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Purpose. To develop a unique in vitro aqueous fluid-capacity-limited dissolution system for the kinetic
assessment of respirable aerosol drug particles from inhaler products.
Methods. Aerosol particles of 5 inhaled corticosteroids (ICSs) from 7 inhaler products were collected in
the aerodynamic 2.1–3.3 or 4.7–5.8 μm on the filter membranes using the Andersen cascade impactor.
Each filter membrane was then placed onto the donor compartment of the Transwell® system, where
addition of 0.04ml aqueous fluid initiated aerosol ICS dissolution and permeation across its supporting
membrane at 37°C and ∼100% humidity.
Results. The % profiles of dissolution and permeation were apparent first-order or pseudo-zero-order,
reaching varying 1.9–95.0% by 5 h. Their kinetics overall conformed to the ICS aqueous solubility. With
increasing aerosol mass, however, the profiles decelerated, attributed to undissolved ICSs left by the
limited dissolution fluid capacity. The profiles could be also product-specific, as beclomethasone
dipropionate aerosols from QVAR® dissolved faster than those from VANCERIL®, whereas fluticasone
propionate aerosols from two different inhaler products exhibited comparable profiles. The 2.1–3.3 μm
aerosols dissolved faster than the 4.7–5.8 μm aerosols.
Conclusions. Aerosol ICS dissolution into the limited aqueous fluid volume differed kinetically due to
ICS solubility and aerosol mass, size, formulation and/or generation.
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INTRODUCTION

For oral solid dosage forms, it is well accepted that their
product performance assessments should include testing of
dissolution, given that their active pharmaceutical ingredients
(APIs) must be dissolved for gastrointestinal absorption and
thus therapeutic actions (1,2). Several in vitro dissolution testing
methods are available in the compendia for use in the selection
of APIs and formulations, product quality control, and between-
products assessment for biopharmaceutical equivalence or

difference (2,3). Meanwhile, despite much lower drug mass,
compared to oral solid dosage forms, this biopharmaceutical
concept ofAPI dissolution being prerequisite for cellular uptake
and/or absorption is also true for most orally inhaled dosage
forms, yet on the lung surface with a limited lining fluid volume
following aerosol deposition. Two most popular inhaled dosage
forms are pressurized metered dose inhalers (pMDIs) and dry
powder inhalers (DPIs), both of which deliver their APIs, along
with formulation excipients, onto the lung surface in a solid or
semi-solid form. Hence, the lung cellular disposition of such
inhaled molecules (i.e., APIs) can be considered as a sequential
cascade of aerosol deposition onto, and API dissolution into,
the limited volume of the lung lining fluid (10–30 ml in humans),
preceding cellular uptake and/or absorption (4). In this context,
evidence exists in the literature that the aqueous solubility
values of APIs for inhaled dosage forms are considerably
diverse and possibly altered by formulation excipients and/or
via aerosol generation (4–8). As a result, the kinetics of
dissolution for such aerosol particles could differ from those
for the APIs, and in certain cases, rate-determining in their lung
biopharmaceutics following inhalation (6–8).

Given this logical involvement and possible importance of
the dissolution kinetics of inhaled aerosol drugs in lung
biopharmaceutics, Davies and Feddah (9) reported in vitro
dissolution profiles of three inhaled corticosteroid (ICS) aerosol
particles generated and collected from commercial pMDIs and
DPIs. It was innovative in the use of the Andersen cascade
impactor (ACI), a compendial apparatus to determine aerody-
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namic particle size distributions for inhaler products, to collect
ICS aerosol particles from inhalers onto filter membranes. This
aerosol collection was followed by dissolution profile determi-
nation using a custom-made flow-through dissolution system,
similar to the USP Dissolution Testing Apparatus 4 (2).
Unfortunately, as the ICS aerosols were collected by filtration
at the exit of the USP induction port prior to the ACI entry, the
collected aerosol particle sizes were left largely unknown, not
necessarily respirable, and likely inconsistent between products.
Moreover, the use of the flow-through dissolution system
provided rather favorable flowing fluid dynamics that were
unlimited in volume for dissolution. On the contrary, the lung
lining fluid is known to be fairly stationary and limited in
volume only by 10–30 ml in humans, which should serve the
maximum dissolution capacity for deposited drugs (4,6,8).
Therefore, ideally, the method should enable the kinetic assess-
ments of dissolution for defined-size and respirable aerosol drug
particles generated from inhaler products, into the limited
volume of the stationary fluid, like actual aerosol particle
dissolution on the lung surface.

Accordingly, this study was aimed to develop a more
unique dissolution testing method for aerosol drug particles
generated from commercial inhaler products, with a focus on
collection of defined-size and respirable particles and their
dissolution in the limited volume of the stationary aqueous
fluid. The compendial ACI was employed, as by Davies and
Feddah (9), to collect aerosol drug particles, yet in the
defined aerodynamic diameters of 2.1–3.3 and 4.7–5.8 μm by
impaction on the filter membranes placed on the Stage 4 and
2, respectively. Then, these filter membranes with the
deposited aerosol drugs were placed on the donor compart-
ment of the Transwell® permeable support system, where
addition of the limited 0.04 ml aqueous fluid initiated aerosol

particle dissolution and drug permeation across its supporting
membranes; the Transwell® system was used in this study as a
testing apparatus for such aerosol drug particle dissolution on
its donor compartment. A total of 7 commercial inhaler
products of 5 ICSs (as listed in Table I) were tested upon
various drug mass deposition, in order to pursue the
hypothesis that the kinetics of dissolution for these aerosol
drug particles depend on not only the ICS aqueous solubility
but also the ICS deposited mass, aerosol size, formulation,
dosage form and/or generation.

MATERIALS AND METHODS

Commercial Inhaler Products and ICS Analysis

Table I lists 7 commercial inhaler products of 5 ICSs tested
in this study along with their certain physicochemical and
formulation properties. While these are packaged in either
pMDIs or DPIs, the formulations are varied in physical
presence of ICS (i.e., in suspension, solution or powder),
excipient and metered dose. The molecular weights of the ICSs
are almost consistent within a range of 431–521 Da. However,
their reported aqueous solubility values differ by maximum
1,000-fold, ranging from 0.13 to 140 μg/ml. All the products
were purchased through the VCUHealth SystemPharmacy and
used prior to the expiration dates, except VANCERIL® pMDIs
that were used after expiration due to the product withdrawal
from the US market; it was confirmed however, that their API,
BDP was negligibly degraded, and aerosol particle size
distribution remained unaltered, compared to that prior to the
expiration (data not shown). Table II summarizes analytical
methods for quantification of each of the ICSs to determine the

Table I. Inhaled Corticosteroids (ICSs) and Their Commercial Inhaler Products Tested in this Study

Inhaler producta Drug Dosage formb
Molecular
weight [Da]

Aqueous
solubilityc

[μg/ml] Formulationd
Metered
dosed [μg]

AEROBID Flunisolide (FN) pMDI 434 140 FN suspended in
CFC-11, -12 and
-114 with sorbitan
trioleate

∼250

AZMACORT Triamcinolone acetonide
(TA)

pMDI 434 21–26 TA suspended in
CFC-12 and 1%
alcohol

200

PULMICORT
TURBUHALER

Budesonide (BD) DPI 431 14–21 BD only 200

FLOVENT HFA Fluticasone propionate
(FP)

pMDI 501 0.14 FP suspended in
HFA-134a

50 & 250

FLOVENT
DISKUS

Fluticasone propionate
(FP)

DPI 501 0.14 FP and lactose 50

VANCERIL Beclomethasone
dipropionate (BDP)

pMDI 521 0.13 BDP suspended in
CFC-11 and -12 with
oleic acid

50

QVAR Beclomethasone
dipropionate (BDP)

pMDI 521 0.13 BDP dissolved in
HFA-134a and ethanol

50

aAll product names are registered trademarks.
b pMDI: pressurized metered dose inhaler; DPI: dry powder inhaler
cValues were adapted from Edsbäcker and Johansson (4), Edsbäcker et al. (8) and Baumann et al. (10).
d Prescription information—only an approximated delivered dose is available for AEROBID®
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profiles of dissolution and permeation in this study, as devel-
oped and validated in-house.

ICS Aerosol Particle Collection on Membrane Filters
by Impaction

Fig. 1 schematically shows the collection of ICS aerosol
particles in the defined aerodynamic diameter range of 2.1–
3.3 μm onto the PVDF filter membranes by impaction following
generation from each of the inhaler products listed in Table I.
An 8-stage, non-viable Andersen cascade impactor (ACI Mark
II; Thermo Electron Corporation, Franklin, MA) with stainless

steel collection plates was used, coupled with the USP induction
port and the mouthpiece adaptor tailored to each inhaler. These
were assembled, together with a pump (General Electric
Company, Fort Wayne, IN), which was adjusted to operate at
28.3±0.2 l/min of the airflow rate. During this ACI assembly, the
stainless steel collection plate on the Stage 4 only was turned
upside down, such that six polyvinylidene difluoride (PVDF)
filter membranes (Durapore®; 25 mm in diameter; 0.22 μm
pore; Millipore Corporation, Billerica, MA) were placed, as
shown in Fig. 1. As this maintained the nozzle-to-plate distance
of the conventional calibrated ACI configuration, these filter
membranes enabled the collection of the 2.1–3.3 μm aerosol

Table II. Inhaled Corticosteroids (ICSs) and Their Quantitative Analytical Methods Used in this Study

Drug Analysis Column Mobile phase Flow rate Detection LOQh [ng/ml]

Flunisolide (FN) HPLC-UVa Spherisorb ODS-2d CH3CN/H2O=60/40 1.0 236 nm 50
Triamcinolone
acetonide (TA)

HPLC-UVa Spherisorb ODS-2d CH3CN/H2O=60/40 1.0 236 nm 50

Budesonide (BD) HPLC-UVa Spherisorb ODS-2d CH3CN/H2O=60/40 1.0 236 nm 50
Fluticasone
propionate (FP)

HPLC-MS/MSb Gemini C18e CH3CN/H2O=50/50
with 0.1% NH4HCO2

0.3 ESIb, m/z:
501.4→313.2

3

Beclomethasone
dipropionate (BDP)

HPLC-MS/MSc Zorbax Eclipse
XDB-C8f

CH3OH/H2O (A/B)g

with 2 mM NH4HCO2

0.6 APCIc, m/z:
521.4→319.4

1

aWaters Alliance HPLC system operated with Empower
bWaters Quattro-LC and Shimadzu LC system operated with Masslynx; positive ion mode; adapted from Krishnaswami et al. (11) with in-
house modifications

cWaters Quattro-Micro and Shimadzu LC system operated with Masslynx; adapted from Wang and Hochhaus (12) with in-house modifications
dWaters Corporation (4.6×250 mm, 5 μm; Milford, MA)
e Phenomenex, Inc. (4.6×50 mm, 3.5 μm; Torrance, CA)
fAgilent Technologies, Inc. (4.6×50 mm, 3.5 μm; Santa Clara, CA)
gGradient flow was set from B to A at 0% A (0.01 min), 50% A (0.4 min), 80% A (6.0 min), 90% A (7.0 min), 50% A (7.1 min) and 0% A
(10.0 min)

hLimit of quantification
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Andersen cascade
impactor (ACI)
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Fig. 1. Impaction collection of inhaled corticosteroid (ICS) aerosol particles in the 2.1–3.3 μm
aerodynamic diameters from commercial inhaler products onto 6 PVDF filter membranes using the
Andersen cascade impactor (ACI). The stainless steel collection plate of the Stage 4 was turned upside
down to place the PVDF membranes, while maintaining its size cut-off at 28.3 l/min of the airflow rate. The
magnified schematics show the ICS aerosol collection on the membranes placed at the Stage 4. Deposited
ICS aerosols are shown as solid triangles.
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particles at 28.3 l/min (13). The ICS aerosols were generated
from the pMDIs and DPIs with various actuations and doses,
respectively, and introduced into the ACI for their deposition
on the filter membranes. In one experiment, the PVDF
membranes were placed on the Stage 2 to collect the 4.7–
5.8 μm aerosol particles.

Dissolution and Permeation Profiles of ICS Aerosol Particles

Following ICS aerosol deposition, the ACI was disas-
sembled, and each of the filter membranes was placed, with the
deposited drug face down, onto the semi-permeable polyester
supporting membrane (25 mm in diameter; 0.4 μm pore) on the
donor compartment of the Transwell® insert (Corning, Inc.,
Acton, MA), as shown in Fig. 2. The Transwell® base contained
1.4 ml of phosphate-buffered saline (PBS; pH 7.4) for the FN,
TA and BD aerosols and distilled deionized water (DDW; pH
7.0) for the FP and BDP aerosols. The latter medium was
chosen for FP and BDP, as their solubility values were unaltered
from those in PBS, yet providing analytical simplicity in their
HPLC-MS/MS (data not shown). Immediately, 0.04 ml of PBS
or DDW was added over the PVDF membrane on the donor
compartment to initiate the ICS aerosol particle dissolution and
the Transwell® supporting membrane permeation. The entire
Transwell® systems were then placed in an incubator (NAPCO
Model 5410; Precision Scientific, Inc., Chicago, IL) maintained
at 37°C and near 100% relative humidity. An aliquot (0.5 ml) of
sample was taken from the receptor compartment at different
time points during the 5 or 10 h period; the receptor compart-
ment was immediately replenished with 0.5 ml of fresh and pre-
warmed PBS or DDWeach post-sampling, in order to maintain
its 1.4 ml volume. At the end of each experiment, the donor
compartment was thoroughly washed with 1.0 ml admixture of
60% acetonitrile (CH3CN) and 40% DDW to recover the ICSs
remaining to be dissolved and permeated. All the samples were
analyzed for ICS quantification by the validated methods shown
in Table II, and the profiles of dissolution and permeation were
determined, as described below.

Transwell® Membrane Permeation Profile of ICS Following
Solution Application

To determine the profile of ICS’s diffusive permeation
across the Transwell® supporting membranes, unhindered by
dissolution, 0.04 ml of 60 μg/ml flunisolide (FN, Sigma-Aldrich,
St. Louis, MO) solution in PBS was directly applied onto the
PVDF filter membrane (without drug deposits) placed on the
donor compartment of the Transwell® insert. An aliquot
(0.5 ml) of sample was then withdrawn at different times for
5 h, while theTranswell® systemwas placed inside the incubator.
The samples were analyzed by the methods shown in Table II,
enabling the profile determination of FN permeation across the
Transwell® membranes, unhindered by dissolution.

Profile and Data Analysis

Cumulative ICS mass dissolved and permeated into the
receptor compartment at a given sampling time was calcu-
lated from the product of the sample concentration and the
receptor compartment volume (1.4 ml) plus that of the
concentrations in previously taken samples and their volumes
(0.5 ml). Initial ICS mass deposited on each of the PVDF
filter membranes was determined from the total ICS masses
recovered from the donor and receptor compartments by the
end of each experiment. Accordingly, the dissolution and
permeation profile of each Transwell® experiment was
described as % of ICS mass dissolved and permeated into
the receptor compartment over initial ICS mass deposited as
a function of time. The profiles were then collectively
expressed as mean % profiles with standard deviation (SD)
from triplicate experiments. When applicable, the apparent
half-life of the profile was determined, assuming the first-
order kinetics reaching asymptotes. The statistical profile
comparison employed two-way analysis of variance
(ANOVA), where p<0.05 was considered to be significant.

RESULTS

ICS Aerosol Particle Collection on Filter Membranes
by Impaction

Table III shows the ICS masses deposited and collected
on each PVDF filter membrane placed on the Stage 4 of
the ACI following various actuations or doses from the
pMDIs or DPIs tested in this study, respectively (Table I).
The choice of the number of actuations or doses per
experiment was made so that the ICS masses deposited on
the filter membranes were compared optimally at the
equivalent mass range of 2–3 μg or varied within or across
the different ICSs and inhaler products. This was to assess the
kinetics of dissolution and permeation, in relation to the
specific ICS in question, aqueous solubility, deposited mass,
formulation and dosage form, and/or aerosol generation, as
studied below. Clearly, the required numbers of actuations or
doses to yield the comparable 2–3 μg mass deposition differed
between the ICSs and products, due to the differences in the
metered dose (Table I) and aerodynamic particle size
distribution. Overall, however, the ACI deposition system
shown in Fig. 1 enabled 0.4–19.8 μg of the 2.1–3.3 μm ICS
aerosol particle collection on the PVDF membranes in a

Donor

Receptor

Transwell insert

Transwell base
1.4 ml PBS or DDW

0.04 ml PBS or DDW

PVDF filter membrane
with ICS deposits, faced down

Transwell polyester
supporting membrane

Fig. 2. Dissolution and permeation for the defined-size aerosol
particles of inhaled corticosteroids (ICSs) in the Transwell® system.
The PVDF filter membrane with the deposited ICS was placed, with
the deposited drug face down, onto the donor compartment. Then,
0.04 ml of aqueous fluid was added over the filter membrane to
initiate ICS dissolution and permeation into the 1.4 ml receptor fluid,
while the entire system was maintained at 37°C and near 100%
relative humidity inside the incubator.
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fairly reproducible fashion (≤21% of relative standard
deviation).

Dissolution and Permeation Profiles of ICS Aerosol Particles

Effects of Aqueous Solubility and Deposited Mass
on the Apparent Profiles

Fig. 3-a shows the cumulative % mass profile of FN
appeared into the receptor compartment over 5 h upon aerosol
deposition at 2.3±0.1 μg on the PVDF membranes placed on
the Stage 4 of the ACI (in the 2.1–3.3 μm aerodynamic
diameter), generated from AEROBID® pMDI, compared to
that for FN applied as 0.04 ml of 60 μg/ml solution, i.e., 2.4 μg of
FN mass. Both profiles were kinetically apparent first-order,
reaching almost complete permeation by 5 h (95.0±1.1 and
97.3±0.3%, respectively) with the half-lives of 0.6–0.7 h.
Notably, the profiles were statistically indistinguishable (p>
0.05), although the aerosol deposition, in theory, required FN
dissolution in the 0.04 ml buffer fluid on the donor compart-
ment prior to membrane permeation. This, in turn, suggested
that such FN aerosol particle dissolution was rather sponta-
neous, complete and thus kinetically insignificant on the donor
compartment at this deposited mass. In fact, in calculation, the
0.04 ml buffer fluid on the donor compartment could afford
dissolving this 2.3 μg of the FN aerosol particles, by virtue of
140 μg/ml of high aqueous solubility (Table I). However, when
the aerosol masses were increased to 10.9±0.5 and 18.8±1.1 μg,
the kinetics of FN appearance to the receptor compartment
became progressively slower, as shown in Fig. 3-b. This was
likely caused by the aqueous fluid-capacity-limited dissolution
of the FN aerosol particles prior to the membrane permeation,
as the 0.04 ml buffer fluid could no longer dissolve the entire
deposited drug particles, thereby leaving the undissolved drug
particles on the donor side. Even so, the profiles at these higher
aerosol masses still reached near complete permeation by 5 h,
presumably since dissolution of such undissolved FN particles
efficiently occurred on the donor side, subsequent to the
membrane permeation of the dissolved FN into the receptor.

Table III. Deposited Masses of Inhaled Corticosteroid (ICS) Aerosol Particles Collected on the Filter Membrane Placed on the Stage 4 of the
Andersen Cascade Impactor (ACI) Following Various Actuations or Doses from the Inhaler Products

Drug Inhaler product a (metered dose) Number of actuations/doses
Deposited mass per membrane
[μg] (mean ± SD; n=3)

Flunisolide (FN) AEROBID pMDI (∼250 μg) 1 2.3±0.1
5 10.9±0.5
10 18.8±1.1

Triamcinolone acetonide (TA) AZMACORT pMDI (200 μg) 1 0.4±0.03
5 2.5±0.3
10 4.7±0.2

Budesonide (BD) PULMICORT DPI (50 μg) 1 0.8±0.04
TURBUHALER 5 1.7±0.1

10 2.9±0.2
Fluticasone propionate (FP) FLOVENT HFA pMDI (50 μg) 3 2.4±0.5

5 4.8±0.9
FLOVENT HFA pMDI (250 μg) 5 19.8±0.8
FLOVENT DISKUS DPI (50 μg) 22 2.4±0.4

Beclomethasone dipropionate (BDP) VANCERIL pMDI (50 μg) 7 1.6±0.2
QVAR pMDI (50 μg) 14 1.6±0.1

aAll product names are registered trademarks.

Time [h]

C
um

ul
at

iv
e 

%
 f

lu
ni

so
lid

e
(F

N
) 

ap
pe

ar
ed

 in
to

 t
he

 r
ec

ep
to

r

0 1 2 3 4 5

0 1 2 3 4 5

0

20

40

60

80

100

FN solution, 2.4 µg

FN aerosols, 2.3±0.1 µg

0

20

40

60

80

100

2.3±0.1 µg

10.9±0.5 µg

18.8±1.1 µg

FN aerosols

(a)

(b)

Fig. 3. Cumulative % mass of flunisolide (FN) appeared into the
receptor compartment as a function of time (a) following solution
application at 2.4 μg and aerosol deposition at 2.3 μg and (b)
following aerosol deposition at various 2.3–18.8 μg; these aerosols
were generated from AEROBID® pMDI and collected in the 2.1–
3.3 μm aerodynamic diameters. Data represent mean ± SD (n=3).
The profiles shown in (a) were statistically superimposed (p>0.05;
ANOVA).
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Hence, the profiles at these higher aerosol masses indeed
involved the kinetics of dissolution, represented by the slower
kinetics and longer half-lives, compared to those for FN applied
as solution or deposited at the lower mass (Fig. 3-a).

Fig. 4 shows the % profiles of dissolution and permeation
for the TA, BD and FP aerosol particles collected also on the
Stage 4 of the ACI in the 2.1–3.3 μm aerodynamic diameters
at various deposited masses per filter membrane from their

respective inhaler products. Given the limited aqueous
solubility of each of these ICSs (Table I), the 0.04 ml aqueous
fluid on the donor compartment did not completely dissolve
the deposited aerosol drugs in most cases, like the FN
aerosols at 10.9 and 18.8 μg (Fig. 3-b). As a result, the rates
of dissolution and permeation decreased with increasing the
deposited masses for each of the ICSs, as also seen in Fig. 3-b.
Again, this was attributed to increased undissolved ICSs left
on the donor membranes with increasing aerosol mass
deposition, which exceeded the dissolution capacities. Hence,
at the identical ICS mass deposition, the lower the ICS
aqueous solubility was, the greater the undissolved ICS mass
remained on the donor side and therefore, the slower the rate
of dissolution and permeation became. Indeed, when the
profiles were assessed at the best comparable 2.3–2.9 μg
aerosol deposition including the FN aerosols, the rank-order
of the rate and extent of dissolution and permeation
conformed to that of the ICS’s aqueous solubility, as shown
in Fig. 5, where the % ICS masses dissolved and permeated
into the receptor compartment were strikingly varied, ranging
from 1.9% to 95.0% at 5 h. This was surely due to the
maximum 1,000-fold difference in the aqueous solubility
across these ICSs, provided that their membrane diffusivities
were effectively consistent by virtue of similar molecular
weights and thus, diffusion coefficients.

Effects of Formulation and Inhaler on the Apparent Profiles

Fig. 6 shows the % profiles of dissolution and permeation
for the FP and BDP aerosol particles in the 2.1–3.3 μm
aerodynamic diameters, generated from different inhaler
products, yet collected at an identical mass of 2.4 and 1.6
μg, respectively. For FP, the profiles were linear, reaching
only ≤1.9% by 5 h (Fig. 6-a) and thus exhibiting the pseudo-
zero-order kinetics due to its extremely low aqueous solu-
bility (0.14 μg/ml; Table I). Nevertheless, these profiles were
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Fig. 5. Cumulative % mass of various inhaled corticosteroids (ICSs)
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of time following 2.1–3.3 μm aerosol particle deposition at compara-
ble 2.3–2.9 μg from respective inhaler products. Data represent
mean ± SD (n=3). Key: (○) flunisolide (FN) at 2.3±0.1 μg from
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from AZMACORT® pMDI, (□) budesonide (BD) at 2.9±0.2 μg
from PULMICORT® TURBUHALER® DPI and (▼) fluticasone
propionate (FP) at 2.4±0.5 μg from FLOVENT® HFA pMDI.
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statistically superimposed (p>0.05), which suggested that the
FP aerosol particles generated from suspension in the HFA-
134a propellant (pMDI) were identical to those from the
DPI (crystalline FP) in dissolution. In contrast, as shown in
Fig. 6-b, the profiles for the BDP aerosol particles both
appeared to be biphasic, as their linear rates slowed down
after 1.5 h. Moreover, the QVAR® pMDI exhibited signifi-
cantly faster and greater dissolution and permeation than the
VANCERIL® pMDI during 10 h (p<0.05), apparently caused
by the faster kinetics in the first 1.5 h for QVAR® than
VANCERIL®. Indeed, their linear rates were 2.6±0.3 and
1.5±0.2%/h, respectively, while the profiles at ≥1.5 h were
shown to be parallel, with their comparable rates at 1.1±0.08
and 1.1±0.03%/h, respectively. Notably, however, any of
these rates for the BDP aerosol particles were much faster
than the rate for the FP aerosol particles shown in Fig. 6-a,
i.e., 0.4±0.1%/h, despite the identical aqueous solubility (at
0.13 μg/ml for BDP and 0.14 μg/ml for FP; Table I). As a
result, the BDP aerosol particles from these two different
pMDIs enabled much higher 11.1±0.7 and 6.2±0.5% of

dissolution and permeation at 5 h than the FP aerosol
particles from their inhaler products (∼1.9%; Fig. 6). As FP
formulated in, and generated from, DISKUS® DPI was
indeed crystalline with the 0.14 μg/ml aqueous solubility,
neither of the BDP profiles likely resulted from the crystalline
BDP with the 0.13 μg/ml aqueous solubility.

Effects of Particle Size on the Apparent Profiles

Fig. 7 shows the % profiles of dissolution and permeation
for the BD aerosol particles collected in the different
aerodynamic diameter ranges of 2.1–3.3 and 4.7–5.8 μm on
the Stages 4 and 2 of the ACI at the comparable 1.7±0.1 and
1.9±0.1 μg, respectively, generated from PULMICORT®

TURBUHALER® DPI. The smaller 2.1–3.3µm BD aerosol
particles exhibited faster and greater dissolution and perme-
ation than the larger 4.7–5.8µm BD aerosol particles,
represented by the half-lives of 1.8±0.1 and 3.9±0.9 h,
respectively. This was presumably attributed to the 1.4–2.8
times greater surface area for the smaller-size aerosol
particles, which, in theory, should proportionally accelerate
their dissolution rates. Indeed, this ratio of the surface area
(1.4–2.8) was consistent with 1.6–2.8 estimated as a ratio of
their dissolution rates (via a reciprocal of the half-lives).

DISCUSSION

Aerosol drug particles generated from inhaler products
may alter their dissolution kinetically (e.g., rate, extent and/or
apparent order) from the bulk drug materials due to different
crystallinity, wettability and/or solubility by polymorphism,
amorphism and/or formulation excipients, as a result of
aerosol generation (4–8,14). Such dissolution kinetics could
be also dependent upon the aerosol particle size and
distribution, as the surface area per unit weight is greater
for the smaller-size aerosol particles. Moreover, the lining
fluid volume in the lung is quite limited (10–30 ml in humans),
such that, in certain cases, this could limit the maximum
aerosol drug mass for dissolution, thereby leaving undissolved
drugs on the airways. Such scenarios have been speculated
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since the advent of ICSs with extremely low aqueous
solubility, such as fluticasone, mometasone and ciclesonide
(4,6,8). In fact, one of these ICSs, FP, was reported to exhibit
quite long (4–5 h) mean absorption times from its pharma-
cokinetics in humans following inhalation, compared to other
readily soluble ICSs, e.g., BD and TA (<1 h; 4,6,15). Even so,
it still remains inconclusive whether these quite long mean
absorption times were indeed caused by incomplete aerosol
particle dissolution on the airways, as these pharmacokinetic
values were also highly affected and confounded by differ-
ences in the lung-regional deposition (6,7). Accordingly, it
was of great interest to identify that aerosol drug particles
generated from inhaler products dissolved differently from
bulk dissolution of the raw materials with known solubility,
due to the limited dissolution fluid capacity and aerosol
particle mass, size, formulation and/or generation.

The system developed in this study (Figs. 1 and 2) was
unique with respect to the ICS aerosol particle collection in
the defined-size and respirable 2.1–3.3 or 4.7–5.8 μm range,
directly generated from commercial inhaler products. Aerosol
drug particle dissolution occurred only into the limited
0.04 ml of the stationary aqueous fluid (PBS or DDW)
applied on the donor compartment of the 4.9 cm2 Transwell®,
after which only dissolved ICS was permeated into the
receptor compartment across the supporting membrane.
This limited 0.04 ml volume of the dissolution capacity was
well maintained hydrostatically with 1.4 ml of the receptor
compartment fluid under the sink conditions, as the receptor
concentrations never exceeded 20% of the aqueous
solubility of each ICS (data not shown). However, in simple
calculation, addition of this 0.04 ml aqueous fluid should have
resulted in 81.6 μm of the fluid thickness per unit area for
aerosol dissolution on the donor compartments. In this sense,
as the real lung lining fluid thickness, e.g., in the upper
tracheobronchial regions, has been reported to be 10–23 μm
or less (16,17), this system was rather in favor of the fluid
capacity per unit area for dissolution of deposited drug
aerosols, compared to the lung, by a factor of 3.5–8.2.
Finally, the entire system was placed inside the incubator
maintained at 37°C and near 100% relative humidity, like the
airways. All of these were an in vitro attempt to represent
aerosol drug particle dissolution into the limited volume of
the lining fluid within the lung following deposition.

While the profiles of dissolution and permeation differed
considerably between the ICSs, their rank-order was overall
shown to conform to that of the aqueous solubility (Fig. 5).
However, the kinetics appeared to be further hampered for the
ICSs with the low solubility, since the limited 0.04 ml PBS or
DDW, the stationary dissolution capacity for aerosol ICS
dissolution, appeared to leave undissolved drug particles on
the donor compartment. As a result, the profiles were also
shown to depend on the ICS aerosol masses, resulting in the
lower % dissolution and permeation with increasing aerosol
mass (Figs. 3-b and 4). Consistent with this observation, in a
satellite experiment, 0.04 ml addition of 100% ethanol enabled
much faster and greater % profile for the BD aerosol particles
than that of PBS shown in Fig. 4-b, by virtue of the higher BD
solubility in ethanol (data not shown). Meanwhile, the profiles
were also shown to be altered by formulation and/or aerosol
generation. In Fig. 6, the BDP aerosol particles exhibited
significantly faster and greater dissolution than the FP aerosol

particles, despite the identical aqueous solubility. Moreover, the
generations from two different pMDI products (VANCERIL®

and QVAR®) further resulted in the different profiles. Finally,
the profiles appeared to be also aerosol particle size-dependent,
yielding the faster and greater kinetics for the smaller-size
aerosols, at least for BD (Fig. 7). Quite recently, Son and
McConville (18) also reported aerosol particle size-dependent
dissolution kinetics for hydrocortisone collected from the
bench-scale formulation in the membrane cassette dissolution
system. Taken all together, it was successful in this study to
demonstrate that aerosol drug (ICS) particle dissolution into the
limited aqueous fluid volume could be kinetically different,
depending on not only the ICS solubility but also the aerosol
mass, size, formulation and/or generation.

The FP aerosols generated from the pMDI and DPI
exhibited indistinguishable profiles of dissolution and perme-
ation following equivalent mass deposition (Fig. 6-a). This
suggested that both aerosol drug particles were identical in the
dissolution kinetics, as the FP’s crystalline states were main-
tained upon aerosol generation from suspension in the HFA-
134a propellant (pMDI) and powder admixture with lactose
(DPI). Indeed, this was consistent with the pharmacokinetic
evidence of no real difference between these pMDI and DPI
inhalation in humans (19), even though the FP aerosol particle
dissolution in the lung was likely rate-limited. In contrast,
despite the identical aqueous solubility of the raw drug
materials, the BDP aerosol particles exhibited significantly
faster and greater dissolution and permeation than the FP
aerosol particles (Fig. 6). Moreover, the profiles were biphasic,
decelerating their rates at ≥ 1.5 h, while differing between the
VANCERIL® and QVAR® pMDIs (Fig. 6-b). In this context,
BDP has been shown to form solvate crystals (clathrates) in the
presence of CFC and HFA propellants (20), which should have
different solubility values from BDP itself. Furthermore, it has
been recently reported that its aerosol particles from solution in
the HFA propellant, like QVAR®, were initially round and
highly porous in shape, dissolving faster in the human bronchial
fluid than those from suspension in the CFC propellant (7).
Thus, these could explain the BDP’s biphasic profiles in this
Transwell® dissolution, caused by the initial formation of at least
partially amorphous BDP aerosol particles from these pMDIs,
likely followed by the formation of BDP-solvate crystals
(clathrates). Even so, it appeared unlikely that this difference
of the dissolution kinetics for the BDP aerosol particles from the
suspension in the CFC propellant and solution in the HFA
propellant caused the difference in their clinical performance.
Both dosage forms have been ensured to be clinically bio-
equivalent, as a result of reduction in the BDP dose for QVAR®

by virtue of its smaller aerosol size generation enabling clinically
preferable lung-regional deposition (21). In fact, this dose
reduction in the clinical study may have resolved the difference
in the dissolution kinetics of the BDP aerosols between these
two products.

Currently, the USP standards for product performance of
orally inhaled dosage forms only concern the testing of delivered
dose and aerodynamic particle size distribution (13), and do not
include that of dissolution. This is primarily because drug
delivery to, and regional deposition within, the lung are believed
to far outweigh aerosol drug particle dissolution in controlling
the effective dose and its therapeutic effect (22), as seems to be
the case even for BDP as discussed above. In fact, among the
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currently approved products, it was reported that there appears
to be no compelling evidence that dissolution of inhaled
therapeutics in the lung hampers their pharmacokinetics and/or
clinical performance following inhalation in humans (22).
Clearly, however, the system developed in this study was not
designed to predict such rate-determined dissolution for inhaled
aerosol drugs or to test pharmaceutical equivalence or difference
in dissolution within or between inhaler products. This was the
primary reason that PBS or DDW was employed as its
dissolution medium, despite substantial difference in composi-
tion from the real lung lining fluid, such as proteins, surfactants
and ionic species (23). It was, rather, aimed to kinetically
characterize the dissolution of the defined-size and respirable
aerosol drug particles, as related to changes in solubility, surface
area and structure, particle shape and/or crystal habit, independ-
ent from particle size or lung-regional deposition effects. Hence,
it would also be useful to assess the benefits of engineered
aerosol particles on dissolution (or release), such as liposomes,
micelles, microspheres or nanoparticles for inhalation.

CONCLUSIONS

This study developed a unique in vitro aqueous fluid-
capacity-limited dissolution system for respirable aerosol drug
(ICS) particles generated from commercial inhaler products.
Aerosol particles of 5 inhaled corticosteroids (ICSs) from 7
inhaler products were tested by kinetically monitoring their
dissolution into the limited 0.04 ml aqueous fluid on the
donor compartment of the Transwell® and permeation into its
receptor compartment at 37°C and near 100% humidity. The
% profiles of dissolution and permeation were apparent first-
order or pseudo-zero-order kinetically, reaching varying 1.9–
95.0% by 5 h, while their rank-order was overall in line with
that of the ICS aqueous solubility (Fig. 5). With increasing
aerosol particle mass, however, the profiles were decelerated,
attributed to undissolved ICS aerosol particles left by the
limited dissolution fluid capacity on the donor compartment
(Figs. 3-b and 4). Among them, the FP aerosols from
FLOVENT® HFA and DISCUS® exhibited indistinguishable
dissolution profiles, as the FP’s crystalline states could be
maintained upon aerosol generation from suspension in the
HFA-134a propellant (pMDI) and powder admixture with
lactose (DPI), respectively. In contrast, the BDP aerosols
from QVAR® were shown to dissolve significantly faster and
greater than those from VANCERIL®, presumably by virtue
of BDP’s amorphism and solvate crystal (clathrate) forma-
tion. As predicted from the theory, the 2.1–3.3 μm aerosol
particles dissolved faster than the 4.7–5.8 μm aerosol par-
ticles. Through this unique dissolution system, the ICS
aerosol particle dissolution in the limited volume of aqueous
fluid was shown to differ kinetically due to not only ICS
solubility but also aerosol mass, size, formulation and/or
generation.
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