
S
s

C
a

b

a

A
R
R
A
A

K
I
P
D
S
A
S

1

t
o

i
l
r
u
u
M
m
T
t

F
B

0
d

International Journal of Pharmaceutics 428 (2012) 103– 113

Contents lists available at SciVerse ScienceDirect

International  Journal  of  Pharmaceutics

jo ur nal homep a ge: www.elsev ier .com/ locate / i jpharm

olid  dispersions  of  itraconazole  for  inhalation  with  enhanced  dissolution,
olubility  and  dispersion  properties

hristophe  Dureta,∗, Nathalie  Wauthoza,  Thami  Sebtib, Francis  Vanderbistb,  Karim  Amighia

Laboratoire de Pharmacie Galénique et de Biopharmacie, Université Libre de Bruxelles, Brussels, Belgium
Laboratoires SMB  S.A., 26-28 Rue de la Pastorale, 1080 Brussels, Belgium

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 5 January 2012
eceived in revised form 4 March 2012
ccepted 5 March 2012
vailable online 10 March 2012

eywords:
traconazole
ulmonary aspergillosis
ry powder for inhalation
pray-drying
morphous
olid dispersion

a  b  s  t  r  a  c  t

The  purpose  of  this  study  was  to produce  a dry powder  for inhalation  (DPI)  of  a  poorly  soluble  active  ingre-
dient  (itraconazole:  ITZ)  that  would  present  an  improved  dissolution  rate  and  enhanced  solubility  with
good aerosolization  properties.  Solid  dispersions  of  amorphous  ITZ,  mannitol  and,  when  applicable,  d-�-
tocopherol  polyethylene  glycol  1000  succinate  (TPGS)  were  produced  by spray-drying  hydro-alcoholic
solutions  in  which  all agents  were  dissolved.  These  dry  formulations  were  characterized  in  terms  of
their aerosol  performances  and their  dissolution,  solubility  and  physical  properties.  Modulate  differen-
tial  scanning  calorimetry  and  X-ray  powder  diffraction  analyses  showed  that  ITZ  recovered  from  the
different  spray-dried  solutions  was  in an amorphous  state  and  that  mannitol  was  crystalline.  The inlet
drying  temperature  and,  indirectly,  the  outlet  temperature  selected  during  the  spray-drying  were  critical
parameters.  The  outlet  temperature  should  be  below  the  ITZ  glass  transition  temperature  to  avoid  severe
particle agglomeration.  The  formation  of  a solid  dispersion  between  amorphous  ITZ  and  mannitol  allowed
the dry  powder  to be  produced  with  an  improved  dissolution  rate,  greater  saturation  solubility  than  bulk
ITZ  and  good  aerosol  properties.  The  use  of  a  polymeric  surfactant  (such  as  TPGS)  was  beneficial  in terms

of dissolution  rate  acceleration  and  solubility  enhancement,  but  it also  reduced  aerosol  performance.  For
example,  significant  dissolution  rate  acceleration  (f2 <  50)  and  greater  saturation  solubility  were  obtained
when  introducing  1%  (w/w)  TPGS  (mean  dissolution  time  dropped  from  50.4  min  to  36.9  min  and  satura-
tion  solubility  increased  from  20 ± 3 ng/ml  to  46  ±  2 ng/ml).  However,  the  fine  particle  fraction  dropped
from  47 ± 2%  to 37.2  ±  0.4%.  This  study  showed  that  mannitol  solid  dispersions  may  provide  an  effective
formulation  type for producing  DPIs of poorly  soluble  active  ingredients,  as  exemplified  by  ITZ.

© 2012 Elsevier B.V. All rights reserved.
. Introduction
Active pharmaceutical ingredients (APIs) can be administered
o the lung either as a solution or a suspension using nebulizer
r pressurized metered dose inhalers or as a dry powder using

Abbreviations: API, active pharmaceutical ingredient; CI, Carr compressibility
ndex; dae, aerodynamic diameter; DPI, dry powder for inhalation; f2, the simi-
arity factor; FPD, fine particle dose; FPF, fine particle fraction; GRAS, generally
ecognized as safe; HPLC-UV, high performance liquid chromatography coupled to
ltra-violet detection; HSM, hot stage microscopy; ITZ, itraconazole; MTDSC, mod-
lated temperature differential scanning calorimetry; MDT, mean dissolution time;
sLI, multi-stage liquid impinger; NGI, next generation impactor; pMDI, pressurised
etered dose inhaler; SD, solid dispersion; SEM, scanning electron microscopy;

PGS, tocopherol polyethylene glycol 1000 succinate; XRPD, X-ray powder diffrac-
ion.
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E-mail address: cduret@ulb.ac.be (C. Duret).
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dry powder inhalers. Pressurized metered dose inhalers and nebu-
lizer medicines are losing interest due to their specific weaknesses,
and dry powder for inhalation (DPI) medicines are currently the
focus of research development in the pulmonary delivery field.
The administration of an API-based dry powder formulation to
the lung involves several specific considerations that can limit the
design and development of a DPI medicine. Indeed, the powder
must present a maximum proportion of particles with an aerody-
namic diameter (dae) between 0.5 and 5 �m after being emitted
from the dry powder inhaler by the inspiratory flow. This dae lim-
itation is required because only particles within this size range
will deposit in the lung. Particles over 5 �m will be stopped in
the upper airways by inertial impaction, and particles smaller than
0.5 �m could be exhaled during expiration. The formulation strate-
gies must maximize this proportion of fine particles by offering

suitable particle size distributions and good flow and dispersion
properties using excipient suitable for pulmonary administration
(Pilcer and Amighi, 2010). Additionally, to be marketed, the man-
ufacturing process must be easily scalable. For this purpose, the

dx.doi.org/10.1016/j.ijpharm.2012.03.002
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:cduret@ulb.ac.be
dx.doi.org/10.1016/j.ijpharm.2012.03.002
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roduction process should be as simple as possible using equip-
ent and techniques that are readily transposable to an industrial

cale.
More particularly, many existing APIs and an increasing number

f new ones are often poorly water-soluble drugs. Approximately
0% of the drugs on the market and 70–90% of the drugs currently in
esearch and development are poorly soluble in water (Zhang et al.,
011). Drug insolubility, regardless of the administration route,
ommonly generates bioavailability or efficacy problems. In the
nhalation field, DPI formulations based on a poorly water-soluble
rug should be able to provide a powder presenting a high fine par-
icle fraction (FPF) after emission from a dry powder inhaler and to
mprove drug wettability, solubility and dissolution. Indeed, poor
rug dissolution and wettability could induce lung irritation and
herefore local side effects (Tran et al., 2000; Jones and Neef, 2012).
aving a solubility and dissolution rate that are too low could also

esult in excessive non-absorptive clearance (macrophage phago-
ytosis and/or mucociliary clearance) of solid particles, leading to

 rapid dose reduction in the lung (Mobley and Hochhaus, 2001).
ecause the activity and/or absorption of a drug are limited by the
umber of its molecules that are dissolved, accelerating a drug’s
issolution rate could be necessary to overcome these clearance
echanisms and optimize the drug’s efficacy.
Different techniques exist to increase drug dissolution and/or

olubility, such as complexation within cyclodextrins (Loftsson
nd Brewster, 2010), particle size reduction (Van Eerdenbrugh
t al., 2010), crystal engineering (Blagden et al., 2007; Hickey
t al., 2007) and even the formation of a lipid-based delivery sys-
em (Porter et al., 2007). However, these strategies often require
he use of specific excipients to achieve the final dissolution
nhancement effect or the desired particle formation. Ideally,
nhaled excipients should be chemically and physically stable and
nert to the API and should not exhibit harmful effects, espe-
ially on the respiratory tract. Knowing that (i) the number of
uthorized inactive ingredients that can be used in the devel-
pment of inhalable pharmaceutical products is quite limited
http://www.accessdata.fda.gov/scripts/cder/iig/index.cfm, 2011)
nd (ii) the documentation on the safety profile of potential excipi-
nts intended to be administered by the pulmonary route is usually
ncomplete (Pilcer and Amighi, 2010), these realities consider-
bly reduce formulation possibilities in the development of poorly
ater-soluble drug-based DPIs.

Regarding problems underlying above, a formulation strategy
ust be set up to allow poorly water-soluble active ingredient

ased DPI to offer (i) a high lung deposition, (ii) an improved solu-
ility and dissolution profile and (iii) an acceptable safety profile, in
egards with excipients used. The aim of this study was  to evaluate
ne DPI formulation strategy consisting of the formation of a poorly
ater-soluble drug based solid dispersions (SDs) produced by a

pray-drying process to meet these needs. Indeed, the formation of
 SD between a poorly water-soluble drug particle and a hydrophilic
nactive ingredient that is generally recognized as safe (GRAS), such
s a carbohydrate, could be an effective method of increasing the
rug dissolution rate and saturation solubility while providing good
erosol and flow properties. In SD formulations, the drug disso-
ution rate could be improved by reducing the drug particle size
o almost a molecular level and by modifying the drug crystalline
tate to generate a completely or partially amorphous state, both of
hich may  increase drug saturation solubility (Serajuddin, 1999).

Itraconazole (ITZ) has previously shown interesting potential for
reating pulmonary invasive fungal infection via inhalation (neb-
lization) (Hoeben et al., 2006) and was chosen in this report

s a model of an insoluble API. This molecule presents very low
aturation solubility (approximately 1 ng/mL at neutral pH and

 �g/mL at pH 1) and a log P of 6.2. Due to its low solubility and
igh permeability, ITZ is a class II drug molecule according to the
harmaceutics 428 (2012) 103– 113

biopharmaceutical classification system (Amidon et al., 1995). Its
low dissolution rate and saturation solubility could therefore be
a limiting factor in its efficacy (Yang et al., 2010). Mannitol was
chosen as the SD hydrophilic agent for its various interesting
physicochemical properties and its safety profile after inhalation.
Indeed, this excipient is currently recognized as safe for inhalation
(Daviskas et al., 2010) and provides a sweet taste when in contact
with mouth mucosa, which tends to improve patient compli-
ance. Additionally, this carbohydrate is one of the less hygroscopic
sugars, preventing excessive reuptake of water by powders dur-
ing storage. Consequently, it prevents particle agglomeration and
aggregation arising from the appearance of additional capillary
forces between particles, which decrease DPI aerosol performance.
Moreover, mannitol was also selected instead of the more clas-
sic lactose or sorbitol, which are generally used in inhalation,
because of its potential to form a SD with improved solubility
(Vasconcelos et al., 2007) and its ability to stabilize an amorphous
drug compound (Lian, 2001), which may  be both beneficial in our
formulation strategy. The addition of TPGS to the formulation com-
position was  also evaluated. TPGS is a surfactant that is potentially
eligible for pulmonary administration because of its good perfor-
mance and safe potential in the formulation and administration
of pulmonary formulations (Yan et al., 2007; Shah and Banerjee,
2011).

2. Materials and methods

2.1. Materials

Raw ITZ was  purchased from Hetero Drugs Ltd. (Hyderabad,
India). This powder was micronized by jet milling (volume mean
diameter, 3.5 �m;  90% of particles below 6.2 �m).  Sodium lauryl
sulfate and TPGS were purchased from Sigma–Aldrich (Brussels,
Belgium). Pearlitol PF® (mannitol) was donated by Roquette Frères
(Lestreme, France). Dipalmitoylphosphatidylcholine (DPPC) was
purchased from Lipoid® (Ludwigshafen, Germany). All the solvents
were analytical grade.

2.2. Methods

2.2.1. Production of SD formulations
The theoretical compositions of the formulations (A1, A2, A3, A4,

A5 and A6) before and after spray-drying are described in Table 1.
First, the different ingredients were dissolved under magnetic stir-
ring (600 rpm) in a hydro-alcoholic solution of isopropanol (80%)
and water (20%) heated to 70 ◦C. Then, the solutions containing
the hydrophilic agent (mannitol), the API (ITZ) and, in some solu-
tions, the TPGS as a surfactant were spray-dried using a Büchi
Mini Spray-Dryer B-191-a (Büchi Laboratory Techniques, Flawil,
Switzerland) to produce the DPI formulations in a one-step pro-
cess. For each assay, the following spray-drying conditions were
used: spraying air flow, 800 l/h; drying air flow, 35 m3/h; solution
feed rate, 2.7 g/min; and nozzle size, 0.5 mm.  The inlet and resulting
outlet spray-dryer temperatures for each formulation are reported
in Table 1.

2.2.2. Particle size analysis
The particle sizes were measured using a laser diffraction based

apparatus (Malvern Mastersizer 2000) equipped with a Sirocco®

dry dispersion system (Malvern Instruments Ltd., Malvern, United
Kingdom). A pressure of 4 bar and a feed rate vibration of 50% were
used during the measurements. The very drastic dispersion con-

ditions applied to the sample by this technique allow particle size
distribution measurement of almost totally disaggregated powder
particles. Particle size distributions were calculated using a refrac-
tive index of 1.61 for bulk ITZ and 1.48 for all dry powders. The

http://www.accessdata.fda.gov/scripts/cder/iig/index.cfm
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Table 1
Theoretical composition of formulations (A1, A2, A3, A4, A5 and A6) before and after spray-drying and the inlet and generated outlet spray-dryer temperatures used during
the  process.

Formulations

Composition

Spray-dried solutions Final dried forms Spray-dryer temperatures

ITZ (%, w/v) Mannitol (%, w/v) TPGS (%, w/v) ITZ (%, w/w) Mannitol (%, w/w) TPGS (%, w/w) Inlet temperature Outlet temperature

A1 0.56 1 – 35.9 64.1 – 90 55
A2  0.56 1 – 35.9 64.1 – 100 60
A3 0.56 1 – 35.9 64.1 – 110 65

64.1
61.8
89.1
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A4  0.56 1 – 35.9 

A5 0.56 1 0.056 34.65 

A6  0.1 0.9 0.01 9.90 

esults were expressed in terms of D[4,3], d(0.5) and d(0.9), which
re the volume mean diameter and the sizes in microns at which
0% and 90% of the particles are smaller than the rest of the dis-
ribution, respectively. All samples were analyzed in triplicate and
re expressed as a mean ± standard deviation.

.2.3. Drug content determination
The drug content of the dry powders was determined as follows.
For each formulation, 5 samples of an exactly weighed quan-

ity of powder were dissolved in a volumetric flask containing the
ilution phase (50:50, v/v of acetonitrile and phosphate buffer)
nd then sonicated for 20 min. The amount of ITZ in this solution
as quantified using the high performance liquid chromatogra-
hy coupled to ultra-violet detection (HPLC-UV) method described

n Section 2.2.11.  The average content (wt%) and the standard
eviation were calculated from these 5 analyses. Relative errors
ere calculated based on the calculated average drug contents and

xpected theoretical content.

.2.4. Powder flowability evaluation
Powder flowability was evaluated by calculating the Carr com-

ressibility index (CI) or “Carr’s index” as described in European
harmacopeia 7.2. A pre-weighed quantity of dry powder was
laced in a graduated 10 ml  cylinder. The apparent volume occu-
ied by the powder was then noted before and after the application
f 1000 taps to the cylinder using a tap density tester (Stampfvol-
meter, STAV 2003, Jel, Germany).

.2.5. Scanning electron microscopy (SEM)
The morphology of each dry powder was studied using a field

mission scanning electron microscope (Philips XL30 ESEM-FEG;
EI, Eindhoven, The Netherlands). The acceleration voltage during
bservation ranged from 5 keV to 25 keV, depending on the sam-
les. Images were taken randomly at magnifications ranging from
000× to 10,000×.  Prior to imaging, the samples were spread on

 carbon adhesive band and then coated with gold at 40 mA for
0 s at 6 × 10−2 mbar under argon to a thickness of approximately
5–20 nm.

.2.6. Hot stage microscopy (HSM)
The DPI samples were placed on a plate heated from 50 ◦C

o 90 ◦C per steps of 5 ◦C maintained during 60 min  (per incre-
ent) follow by a continuous heating from 90 to 180 ◦C at a rate

f 5 ◦C/min. Samples were heated on a Linkam hot-stage THMS
nit (Linkam Scientific Instruments, Tadworth, England) using a
niversal temperature programmer (THMS 600, Linkam Scientific
nstruments, Tadworth, England). During the scanning, a TK-C1381
igital camera (JVC, Yokohama, Japan) connected to an optical
icroscope (Olympus BX60, Olympus Optical Co., Tokyo, Japan)
as used to photograph the thermal events. The magnification used
 – 120 70
8 3.47 90 55
1 0.99 90 55

to take the pictures was  200×. A polarizer was placed just before
the light source to determine the crystalline phases in the samples.

2.2.7. Modulated temperature differential scanning calorimetry
(MTDSC)

The thermal response of each powder was analyzed using
MTDSC (Q 2000; TA Instruments, Zellik, Belgium). A 2–3 mg sample
was exactly weighed in a low-mass aluminum hermetic pan. Runs
were conducted from 25 ◦C to 185 ◦C at a heating rate of 5 ◦C/min
with a modulation of ±0.80 ◦C every 60 s.

2.2.8. X-ray powder diffraction (XRDP)
The X-ray powder diffraction pattern for each dry powder

was analyzed using a diffractometer (Siemens D5000, Munich,
Germany) equipped with a mounting for Bragg-Brentano reflec-
tion that was connected to a monochromator and a DIFFRACplus
channel program. Measurements were conducted at room temper-
ature using Cu K� radiation at 40 mA and 40 kV, with an angular
2� increment of 0.02 ◦/s and a counting speed of 1.2 s per step. A
rotation of 15 rpm was  applied to the samples.

2.2.9. Drug dissolution profiles and saturation solubilities
Size separation pretreatments using a multi-stage impactor

were applied to the different dry powders to assess the drug dis-
solution profiles and the saturation solubilities on a DPI  respirable
fraction (dae < 5 �m).

For drug dissolution tests, we used a recent Copley® dissolu-
tion system (Copley Scientific, Nottingham, England) specifically
developed for DPI release profile evaluations (Wauthoz et al., 2010).
This dissolution system is composed of a modified next genera-
tion impactor (NGI) containing a dissolution cup on which a 50 mm
removable insert can be fitted. This system can be placed on each
stage of the NGI to collect particles of the dose emitted from
the inhaler that present a specific aerodynamic size range. Dose
actuation was realized once per insert at a flow rate of 60 L/min
for 4 s, which allowed recovery on the insert (placed on stage
3 of the NGI) of particles presenting an aerodynamic diameter
between 2.82 �m and 4.46 �m.  The device used for powder dis-
persion was  an Axahaler® (SMB, Brussels, Belgium). This device is a
low-resistance capsule-based device containing a no. 3 HPMC cap-
sule filled with a quantity of dry powder that generated a deposited
dose on the insert of approximately 600 �g of ITZ after actuation.

To evaluate the drug saturation solubility kinetics, we collected
the same aerodynamic particle size range as for the drug dissolution
test. However, instead of using a removal insert, the powder was
collected from the NGI cup and was  then introduced in bulk into
the dissolution vessel.
2.2.9.1. Drug dissolution test in sink conditions. The dissolution tests
were not realized at lung physiologic pH because in vitro sink con-
ditions could not be reached at this pH. Indeed, because ITZ is a
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eak base (pKa = 3.4), its solubility at physiologic pH is extremely
ow (∼8 ng/ml) (Yang et al., 2010). Because the dissolution tests

ere mainly used to discriminate between the dissolution pro-
les of the developed formulations, we decided to work in acidic
H to reach sink conditions. We  chose a dissolution medium that
ad been previously used for ITZ pulmonary formulation dissolu-
ion tests (McConville et al., 2006). This solution was  composed of
ater at pH 1.2 (HCl 0.063N) and 0.3% sodium lauryl sulfate. Once

erosolized particles were deposited on the removable insert by
nertial impaction, a polycarbonate membrane (0.4 �m diameter
ores) (Millipore, Brussels, Belgium) was placed on the top of the

nsert and was sealed with the sealing ring of a Copley® dissolu-
ion system. The sealed insert was then placed in the bottom of a
issolution vessel of a paddle apparatus (USP 33 type 2 apparatus,
rweka DT6, Heusenstamm, Germany) to conduct the dissolution
ests. The dissolution conditions included the following: (i) a pad-
le rotation speed of 75 rpm, (ii) a dissolution medium volume of
00 ml  and (iii) a dissolution medium temperature maintained at
7.0 ± 0.2 ◦C. The dissolution tests were carried out in triplicate for
ach formulation, and the percentages of dissolved ITZ were deter-
ined by HPLC-UV analysis (Section 2.2.11)  at pre-selected time

ntervals up to 180 min  after insert introduction in the dissolu-
ion media. These ITZ quantities were deposited on an insert after
ose actuation and allowed the dissolution tests to be carried out in
ink conditions. The maximum drug concentration in solution was
.3 �g/ml, whereas the saturation solubility of ITZ in this medium
as >800 �g/ml. After 180 min, the sealed insert was removed from

he dissolution vessel and washed with an exact volume of dilution
hase for quantification of the undissolved fraction.

.2.9.2. Drug saturation kinetic evaluation in “physiological” con-
itions. The formulations’ saturation solubility kinetics were
etermined to evaluate their potential to provide supersaturated
olutions in a medium that is similar to that encountered into the
ung. Moss (1979) developed a dissolution medium called “sim-
lated lung fluid” (SLF), which was described as close to lung
urfactant in ion composition and pH. However, we observed that
he pH of SLF increased rapidly (from 7.2 to 8 within 2 h) due to its
oor buffering power. Because the solubility of ITZ is strongly influ-
nced by pH, this dissolution medium was not appropriate. Instead
f the SLF, we used a physiological buffered solution described in
he European Pharmacopoeia 7.2 (pH adjusted to 7.2). DPPC (0.02%,
/v) was added to this solution, as described by Son and McConville

2009),  to simulate the wetting enhancer effect of lung surfactant
Pham and Wiedmann, 2001). The “physiological” solution was
omposed (w/v) of 0.8% sodium chloride, 0.02% potassium chlo-
ide, 0.01% calcium chloride, 0.01% magnesium chloride, 0.318%
isodium hydrogen phosphate and 0.02% potassium dihydrogen
hosphate. The tests were carried out using a USP 33 type II (pad-
le method) dissolution apparatus (Distek Inc., North Brunswick,
J, USA) equipped with 100 ml  glass dissolution vessels and small

otating paddles (rotating speed set at 200 rpm). The medium tem-
erature was maintained at 37.0 ± 0.2 ◦C throughout the test. An
xcess of powder formulation (dae between 2.82 and 4.46 �m)  cor-
esponding to 1 mg  of ITZ was pre-wetted in 2 ml  of dissolution
edium (4 ◦C) by vortex shaking for 5 s and introduced into dis-

olution vessels to achieve saturation kinetic. Then, 2 ml  samples
ere withdrawn after 2, 5, 10, 25, 45, 60, 75, 90, 120, 180, 720 and

440 min  and directly filtered through 0.2 �m filters to avoid quan-
ifying undissolved particles. Samples were then reconstituted with
cetonitrile for HPLC-UV quantification.
.2.10. Aerodynamic behavior evaluation
The aerosolization efficiency of the DPI formulations was  eval-

ated using a multi-stage liquid impactor (MsLI) (Copley Scientific,
ottingham, England) following the operating procedure described
harmaceutics 428 (2012) 103– 113

for the aerodynamic assessment of fine particles in European Phar-
macopoeia 7.2. A flow rate (adjusted to a pressure drop of 4 kPa) of
100 L/min was applied for 2.4 s throughout the Axahaler® inhaler
device (SMB, Brussels, Belgium) for each dose actuation. The flow
rate was measured using a DFM3 flow meter (Copley Scientific,
Nottingham, England). A quantity of formulation corresponding to
approximately 2.5 mg  of ITZ was  accurately weighed into a size 3
HPMC capsule (Capsugel, Colmar, France), which was placed into
the loading chamber of the Axahaler® inhaler. The device was
inserted on a mouthpiece adapter, which was  connected to the
induction port (simulating the throat) of the MsLI. The flow rate
was applied throughout the whole system for dose actuations. One
test utilized three capsules. The aerosol performances of the differ-
ent formulations were assessed by determining the FPF (express in
% of the nominal dose) and the mass median aerodynamic diameter
(MMAD) on the basis of the results of the impaction tests. The FPF
represents the percentage of particles with a dae of less than 5 �m.
This procedure was carried out in triplicate for each formulation.
The emitted dose corresponds to the dose of drug that was  recov-
ered from the induction port and the different parts of the MsLI
during the tests.

2.2.11. ITZ determination—HPLC-UV method
ITZ determination was carried out using an HP 1200 series

chromatographic system (Agilent Technologies, Belgium) equipped
with a binary pump, an auto sampler and a diode array detec-
tor with a detection wavelength set at 263 nm.  The separations
were performed on a base-deactivated reverse-phase Purospher®

Star RP-18 column (Merck Chemicals, Belgium). The mobile phase
(acetonitrile-phosphate buffer, pH 6.4 (60:40, v/v)) was run at a
flow rate of 1 ml/min. Samples were diluted in the dilution phase,
which comprised acetonitrile and phosphate buffer, pH 6.4 (50:50,
v/v). The volume injected was  100 �l, the temperature was  set at
25 ◦C, and the analysis time was 8.2 min.

2.2.12. Statistical analysis
Two kinetic model-independent approaches, the determination

of the similarity factor (f2) and the mean dissolution time (MDT)
(Polli et al., 1997), were used to compare dissolution profiles. f2
values greater than 50 were used to indicate that two dissolution
profiles were similar. Inversely, f2 values below 50 indicated that
there were significant differences between two  dissolution profiles.

3. Results and discussion

3.1. Development of formulations

Classic DPI formulations consist of a blend of micronized API
with a larger grained carrier (generally lactose) (Pilcer et al., 2011),
which allows for good dispersion and deep penetration of the API
in the lung but does not enhance solubility. Instead of producing
a blended formulation, we  tried to prepare microparticles of
mannitol wherein API (ITZ), in an amorphous state if possible, was
dispersed to obtain a dry powder with good flow properties, high
FPF and with improved API dissolution rate and/or saturation sol-
ubility. We  used spray-drying to produce a SD-based dry powder
from a solution in which the API and the hydrophilic excipient
(present in a greater quantity than the API, see Table 1) were
dissolved. However, ITZ is poorly soluble in most solvents except
chlorinated solvents, such as dichloromethane, in which mannitol
is insoluble. Preliminary studies allowed us to find a method to

simultaneously dissolve the ITZ and hydrophilic excipients. Adding
20% water to isopropanol to form a hydro-alcoholic solution that
was heated to 70 ◦C allowed ITZ and the inactive ingredient(s) to
be easily dissolved under moderate magnetic stirring. The dried
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articles were obtained thereafter by spray-drying. The process
ield was between 40% and 60%.

.2. Physicochemical properties (crystalline profile–drug content)

Fig. 1 displays the X-ray diffractograms of raw ITZ, raw TPGS,
pray-dried mannitol, a physical mixture (PM) of components con-
ained in all formulations and the different SD formulations (A1, A2,
3, A4, A5, and A6). SD formulations did no show specifics diffrac-

ion peaks of crystalline ITZ while the PM exhibited it (Fig. 1). This
uggested that ITZ was not in crystalline state in the spray-dried
ormulations. The different diffraction peaks found in the SD formu-
ations corresponded to the mannitol (Fig. 1). The MTDSC analysis
evealed thermal events specific to amorphous glassy ITZ (Six et al.,
001) for the SD formulations which validated ITZ amorphous state
uggested by the PXRD results. These thermal events are illustrated
n Fig. 2 for formulation A1 and are identified by the glass tran-
ition at 49 ◦C and the two typical endotherms at approximately
0 ◦C and 80 ◦C, which correspond to the formation and chiral rear-
angement of liquid mesotropic mesophases that are characteristic
f glassy ITZ. These thermal events were followed by recrystal-
ization phenomena between 100 and 120 ◦C and by the melting
f the re-crystallized ITZ and mannitol, which both melt at the
ame temperature (i.e., 162–164 ◦C). The thermograms for all SD
ormulations showed thermal events specific to glassy ITZ, except
or formulation A6 (Fig. 2), which contained only ∼10% (w/w)  ITZ
vs. ∼35% for the other formulations). This drug content was  prob-
bly too low to detect these thermal events by MTDSC analysis.
owever, the lack of any ITZ diffraction peak on the X-ray diffrac-

ograms (Fig. 1) allowed us to assume that ITZ would also be present
n a glassy amorphous state in formulation A6. This assumption

as confirmed by the detection of crystalline ITZ X-ray diffrac-
ions peaks in a control blend of raw crystalline ITZ (10%, w/w) and
pray-dried mannitol (data not shown). In particular, MTDSC ther-
ogram and X-ray diffractograms of the formulations with TPGS

formulations A5 and A6) showed no evidence of crystalline TPGS.
owever, the concentration of this excipient in these SD formula-

ions was very low (approximately 1% or 3.5%) and probably below
he detection limit of the two techniques. Most of the TPGS is likely
morphous after the spray-drying process (Goddeeris et al., 2008)
n formulations A5 and A6.

The determination of actual and expected values of ITZ content
n the dry powders is summarized in Table 2. The actual values

ere used to calculate the exact dose of ITZ used during the disso-
ution and impaction tests. The measured ITZ contents were very
lose to those expected. Relative errors were between −0.26% and
3.9%, suggesting that ITZ was homogenously dispersed in the par-

icles. However, because ITZ is highly hydrophobic, it is not miscible
ith mannitol, and the typical thermal events of ITZ mesotropic
esophases that were detected by MTDSC revealed that ITZ must

e dispersed in the DPI particles as free glassy clusters, as previously
eported by Six et al. (2003).

.3. Physical transformations and aerosol performance

The particle size analyses carried out by laser diffraction are
ummarized in Table 3. The particle size measurement of the dried
ormulations showed that the inlet temperature of the spray-dryer
eemed to broadly influence the particle size of the produced par-
icles. Considerable increases in particle size were observed for the
ormulations that were spray-dried at an inlet temperature above
0 ◦C (formulations A2, A3 and A4; Table 3). These formulations

id not show a particle size distribution that was  appropriated for
ulmonary administration because individualized particles should
resent a dae below 5 �m to penetrate into the lung (Schulz, 1998).
or these reasons, formulations that were spray-dried at an inlet
harmaceutics 428 (2012) 103– 113 107

temperature higher than 90 ◦C were not investigated further. How-
ever, we suggest an explanation for this increase in particle size. The
higher the inlet temperature was, the larger the particles formed by
spray-drying were. The D[4,3] value increased from 1.0 �m at 90 ◦C
to 34 �m at 120 ◦C (with a D[4,3] of 10 �m at 100 ◦C and 23 �m
at 110 ◦C), whereas the d(0.5), expressing the middle of the dis-
tribution, only varied from 0.74 �m at 90 ◦C to 5.8 �m at 120 ◦C.
The difference in particle size between these formulations can be
seen easily in Fig. 3, which shows SEM pictures of the different DPI
formulations. The smaller increase in d(0.5) as a function of the
temperature compared to the more considerable increase in D[4,3]
and d(0.9) (Table 3) can be explained by the formation of addi-
tional larger particles when the inlet temperature increased, while
the major part of the “original-sized” particles remained. ITZ was
found in the formulations in a particular amorphous glassy state
that has the characteristic of forming liquid crystals at a temper-
ature of approximately 70 ◦C. We  therefore hypothesized that the
latency period of the dried powder in the powder collector (tem-
peratures of 60 ◦C, 65 ◦C and 70 ◦C for formulation A2, A3 and A4,
respectively) during the spray-drying procedure was long enough
to form ITZ liquid crystals at a temperature above its glass tran-
sition temperature (48–50 ◦C). These crystals then solidified upon
cooling to create compact agglomerates. To confirm this hypothe-
sis, spray-dried formulation A1 was  analyzed by HSM to simulate
the temperature conditions encountered in the powder collector
during spray-drying. Fig. 4 shows pictures taken at different tem-
peratures with and without the polarizer. After being kept at 60 ◦C
for 15 min, the sample exhibited visual modifications (Fig. 4C and
D, white circles) that were accentuated at 80 ◦C and even more
so at 90 ◦C (data not shown). These modifications were explained,
as previously seen, by the formation of liquid crystals of ITZ. At
these temperatures, the liquefaction of the solid entrapped glassy
ITZ in the mannitol microparticles induced those visual modifi-
cations. These liquid crystals in formulation A1, as revealed by
MTDSC analysis, were assumed to recrystallize at temperatures up
to 100 ◦C. Indeed, these newly formed crystals became visible under
polarized light starting at 105 ◦C (data not shown). Their inten-
sity reached a maximum at 120 ◦C, indicating an increase in the
crystalline fraction (Fig. 4F). Subsequently, during spray-drying at
an inlet temperature fixed above or equal to 100 ◦C, a generated
outlet temperature equal to or above 60 ◦C induced the liquid tran-
sition of ITZ, which caused particle agglomeration upon cooling
because of the reversibility of this liquid transition (Six et al., 2001).
For an inlet temperature of 90 ◦C (formulation A1: outlet tempera-
ture, 55 ◦C), discrete particles were formed (Fig. 3A), as observed by
SEM, while for an inlet temperature of above 100 ◦C (formulation
A2: outlet temperature, 60 ◦C), these particles fused together and
formed linked spheres (Fig. 3B), precluding re-dispersion. This par-
ticle agglomeration was  exacerbated for inlet temperatures above
100 ◦C, probably due to higher outlet temperatures, which made
the liquid transition easier and induced the formation of severe
agglomerates (Fig. 3C).

The use of TPGS (formulations A5 and A6) increased the particle
size in comparison with the formulation without TPGS (formulation
A1) that was spray-dried at the same temperature. Formulations
A5, A6 and A1 (the only one without TPGS) exhibited a d(0.5) of
4.6, 1.6 and 0.7 �m,  respectively. Formulation A5, containing 3.47%
(w/w) TPGS, showed a larger particle size than formulation A6, con-
taining only 0.99% TPGS. As shown in pictures taken by SEM (Fig. 3D
and E), despite their low concentrations of TPGS, these two  formu-
lations consist of irregular particles sticking to each other that are
not very well distinguished and have wrinkled surfaces. The waxy,

sticky property of TPGS may  contribute to these characteristics.
Moreover, TPGS has a low melting point (between 30 and 40 ◦C)
that could induce particle softening or melting during the spray-
drying process (outlet temperatures of 55 ◦C), which may  induce
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Fig. 1. X-ray diffractograms of raw ITZ, spray-dried mannitol, TPGS, physical mix

ncreases in particle size and irregularities. The particle irregularity
f formulations A5 and A6 may  be explained by the surface accumu-
ation of TPGS (Kawakami et al., 2010). This surface accumulation

ould be elucidated by the active surface properties of TPGS and
y its high molecular weight (1.5 kDa), which reduces its diffusion
oefficient. During droplet evaporation, surfactants are assumed to
e adsorbed at the liquid-air interface due to the tendency of low

ig. 2. Heating curves obtained by MTDSC of raw ITZ, spray-dried mannitol, TPGS, physic
nd  A6) (exothermic events move upward). The dashed boxes show the characteristic the
f formulations components and the SD formulations (A1, A2, A3, A4, A5 and A6).

diffusion polymers to remain outside the particles (Chang and
Franses, 1995). Higher TPGS concentrations lead to greater surface
accumulation on the particles. This pattern with TPGS probable

melting may  explain why  formulation A5 exhibited greater par-
ticle size than formulation A6. However, according to the laser
diffraction results, more than 50% and 90% of the particles in these
two formulations, respectively, had a diameter below 5.0 �m.  This

al mixture of formulations components and the SD formulations (A1, A2, A3, A4, A5
rmal transition of glassy ITZ.
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Table 2
Drug content and flow properties of DPI formulations A1, A5 and A6 and raw ITZ. Drug concentrations were measured by HPLC-UV. Flow properties were evaluated by
calculating the Carr’s index.

Drug content Flow properties Dissolution characteristics

Sample Measured ITZ
content (wt%)

Coefficient of
variation (%)

Expected ITZ
content (wt%)

Relative
error (%)

Bulk
density

Tapped
density

Carr’s
index

Mean dissolution
time (min)

Saturation solubility
(ng/ml)

A1 34.5 ± 0.6 1.64 35.9 −3.9 0.277 0.376 26.3 50.4 20 ± 3
A5 34.6 ± 0.8 2.47 34.65 −0.26 0.216 0.270 20.0 49.6 21 ± 3
A6  9.8 ± 0.3 3.18 9.99 −1.45 0.161 0.207 22.2 37.9 46 ± 2
Raw  ITZ 100.1 ± 0.5 0.5 100 0.1 0.196 0.353 44.4 62.1 ND (<10 ng/ml)

Table 3
Particle size characteristics of DPI formulations. D[4,3], d(0.5) and d(0.9) (in �m;  mean ± S.D., n = 3) were measured by laser diffraction using a Malvern Mastersizer 2000
equipped with a dry dispersion unit. The aerodynamic behavior of formulations (A1, A5 and A6) was  assessed by determining the FPF, expressed as a percentage of the
nominal  dose, using an MsLI at 100 l/min for 2.4 s with an Axahaler® (mean ± S.D., n = 3).

A1 A2 A3 A4 A5 A6

Laser particle size distribution
D[4,3] (�m) 1.00 ± 0.04 10 ± 4 23 ± 5 34 ± 3 11.5 ± 4.4 1.86 ± 0.12
d(0.5)  (�m) 0.74 ± 0.01 5.1 ± 0.4 5.5 ± 0.4 5.8 ± 0.5 4.6 ± 0.1 1.6 ± 0.1
d(0.9)  (�m) 1.8 ± 0.1 29 ± 15 51 ± 18 119 ± 10 24 ± 12 3.6 ± 0.3
Aerodynamic evaluation (MsLI)
FPF (%) 47 ± 2 – – – 16 ± 2 37.2 ± 0.4
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ED  (%) 53 ± 2 – 

MMAD  (�m) 1.61 ± 0.05 – 

iameter corresponds to the upper size limit required for optimal
eep lung deposition.

The CI is an indication of the flowability of a powder. A CI greater
han 25% is considered to be an indication of poor flowability. The CI
alues of the different formulations are reported in Table 2. Formu-
ations A5 and A6 exhibited the best flow properties (CI of 20.0% and
2.2%, respectively), and formulation A1 showed the worst flowa-
ility (CI of 26.3%), although this value was much better than the CI

f raw ITZ (44.4%).

The in vitro pulmonary deposition patterns of SD formulations
nd the percentage of the ITZ nominal dose recovered at each stage
f the impinger during impactions tests are shown in Fig. 5. The

ig. 3. SEM photographs of SD formulations (A1, A2, A4, A5 and A6) at magnifications o
pheres. The ITZ liquid transition that occurred during the spray-drying of formulation 

Fig.  3B). This transition was exacerbated if the spray-dryer temperature was  increased (
gglomeration upon cooling. Fig. 3D, E and F illustrate particle surface aspect modificatio
– 86 ± 6 82 ± 1
– 4.5 ± 0.6 3.0 ± 0.1

drug recoveries from the assays of all formulations were within
85–95% of the loaded dose, which was  in the range recommended
by European Pharmacopeia 7.2. The formulation without TPGS (for-
mulation A1) presented the highest FPF (i.e. particles presenting
a dae < 5 �m),  which indicates the best aerosol performance. The
addition of TPGS (formulations A5 and A6) considerably enhanced
the particle sizes as measured by laser diffraction, and there-
fore the aerodynamic diameters which increase the percentage

stopped in the upper stages of the impactor (i.e. in the induc-
tion port, stage 1 and stage 2). Indeed, formulation A5 and A6
presented a D[4,3] of 11.5 ± 4.4 �m and 1.86 ± 0.12 �m,  a MMAD
of 4.5 ± 0.6 �m and 3.0 ± 0.1 �m and a percentage of powders

f 2500×, 5000× and 10,000×. Formulation A1 (Fig. 3A) comprises individualized
A2 (outlet temperature of 60 ◦C) generated a linkage between spherical particles
formulation A4; outlet temperature 70 ◦C), which induced the formation of severe
n when adding TPGS to the composition.
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Fig. 4. HSM photographs (magnification of 200×) obtained for formulation A1. Each image was taken with and without a polarizer, which is used to detect crystalline phases.
S ◦ ◦ ◦ in  (af ◦

5 ile m
I 05 ◦C. 

d
o
p
A

F
f
t
t

amples were heated from 50 C to 90 C per steps of 5 C maintained during 60 m
◦C/min. Fig. 4C and D illustrates (white circles) the visual modification observed wh

TZ  fractions are visible under polarized light when increasing temperature up to 1
eposited in the upper stages of 79.7% and 52.8% in comparison
f a D[4.3] of 1.00 ± 0.04 �m,  a MMAD  of 1.61 ± 0.05 �m and a
ercentage deposited in the upper stages of 11.2% for formulation
1 (without TPGS) (Table 3). The percentage of powders deposited

ig. 5. Graphical representation of in vitro pulmonary deposition patterns of SD ITZ
ormulations A1, A5 and A6 (MsLI, 100 L/min, 2.4 s, n = 3). ITZ doses recovered from
he device, the throat and stages 1–5 of the MsLI deposition are expressed as a % of
he  nominal dose (2.5 mg).
ter each increment) follow by a continuous heating from 90 to 180 C at a rate of
aintaining the sample at 60 ◦C due to ITZ transition into liquid crystal. Recrystallized
ITZ crystals intensity reached a maximum at 120 ◦C (white arrows, Fig. 4F).

in the upper stages of the impactor represents the proportion of
particles that would be stopped in the oropharyngeal region after
inhalation by a patient and that would be removed by mucocil-
iary clearance from trachea or by swallowing in the throat. This
proportion is then not part of the dose that could be active in the
lung or absorbed to the systemic compartment through pulmonary
mucosa.

Regarding the aerodynamic assessment of fine particles and as
expected from size analysis results, the FPF of formulation A5 (16%)
was much lower than the FPFs of formulations A1 and A6 (47% and
37.2%, respectively). The last two  formulations showed respectable
aerosol performances.

Device and capsule retention of formulation was  considerably
reduced when TPSG was introduced into the formulations (the
emitted doses were 85.9%, 82.5% and 53.3% for formulations A5,
A6 and A1, respectively). This may  have been influenced by dif-
ferent particle surface properties that reduced surface cohesion.
On one hand, the smaller particle size and smoother surfaces of
formulation A1, compared to formulations A5 and A6, enhanced
the total surface area of particles, which generated greater sur-

face interaction with the capsule and device and greater particle
cohesion. On the other hand, the TPGS in formulation A5 and A6
could have had a lubricant effect that improved device and capsule
emptying.
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Fig. 6. Saturation solubility profiles of formulation A1 (•, solid black line), formula-
tion A5 (�, solid grey line) and formulation A6 (�, dashed grey line) in physiological
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hosphate buffer with 0.02% DPPC set at pH 7.2 and 37 C at supersaturation condi-
ions (mean ± S.D., n = 3). The raw ITZ saturation solubility was below the detection
imit of the HPLC-UV quantification method (<10 ng/ml).

.4. In vitro solubility/dissolution characteristics

For drugs acting locally in the lung, such as inhaled ITZ in
he case of an invasive pulmonary fungal infection, the principal
ims are to maximize drug lung concentration and residence time
hile minimizing the systemic concentration to reduce systemi-

ally mediated adverse events or interactions (McConville et al.,
006). Once inhaled, ITZ drug particles will be deposited on lung
urfaces covered with lung surfactant, and (partial) drug dissolu-
ion will occur within this fluid. The extent of the active ingredient
hat is dissolved will therefore determine the fraction of drug
hat will be available to perform its pharmacological activity. This
raction of dissolved inhaled particles will also be subject to the
bsorption process. The undissolved drug fraction will also be pro-
ressively removed from the lungs by macrophage phagocytosis in
he alveolar region and mucociliary/cough clearance in the conduc-
ion airways. The latter two mechanisms will progressively reduce
he drug lung concentration and consequently reduce the potential
ction of the drug within the lungs. The ITZ saturation solubility in
LF is extremely low (∼8 ng/ml; Yang et al., 2010). In vivo, this may
ead to (i) very low availability of ITZ in the lung fluid surround-
ng the dry drug particles (ii) excessive non-absorptive clearance
efense mechanism which may  both considerably reduce the avail-
ble drug concentration in the lungs and residence time (Mobley
nd Hochhaus, 2001). Thus, one major objective of our ITZ-based
PI formulations was to enhance the ITZ saturation solubility and
issolution rate to allow a greater available drug fraction to be
btained and to reduce non-absorptive clearance mechanisms.

The saturation solubility kinetic analysis showed that formula-
ions A1, A5 and A6 provided greater saturation levels (4- and 6-fold
reater) in the physiological phosphate buffer (pH 7.2, 37 ◦C) con-
aining 0.02% (w/v) DPPC than the unformulated drug (Table 2 and
ig. 6). Indeed, raw ITZ was analyzed under the same conditions,
ut no detectable signals throughout the test allowed its saturation
olubility to be estimated. ITZ saturation solubility was therefore
onsidered to be below the detection limit of the analytical method
i.e., 10 ng/ml), which is consistent with the reported saturation
olubility of ITZ in SLF (8 ng/ml; Yang et al., 2010).

Formulations A1 and A5 showed very similar saturation kinetic
rofiles with a maximum value of 46 ng/ml after 90 min  and a
ecrease of up to 20 ng/ml after 24 h. Formulation A6 supersat-

rated more quickly and to a greater extent, with a maximum
olubility of 61 ng/ml after 5 min  and a saturation solubility of
6 ng/ml after 24 h. The latter formulation provided a greater sat-
ration solubility that was reached more quickly than the other
harmaceutics 428 (2012) 103– 113 111

two formulations. As shown previously, in all formulations, ITZ
was in an amorphous glassy state. This form of ITZ possesses a
higher dissolution rate than the respective crystalline form (Six
et al., 2004), probably due to greater saturation solubility, which
allowed the formulations to form supersaturated solutions. Dur-
ing the saturation tests, these solutions progressively decreased
to a lower equilibrium solubility because the remaining glassy
ITZ particles in contact with the dissolution medium recrystal-
lized into a lower-energy, more stable form that possesses a lower
saturation solubility (Freiwald et al., 2005). The apparition of ITZ
crystals throughout the test was observed under polarized light
microscopy. This apparition prevented the attainment of the maxi-
mum reachable equilibrium solubility of amorphous ITZ particles in
suspension and the dissolution medium. As mentioned previously,
the saturation solubility value of formulation A6 was superior to
the values obtained for formulations A1 and A5. Thus, the TPGS may
have reduced the re-crystallization of ITZ amorphous particles in
suspension by intermolecular interactions that allow attainment of
a greater saturation solubility. Intermolecular interactions between
polymers and amorphous drugs that prevent recrystallization in
solution have already been reported, but the exact mechanisms
are not clear (Murdande et al., 2011). However, formulation A5,
containing the same TPGS/ITZ ratio as formulation A6 (10% TPGS,
expressed in terms of the weight of ITZ), exhibited lower solubility
enhancement. Despite this ratio, the TPGS in formulation A5 did not
reduce recrystallization. However, formulation A6 had better wet-
tability, which may  explain this difference. Indeed, formulation A6,
which contained 9.8% ITZ, is less hydrophobic than formulation A5
(with an ITZ content of 34.6%), which allowed better wettability and
therefore quicker supersaturation onset. In addition, as previously
seen, the TPGS had a tendency to accumulate on particle surfaces
after spray-drying for solutions with a high proportion of TPGS, as
demonstrated by Kawakami et al. (2010).  This tendency may  have
reduced the quantity of TPGS inside formulation A5 that could ‘inti-
mately’ protect amorphous ITZ from re-crystallization, leading to a
direct decrease in solubility compared to formulation A6.

In comparison with raw ITZ, these formulations should provide
higher dissolved ITZ concentrations in vivo in the lining lung fluid.
These higher drug concentrations may  enhance therapeutic activ-
ity because of a possible greater amount of diffused “active drug” in
the fungal infiltration. However, this fraction would also be rapidly
removed from the lung to the systemic compartment by diffusion
due to the high tissue permeation of ITZ, which is why the disso-
lution profile of the DPI formulations must be evaluated in sink
conditions. Faster dissolution rates would correlate with a faster
turnover of the amount of API that would be lost secondary to the
absorptive clearance that would occur in the lining fluid. The in vitro
drug release profiles of the raw ITZ and formulations A1, A5 and A6
were evaluated under sink conditions (pH 1.2; 0.3% SDS; Fig. 7).
Each formulation presented a significantly different dissolution
profile (f2 < 50) and a faster dissolution rate compared to raw ITZ
(MDT of 62.1 min, 50.4 min, 49.6 min  and 37.9 min for micronized
raw ITZ and formulations A1, A5 and A6, respectively). The SD of
ITZ prepared using only mannitol (formulation A1) accelerated the
ITZ dissolution rate significantly (f2 = 40.92; MDT  of 62.1 min  and
50.4 min  for raw ITZ and formulation A1, respectively). Because
the dissolution of a drug compound is directed by three major
physicochemical properties – saturation solubility, the particles’
surface area, and wetting properties – the enhanced dissolution
rate observed for formulation A1 was explained by the combination
of the SD formation and drug amorphization. Indeed, on one hand,
we showed that the SD formation of glassy ITZ with mannitol pro-

vided greater ITZ saturation solubility than the raw crystalline form.
On the other hand, once in contact with the dissolution medium,
the mannitol from the formulations was quickly dissolved, leav-
ing amorphous ITZ particles with improved solubility that were
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Fig. 7. Dissolution release profiles (mean ± S.D., n = 3) of ITZ from the DPI formu-
lations (A1, A5 and A6) and the raw ITZ. These profiles were determined after
impaction (NGI with an Axahaler® device at 60 l/min, 4 s, and one N◦ . 3 HPMC cap-
sule) of a quantity of particles corresponding to 600 �g of ITZ (stage 3, dae from 2.82
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o  4.46 �m)  on a removable insert placed into the vessel of the USP 33 type II disso-
ution apparatus (300 ml  of dissolution medium at pH 1.2, 37 ◦C, paddle operating
peed 75 rpm).

robably in a very fine divided state that also accelerated the ITZ
issolution rate by enhancing the surface area that was available
o the dissolution medium. Formulation A6 showed the fastest dis-
olution velocity, with an MDT  of 37.9 min. This effect probably
esulted from the combination of (i) drug particle wetting enhance-
ent due to lower ITZ content and the surfactant-type activity of

PGS and (ii) the greater saturation solubility, which is beneficial
n terms of dissolution. Formulation A1 showed the slowest disso-
ution velocity, with an MDT  of 50.4 min  that was probably due to
ower saturation solubility and the lack of TPGS, which enhances
he wetting of amorphous particles. Indeed, despite the same sat-
ration solubility, formulation A5 showed a slightly faster release
rofile than formulation A1 (MDT of 49.6 min  vs. 50.4 min  for for-
ulation A1; Fig. 7) due to the presence of TPGS, which allowed

etter hydrophobic ITZ wettability and therefore enhanced the dis-
olution rate.

. Conclusion

We successfully demonstrated that the formation of matri-
ial mannitol SD microparticles in which a poorly water-soluble
PI, ITZ, was dispersed in an amorphous state offered improved
issolution rate and saturation solubility compared to bulk ITZ
hile providing good aerosolization properties. The dry powders
ere produced by a simple spray-drying method using only low-
otential toxicity solvents (USP class III) and excipients. The use of a
onjugated-polymeric surfactant (TPGS) was beneficial in terms of
he dissolution rate and saturation solubility. However, it limited
article aerosol performance, mainly due to its surface accumu-

ation and its softening during the spray-drying process, which
oth decreased the respirable fraction by increasing particle size
nd limited dissolution improvement by reducing the TPGS avail-
ble inside the dried particles. The reduction of ITZ content to 10%
w/w) in the SD while keeping an ITZ:TPGS ratio of 10% seemed to
rovide the formulation with the best solubility properties. This for-
ulation concept could be envisaged to treat pulmonary invasive

spergillosis. The high saturation levels, the relatively fast dissolu-

ion rate and the high particle fractions should allow an adequate
n situ pulmonary drug concentration (superior to the minimal
nhibitory concentration of the mold) to be provided by maxi-

izing the fraction of the drug that could diffuse and exercise its
harmaceutics 428 (2012) 103– 113

antifungal activity inside fungal lesions. Future pharmacokinetic
studies (local and systemic) in the mouse will be conducted to
evaluate the behavior of these systems in vivo in terms of drug
dissolution, absorption and elimination after endotracheal insuf-
flation.
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