

Drug PSD of Suspension DOE MDIs

Prior to the DOE MDI manufacture, albuterol sulfate
was micronized to attain targeted PSD D50. The actual PSD
D50 of albuterol sulfate used in the suspension DOE MDIs
were 1.35, 1.67, and 2.41 μm, which approximately matched
the targets shown in Table I (on average, the percent
difference from targets was −3.5%).

Total Content Per Canister of DOE MDIs

The suspension and solution MDIs manufactured based
on the DOE plan were characterized for the total drug,
ethanol, and oleic acid content per canister (n = 2 per batch)
to confirm that the actual levels matched the manufacturing
targets of excipients (Table I) and drug (Table II). The

Table II. Formulation of Suspension and Solution Model System
MDIs Established Based on the Reverse Engineered Commercial

MDIs

Component Model system MDI

Albuterol sulfate
suspensionb

(% w/w)

Beclomethasone
dipropionate solutionc

(% w/w)

Druga 0.370 0.082
Excipientsa

Ethanol 14.4 8.0
Oleic acid 0.03 0.00
Propellant HFA-134a 85.2 91.9

aConcentrations (% w/w) of drug and excipients inside the canister
bDrug PSD D50 = 1.58 μm, experimentally determined as described
in the BMATERIALS AND METHODS^ section
cDrug PSD D50 = 1.3 μm, as per the certificate of analysis (CoA)
provided by the supplier
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percent difference from the targets was, on average, −2.2%
(albuterol sulfate), −1.7% (ethanol), and +14.8% (oleic acid)
for the suspension DOE MDIs and −6.2% (BDP), −4.2%
(ethanol), and −6.3% (oleic acid) for the solution DOE
MDIs.

Aerosol Performance of DOE MDIs

The DDU through life stages of suspension and solution
DOE MDIs are shown in subpanels a and b of Fig. 2,
respectively. The mean DD values for suspensions DOE
batches ranged from 43.1 to 99.6 μg of albuterol base (Fig.
2a). The overall mean DD was 75.8 μg (SD = 10.9 μg), 16%
below the label claim of 90 μg albuterol base, and there was a
clear DD through life trend, i.e., the DD at B were typically
higher than those at M, which in turn were higher than those
at E life stage (Fig. 2a). The mean DD values for the
solutions DOE batches were less variable–they ranged from
38.1 to 45.7 μg of BDP (Fig. 2b). The overall mean DD was

41.0 μg (SD = 2.2 μg), only 2.5% above label claim of 40 μg
BDP, and no DD through life trend was observed (Fig. 2b).

Individual FPD for suspension and solution DOE MDIs
were collected at the B life stage using NGI with USP
induction port and AIT, and the mean values are shown in
subpanels a and b of Fig. 3, respectively. In addition, Fig. 3a
presents the mean FPD for the suspension DOE MDIs at the
E life stage using the NGI with the AIT. The mean FPD
values of suspension DOE MDIs ranged from 15.9 to 67.4 μg
(a factor of 4.2) and the mean FPD was 33.7 μg (SD = 11.6 μg)
of albuterol base when using USP induction port and ranged
from 15.9 to 67.4 μg (a factor of 4.2) and the mean FPD was
37.2 μg (SD = 13.7 μg) of albuterol base when using AIT. The
mean FPD values for the solution DOE MDIs were slightly
less variable, probably due to the more narrow range of
ethanol studied. Mean FPD ranged from 11.5 to 32.4 μg (a
factor of 2.8) for BDP. The mean FPD was 21.6 μg
(SD = 5.7 μg) for BDP when using USP induction port, and
it ranged from 13.5 to 31.7 μg (a factor of 2.3). The mean FPD
was 21.6 μg (SD = 5.9 μg) for BDP when using the AIT.
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Statistical Data Analysis

The DD of suspension DOE MDIs exhibited a noticeable
variability. The variability of individual DD was fairly high
(SD = 8.9 μg of albuterol base and CV = 12.0%). The overall
mean DD varied by 36.5% (61.4–88.9 μg), and the mean DD at
B, M, and E life stages varied by 41.7% (64.5–99.6 μg), 34.3%
(64.6–90.5 μg), and 60.2% (43.1–83.1 μg), respectively (Fig. 2a).
The mean DD from B to E life stage decreased by 20.7% on
average, which is greater than that seen for the commercial
product (see Fig. S1) and resulted in a clear DD through life
trend (Fig. 2a). In contrast, the individual DD of solution DOE
MDIs were less variable (SD = 1.2 μg of BDP and CV = 2.9%).
The overall mean DD varied by 13.7% (38.2–43.7 μg) and the
mean DD at B, M, and E life stages varied by 17.4% (38.5–
45.7 μg), 12.5% (38.1–43.2 μg), and 12.2% (38.1–43.1 μg),
respectively (Fig. 2b). The mean DD from B to E life stages
decreased by 1.1% on average, which resulted in no apparent
DD through life trend (Fig. 2b).

The DD endpoints were subject to ANOVA, and the
results are shown in Table III. At 5% level, the overall mean
DDs for suspension DOE MDIs were not statistically
significantly affected by any of the three factors except for
the effect of ethanol at the B life stage. Therefore, the mean
DD through life trend, SD, and CV for the individual DD
were also affected by ethanol content. In the case of solution
DOE MDIs, the effect of oleic acid on the overall mean DD
and all secondary DD endpoints, except mean DD through
life trend, was statistically significant. Furthermore, the effect
of ethanol on the SD and CVof the overall mean DD of BDP
was also statistically significant.

The size of the effects was evaluated to determine their
relevance, since statistically significant effects may or may not
be practically relevant with respect to specifications as
established by pharmaceutical developers and agreed upon
by regulators. In the case of suspension DOE MDIs, on
average, the mean DD at B life stage decreased by 13.1%
(88.1 to 76.6 μg) when the ethanol concentration increased
from 2 to 20% w/w. The mean DD through life trend
decreased from 45.0 to 10.1% (Fig. 4a), and the CV of the

overall mean DD decreased from 26.2 to 5.9% (Fig. 4b) when
the ethanol concentration increased from 2 to 20% w/w. In
the case of solution DOE MDIs, the size of the effects was
modest—on average, the overall mean DD and the mean DD
at B, M, and E life stages decreased by 9.6% (43.0–38.9 μg),
10.9% (43.7–38.9 μg), 9.1% (42.7–38.8 μg), and 8.7% (42.6–
38.9 μg), respectively, when the oleic acid concentration
increased from 0 to 2% w/w (Fig. 4c). The CV for the overall
mean DD decreased by 1.1 and 0.8% when the oleic acid and
ethanol concentrations increased from 0 to 2% w/w and 7 to
9% w/w, respectively (Fig. 4d).

The mean FPD for suspension DOE MDIs exhibited a
noticeable difference between formulations at B life stage
(15.5–60.2 μg, USP induction port, a 3.9-fold difference and
15.9–67.4 μg, AIT, a 4.2-fold difference) and at E life stage
(15.0–53.6 μg, AIT, a 3.6-fold difference), as shown in Fig. 3a.
In contrast, the mean FPD for solution DOE MDIs was less
affected–17.0 to 31.3 μg for the USP induction port (a factor
1.8) and 15.6 to 30.5 μg for the AIT (a factor 2.0)–both at the
B life stage (Fig. 3b). The mean FPDs for USP induction port
and AIT were not considerably different. The mean FPD
across all suspension formulations at B stage life was 33.7 μg
(SD = 11.6 μg) for the USP induction port and 37.2
(SD = 13.7 μg) for the AIT. Similarly, the mean FPD across
all solution formulations at B stage life was 21.6 μg
(SD = 5.0 μg) for the USP induction port and 21.6 μg
(SD = 5.4 μg) for the AIT.

The FPD data were subjected to ANOVA. At 5% level,
the mean FPD at B (USP induction port and AIT) and E life
stages (AIT) of suspension DOE MDIs were statistically
significantly affected by drug PSD D50 and ethanol, and the
mean FPD at B life stage (USP induction port and AIT) of
solution DOE MDIs was statistically significantly affected by
oleic acid (Table IV).

The size of the effects was evaluated to determine their
impact on FPD. In the case of suspension DOE MDIs, when
the concentration of ethanol increased from 7 to 20% w/w,
the FPD at B life stage with USP induction port decreased, on
average, 58% (60.2–25.3 μg), 57.6% (43.4–18.4 μg), and
58.2% (37.1–15.5 μg) depending on the drug PSD D50 of

Table III. p-Values from ANOVA of DD Endpoints of Suspension and Solution DOE MDIs (p-Values <0.05 Are Shown in Bold)

MDI formulation Factorsa Mean DD Mean DD through life trend Overall mean DD SDc CVc

Bb Mb Eb

Suspension (batches 1–18)d PSD D50 0.4717 0.5253 0.2056 0.6172 0.3823 0.8333 0.4183
EtOH 0.0193 0.1716 0.5612 0.0059 0.1211 0.0004 0.0004
OA 0.2645 0.7131 0.5265 0.4701 0.4188 0.1314 0.1268

Suspension (batches 19–22)d EtOH 0.7158 0.4203 0.0691 0.0092 0.2762 0.0959 0.0208
OA 0.2399 0.3670 0.2050 0.0720 0.2761 0.2231 0.2289

Solution (batches 1–9) EtOH 0.8691 0.5973 0.6031 0.6794 0.8204 0.0373 0.0395
OA 0.0006 <0.0001 <0.0001 0.2491 <0.0001 0.0135 0.0309

Note: Statistical results from ANOVA are summarized in the Supplementary Material (see Table S5)
a Factors: drug particle size distribution (PSD D50), ethanol (EtOH), and oleic acid (OA)
bCanister life stages: beginning (B), middle (M), and end (E)
c Standard deviation (SD) and coefficient of variation (CV) of the DD
dAdditional MDI batches produced after the initial 18 batches were tested, to further study the effect of ethanol in a narrower and lower range
and oleic acid in a wider range. Data are presented as two separate groups (batches 1–18 and 19–22) due to the factor level differences between
the two subsets of suspension DOE MDI batches
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1.4, 1.65, and 2.5 μm, respectively (Fig. 5a). The FPD at B and
E life stages with AIT decreased in a similar manner: 55.3%
(67.4–30.1 μg), 59.9% (51.9–20.8 μg), and 64% (44.2–15.9 μg)
as shown in Fig. 5b and 56.3% (53.6–23.4 μg), 57.2%

(38.8–16.6 μg), and 50.5% (30.3–15.0 μg) as shown in Fig. 5c.
The FPD decreased as the drug PSD D50 increased from 1.4
to 2.5 μm, irrespective of the canister life stage and type of
induction port. For instance, FPD of albuterol base delivered
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Table IV. p-Values from ANOVA of FPD for Suspension and Solution DOE MDIs (p-Values <0.05 Are Shown in Bold)

MDI formulation Factorsa FPD

USP at Bb,c AIT at Bb,c AIT at Eb,c

Suspension (batches 1–18)d PSD D50 0.0006 0.0001 <0.0001
EtOH <0.0001 <0.0001 <0.0001
OA 0.5790 0.9688 0.6903

Suspension (batches 19–22)d EtOH 0.2759 0.2698 0.0644
OA 0.2179 0.1846 0.1508

Solution (batches 1–9) EtOH 0.5973 0.9919 –
OA 0.0121 0.0017 –

Note: Statistical results from ANOVA are summarized in the Supplementary Material (see Table S6)
a Factors: drug particle size distribution (PSD D50), ethanol (EtOH) and oleic acid (OA)
bUSP induction port or AIT (Alberta Idealized Throat)
cCanister life stages: beginning (B) and end (E)
dAdditional MDI batches produced after the initial 18 batches were tested, to further study the effect of ethanol in a narrower and lower range
and oleic acid in a wider range. Data are presented as two separate groups (batches 1–18 and 19–22) due to the factor level differences between
the two subsets of suspension DOE MDI batches
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from albuterol sulfate suspension MDIs using the USP
induction port at B stage life ranged from 25.3 to 60.2, 18.4
to 43.4, and 15.5 to 37.1 μg for batches prepared with PSD
D50 of 1.4, 1.65, and 2.5 μm, respectively. Interestingly, the
decrease in FPD as a function of drug PSD D50 appears to
have a greater impact at lower ethanol concentrations
compared to higher concentrations. This may be due to a
decrease in evaporation rate that results in an increase in
MMAD or deposition of the drug in the induction port as a
function of ethanol concentration and drug PSD (1). In the
case of solution DOE MDIs, the FPD at B life stage
decreased, on average, by 64.5% (32.4–11.5 μg) and 57.4%
(31.7–13.5 μg) with USP induction port and AIT, respectively,
when the oleic acid concentration increased from 0 to 2%
w/w (Fig. 5d). The aforementioned decrease appeared to be
non-linear, with 0% oleic acid resulting in greater FPD than
that seen with 0.5 or 2% w/w oleic acid.

Determination of Design Spaces of MDI Aerosol Performance

All factors [ethanol (EtOH) and oleic acid (OA)
concentrations and drug PSD D50] were considered for

inclusion in the multivariate mathematical models, despite
some factors having no statistically significant effect on the
endpoints. This approach was taken because there could be
some modest effects that, while not reaching statistical
significance (Tables III and IV) likely due to the limited
sample sizes, could still improve the model fit. Furthermore,
the actual levels of the three factors (rather than the target
levels) and data of all 22 suspension and 9 solution DOE
MDIs were utilized in the pooled analysis.

The model Overall Mean DD = a1 + a2·(OA)a3

(a1 = 43.02, a2 = −2.923, a3 = 0.6006) explained
approximately 83% of the total variation in DD for solution
DOE MDIs. According to the model, for instance, if
OA = 0.5% w/w changes by ±5%, the overall mean DD
changes from 41.04 to 41.15 μg (a 0.11 μg difference, which is
negligible considering the 32.8–46.0 μg specification for mean
DD). Moreover, the model indicates that if OA ≤6.4% w/w,
the overall mean DD would be within 85–115% of label claim
(Fig. 6a, black area). As another example, if OA ≤4% w/w,
the overall mean DD is predicted to remain within 91–109%
of label claim. However, since these results are outside the
studied range (OA = 0–2% w/w), they may not be reliable.

Suspension DOE MDIs (AIT at B)Suspension DOE MDIs (USP at B)

PSD D50 PSD D50

0

10

20

30

40

50

60

70

A
lb

u
te

ro
l B

as
e

F
P

D
 <

 5
m

 (
g

)

Ethanol (% w/w)

1.4 m

1.65 m

2.5 m

1.4 m

1.65 m

2.5 m

1.4 m

1.65 m

2.5 m

1.4 m

1.65 m

2.5 m

0

10

20

30

40

50

60

70
A

lb
u

te
ro

l B
as

e
F

P
D

 <
 5

m
 (

g
)

Ethanol (% w/w)

1.4 m

1.65 m

2.5 m

Suspension DOE MDIs (AIT at E)

PSD D50

Solution DOE MDIs

0

5

10

15

20

25

30

35

40

B
ec

lo
m

et
as

o
n

e 
D

ip
ro

p
io

n
at

e
F

P
D

 <
 5

m
 (

g
)

Oleic Acid (% w/w)

USP at B

AIT at B

0

10

20

30

40

50

60

70

0 5 10 15 20 250 5 10 15 20 25

-0.5 0 0.5 1 1.5 20 5 10 15 20 25

A
lb

u
te

ro
l B

as
e

F
P

D
 <

 5
m

 (
g

)

Ethanol (% w/w)

1.4 m

1.65 m

2.5 m

1.4 m

1.65 m

2.5 m

1.4 m

1.65 m

2.5 m

a b

c d
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The model CV = b1 + b2·(OA) + b3·(EtOH) +
b4·(OA)·(EtOH) (b1 = 11.62, b2 = −5.31, b3 = −1.081,
b4 = 0.62) explained approximately 44% of the total variation
in CV of DD for solution DOE MDIs. Despite the low
predictive power, the model was utilized to explore some
cases. For instance, if OA = 0% w/w and EtOH = 8% w/w
(the target levels) change by 5%, the CV of DD varies in the
range 2.54–3.40%, which agrees with the experimental data
(Fig. 4d). Moreover, the model shows what combinations of
OA and EtOH concentrations are required to maintain the
CVof DD ≤6% (Fig. 6b, black area)–if the OA concentration
in the solution MDI is low, the EtOH concentration would
need to be high.

The model CV = c1 + c2·ln(PSD D50) + c3·ln(EtOH) +
c4·ln(OA) (c1 = 29.80, c2 = 2.183, c3 = −7.45, c4 = 0.716) explained
approximately 85% of the total variation in CV of DD for
suspension DOE MDIs. According to the model, if drug PSD
D50 = 1.58 μm, EtOH = 14.4% w/w, and OA = 0.03% w/w (the
target levels) change by 5%, one factor at a time, the CVof DD

varies in the ranges of 8.32–8.54% (PSD D50 factor), 8.07–8.81%
(EtOH factor), and 8.39–8.47% (OA factor), the largest effect
(0.74% difference) caused by a 5% change in EtOH. If all three
factors change by 5% at the same time, the CVof DD varies 7.92–
8.95% (1.03% difference). Moreover, the model shows the
combinations of EtOH concentration and drug PSD D50 required
to maintain the CVof DD ≤10% (black area in Fig. 6c and 6d, if
the OA = 0.3 and 0.03% w/w, respectively)–if the EtOH
concentration in the suspension MDI is high, the drug PSD D50

does not need to be tightly controlled to achieve the targetedCVof
DD. Also, if the OA concentration in the suspension MDI
decreases, the design space for CVs <10% increases.

The model FPD = d1 + d2·ln(PSD D50) + d3·ln(EtOH) +
d4·ln(PSD D50)·ln(EtOH) (d1 = 121.6, d2 = −68.44,
d3 = −29.46, d4 = 16.99) explained approximately 86% of
the total variation in FPD for suspension DOE MDIs. The
model was developed based on the experimental results
shown in Fig. 5a–c, i.e., the FPD was dependent on the drug
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PSD D50 and EtOH concentration (fairly linear from 7 to
20% w/w), but not on the OA concentration, irrespective of
the canister life stage and type of induction port. According
to the model, if drug PSD D50 = 1.58 μm and EtOH = 14.4%
w/w (the target levels of PSD D50 and ethanol concentration
for illustration purposes) change by 5%, one factor at a time,
the FPD varies 31.34–33.64 μg (PSD D50 factor) and 31.41–
33.58 μg (EtOH factor), i.e., a difference of 7% in both cases.
However, if both factors change by 5% at the same time, the
FPD varies in the range 30.32–34.81 μg, with a maximal
difference of 15%. Moreover, the model shows what combi-
nations of EtOH concentration and drug PSD D50 that would
maintain the FPD within a given range. For instance, assume
that the desirable range for FPD was 21–43 μg (Fig. 6e, black
area)–if EtOH is 10% w/w, then PSD D50 needs to be within
the range 1.5–3.0 μm and, if EtOH is 15% w/w, then PSD D50

needs to be within the range 1.0–2.5 μm.
The model FPD at B = e1 + e2·ln(OA) (e1 = 18.31,

e2 = −1.39) explained approximately 65% of the total
variation in FPD of solution DOE MDIs. The model was
developed based on the experimental results shown in
Fig. 5d, i.e., the FPD at B life stage was dependent on the
OA concentration, irrespective of the type of induction port.
The model provides the OA concentration that would be
needed to maintain the FPD at B life stage within a specified
range from (20 − f) to (20 + f), where f is function of K
according to the ratio K = (20 + f) / (20 − f) (Fig. 6f, black
area). For instance, in order to maintain the FPD at B life
stage within 16.7–23.3 μg (K = 1.4) and 13.3–26.7 μg (K = 2),
the OA concentration is <2 and <10% w/w, respectively. That
is, for a narrower requirement on FPD at B life stage, the OA
concentration needs to be lower. Note again that this assumes
that extensive extrapolation is reasonable, which could not be
verified with present data.

DISCUSSION

The product performance of MDIs may depend, among
other things, on the nature and amount of excipient(s) used in
the formulation (10). Under the QbD paradigm, systematic
investigations are necessary to understand if and how changes
in CQAs of the formulation influence the product perfor-
mance of MDIs (11). This work utilized a systematic
approach, outlined in Fig. 1, to provide a better understand-
ing of the possible effects of different levels of excipient(s)
and drug PSD on the aerosol performance of MDIs.

Two commercial MDI products (albuterol sulfate sus-
pension and BDP solution) were reverse engineered and
characterized (Table S2 in the Supplementary Material) in
order to establish model system MDIs as an anchor point for
developing a statistical DOE plan. The purpose of the model
system MDIs was not to achieve in vitro equivalence to the
commercial MDIs but to establish similarity with respect to
formulation and key aerosolization parameters, in order to
have a starting point which formulation factors could be
varied. The formulations of model system MDIs (Table II)
were Q1 and Q2 the same as the commercial MDIs. The
DDU through life stages and APSD profiles of model system
MDIs were comparable to the commercial MDIs, and the
percent difference in key APSD parameters was consistently
≤10% (Figs. S1, S2, and S3 and Tables S3 and S4 in the

Supplementary Material). These results demonstrated that
suspension and solution model system MDIs were success-
fully established.

Batch manufacturing of suspension and solution MDIs
was executed according to a DOE plan in which the levels of
the formulation factors (ethanol and oleic acid concentrations
and drug PSD D50) were varied using a factorial statistical
design approach with the model system MDIs as the central
targets (Table II). For suspension MDIs, a three-factor, three-
level full factorial design resulted in 27 batches, which were
reduced to 18 batches while allowing all main effects to be
estimated appropriately (additional 4 batches were included
to study the effects of lower ethanol and higher oleic acid
concentrations based on the findings from the first 18
batches). For solution MDIs, a two-factor, three-level full
factorial design resulted in nine batches. While the commer-
cial solution MDI chosen for this work does not contain oleic
acid, this excipient was included in the DOE plan to study its
effects in solution MDIs in comparison with suspension
MDIs. The reduced and full factorial statistical DOE plans
for suspension (22 batches) and solution (9 batches) MDIs
(Table I), respectively, were considered adequate to estimate
all main effects of the factors and generate data for
development of multivariate mathematical models to predict
key aerosolization parameters of MDIs. The sample sizes
utilized in this work were not designed for comparing
individual batches but only for modeling and assessing the
effects of the formulation factors.

The DOE batches of suspension MDIs were
manufactured with micronized albuterol sulfate with PSD
D50, on average, −3.5% from the target (Table I). The
ethanol and oleic acid contents per canister were, on average,
−1.7 and +14.8% (suspensions) and −4.2 and −6.3%
(solutions) different from the targets (Table I), respectively.
The drug content per canister was, on average, −2.2%
(suspensions) and −6.2% (solutions) different from the
targets (Table II). The higher percent difference for oleic
acid in the suspension DOE MDIs (>10%) can be justified by
the difficulty in weighing the lower amounts of this excipient
(Table I) during the batch manufacturing process. Neverthe-
less, these results demonstrated that the manufacturability of
suspension and solution DOE MDIs was successfully
achieved.

The aerosol performance of DOE MDIs was affected by
the different levels of factors. The mean DD of suspensions
ranged from 68 to 99% of label claim and a clear DD through
life trend was observed (Fig. 2a), whereas the mean DD of
solutions ranged from 96 to 109% of label claim with no DD
through life trend (Fig. 2b). A decrease in DD through life may
be seen in MDIs due to the dynamic changes in liquid phase
concentration (decrease in liquid volume and increase in vapor
space) through the canister life (12), which may be further
accentuated by the product handling. At the B life stage, the
FPD of suspensions varied by a factor of 3.9 (USP induction
port) and 4.2 (AIT) between formulations (Fig. 3a), whereas the
FPD of different solution formulations varied by a factor of 2.8
(USP induction port) and 2.3 (AIT) (Fig. 3b). While this
difference between factors may be due to the inherent
differences between solution and suspensionMDI formulations,
it may also be due to the different ranges of ethanol and oleic
acid concentrations evaluated for the two DOE plans.
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The aerosol performance of DOE MDIs was statistically
significantly affected by different factors (Tables III and IV).
The mean DD was statistically significantly affected by
ethanol (suspensions) and oleic acid (solutions), whereas the
FPD was statistically significantly affected by drug PSD D50

and ethanol (suspensions) and oleic acid (solutions). How-
ever, several cases without effects were also found, despite
some relatively large changes in concentrations of excipients
studied. The possible effects of varying excipient levels must
therefore be studied on a case-by-case basis, as only a few
general conclusions can be drawn.

To increase drug or excipient solubility in MDIs, or to
enhance valve function, the pharmaceutical industry has
resorted to a large extent on use of cosolvents, typically
ethanol (1,13), but at the potential cost of drug chemical
instability (14) and decrease in product performance (15).
For solution MDIs, Zhu et al. have shown that the FPF of
budesonide and BDP decreased by 49% (16) and 38% (17),
respectively, as the ethanol concentration increased from 5
to 30% w/w. Likewise, the FPF of fluticasone propionate
decreased by 11% as the ethanol concentration increased
from 15 to 30% w/w (17). Similar findings have been
reported by Saleem and Smyth (18), Stein and Myrdal
(15,19), and Gupta et al. (20). For suspension MDIs,
Williams III and Liu (21) have shown that the FPF of
bovine serum albumin (BSA, model protein) decreased by
38% (Brij 98), 11% (Aerosol OT), and 41% (Tween 80) as
the ethanol concentration increased from 8 to 12%;
additionally, the fraction of total emitted dose of BSA
deposited on the throat and upper stages increased by 19,
12, and 37% according to the type of surfactant used (Brij
98, Aerosol OT, and Tween 80, respectively). Pu et al. (22)
have shown that the FPF of a model suspension MDI
decreased by 7.5% as the ethanol concentration increased
from 1.5 to 2.5%. In our work, for the solution DOE MDIs
(Table I), the mean DD and FPD were not statistically
significantly affected by ethanol (Tables III and IV) likely
due to the narrow concentration range studied (7 to 9%
w/w) as compared to the previous literature cited above and
possibly due to interactions of the drug with the formulation
components. For the suspension DOE MDIs (Table I), as
the ethanol concentration increased from 7 to 20% w/w, the
mean DD at B life stage decreased by 13%, and the FPD
decreased by 50–65% irrespective of the canister life stage,
type of induction port used, and the drug PSD D50 (Fig. 5a–c).
Furthermore, as the ethanol concentration increased from 2 to
20% w/w, the mean DD through life trend decreased by 35%
(Fig. 4a). These findings are consistent with the previous
literature cited above. The changes in dosing efficiency of MDIs
as a function of ethanol concentration are attributed to the
multiple effects of this semi-volatile cosolvent. The ethanol
content has an effect on (i) the formulation density (i.e., the total
mass of formulation atomized during actuation), (ii) the
atomization process of the formulation (i.e., the size of the
atomized droplets), and (iii) the evaporation rate of the droplets
towards their residual particle sizes (1). Upon actuation of a
MDI, the propellant rapidly evaporates (higher volatility
component) leading to intermediate droplets that consist of
cosolvent, non-volatile excipient(s) (if any) and the drug(s). The
cosolvent also evaporates over the course of droplet formation
(but at a slower rate than the propellant) leading to residual

particles (substantially smaller than the corresponding initial
droplets) containing drug and non-volatile components only (if
complete evaporation occurs) to be deposited in the lungs (23).
As the ethanol concentration increases, the vapor pressure of
the formulation decreases (24,25) and this affects the atomiza-
tion process. When the atomization force decreases, the initial
emitted droplet size increases, resulting in larger residual
particles after evaporation of the propellant in the aerosol spray.
Furthermore, larger droplets increase the drug deposition on the
mouth and throat. Thus, as the ethanol concentration increases,
the MDI aerosol performance generally decreases (1).

Surfactants are typically utilized in MDIs for countless
reasons. In solution MDIs, surfactants may increase drug
solubility, moderate temperature-dependent drug solubility,
and defeat valve sticking issues (1). In suspension MDIs,
surfactants prevent irreversible particle agglomeration, hinder
drug particle adhesion to the canister walls and valve
components, reduce the risk of clogging of the spray orifice,
reduce the separation rate between the drug and propellant,
and prevent valve sticking problems (1). However, high
surfactant concentration may decrease the MDI delivery
efficiency, i.e., decrease the FPF and increase the drug
deposition on the mouth, throat, and upper airways (18,21).
For instance, for fluorescein Na solution MDIs, with increase
in surfactant (Pluronic L81) concentration from 0 to 1.22%
w/w, Saleem and Smyth (18) have shown that the FPF
effectively did not change (49.6–50.7%), MMAD increased
(1.56–3.70 μm), and the drug in the size range 1.36–3.99 μm
increased. However, the FPF decreased (49.6–33.2%), the
MMAD increased (1.56–5.93 μm), and the drug deposited on
the NGI stages with cut-off diameter ≥6.4 μm increased, as
the surfactant concentration increased from 0 to 5.45% w/w.
Furthermore, the drug deposition in the USP induction port
increased (80, 95, and 120 μg) as the surfactant concentration
increased (0, 1.22, and 5.45% w/w, respectively). For suspen-
sion MDIs, Williams III and Liu (21) have shown that, as the
surfactant/protein (Brij 98/BSA) molar ratio increased from
100:1 to 800:1, the deposition of BSA in the throat and upper
stage of the impactor increased (40–55%). Furthermore, as
surfactant/protein molar ratio increased from 500:1–800:1,
the FPF decreased (47–36%). In our work, for the suspen-
sion DOE MDIs (Table I), the mean DD and FPD were not
statistically significantly affected by oleic acid (Tables III and
IV), likely due to the low concentrations studied (0.005,
0.006, 0.02, 0.1, and 0.25% w/w), despite some of these being
significantly above the levels used for the commercial model
products. For the solution DOE MDIs (Table I), as the oleic
acid concentration increased from 0 to 2% w/w, the overall
mean DD and mean DD at B, M, and E life stages decreased
by 9–11% (Fig. 4c). In addition, the FPD at B life stage
decreased by 61% according to a non-linear relationship
with respect to oleic acid concentration, irrespective of the
type of induction port used (Fig. 5d). This non-linear
relationship between FPD and oleic acid suggests that the
main effect on FPD is due to whether oleic acid is present or
not; if present, the effect of the amount oleic acid is small and
decreasing with increasing oleic acid concentration. These
findings are consistent with the previous literature cited
above. High vapor pressure MDIs with low concentration of
non-volatile components (e.g., drug and surfactant) produce
smaller and more respirable aerosol droplets (24). Thus, high
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surfactant concentrations generally decrease the MDI aero-
sol performance due to a decrease in evaporation rate of
atomized droplets and consequent increase in MMAD
(2,10).

Generally, apart from the orifice exit diameter, the final
APSD of suspension MDIs is primarily governed by the
properties of suspended drug particles, for instance, drug
PSD, suspension density, and ability to resuspend (26).
Myrdal et al. (1) have used experimental DOE results and
simulation models to predict the APSD properties of residual
particles from suspension MDIs and have shown that the
MMAD increased (1.0–2.5 μm) as the PSD D50 of the
micronized drug increased (0.43–2.29 μm). Experimentally,
Pu et al. (22) have shown that the APSD profile of suspension
MDIs shifted to larger aerodynamic particle sizes and broader
APSD as the drug PSD D50 increased (1.1–2.2 μm). In our
work, for the suspension DOE MDIs (Table I), the FPD was
statistically significantly affected by drug PSD D50 (Table IV).
The FPD decreased as the drug PSD D50 increased from 1.4
to 2.5 μm, irrespective of the ethanol concentration, canister
life stage, and type of induction port (Fig. 5a–c). These
findings are as expected and consistent with the previous
literature cited above. The constraint of the minimum output
droplet size is predominantly the primary particle size of
suspended particles that is contained within the atomized
droplets (16); droplets can obviously not be smaller than the
largest particle contained therein. Therefore, if the size of the
micronized drug suspended in the MDI is large, the MMAD
generally increases whereas the FPF and FPD decrease.

The understanding of the extent to which the formula-
tion factors (ethanol and oleic acid concentrations and drug
PSD D50) govern DD and APSD performance allowed
establishing the range of variation within design spaces for
each of these factors that can be tolerated while still achieving
acceptable aerosol performance (Fig. 6). It is important to
note that the design spaces should not be extrapolated
beyond the studied ranges of the factors without careful
consideration.

In our work, the APSD properties of suspension and
solution DOE MDIs were determined using the NGI with
both the standard USP induction port and the AIT. The AIT
is not a fully anatomically correct upper airway model but
comprises the idealized geometry of its simplified pathway
(27). Surprisingly, no substantial differences in FPD were
observed either using the USP induction port or AIT (Fig. 3)
for the studied model systems. Only some marginal differ-
ences in FPD were observed–for instance, in the case of
suspension DOE MDIs, the overall mean FPD increased
from 34 μg (USP induction port) to 37 μg (AIT), i.e., a slight
increase of 8% which is due to a small, but discernible shift
towards finer particle size with the AIT. The drug deposition
on stages 4 to filter (≤3.99) of the NGI was higher with the
AIT, whereas the drug deposition on stages 1 to 3 (≥3.99 μm)
of the NGI was higher with the USP induction port (data not
shown). While there has been conflicting results presented in
literature regarding drug deposition in the USP induction
port compared to that in the AIT, these findings are
consistent with some of the literature cited. For instance, by
using a full resolution Andersen eight-stage cascade impactor,
Mitchel et al. (27) obtained equivalent values of FPM <4.7 μm
for albuterol sulfate suspension MDIs regardless the type of

induction port (36 μg with USP induction port and 39 μg with
AIT, i.e., the same increase by 8% as presented herein).
Additionally, Copley (7) reported similar FPM <5.0 μm
results for the USP induction port and AIT (38 μg with
USP induction port and 33 μg with AIT). It is known that the
shape and volume of the induction port may affect the
delivery characteristics of inhalation products (28). In the
case of suspension DOE MDIs, our findings indicated that
replacing the USP induction port by the AIT resulted in a
slight shift to finer particle sizes which contributed to a
slightly higher FPD of albuterol base. Whether these
conclusions hold true for other flow rates, Banatomical^
mouth/throat models, active pharmaceutical ingredients, or
drug delivery systems (such as dry powder inhalers or soft
mist inhalers) remains to be clarified.

CONCLUSIONS

Two commercially available MDI products (albuterol sulfate
suspension and beclomethasone dipropionate solution) were
selected as model system MDIs to provide a relevant anchor for
product performance comparisons made by varying selected
CQAs, such as ethanol and oleic acid concentrations, and
micronized drug particle size, through factorial DOE. Statistical
analysis showed that, in some cases, the formulation factors had
profound effects on the aerosol performance, but in other cases,
the effects were irrelevant with respect to pre-determined
specifications established for this work or did not exist. Therefore,
the effects of formulation compositionsmust always be assessed on
a case-by-case basis. The impact of these CQAs on key product
aerosol performance was subsequently used to define statistical
models that delineated design spaces with pre-determined target
ranges for DD and FPD. The utility of these models was
demonstrated by presenting plausible formulations of albuterol
sulfate and beclomethasone dipropionate to achieve desirable
aerosol performance characteristics. These models also show that
formulations with similar key aerosol properties can be designed
using different formulation compositions.
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