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ABSTRACT
Purpose Novel itraconazole (ITZ)-based dry powders for inhala-
tion (DPI) were optimized for aerodynamic and dissolution prop-
erties and contained excipients that are acceptable for inhalation.
Methods The DPI were produced by spray drying solutions.
The drug content, crystallinity state, and morphological evaluation
of the dry powders were determined by high performance liquid
chromatography, powder X-ray diffraction, differential scanning
calorimetry, and scanning electron microscopy, respectively. A
particle size analysis was conducted using laser light scattering.
The aerodynamic behaviors of the powders were characterized
by impaction tests. ITZ dissolution rates were evaluated using a
dissolution method adapted to inhaled products.
Results The DPI presented very high fine particle fractions that
ranged from 46.9% to 67.0% of the nominal dose. The for-
mulations showed very fast dissolution rates compared to un-
formulated crystalline ITZ with the possibility of modulating the
dissolution rate by varying the quantity of phospholipids (PL)
incorporated. ITZ remained amorphous while the mannitol
was crystalline. The α, β and δ-mannitol polymorph ratios
varied depending on the formulation compositions.
Conclusion This formulation strategy could be an attractive
alternative for treating invasive pulmonary aspergillosis. The
ITZ and PL content are key characteristics because of their
influence on the dissolution rate and aerosol performance.

KEY WORDS dry powder for inhalation (DPI) . invasive
aspergillosis . itraconazole . mannitol . polymorphism

ABBREVIATIONS
API active pharmaceutical ingredient
CI Carr’s index
dae aerodynamic diameter
DPI(s) dry powder(s) for inhalation
ED emitted dose
FDA Food and Drug Administration
FPD fine particle dose
FPF fine particle fraction
IA invasive aspergillosis
IC immunocompromised
ICDD International Center for Diffraction Data
ITZ itraconazole
IV intravenous
MIC minimal inhibitory concentration
MsLI multi-stage liquid impactor
MTDSC modulated temperature differential scanning

calorimetry
NGI next generation impactor
PL phospholipids
PSD particle size distribution
PXRD powder X-ray diffraction
RIR reference intensity ratio
RPM round per minute
SD spray dried
SEM scanning electron microscopy
TGA thermogravimetric analysis

INTRODUCTION

Aspergillosis refers to the spectrum of pathologies caused by
Aspergillus species. These species are filamentous fungi, more
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precisely ascomycetes. Invasive aspergillosis (IA) is an ad-
vanced state of Aspergillus colonization that occurs after the
germination of conidia. IA is a frequent cause of infectious
disease related to morbidity and mortality in immunocom-
promised (IC) patients. In the past two decades, the inci-
dence of IA infections has increased dramatically. For
instance, from the 1980s to 1997, the trend in mortality
associated with IA increased by 357% (1). Because aspergil-
losis is an opportunistic disease, this rise in IA frequency can
be explained by the rising number of IC patients currently
encountered in clinical practice.

Similar to all ascomycetes, Aspergillus reproduces by the
production of conidia, which can remain suspended in the
air and survive out in the open for long periods of time. The
hosts are most commonly contaminated with these conidia by
inhalation. The lungs are the principal gateway for this path-
ogen (80–90% of IA (2)) and are often the starting point for the
invasion, which can lead to lethal dissemination in more than
90% of cases (2). As previously reported, the invasive state is
mainly reached in the IC population, in which the immune
defenses (principally macrophages and neutrophils (3)) are not
sufficiently strong to prevent the germination of conidia after
inhalation. Consequently, the hyphae proliferate through the
tissues and blood capillaries in the contaminated area, reach-
ing what is commonly called the invasive state.

Despite the current advanced therapies, the mortality
rate is still very high (from 40% to 90%) when the invasive
stage is reached (this number varies depending on the pa-
tient category and study). For most IC patients, progression
can be dramatically fast (e.g., 7–14 days from onset to death)
(2). This high rate of treatment failure can be explained by
the combination of several factors. First, depending on the
symptoms that are presented, invasive pulmonary aspergil-
losis is difficult to diagnose in the first stage of the disease. By
the time the first clinical manifestations of the infection
occur (i.e., hemoptysis), the invasive state has often already
been reached. Another important reason for treatment fail-
ure is that the existing therapies are administered orally
and/or intravenously and can induce a large number of side
effects and metabolic interactions (4) because of the high
systemic concentrations needed to achieve an effective pul-
monary concentration. Moreover, due to the poor solubility
of these antifungal drugs, oral therapies show high inter-
and intra-individual variation in terms of bioavailability,
which may lead to infra-therapeutic concentrations in the
lung tissue and therefore inside the fungal lesion (5). For
these reasons, pulmonary delivery constitutes an interesting
alternative for prophylaxis and/or the treatment of invasive
pulmonary aspergillosis. Delivering antifungal medication
directly to the lung at the infection site allows concentrations
above the minimal inhibitory concentration (MIC) 90% to
be effectively and directly maintained in the lung tissue. This
approach was found to be effective in some preclinical trials

(6,7). Bypassing the systemic circulation should minimize the
occurrence of side effects and metabolic interactions that are
often the reason for antifungal treatment failure.

In the present study, ITZ, a broad-spectrum antifungal
agent, was chosen as the active pharmaceutical ingredient
(API) to be formulated as a dry powder and administered by
inhalation in the treatment strategy described above. This
API has already shown attractive properties in terms of
efficacy and safety in previous mouse studies investigating
pulmonary IA prophylaxis by inhalation (nebulization)
(6,7). DPIs have received considerable attention for pul-
monary drug delivery in the past few years. This attention
is due to their numerous advantages, such as their
propellant-free composition, increased long-term storage
stability, and passive actuation, compared to metered dose
inhalers and nebulizers (8).

The formulation strategy for a DPI including an active
ingredient such as ITZ involves several specific considerations.
The formulation should be characterized by a suitable aero-
dynamic particle size distribution to achieve effective lung
deposition after dose actuation from an inhaler device. More
precisely, the API deposition profile has to be considered in
relation to the aerodynamic diameter (dae) of the potentially
inhaled conidia. Indeed, the dae of the conidia will determine
their deposition site in the lung and therefore the fungal
germination and infiltration sites. ITZ is a poorly water-
soluble API classified in class II of the Biopharmaceutical
Classification System (9), and its dissolution rate is a
limiting factor for its efficacy (10) and safety (local irrita-
tion and inflammation) when administered through the
pulmonary route (11,12). For these reasons, the formula-
tion design should include a pharmaceutical strategy to
improve drug dissolution. Enhancing drug dissolution
and solubility should also allow a higher quantity of drug
to diffuse through the pulmonary epithelium directly to
sites where the fungus could have infiltrated. There are
several strategies for improving drug dissolution and/or
solubility (13). However, the field of action is consider-
ably restricted in pulmonary drug delivery due to the low
number of FDA-authorized inactive ingredients/solvents
that can be used in both the manufacturing process and
the composition of the developed product (14).

To optimize the dissolution rate of ITZ while maintain-
ing good aerodynamic performance, we decided to produce
solid dispersions with excipients acceptable for inhalation. In
a previous study, we showed the ability to improve the ITZ
dissolution rate and saturation solubility when those solid
dispersions were composed of a mannitol matrix in which
ITZ was dispersed in a glassy amorphous form (15). How-
ever, we found that the addition of a surfactant, tocopherol
polyethylene glycol 1000 succinate (TPGS), accelerated the
ITZ dissolution rate and improved the saturation solubility
but dramatically decreased the aerosolization properties. To
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maintain this acceleration of dissolution using an accepted
excipient and not affecting aerosol performance, we decided
to develop ITZ-based solid dispersions with mannitol and the
hydrogenated soy-lecithin present in the lung as a surfactant.
These new formulations could represent an attractive alterna-
tive for combating IA by localized delivery. Localized delivery
of this formulation type would allow the API concentration in
the lung to be maximized and the systemic exposure to be
minimized, which drastically decreases the possibility of sys-
temic side effects and metabolic interactions. The aim of this
study was to evaluate those new compositions in term of
dissolution and aerosolization. A particular attention was paid
on particles polymorphism.

MATERIALS AND METHODS

Materials

Raw ITZ was purchased from Hetero Drugs Ltd. (Andhra
Pradesh, India) and micronized by jet milling (volume mean
diameter, 3.5 μm; 90% of particles below 6.2 μm). The
Phospholipon 90 H®, which is composed of hydrogenated
soy-lecithin with more than 90% hydrogenated phosphati-
dylcholine, was purchased from Nattermann Phospholipids
GmbH (Köln, Germany). The Pearlitol PF® (mannitol) was
kindly donated by Roquette Frères (Lestreme, France). The
sodium lauryl sulfate was purchased from Sigma Aldrich
(Belgium). All of the solvents used were analytical grade.

Methods

Dry Powder Preparation

The dry powders were produced by spray-drying using a
Büchi mini spray-dryer B-191a (Büchi Laboratory-
Techniques, Switzerland). Spray-drying is a useful tech-
nique in DPI production because of its easy operation and
the opportunity for controlling particle size distribution,
density, and morphology by modification of the formulation
and atomization parameters (16). The solutions were pre-
pared as follows. ITZ and the excipient(s) were dissolved
under magnetic stirring (600 rpm) in a hydro-alcoholic
solution (water-isopropanol 20:80) heated to 70°C. The
solutions were then spray-dried under the following condi-
tions to retrieve dry particles: spraying air flow, 800 L/h;
drying air flow, 35 m3/h; solution feed rate, 2.7 g/min;
nozzle size, 0.5 mm. The compositions of the spray-dried
hydro-alcoholic solutions are summarized in Table I. The
different solutions were spray-dried at an inlet temperature
fixed at 90°C, generating an outlet temperature of 55°C,
which was found to be the upper limit of the outlet temper-
ature for preventing glassy ITZ liquefaction (15).

Characterization of Crystallinity

The crystallinity profile of each sample was assessed using
modulated temperature differential scanning calorimetry
(MTDSC) and powder X-ray diffraction (PXRD). These
two techniques provide complementary information on
polymorphisms.

MTDSC. The MTDSC experiments were conducted using a
Q 2000 DSC (TA Instruments, Zellik, Belgium) equipped
with a refrigerated cooling system. Crystallization phenom-
ena were observed in the non-reversing heat flow, glass
transformations were observed in the reversing heat flow,
and melting was observed in the total heat flow. All of the
samples were analyzed in the same conditions, which follow.
A 2–3 mg sample was precisely weighed in a low mass
hermetic aluminum pan. The sample was heated from 25°C
to 185°C at a 5°C/min temperature rate with a modulation
of +/−0.8°C every 60 s. The instrument was calibrated for
temperature using indium. The heat flow and heat capacity
signals were calibrated using a standard sapphire sample.
Universal Analysis 2000 software was used to integrate each
thermal event.

PXRD. The powders were analyzed using the Debye-
Scherrer method. The samples were passed under the Kα
line of copper with monochromatic radiation (λ01.540 Å).
The diffractometer (Siemens D5000, Germany) was
equipped with a mounting for Bragg-Brentano reflection
and connected to a monochromator and the Diffracplus
channel program. The measurements were made at 40 kV
and 40 mA with an angular 2θ range from 2° to 60° in steps
of 0.02°, a counting speed of 1.2 s per step and a sample
rotation speed of 15 rpm.

The percentage of crystalline phase in the spray-dried
powders was measured using the surface area ratio method
(17). The degree of crystallinity was calculated as in equa-
tion 1, where AT is the total area under the diffractogram
and Ac is the area under the diffractogram without integrat-
ing the deviation from the baseline. The amorphous content
(expressed in %) was estimated as 100% minus the estimated
degree of crystallinity.

%Crystallinity ¼ AC

AT

� �
� 100

The reference intensity ratio (RIR) technique (18–20) was
used to investigate the polymorphism of mannitol after
spray-drying. This semi-quantitative method of estimation
consists of comparing the peak intensities of the different
phases in a specimen with reference patterns (from the
database of the International Center for Diffraction Data,
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ICDD). One specific diffraction peak was chosen for each
polymorph (when there was no other crystalline structure
that could be present in the diffracted dry powder); specific
diffraction peaks at 43.92, 16.81, and 22.09° 2θ were used
for α-, β-, and δ-mannitol, respectively, and their respective
ICDD spectrums were adjusted to those diffraction rays for
the calculation. The calculations were made using the Diffrac-
plus EVA software (Bruker Belgium S.A., Brussels, Belgium).
The results are expressed as an estimation of the percentage of
each polymorph in the formulations.

Characterization of Flow Properties

The Carr’s compressibility index (CI) was used to evaluate
powder flowability. A pre-weighed quantity of dry powder
was placed in a 10 ml graduated cylinder. The apparent
volume occupied by the powder was noted before and after
the application of 1000 taps to the cylinder using a tap density
tester (Stampfvolumeter, STAV 2003, Jel, Germany). The CI
was then calculated from the difference between the apparent
volume before and after tapping and was expressed as the
percentage of apparent volume before tapping, as described in
European Pharmacopoeia 7.2. CI values below 25% are
usually taken to indicate good flowability, whereas values
above 40% indicate poor flowability.

Thermogravimetric Analysis

The residual moisture and solvent content of the different
dry powders was assessed using thermogravimetric analysis
(TGA) with a Q500 apparatus (TA instruments, New Cas-
tle, USA) and Universal Analysis 2000 software version 4.4A
(TA Instruments, Zellik, Belgium). The residual water and
solvent content was calculated as the weight lost between
25°C and 125°C and was expressed as a percentage of the
initial sample mass. The runs were set from 25°C to 300°C

at a heating rate of 10°C/min on a sample mass of about
10 mg and were performed in triplicate.

Characterization of Particle Shape by Scanning Electron
Microscopy

The morphology of the particles was evaluated using an
environmental scanning electron microscope (Philips XL30
ESEM-FEG; FEI, Eindhoven, the Netherlands). The sam-
ples were spread on a carbon adhesive band and coated with
gold at 40 mA and 6.10−2 mbar for 90 s under argon.
Observations were made at an acceleration between 3 kV
and 25 kV, depending on the sample.

Particle Size Analysis

The particle size distribution (PSD) of the dry powders was
evaluated by laser scattering using a Malvern Mastersizer
2000® equipped with a Sirocco® dry feeder dispersion unit
(Malvern Instruments Ltd, Worcestershire, UK). The particle
size measurements were carried out on a sample of about
50 mg at a pressure of 4 bars and a feed rate vibration set at
40%. These conditions allowed the measurement of the PSD
of almost completely deagglomerated powder due to the very
drastic dispersion conditions that were generated in the dis-
persion unit. A particle refractive index with a real part of 1.48
and imaginary part of 0.1 were chosen for the formulation,
while values of 1.61 and 0.01 were used for pure ITZ. These
values ensured a low-weighted residual (<2%), which ensures
the integrity of results.

A Malvern Spraytec® (Malvern Instruments Ltd, Worces-
tershire, UK) was used tomeasure the PSD of the aerosol cloud
that penetrated the MsLI during particle aerodynamic behav-
ior analysis. The laser beam was placed directly between the
throat and the impactor to measure the PSD of the dry powder
cloud generated. The dry powder cloud was fractionated as a
function of its dae in the MsLI during simulated inhalation
conditions. For both techniques, the average PSD was

Table I Theoretical Composition of the Spray-Dried Solutions in Water-Isopropanol (80:20) and the Dry Powder Formulations

Sample Solution composition Dry powder composition

ITZ % (w/v) Mannitol % (w/v) PL % (m/mITZ) ITZ % (w/w) Mannitol % (w/w) PL % (w/w)

F1 0.56 1 – 35.9 64.1 –

F2 0.1 0.9 – 10 90 –

F3 0.56 1 1 35.77 63.87 0.36

F4 0.56 1 10 34.65 61.88 3.47

F5 0.1 0.9 10 9.90 89.11 0.99

Spray-dried ITZ 0.56 – – 100 – –

Mannitol – 1 – – 100 –
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calculated from three replicate measurements of each sample.
The results were expressed in terms of D[4,3] and d(0.5), which
are the mean volume diameter and the median volume diam-
eter (the size in microns at which 50% of the particles are
smaller than the rest of the distribution), respectively.

Particle Aerodynamic Behavior Analysis

The particle aerodynamic behavior analyses were conducted
using a multi-stage liquid impinger (MsLI, Copley Scientific,
Nottingham, England). An Axahaler® (Laboratoires SMB,
Belgium) was used as the dry powder inhaler. A flow rate
(adjusted to a pressure drop of 4 kPa) of 100 L/min for 2.4 s
was applied throughout the device for dose actuation. At this
flow rate, the particles with a dae above 10 μmwere stopped in
the connection port, while the particles with a dae between 10
and 5.27 μm were stopped in the two first stages of the MsLI.
The cut-off diameters were 5.27, 2.40, and 1.35 μm between
stages 2 and 3, 3 and 4, and 4 and 5, respectively. The flow rate
was measured using a DFM3 flow meter (Copley Scientific,
Nottingham, United Kingdom). The device was filled with n°3
HPMC capsules (Qualicaps, Spain) that were loaded with an
approximate quantity of dry powder corresponding to 2.5 mg
of ITZ. Three capsules were used for one test. After the three
dose actuations, the total amount of dry powder deposited in
each part of the impactor was quantified using a suitable and
validated HPLC method. Each test was repeated three times.
The fine particle dose (FPD), fine particle fraction (FPF), and
emitted dose (ED) were calculated for each formulation. The
FPD corresponds to the mass of the active substance with a dae
smaller than 5 μm. The FPD was determined by interpolation
from the cumulative mass versus the cut-off diameter of the
respective stage. The FPF is the FPD expressed as a percentage
of the nominal dose, while the ED corresponds to the percent-
age of the total drug dose that was recovered in the throat,
stages 1, 2, and 3, and the filter of the MsLI during the tests.

Drug Content Determination

The drug content was determined to compare the expected
and actual drug content. The samples were reconstituted in an
appropriate solvent and analyzed using an HPLC quantifica-
tionmethod. The average content (% by weight of dry form, wt
%), relative standard deviation percentage (RSD%), and rela-
tive errors were calculated from five analyses.

Dissolution Tests

The dissolution performances were evaluated using a specific
dissolution method that was recently developed for DPI. A
device was designed to collect a dry powder dose exhibiting a
determined aerodynamic range on a flat surface after actuation
from an inhaler device (15). The device consists of a dose

collector plate (called the membrane cassette) that is fixed on
a quick release plate and placed on stage 3 of a Next Gener-
ation Impactor (NGI) (Copley Scientific Limited, Nottingham,
UK). After the dose actuation from an inhaler device into the
NGI, the membrane cassette was removed, covered with a
polycarbonate membrane (0.4 μm diameter pore) (Millipore,
Ville, Pays), and sealed in place with a sealing ring. This
prepared dose collector device was then placed in the bottom
of a dissolution vessel with a paddle apparatus (USP 33 type 2
apparatus, Erweka DT6, Heusenstamm, Germany), and the
dissolution testing was conducted as described below. Once the
collector device was placed in the dissolution vessel, the follow-
ing conditions were used. The paddle speed was set at 75 rpm,
and the dissolution vessel was filled with 300 ml of dissolution
media. Itraconazole release was quantified at pre-determined
intervals (0, 2, 5, 10, 20, 30, 60, 120, and 180 min) with a
suitable HPLC method. For this quantification procedure,
volumes of 2 ml of the dissolution media were removed from
the dissolution vessel at different time intervals and directly
replaced with fresh dissolution medium. These 2 ml samples
were directly filtered through 0.2 μm diameter filters to avoid
the quantification of undissolved particles at the determined
time intervals. The cumulative amount of drug released was
calculated, expressed as a percentage of the total drug load and
plotted versus time. At the end of the test, the dose collection
plate was removed from the dissolution vessel and washed with
an exact volume of dilution phase for the quantification of the
undissolved fraction. An Axahaler® device (SMB®, Brussels,
Belgium) containing a n°3 HPMC capsule (Qualicaps®,
Madrid, Spain) was used as the inhaler. The dose actuations
were realized once per insert at a flow rate of 60 L/min for 4 s.
The nominal doses were adapted for a total ITZ load dose of
about 400 μg on each insert. Each test was repeated three
times. In these conditions, the dae range of the collected par-
ticles was between 2.82 and 4.46 μm. This measurement was
performed to evaluate whether the particles exhibiting the
same dae as potentially inhaled conidia (~3 μm) (21) presented
an improved dissolution rate. The dissolution media was a
physiological buffered solution that was described in European
Pharmacopoeia 7.2 (pH adjusted to 7.2). Sodium lauryl sulfate
(0.3%) was added to this solution to reach sink conditions. The
physiological buffered solution was composed (w/v) of 0.8%
sodium chloride, 0.02% potassium chloride, 0.01% calcium
chloride, 0.01% magnesium chloride, 0.318% disodium hy-
drogen phosphate and 0.02% potassium dihydrogen phos-
phate. The media was heated to 37°C and maintained at this
temperature throughout the tests.

HPLC/UV Method

A suitable validated HPLC/UVmethod was used to quantify
ITZ. The analyses were performed using an HP 1200 series
(Agilent Technologies, Brussels, Belgium) equipped with a
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binary pump, an autosampler, and a diode array detector
with a detection wavelength set at 263 nm. The separations
were performed in reverse phase using a LiChroCART Pur-
ospher® Star RP 18 (N-capped), which is a base-deactivated
column (5 μm) (Merck Chemical, Overijse, Belgium). The
mobile phase (acetonitrile-phosphate buffer adjusted to pH
6.4, 60:40) was run at a flow rate of 1 ml/min.

Statistical Analysis

The dissolution data releases obtained were statistically com-
pared using the fit factor (22), as recommended by the FDA’s
Guidance for Industry. The difference and similarity fit factors
(f1 and f2) were calculated to compare pairs of dissolution
profiles. The curves were considered similar if the f1 value
was below 15 and the f2 value was close to 100 (between 50
and 100).

RESULTS AND DISCUSSION

Physicochemical Characterization

The ITZ content results for the different formulations are
summarized in Table II. The measured values were very
close to the expected values, with relative errors ranging
between −3.9% and 3.0%. The active ingredient seemed
to be uniformly distributed, as the RSD% remained within
reasonable limits (less than 3.3%). A good API distribution
in the particles is a crucial point for uniformity in the
administered dose. The measured ITZ content values were
used as the nominal doses during the aerodynamic fine
particle assessment. The relative error between the mea-
sured and expected ITZ content for pure spray-dried ITZ
(100%) was equal to 0.7%.

TGA analysis was used to assess the residual water and
isopropanol remaining after the spray-drying process. After
that the samples were heated from 25°C to 125°C, the mea-
sured weight losses were very low (<0.5%, Table II) for each
formulation. These low values indicate almost complete sol-
vent and water evaporation during the spray-drying process.
Low residual water and solvent contents are important for
reducing both toxicity risks and the agglomeration of particles
by capillary interactions during inhalation (23), in addition to
enhancing product stability during long-term storage (24).

After spray-drying a solution, it is possible that different
polymorphic forms or polymorph mixtures, as well as amor-
phous material, may be obtained in the final dry product.
Because the solubility, activity, stability, morphology, and
physicochemical properties of a compound can be modified
by its polymorphic form, it is important to fully characterize it.
PXRD and MTDSC are two widely used, complementary
techniques that help to determine the crystalline properties of
a solid.

Following the conditions described above, spray-dried
ITZ was retrieved in its dry, amorphous, glassy state and
was characterized by specific thermal events (15). This par-
ticular profile was also observed in the MTDSC curves for
the formulations containing the highest proportion of ITZ
(~35%; formulations F1, F3, and F4) (Fig. 1). The glass
transition at about 49°C was present in the reversing heat
flow, as was the cold crystallization exotherm at around
100°C in the non-reversing heat flow. These thermal events
were not detected in the formulations containing the small-
est proportion of ITZ (~10%, formulations F2 and F5),
most likely due to the lack of sensitivity of the thermal
detection method. The spray-dried mannitol and ITZ
melted (total heat flow) at around the same temperature (i.e.,
164°C). One supplementary endothermic peak followed by
an exothermic peak around 150°C was observed for

Table II Physicochemical Characterization of the Dry Powders for Inhalation: ITZ Content (mean ± S.D., n05), Weight Loss Measured by TGA (mean ±
S.D., n03), Amorphous Content, and α-, β- and δ- Mannitol, as Measured by PXRD, Are Shown

Formulation Drug content TGA PXRD

Measured ITZ
content (wt%)

Coefficient
variation (%)

Expected ITZ
content (wt%)

Relative
error (%)

Weight
loss (%)

Amorphous
content (%)

α-mannitol
(%)

β-mannitol
(%)

δ-mannitol
(%)

F1 34.5±0.6 1.64 35.9 −3.9 0.35±0.05 55 42 2.5 55.1

F2 10±0.3 3.25 10 −0.1 0.35±0.03 34.5 38.3 1.3 60.3

F3 35.6±0.7 1.82 35.8 −0.6 0.30±0.04 53 31.4 2.9 65.7

F4 33.6±0.7 2.01 34.65 −3.1 0.19±0.2 57 1.1 0.4 98.5

F5 10.2±0.2 1.98 9.9 3.0 0.17±0.04 37 20.5 0.9 78.8

Spray-dried
ITZa

100.7±1.6 1.61 100 0.7 – 100 – – –

Spray-dried
Mannitola

– – – – – 22.9 77.9 4.1 18

a spray-dried in the same conditions as formulations F1, F2, F3, F4, and F5
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formulation F4. These transitions correspond to the melting of
δ-mannitol followed by crystallization into the β-polymorph
(25). The other formulations did not exhibit this thermal
event, most likely because the mannitol was almost completely
in the δ form in formulation F4 (see below).

The PXRD patterns are illustrated in Fig. 2. The charac-
teristic halo spectrum of an amorphous compound was ob-
served for the pure spray-dried ITZ. The amorphous content
calculated for this sample was equal to 100% (Table II), which
confirmed the lack of any crystalline structure. The pure
spray-dried mannitol was mostly in the crystalline form, which
is in agreement with other previously published works (25,26).
Diffraction peaks corresponding to the crystalline material
were present in all of the solid dispersion formulations
(Fig. 2). The diffraction peaks for ITZ positioned at 4.62°
2θ, 8.69° 2θ, 14.5° 2θ, which are angular positions where no
crystalline mannitol polymorph diffract, were selected as indi-
cators of the ITZ crystalline state. These particular peaks were
not present in any of the formulations, which suggested the
amorphous nature of ITZ. No diffraction peaks characteristic
of PL were visible in the formulations containing the surfac-
tant agent (formulations F3, F4, and F5), most likely due to the
very low proportion and likely amorphous nature of PL after
spray-drying (27). The amorphous content of the dry powder
was determined using the diffractogram surface area ratio

method. The results are summarized in Table II. As expected,
pure spray-dried mannitol was mostly crystalline, with an esti-
mated amorphous content of 22.9%. The amorphous percen-
tages calculated for all of the formulations were in accordance
with their measured ITZ content, theoretical PL content, and
the estimated content of amorphous spray-dried puremannitol.
For instance, the ITZ content measured for formulation F1 was
equal to 34.5%, while pure mannitol spray-dried at the same
concentration showed an amorphous content of 22.9%. If ITZ
had been entirely amorphous in F1, a total amorphous content
of 57.4% would have been calculated, whereas the actual
amorphous content was estimated to be 55%. The sum of the
ITZ content measured by HPLC (Table II) and the theoretical
PL content (Table I) of all of the respective formulations
(expressed as % w/w) were strongly correlated with the amor-
phous content calculated by PXRD (R200.99, Fig. 3). This
finding indicated that an increase in the content of ITZ and PL
was accompanied by a proportional increase in the amorphous
content of the dry powders. Coupled with the MTDSC results,
this finding suggested that ITZ and PL were entirely amor-
phous in those formulations and that the diffraction peaks only
came from crystalline mannitol. No evidence of either amor-
phous ITZ or PL recrystallization was observed in any of the
formulations after 1 year of storage, and the percentage of
amorphous content remained unchanged (data not shown).

Fig. 1 MTDSC heating curves for spray-dried ITZ, mannitol, and the dry powder formulations (exothermic events are up).

Itraconazole Dry Powders for Inhalation 2851



Mannitol is known to show polymorphisms. The poly-
morphic form that can be obtained after a formulation process
is influenced by the processing conditions and the addition of
other components, such as proteins (25,28). Three particular
crystalline polymorphs have been widely described in the
literature (29) and are classified as the α-, β-, and δ-
polymorphs. These polymorphs are reported to present dif-
ferent PXRD patterns, with specific diffraction peaks identi-
fied for each specimen. The proportion of each polymorph in
the total mannitol crystalline network of each formulation was

estimated using RIR methodology and used as an inter-
formulation comparator. The three mannitol polymorphs
were present in all of the spray-dried powders, as judged by
comparison to the ICDD reference diffractograms. β-
mannitol, which is thermodynamically the most stable poly-
morph, is recovered in the majority of powders spray-dried
from an aqueous solution (30). However, for these particular
solid dispersion preparations and even the mannitol that was
spray-dried alone, the β-polymorph was in the minority, with
relative percentage values ranging from 0.4% to 4.1%
(Table II) and the α and δ meta-stable forms becoming the
most prevalent polymorphs. The isopropanol seemed to play
a role in the formation of the mannitol crystal structure,
promoting the nucleation of the mannitol in the form of its
α- and δ-polymorphs. On one hand, the more rapid evapo-
ration time from hydro-alcoholic solutions compared to pure
water solutions led to the formation of a less stable form
because less time was available for the molecules to arrange
in the more stable configuration. Indeed, as described by
Ostwald (31) the phenomenon of crystallization from a solu-
tion starts with a thermodynamically unstable phase that is
followed by recrystallization to a thermodynamically more
stable phase. Thus, the increase in the drying rate for the
isopropanol-water system prevented the reconversion of man-
nitol to its thermodynamically more stable phase, a process
that had enough time to occur in the spray-dried aqueous

Fig. 2 PXRD diffractograms for raw ITZ, spray-dried ITZ, and the dry powder formulations.α, β, and δ-mannitol specific diffractions rays are shown by an
arrow.

Fig. 3 The correlation between the ITZ content (measured by HPLC)
and theoretical PL content (%) and amorphous content, as calculated using
PXRD.
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systems. On the other hand, solvent molecules can be selec-
tively adsorbed onto the surface of certain polymorphs, there-
by either inhibiting their nucleation or retarding their growth
to the advantage of others, as demonstrated by Khoshkhoo
and Anwar (32). Because mannitol and isopropanol possess
many hydrogen acceptor and donor sites (33), hydrogen ori-
entation due to hydrogen bonds is likely to occur between
them while isopropanol is adsorbed on mannitol particle
surfaces, which influences the crystal orientation during crystal
formation. The proportion of α- and δ-polymorphs in the
different formulations varied depending on the PL/ITZ/
mannitol ratio. Indeed, when comparing pure spray-dried
mannitol and formulation F1, the addition of ITZ increased
the percentage of the δ-polymorph from 18% to 55.1%. The
addition of PL also induced the preferential formation of the
δ-mannitol polymorph. During the concomitant spray-drying
of mannitol, PL, and ITZ, the latter two most likely promoted
the formation of δ- and α-mannitol polymorphs at a molecu-
lar level by interacting with their chemical groups (e.g., the
highly nucleophilic tertiary amine from the azole group of
ITZ), which are also rich in hydrogen bonding sites from the
crystallization step. These interactions seemed to favor the
preferential orientation of the crystal lattice in the δ-
mannitol configuration. The rate of δ-mannitol formation
seemed to be correlated with the total amount of PL
(Table II). The higher the total amount of PL, the higher the
proportion of the δ-polymorph observed (e.g., formulations
F1 (0% PL), F3 (0.36% PL), and F4 (3.47% PL) showed δ-
mannitol proportions of 55.1%, 65.7%, and 98.5%, respec-
tively). Despite their theoretically lower thermodynamic
stability, the δ- and α-mannitol polymorphs did not sponta-
neously re-crystallize to the β configuration during storage at
ambient temperature and humidity conditions (data not
shown). This transition is known to occur when the residual
moisture in the crystal lattice is elevated (33). Therefore, the
lower water content of the sample (<0.5%, Table II) may
inhibit polymorphic δ– β conversion.

SEM was used to conduct a qualitative morphological
evaluation of the dry powders. Mannitol was the major com-
ponent of the spray-dried formulations and was therefore
subject to forming matricial particles, within which the ITZ
and PL (when applicable) were dispersed. Representative
SEM micrographs are illustrated in Fig. 4. As shown in
Fig. 4, spherical structures (approximately 0.25–2 μm in di-
ameter) were obtained from the spray-dried solutions contain-
ing mannitol and ITZ (formulations F1 and F2). Formulation
F2 seemed to be composed of slightly larger spherical par-
ticles, but no other morphological differences were observed
between these formulations, despite the different proportions
of amorphous content and mannitol polymorphs. The pres-
ence of PL induced the formation of larger particles with
rough surfaces. This rough appearance was the most pro-
nounced in the formulation with the highest PL content

(formulation F4), and interparticular links were observed.
Those links were most likely formed during the spray-drying
process due to the softening or melting of PL, which has a
transition temperature around 54°C (27). Reducing the PL
content (formulations F3 and F5) considerably reduced the
interparticular links as well as the surface irregularities. Nev-
ertheless, the core structure of these particles was homoge-
neous. In contrast with the polymeric surfactant used
previously (15), PL seemed to be well distributed within the
mannitol particles. This type of homogeneity between man-
nitol and phospholipids after spray-drying has already been
demonstrated (34).

The flow properties of the dry powder formulations were
evaluated by determining the Carr’s compressibility index
(CI), which is frequently used to measure powder flowability
(27,35). Good powder flowability is a necessary characteristic
for easy processing at an industrial scale. More specifically for
DPI, good flowability has already been related to generating
adequate metering, dispersion, and fluidization of a dry pow-
der from an inhaler device. All of the formulations exhibited
CI values between 15.6% and 26.4% (Table III), which
indicated good potential flow properties for this type of for-
mulation. On one hand, a reduction in ITZ content improved
the flow properties. Indeed, reducing the ITZ content from
34.5% (formulation F1) to 10.0% (formulation F2) decreased
the CI value from 26.4% to 20.6%. A higher ITZ content
induced a higher degree of amorphous content and reduced
powder flowability, most likely by enhancing interparticular
adhesion. Powders with high amorphous content exhibit high
surface energy, which leads to a rise in interparticular forces
and the adsorption of water and creates supplementary cap-
illary interparticular forces (36,37). On the other hand, an
improvement in flow properties was observed with the intro-
duction of PL (CI of 26.4% and 18.1% for formulations F1
and F3, respectively), which potentially reduces particle sur-
face energy and water sorption and therefore cohesion (38).
Additionally, PL induced surface irregularities and particle
size growth that could increase the inter-particle distance
and decrease the total surface area, thereby reducing the
inter-particular interactions. However, the improvement for
formulation F4, which contains the highest PL content, was
very low. This lack of improvement was most likely due to the
tendency for the particles to stick together and/or the greater
mechanical interlocking arising from their higher morpholog-
ical irregularity, which negatively affect flowability.

Particle Size Analysis and Aerodynamic Behavior

The principal advantage of an inhalation-based therapeutic
approach for the treatment of pulmonary IA is being able to
administer the entire dose of antifungal agent directly to the
site of infiltration without systemic exposure. However, the
efficacy of antifungal agents depends on their concentration
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at the site of fungal growth. Antifungals have a minimal con-
centration at which in vitro activity is optimal for inhibiting
fungal growth. Therefore, theoretically, the post-inhalation
concentration of ITZ inside a fungal lesion should not be below
a determined concentration if one wishes to attain a positive
outcome from the treatment (fungal hyphae eradication). A
plasmatic concentration of less than 500 ng ITZ/ml after oral
or intravenous administration to immunocompromised
patients carried a significantly increased risk of invasive yeast
(mainly pulmonary aspergillosis) (39), which confirmed a strong

inverse relationship between the plasma concentration of ITZ
and the pulmonary burden of IA in a preclinical study (40).
Those plasma concentration/activity relationships were most
likely secondary to the ITZ concentration present in lung
fungal lesions when increasing the plasma concentration, which
is known to induce pronounced adverse reactions and systemic
interactions. Several of the studies that used murine models of
pulmonary IA that delivered antifungals directly into the lungs
by nebulization suggested such a relationship. A minimum
concentration of 2 μg/g of lung tissue corresponds to the ITZ

Fig. 4 SEM photographs of the
spray-dried ITZ (SD ITZ) and the
dry powder formulations (F1, F2,
F3, F4, and F5) at magnifications
of 10 000X.

Table III Size, Aerodynamics, and FlowCharacteristics of Formulations F1, F2, F3, F4, and F5: Particle Size Characteristics (mean± SD, n03) Measured by the
Mastersizer 2000® and the Spraytec®, the Emitted Dose (ED, Expressed in% of nominal dose), Dose Recovery (% of nominal dose, n03), Fine Particle Fractions
(FPF, % of particle with dae<5 μm expressed in function of nominal dose) Measured by an Impaction Test (mean ± SD, n03), and Carr’s Index Value (CI,
mean ± SD, n03) Are Shown

Formulation Laser light scattering Aerodynamic evaluation Flow properties

Mastersizer 2000® Spraytec® MsLI

d(0.5) (μm) D[4,3] (μm) d(0.5) (μm) D[4,3] (μm) ED (%nom) FPFnom (%nom) FPD (mg) Dose recovery (%) CI (%)

F1 0.74±0.01 1.00±0.04 2.2±0.1 2.8±0.4 53.3±1.9 46.9±1.9 1.17±0.05 87±1 26.±0.1

F2 0.88±0.07 1.15±0.05 2.71±0.08 3.66±0.07 81.9±0.6 67.0±1.0 1.68±0.03 92±2 20.6±0.8

F3 1.35±0.01 1.59±0.01 2.97±0.04 3.14±0.08 68.3±7.8 52.5±4.9 1.31±0.2 87±1 18.1±2.1

F4 1.81±0.05 2.04±0.05 4.63±0.01 5.27±0.07 75.2±4.6 43.0±5.2 1.08±0.13 90±4 24.9±0.9

F5 0.93±0.01 1.23±0.04 3.14±0.09 3.93±0.40 84.9±5.3 66.4±3.6 1.66±0.09 95±4 15.6±1.9
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MIC for the strain in question (2 μg/ml is the MIC 90% for
ITZ against Aspergillus fumigatus, (41)) and was proven effective in
survival studies (6,7). Therefore, an “efficient” human lung
dose could be extrapolated from those encouraging data. A
human lung weighs approximately 200–300 g, which is ap-
proximately 0.35% of the total body weight (42). The initial
lung dose administered should therefore be higher than
300 g×2 μg (600 μg) to achieve a pulmonary ITZ concentra-
tion higher that 2 μg/g of lung. But, one remaining issue is
where to deposit the powder dose. Due to their small dae (e.g.,
dae~3 μm for A. fumigatus, (21)), Aspergillus conidia are able to
penetrate deep into the lung. The ITZ particles generated from
an inhaler device must penetrate as deeply as the inhaled
conidia (to where hyphal proliferation could take place), and
the dae ~3 μm fraction must be maximized. Therefore, the
FPD could be taken as an indicator of the probable dose that
will reach the fungal lesions after inhalation. PSD analyses and
MsLI tests were conducted on all of the formulations to deter-
mine the formulations’ particle sizes and the ITZ FPD after
emission from an inhaler device. The results are summarized in
Table III. The deposition patterns are expressed as a percent-
age of the nominal dose in Fig. 5.

The Malvern Mastersizer 2000® results showed that all of
the formulations presented a very fine PSD, with a mean
volume diameter D[4,3] ranging from 1.00 μm to 2.04 μm
and a median volume diameter d(0.5) ranging between
0.74 μm and 1.81 μm (Table III). The PSDs of the formula-
tions without PL (formulations F1 and F2) were very close,
with d(0.5) values of 0.74 μm and 0.88 μm, respectively.
However, as observed by SEM, a small proportion of the
particles formed in formulation F2 were larger, which corre-
sponded to slightly higher D[4,3] and d(0,5) values. Interest-
ingly, this formulation possessed a higher δ-mannitol
proportion than formulation F1, as previously described. A
different nucleation process resulting from a different crystal-
line structure could explain this appearance of larger particles
during the crystallization that followed the evaporation of
solution droplets (33). This observation is supported by the

fact that the addition of 1% (formulation F3) and 10% (for-
mulation F4) PL, expressed by weight of ITZ, raised the δ
proportion from 55.1% (0%, formulation F1) to 65.7% and
98.5%, respectively. This increase in the δ proportion was also
followed by an increase in particle size (formulations F1, F3,
and F4 presented D[4,3] values of 1.00, 1.59, and 2.04 μm,
respectively). Similar observations were made when compar-
ing formulation F2 (0% PL) and formulation F5 (10% PL
w/wITZ). The particle sizes seemed to be directly influenced
by the proportion of mannitol in the δ crystalline form, which
is itself influenced by the PL content in the formulation. This
result is in complete agreement with Lee et al. (43), who have
recently demonstrated a relationship between the amounts of
α- and β-mannitol and particle size. This relationship between
mannitol polymorphism and PSD was also observed when
measuring the particle size of the formulation’s dry powder
aerosol after emission from a dry powder inhaler. Figure 6
clearly shows that the percentage of δ-mannitol present cor-
related very well with the particle size measured with the
Spraytec®. This was equally true for the α- and β-mannitol
polymorph percentages. We can therefore assume that the
variations in mannitol polymorph modified the formulations’
aerodynamic behavior by forming particles with differ-
ent sizes that depended on the proportions of the α-, β-, and
δ-polymorphs.

The targeted FPD of 600 μg was reached in each formula-
tion with a nominal ITZ dose of 2.5 mg. Thus, the correct dose
of ITZ should theoretically be administered after inhalation by
a patient. However, since the nineties, multi azole resistant
Aspergillus species have progressively emerged (44). This resis-
tance is associated with a higher MIC. Therefore, the admin-
istration of higher ITZ doses should be considered to minimize
the resistance phenomenon. A recent prospective study in
Denmark outlined this problem while evaluating the suscepti-
bility pattern of aspergilli in human airway samples (45). Con-
sidering (i) that ITZ resistant strains present anMIC>2 μg/ml
(46) and (ii) the recently defined itraconazole MIC of 4 μg/ml
for clinical and environmental isolates of Aspergillus species (47)

Fig. 5 The in vitro deposition
patterns (mean ± S.D, n03) of
the dry powder formulations
were determined with an MsLI
from the Axahaler® device. The
following conditions were used:
100 L/min, 2.4 s. Three n° 3
HPMC capsules were filled with a
quantity of formulation
corresponding to 2.5 mg of
itraconazole and used in each
test. The percentages of
itraconazole are expressed as a
function of the nominal dose.
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the targeted lung dose should therefore be higher than 300 g×
4 μg (1.2 mg) to achieve effective pulmonary ITZ concentra-
tions high enough to allow Aspergillus resistance to be overcome.

The FPDs of the formulations ranged from 1.08±0.13 mg
to 1.68±0.03 mg, which correspond to 1–1.4 times the tar-
geted FPD. These values corresponded to FPFs (expressed as a
function of the nominal dose) ranging from 43% to 67%, which
is relatively high compared to the low FPF values of marketed
DPI (i.e., 30–40%). The ED of the formulations varied from
53.3% to 84.9% (Table III), and two major trends were clearly
observed. There were considerable improvements in device
and capsule emptying when the ITZ content decreased and
when PL was introduced into the formulation. The reduction

in drug content from 34.5% (formulation F1) to 10% (formu-
lation F2) increased the ED from 53.3% to 81.9%, which
considerably increased the FPD from 1.17 mg to 1.68 mg.
When comparing formulations with equivalent drug content,
the increase in PL content (w/w) from 0% (formulation F1) to
0.36% (formulation F3) and 3.47% (formulation F4) improved
the ED to 15% and 21.9%, respectively. However, formulation
F4, which showed a superior ED in comparison with formula-
tions F1 and F3 (due to a PL content of 3.47% w/w), exhibited
the lower FPD. This trend was likely to have been observed, as
judged by the increase in particle size that was induced by the
increased PL content associated with polymorphic variation.
Indeed, as previously described, formulation F4 exhibited the
largest particle size. As depicted in Fig. 5 (and despite the higher
ED of formulation F4 compared to formulations F1 and F3), a
lower fraction of the ITZ in formulation F4 reached stages 3
and 4 and the filter of the impactor because of massive particle
impaction on the throat and a higher impaction rate on stage
2 of the MsLI. Thus, the introduction of PL improved device
emptying for formulation F4. However, the increase in parti-
cle size caused a high proportion of the emitted dose to be
stopped in the upper parts of the impactor, which reduced the
FPD in comparison with the formulations containing less or
no PL (F1 and F3). This effect was also observed for formula-
tion F3 (vs. formulation F1) and formulation F5 (vs. formula-
tion F2), but to a lower extent. However, their FPDs were not
extensively modified. Despite the higher impaction rates for
formulations F3 and F5 in the upper stages of the impactor (vs.
their respective comparators), a moderate increase in particle
size caused the higher emitted fractions to overcome this

Fig. 7 In vitro dissolution profiles of crystalline (raw) and amorphous (spray-dried) itraconazole and the five dry powder formulations. These profiles were
determined after impaction (NGI with an Axahaler® device at 60 L/min, 4 s, n°3 HPMC capsule) of the quantity of dry powder corresponding to 400 μg of
itraconazole (dae: 2.82–4.46 μm) on a membrane cassette that was then placed into the vessel of a USP 33 type II apparatus (300 ml of dissolution media,
pH 7.2+0.3% sodium lauryl sulfate, 37°C, paddle speed rotation, 75 rpm).

Fig. 6 The correlation between the % of each mannitol polymorph
measured by PXRD and the respective D[4,3] (in μm) of each formulation,
as measured by Spraytec®.
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impacted fraction and allowed supplementary particle pene-
tration into the lower stages of the impactor, thus balancing
the loss in the upper parts. Formulations F2 and F5 showed
the best aerodynamic properties, with very high FPDs of
1.68 mg and 1.66 mg, respectively.

Dissolution Test

Dissolution tests were conducted to compare the API dissolu-
tion release from the different formulations. It is important to
note that there is currently no standardized pharmacopoeia
in vitro dissolution method specifically designed for measuring
the dissolution of a dry powder for inhalation. In this study, we
used a recently developed dissolution test that is based on the
collection of a determined aerodynamic particle range on an

impactor plate. This method has already been successfully used
to evaluate the release profile of a dry powder for inhalation
(48). In our specific context, this technique presents several
advantages. Indeed, only the fraction of the dry powder that
presents the same dae as inhaled conidia would be evaluated in
terms of dissolution rate. This aerodynamic selection also limits
the variation that the PSD imparts on the dissolution kinetic of
the active ingredient. Moreover, once inhaled, particle dissolu-
tion would occur in a system that is stagnant rather than well-
stirred, and this technique is based on a dissolution diffusion
system, allowing drug dissolution in a passive system that could
mechanically mimic dry powder dissolution after lung
deposition.

The in vitro release profiles obtained are shown in Fig. 7.
Pairs of curves were chosen to investigate the influence of
particular formulation characteristics on the dissolution be-
havior of ITZ. The influence of the amorphization of the
API, the formation of matricial particles, the active drug
payload, and the addition of surfactant in the formulation
were investigated. The corresponding calculated fit factors
that are statistically indicated for pairs of curves are summa-
rized in Table IV.

All of the formulations showed a faster dissolution rate than
raw crystalline ITZ (Fig. 7), a finding that was confirmed by
statistical analysis using fit factors (Table IV). A comparison of
the dissolution curves of crystalline and amorphous ITZ sug-
gested no difference in the drug release curves. This observa-
tion was interesting because amorphous ITZ would be
expected to have a faster dissolution profile than crystalline
ITZ (49). This effect may be because the highly hydrophobic

Table IV Statistical Analysis of the Itraconazole Release Profiles Obtained During the Dissolution Tests: Difference (f1) and Similarity (f2) Fit Factors were
Calculated for Each Pair of Curves. f1 <15 and f2 >50 Suggested Statistical Equivalence Between Two Curves

Investigated characteristic Reference Test Similarity (f2) (similar :
f2>50)

Difference (f1)
(different: f1 >15)

Conclusion

ITZ amorphization Crystalline (ITZc) Amorphous (ITZa) 85.64 5.62 Equivalent

Dissolution improvement ITZc F1 22.91* 80.07* Not equivalent

ITZc F2 23.55* 79.49* Not equivalent

ITZc F3 20.62* 81.88* Not equivalent

ITZc F4 16.37* 84.34* Not equivalent

ITZc F5 18.46* 83.24* Not equivalent

Formation of matricial particles ITZa F1 23.68* 76.97* Not equivalent

ITZa F2 24.34* 76.29* Not equivalent

ITZ content (% w/w) 10 (F2) 35.9 (F1) 86.89 2.94 Equivalent

% phospholipids (% w/w) 0 (F1) 0.36 (F3) 66.98 9.70 Equivalent

0 (F1) 0.99 (F5) 53.7 15.91* Not equivalent

0 (F2) 0.99 (F5) 51.29 18.31* Not equivalent

0 (F1) 3.47 (F4) 44.91* 21.40* Not equivalent

0.36 (F3) 0.99 (F5) 68.10 8.13 Equivalent

0.36 (F3) 3.47 (F4) 52.15 15.69* Not equivalent

3.47 (F4) 0.99 (F5) 64.53 6.99 Equivalent

Fig. 8 Percentage of the cumulative release as a function of the quantity of
PL in the formulations at 5, 30, and 60 min (F1 (0% PL), F2 (0% PL), F3
(0.36% PL), F4 (3.47% PL), F5 (0.99% PL)).

Itraconazole Dry Powders for Inhalation 2857



nature of the drug substance could lead to poor wettability by
the aqueous dissolution media, impeding any improvement in
drug dissolution. The progressive re-crystallization of amor-
phous ITZ could also have occurred during dissolution, delay-
ing the dissolution of the amorphous form. However, when
dispersed inmannitol microparticles (formulations F1 and F2),
a significant improvement in the dissolution rate of ITZ was
observed (f1>15 and f2<50, Table IV). Mannitol formed a
spherical matrix in which the amorphous ITZ particles were
dispersed. Because mannitol dissolves almost instantly, it was
assumed that the amorphous ITZ particles exposed a higher
surface area to the dissolution media than the pure spray-
dried ITZ, leading to a faster dissolution rate. No difference in
dissolution performance was observed when the ITZ content
decreased from 35.4% (formulation F1) to 10.0% (formula-
tion F2) (Table IV, Fig. 7). This result emphasizes the flexibil-
ity that this formulation strategy offers as the aerodynamic
performance of F2 was considerably improved compared to
F1. For an ITZ content of up to 35%, the wettability is
enhanced by the formation of a solid dispersion (Table IV,
Fig. 7).

The addition of PL to the formulation (formulations F3,
F4, and F5) accelerated the ITZ dissolution rate (Fig. 8).
Due to its amphiphilic structure, PL most likely helped to
improve the wettability of the hydrophobic ITZ in the
aqueous media. This better wettability most likely created
a microenvironment in which the ITZ saturation concen-
tration was enhanced around the dissolving particles, accel-
erating its dissolution rate. The accelerating effect of PL on
ITZ dissolution rate was strikingly clear from the graph
(Fig. 7). Increasing the PL content gradually accelerated
ITZ dissolution, with a faster release rate for formulation
F4, which contained the highest PL content. The linear
regression of the percentage of PL in the dry form versus
the percentage of release at different time points exhibited
good correlations (Fig. 8). This finding indicates that in-
creasing the PL content proportionally accelerates the ITZ
dissolution rate and suggests a good distribution of PL into
the solid dispersion, which gives wetting enhancement ac-
tivity that is accentuated when the PL content is increased.
Because the ITZ dissolution rate was accelerated by particle
PL content and PLs are known to improve drug permeation,
the different formulations are therefore likely to provide dif-
ferent in situ pharmacokinetic profiles.

CONCLUSION

In this study, we showed that ITZ-based dry powders for
inhalation can be developed to have acceptable inhalation
excipients, optimized aerodynamic performance, and mod-
ulated release properties. Indeed, ITZ-based solid mannitol
dispersions with or without phospholipids were found to be

suitable for delivering ITZ to the lung while enhancing its
dissolution properties. The best formulation for the inhaled
treatment of invasive pulmonary aspergillosis is F5, which
contained 10% PL (by weight of ITZ) and exhibited the
fastest dissolution profile and aerosol performances with a
high ED (81.9%). These good dispersion and high FPD
(1.68 mg) characteristics suggest a formulation that can
achieve the theoretical targeted pulmonary ITZ dose of
1.2 mg and overcome a potentially resistant Aspergillus strain.
In the future, a pharmacokinetic assessment of the dry
powders for inhalation will be performed by intratracheal
insufflation to determine the optimal formulation for main-
taining an ITZ MIC 90% in the lungs. Based on these
results, an in vivo efficacy study will be conducted.
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