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Abstract

The objective of this study was to investigate the influence of stabilizer type on the physicochemical properties, including
dissolution, of ultra-high potency powders containing itraconazole (ITZ) formed by evaporative precipitation into aqueous
solution (EPAS). ITZ was dissolved in dichloromethane, which was then atomized through a heated coil at 80◦C into an aqueous
solution over precise periods of time. Stabilizers were present in either the aqueous, organic or both phases. The dispersions
were centrifuged and the supernatant was removed. Three hydrophilic stabilizers were investigated, including polysorbate 80,
polyvinyl pyrrolidone and poloxamer 407. Rapid dissolving ultra-high potency of ITZ powders was successfully produced.
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reater than 80% of ITZ was dissolved in 5 min compared to only 13% of ITZ bulk powders. The resulting stabilize
rug particles had high drug-to-stabilizer ratios greater than 12, corresponding to potencies (wt drug/wt drug + wt s
s high as 93%. An increase in dissolution rate was correlated with the amount of stabilizer adsorbed and the wetta
ombination of polysorbate 80 and poloxamer 407 present in the aqueous and organic phases, respectively, was
chieving high wetting and rapid dissolving ITZ powders. The ability to control the adsorption behavior of stabilizers b
ynergistic combinations affords the opportunity to achieve high dissolution rates with higher potencies compared to p
eported values.
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1. Introduction

Itraconazole (ITZ) is an orally active triazole an
fungal agent with a potent broad spectrum of acti
againstCandida species andAspergillus species whic
are the two most common human fungal pathog
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(Jain and Sehgal, 2001). It has a molecular formula
C35H38Cl2N8O4 and molecular weight of 705.64. ITZ
is categorized as a Class II compound by the Bio-
pharmaceutics Classification System (BCS), and is
water insoluble (solubility∼ 1 ng/mL at neutral pH)
but highly permeable (Amidon et al., 1995). This com-
pound is a weak base (pKa = 3.7) and reportedly has
an octanol:water partition coefficient (logP) of greater
than 5 at pH 6 (Peeters et al., 2002). ITZ was chosen as
the model drug for this study due to its low solubility
and poor wetting in water, and hence low and vari-
able bioavailability (Woestsnborghs et al., 1989). There
have been many attempts to improve the bioavailabil-
ity and dissolution rate of poorly water-soluble drugs
like ITZ. These include reducing the particle size by
mechanical means to increase surface area (Kubo et
al., 1996), solubilization in surfactant systems (Martis
et al., 1972; Rees and Collett, 1974), formation of
water-soluble complexes (Cassella et al., 1998) and
manipulation of solid state of the drug substance by
inhibiting crystallization to form amorphous particles
(Leuner and Dressman, 2000). Particle size reduction is
a promising way to increase dissolution rates of poorly
water-soluble drugs (Hu et al., 2004; Rogers et al.,
2001).

Evaporative precipitation into aqueous solution
(EPAS) is a particle engineering technology reported
to produce submicron to micron-sized drug particles
stabilized by surfactants or polymers and dispersed in

an aqueous medium (Sarkari et al., 2002; Chen et al.,
2002, 2004a). During processing, drug dissolved in an
organic solvent is sprayed through an atomizing noz-
zle into an aqueous solution containing a hydrophilic
stabilizer to produce an aqueous dispersion (Fig. 1).
Rapid evaporation of the organic solvent at elevated
temperature produces very high supersaturation and
rapid precipitation of the drug in the form of suspended
particles. The particles may be stabilized by a variety
of stabilizers present in either or both the organic and
aqueous phases. The stabilizers adsorb onto the newly
formed drug particle surfaces consequently decreasing
the surface energy and providing steric and/or electro-
static repulsion between particles. This process may
be dictated by the thermodynamic and kinetic aspects
of stabilizer adsorption: the stabilizer must adsorb on
the newly created surface and attain a conformation
that is conducive to steric stabilization. The primary
objective of this study is to prepare rapid dissolving
ultra-high potency ITZ powders by the EPAS process.
We desire to have extremely high drug-to-stabilizer
ratios greater than 12, corresponding to potencies (wt
drug/wt drug + wt surfactant) above 90%. In a previ-
ous study,Chen et al. (2004b)reported potencies of
ITZ produced by the EPAS process ranging from 40
up to only 72%. We believe that by choosing the opti-
mal stabilizer type, and by optimizing the phase that the
stabilizer is present in, that even higher potencies can
be achieved for highly wettable and rapidly dissolving

ss and
Fig. 1. Schematic representation of EPAS proce
 the photograph showing intense atomization of the spray.
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ITZ powders. It is challenging to increase the drug-to-
stabilizer ratio to values of up to 12, while at the same
time maintaining high surface areas, stabilized parti-
cles with enhanced wetting and high dissolution rates.
We hypothesize that the ultra-high potency ITZ pow-
ders, greater than those reported by Chen et al., with
low levels of adsorbed stabilizer can be produced by an
optimum choice of stabilizer(s) which can adsorb very
rapidly onto the ITZ particle surfaces during the very
short spray times employed in the EPAS process. The
very small amount of adsorbed stabilizers was suffi-
cient to form a hydrophilic layer on the particle surface
resulting in increased particle wettability and dissolu-
tion.

2. Materials and methods

2.1. Materials

ITZ was purchased from Hawkins Inc. (Minneapo-
lis, MN). The stabilizers including a non-ionic surfac-
tant (polysorbate 80; MW = 1310) and a homopolymer;
polyvinyl pyrrolidone (PVP K-15, MW = 15,000) were
purchased from Spectrum Chemicals (Gardena, CA).
The polyoxyethylene–polyoxypropylene copolymer
(poloxamer 407, MW = 11,700) was purchased from
BASF (Mount Olive, NJ). HPLC grade acetonitrile was
obtained from EM Industries Inc. (Gibbstown, NJ) and
dichloromethane was purchased from Fisher Scientific
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temperature controller (Julabo MP, Julabo USA Inc.,
Allentown, PA). The temperature of the water bath and
the heating jacket was maintained at 80◦C. The noz-
zle was made by cutting stainless steel tubing (1/16 in.
o.d.× 0.030 in. i.d.) (Young et al., 2000) to form an
elliptical conical orifice. The crimped end of the nozzle
was filed back until the desired flow rate of 1 mL/min
was achieved giving a pressure drop of about 20 MPa
across the orifice. This type of nozzle produces very
high pressure drops resulting in intense atomization
of the organic drug solution at the tip of the nozzle.
The nozzle was submerged approximately 10 cm under
the surface of the aqueous solution. After atomizing
for 5 min, an aqueous dispersion containing a drug-to-
stabilizer ratio of 0.68 was recovered. The dispersions
were centrifuged (Model J2-21, Beckman, Fullerton,
CA) at 10,000 rpm for 20 min to concentrate the parti-
cles, as described previously for particles formed by
EPAS (Chen et al., 2004a,b). The supernatant was
decanted to remove the unbound stabilizer in order to
increase the potency (wt drug/wt drug + wt surfactant)
in the precipitate. The particles were frozen by sub-
merging in liquid nitrogen and then lyophilized.

2.3. Potency test

The potency of dry powders (wt drug/wt drug + wt
surfactant) was determined by dissolving a known
amount of dry powder (ca. 10 mg) into 50 mL of
mobile phase and then determining ITZ concentration
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rom an ultra-pure water system (Milli-QUV plus, M
ipore S.A., Molsheim Cedex, France).

.2. Particle formation using EPAS process

A schematic diagram of the EPAS apparatu
hown inFig. 1. The EPAS process consisted of spr
ng a 15.0% (w/w) solution of ITZ containing 2
w/v) stabilizer dissolved in dichloromethane via
PLC pump (Model PU-2086, Jasco Inc., Baltimo
D) through a 1/16 in. outer diameter (o.d.)× 0.030 in.

nner diameter (i.d.) preheating coil contained with
-1/2 in. o.d.× 15 in. long plastic water jacket (Mod
5023D, Alltech Associates Inc., Deerfield, IL) in
0 mL of 2.0% (w/w) aqueous solution of stabil
rs. Water was circulated through the jacket wit
y HPLC. Reverse-phase HPLC was conducted us
himadzu VP-AT series LC10 HPLC (Columbia, M

o measure the quantity of ITZ in the prepared s
le. The mobile phase consisted of acetonitrile:w
70:30, v/v) containing 0.02% diethylamine. The fl
ate was 1.0 mL/min and the detector wavelength
63 nm. ITZ was eluted from an Inertsil 5�m ODS-
column (4.6 mm i.d.× 150 mm; Alltech Associate

nc., Deerfield, IL) at 5 min using an injection volum
f 50�L.

.4. Adsorption studies

To measure the amount of stabilizer adsor
nto the particles immediately after EPAS proc

ng, 15% (w/v) itraconazole solution containing 2
tabilizer dissolved in dichloromethane was spra
nto 50 mL aqueous solution containing 2% stabil
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at a flow rate of 1 mL/min. After 5 min of spraying,
the EPAS dispersion with a drug-to-stabilizer ratio
of 0.68 (drug:organic stabilizer:aqueous stabilizer of
0.75:0.1:1), and total concentration of itraconazole
of 15 mg/mL was recovered. The pressure drop was
20 MPa and the temperature of both organic and aque-
ous phases was 80◦C. Immediately after the disper-
sions were formed, aliquots of 4 mL of the dispersion
were centrifuged at 10,000 rpm for 20 min for complete
separation of the solids, leaving a clear supernatant at
the top. After centrifugation, the supernatant and pre-
cipitate were weighed before and after drying at 40◦C
to determine the amount of stabilizer adsorbed gravi-
metrically.

A separate set of experiments was designed to deter-
mine the equilibrium adsorption isotherm for each pure
stabilizer as a function of stabilizer concentration. 2%
(w/v) ITZ dissolved in dichloromethane was sprayed
into 15 mL aqueous solution containing stabilizer at a
flow rate of 1 mL/min. Various concentrations (from
0.1 to 3%) of stabilizers dissolved in the organic phase
were used to prepare the EPAS samples in triplicate.
After 5 min of spraying, the EPAS dispersion was agi-
tated at 37◦C for 24 h, to allow adsorption to reach
equilibrium. Aliquots of 4 mL of the dispersion were
centrifuged at 10,000 rpm for 20 min to concentrate the
solids. After centrifugation, the supernatant and precip-
itate were weighed before and after drying at 40◦C to
determine the amount of stabilizer adsorbed gravimet-
rically.
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after drying,Wdrug,pptthe amount of ITZ in the precip-
itate measured by HPLC andWsurf,adsis the amount of
adsorbed surfactant or stabilizer on ITZ.

2.5. Dissolution testing

Dissolution testing (Vankel 7000, Vankel Technol-
ogy Group, Cary, NC) was conducted on isolated ITZ
EPAS powders using the United States Pharmacopoeia
(USP) apparatus II (paddles) at 50 rpm. Dry powder
containing approximately 10 mg of ITZ was weighed
out and placed into 900 mL of dissolution media that
contained enzyme-free simulated gastric fluid with
0.5% sodium lauryl sulfate (pH 1.2). The dissolution
media was maintained at 37◦C and degassed prior to
use by sonication for 2 min. Sink conditions were main-
tained throughout the testing. Aliquots of the dissolu-
tion media (5 mL) were collected at 2, 5, 10, 20, 30, 60
and 120 min intervals. After 60 min, the paddle speed
was increased to 200 rpm to approximate complete dis-
solution of ITZ at the 2 h time point. The samples were
filtered using 0.45�m filters (Gelman GHP Acrodisc
0.45�m, VWR, West Chester, PA). To ensure that no
precipitation occurred during HPLC analysis, 0.1 mL
of acetonitrile was added to 4 mL of filtered samples.
These were mixed using a vortex mixer for approxi-
mately 5 s and again filtered through a 0.45�m filter
into an HPLC vial for drug content analysis by reverse-
phase HPLC. Dissolution profiles for ITZ EPAS pow-
ders were determined in replicates of 6.
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f adsorbed stabilizer on ITZ particles is given by

ollowing equation:

surf,ads = Wppt,dry − Wdrug,ppt − (Wppt,wet − Wppt,dry

×
(

Wsup,dry

Wsup,wet − Wsup,dry

)

hereWsup,wetis the weight of the supernatant bef
rying,Wsup,drythe weight of the supernatant after d

ng to remove water,Wppt,wetthe weight of the precip
ate before drying,Wppt,drythe weight of the precipita
d.6. Transmission electron microscopy (TEM)

A JEOL 2010F field emission transmission (JEO
ith energy dispersive X-ray spectroscopy (ED

Peabody, MA) was used to examine the primary
icle size and determine the chemistry of the sam
he dry powders were redispersed in water and pl
n a Cu grid, fixed on the TEM holder and inserted

he TEM column.

.7. Contact angle

Dry powder was compressed at 1000 kg comp
ion force using a Carver Laboratory Press (Mode
SI Inc., Round Rock, TX) with 6 mm diameter fla
aced punches. A droplet of water (3�L) was placed
nto the surface of the compact and observed us
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low power microscope. The contact angle was deter-
mined by measuring the tangent to the curve of the
droplet on the surface of the compact using a Goniome-
ter (Model No. 100-00-115, Ram̀e-Hart Inc., Mountain
Lakes, NJ).

2.8. Surface area

The specific surface area was determined using a
Nova 3000 surface area analyzer (Quantachrome Cor-
poration, Boynton Beach, FL) to measure N2 sorption
at 77.40 K. The surface area per unit powder mass
was calculated from the fit of adsorption data to the
Brunauer, Emmett and Teller (BET) equation.

2.9. Powder X-ray diffraction

Powder X-ray diffraction was conducted using Cu
K�1 radiation with a wavelength of 1.54054Å at 40 kV
and 20 mA from a Philips 1720 X-ray diffractometer
(Philips Analytical Inc., Natick, MA). The sample pow-
ders were placed in a glass sample holder. Samples
were scanned from 5◦ to 50◦ (2θ) at a rate 0.05◦/s. For
comparative purposes, the three highest values for rela-
tive line intensity and the corresponding 2θ angle were
compared.

3. Results and discussion

3.1. Adsorption studies

3.1.1. Adsorption isotherms of stabilizers onto ITZ
particle surface after 24 h equilibration

The adsorption isotherm for each of the stabilizers
investigated with ITZ particles produced by EPAS is
shown inFig. 2. The adsorption isotherms for polox-
amer 407 and PVP followed Langmuir-behavior char-
acterized by a steep initial slope at low concentration
and a plateau, indicating the point where most of the
adsorption sites on the ITZ particle surface are occu-
pied. In the adsorption of polysorbate 80, the shape of
the isotherm was more complex with changes in con-
cavity. The adsorption increased rapidly to an initial
plateau and then further gradually increased toward
a second plateau. This adsorption behavior could be
related to the increase of aggregate concentration typ-
ical of micelle formation. As can be seen inFig. 2,
the polysorbate 80 adsorption exhibited a strong affin-
ity to ITZ particle surfaces as indicated by the sharp
initial slope and a higher adsorption at all concentra-
tions. Polysorbate 80 molecules would be expected
to adsorb onto the hydrophobic ITZ surfaces with
the PEO groups extended into water to provide steric

s of va
Fig. 2. The adsorption isotherm
 rious stabilizers onto ITZ particles.
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stabilization.Luckham et al. (1995a)found that lower
molecular weight ethoxylated polymers adsorb on car-
bon black surfaces more strongly than higher molecular
weight polymers. The non-adsorbing ethylene oxide
block hinders the adsorption of the higher molecular
weight stabilizers. This may explain why polysorbate
80, which has shorter PEO chains, adsorbed onto the
particle surfaces to a greater extent than poloxamer 407
with PEO chains about 100 segments long. In addition,
polysorbate 80 with a lower HLB value (HLB = 15)
would be expected to adsorb more strongly onto the
hydrophobic surface than poloxamer 407 and PVP.
The homopolymer PVP is very hydrophilic and has
a small thermodynamic driving force for adsorption
(Gennes, 1987). Sato and Kohnosu (1994)reported
that the amount of PVP adsorbed onto the hydropho-
bic surface of TiO2 is low in aqueous solution, which
is in agreement with the results obtained byPattanaik
and Bhaumik (2000). Therefore, low adsorption of PVP
found in this study was also consistent with previously
reported studies.

3.1.2. Adsorption of stabilizers onto ITZ particle
surface after EPAS process

The adsorption (Wsurf,ads/Wdrug,ppt) of stabilizers in
each EPAS formulations was measured immediately
after forming the dispersions, and the results are listed
in Table 1. The results demonstrated that the combina-
tion of poloxamer 407 and polysorbate 80, present in
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found that the adsorption dynamics of the copolymer
poloxamer 407 is rather slow when added alone in the
aqueous phase. Chen et al. showed that adsorption of
poloxamer 407 increased from 3.87 to 11.21% (w/w)
surfactant-to-drug after storage at 25◦C for 72 h. This
increase might be caused by slow surface rearrange-
ment of the adsorbed polymer layer to provide space
for further adsorption (Tripp and Hair, 1996). More-
over, the increase in viscosity of poloxamer 407 at high
temperature could also cause the longer diffusion time.
However, in the present study, we found that the combi-
nation of poloxamer 407 and polysorbate 80, present in
the organic and aqueous phases, respectively, showed
the highest adsorption immediately upon particle for-
mation. Poloxamer 407 is added in the same (organic)
phase as the ITZ where it precipitates from the evapo-
rating organic droplets, and, hence, requires a relatively
short time to diffuse and adsorb onto the nucleating
particle surfaces. Moreover, employing a second sur-
factant like polysorbate 80 may facilitate orientation of
poloxamer 407 at the solid–liquid interface, and enable
a much shorter equilibration time to attain optimal sur-
factant conformation. Chen et al. required much longer
equilibration times using poloxamer 407 alone, which
resulted in larger particles. Polysorbate 80 is a much
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olysorbate 80 Poloxamer 407 10.72± 0.14
VP K-15 PVP K-15 5.38± 0.14
oloxamer 407 Poloxamer 407 6.46± 0.36
olysorbate 80 PVP K-15 5.86± 0.83
VP K-15 Poloxamer 407 5.70± 0.73

rug:organic stabilizer:aqueous stabilizer (0.75:0.1:1) (w/w/w
nal concentration of 15 mg/mL of ITZ in the aqueous EPAS dis
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xpected to lead to faster diffusion (Kim et al., 2000) to
he particle surface and faster adsorption kinetics a
urface, to inhibit the otherwise rapid crystallizati
n addition, the adsorption for pure polysorbate 80
ubstantially larger than for the other stabilizers as
hown inFig. 2.
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been reported that some non-ionic surfactants may sig-
nificantly increase emulsifying capacity of polymeric
surfactants (Carlotti et al., 1995). Thus, the highest
adsorption produced with polysorbate 80 and polox-
amer 407 is consistent with the previously observed
favorable interactions between these stabilizers. How-
ever, this interaction was not found in the combination
of polysorbate 80 and PVP K-15 which yielded low
adsorption (5.86%, w/w). It may possible that a layer
of PVP K-15 which was present in the organic phase
with ITZ coated the nuclei first and that polysorbate
80 could not adsorb on the polymer layer. Moreover,
the small adsorption could also due to the competi-
tive adsorption of these stabilizers onto surfaces of the
ITZ particles (Noskov et al., 2002). It is constructive
to further compare the different intermolecular inter-
actions of the surface of ITZ particles with poloxamer
407 and PVP K-15. A small amount of adsorbed sta-
bilizers was observed (5.70%, w/w) compared to the
combination of poloxamer 407 and polysorbate 80.
This may be attributed to the lower adsorption after
24 h for both poloxamer 407 and PVP K-15, relative to
polysorbate 80. Since PVP has higher molecular weight
than poloxamer 407, it will take longer to diffuse and
adsorb onto the ITZ particle surfaces. The combina-
tion of PVP K-15 by itself also yielded low adsorption
(5.38%, w/w).

3.2. Dissolution testing

Dissolution profiles of ITZ EPAS powders are pre-
sented inFig. 3. The dissolution rate of all formulations
is significantly greater than that compared to the bulk
powder. A high dissolution rate was observed for all
EPAS formulations in spite of the fact that the crys-
tallinity of each of the EPAS powders was observed to
be high, as will be discussed later in this paper. The
dissolution rate was also correlated to the amount of
stabilizer adsorbed. It was much higher for the formula-
tion containing polysorbate 80 and poloxamer 407 than
the other stabilizers. In 5 min, 80% of ITZ prepared
by EPAS was dissolved as compared to 13% deter-
mined for the bulk powder. Results presented below
(Sections3.3 and 3.4) indicate that this observation of
the highest dissolution rate is consistent with the high
wettability (lowest contact angle) and very small pri-
mary particle size of ITZ produced by EPAS, respec-
tively.

3.3. Transmission electron microscopy

TEM was used to investigate the primary particles
and morphology of ITZ particles after redispersion of
the dried EPAS powders in water. InFig. 4, the TEM
micrograph of ITZ with polysorbate 80 and poloxamer

F t syste stabili
A final dr zyme-free
s lution p
ig. 3. Dissolution profile of itraconazole with different surfactan
ll dispersions were centrifuged and dried by lyophilization. The
imulated gastric fluid containing 0.5% SLS (pH 1.2) and disso
ms. The weight ratios shown are ITZ:organic stabilizer:aqueouszer.
ug concentration was 15 mg/mL. The dissolution media was en
rofiles were determined in replicates of 6.
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Fig. 4. TEM micrograph of of itraconazole EPAS particles with
poloxamer 407 as organic stabilizer and polysorbate 80 as aqueous
stabilizer. The ratio of ITZ:organic stabilizer:aqueous stabilizer was
0.75:0.1:1. The dispersion was centrifuged and dried by lyophiliza-
tion. The final drug concentration was 15 mg/mL.

407 indicate aggregation of small particles after being
redispersed in water. The particles were composed of
small primary particles which aggregated during the
drying process. This explains why the highest dissolu-
tion occurred in the formulation containing polysorbate

80 and poloxamer 407 even though the particle size
of dry powders was about 7�m measured by laser
diffraction, which most probably represented aggre-
gates being measured by laser light diffraction. Since
these aggregates were not easily deaggregated into
their discrete particles, laser diffraction was not used to
quantitate particle size. Energy dispersive spectroscopy
was used to qualitatively determine and confirm the
elemental compositions of particles in this image. The
EDS spectrum was obtained, the constituent elements
identified and the occurrence classified into a compo-
sitional type. The EDS spectrum showed the presence
of C, N, O and Cl, as shown inFig. 5. The presence
of both N and Cl atoms, which are only present in
the ITZ molecule, is indicative that the large particle
is ITZ which consisted of very small aggregated pri-
mary particles. It clearly showed that the bright spots
of highest elemental intensity could be overlaid on the
pattern of the ITZ structure. Other elements of Cu and
Si were present on the film and supporting grid. The
rapid evaporation of the heated organic solution in the
EPAS process produces high supersaturation and rapid
precipitation of ITZ in the form of a nanoparticle dis-
persion that is stabilized by a variety of stabilizers. The
results also further confirmed the potential of EPAS

Fig. 5. EDS spectrum of itraconazole EPAS particles with poloxame bilizer. The
ratio of ITZ:organic stabilizer:aqueous stabilizer was 0.75:0.1:1. The . The final
drug concentration was 15 mg/mL. Presence of N and Cl confirms ITZ
r 407 as organic stabilizer and polysorbate 80 as aqueous sta
dispersion was centrifuged, frozen and dried by lyophilization
.
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Table 2
Characterization of itraconazole powders

Aqueous excipients Organic excipients Potency of ITZ (%) Drug:stabilizer ratio Surface area (m2/g) Contact angle (◦)

Bulk powder / / 4.22± 0.10 61.6± 0.54
Physical mixturea / / 3.09± 0.27 52.3± 0.85

Polysorbate 80 Poloxamer 407 90.5 9.5 3.25± 0.22 30.3± 0.66
PVP K-15 PVP K-15 90.3 9.3 5.77± 0.33 43.5± 0.47
Poloxamer 407 Poloxamer 407 93.8 15.1 6.31± 0.61 35.1± 0.63
Polysorbate 80 PVP K-15 93.1 13.5 3.33± 0.21 32.7± 0.79
PVP K-15 Poloxamer 407 91.4 10.6 5.87± 0.38 42.8± 0.84

Drug:organic stabilizer:aqueous stabilizer (0.75:0.1:1) (w/w/w) at final concentration of 15 mg/mL of ITZ in the aqueous EPAS dispersion. All
dispersions were centrifuged and dried by lyophilization. (/) Not measured.

a Physical mixture consists of ITZ, polysorbate 80 and poloxamer 407 (0.75:0.1:1 w/w/w).

process in producing nanoparticles of poorly water-
soluble drugs (Chen et al., 2002).

3.4. Contact angle

Surfactants or stabilizers generally improve wet-
ting by adsorbing on the surface to cause a reduc-
tion in the solid–liquid interfacial energy. The con-
tact angle results are shown inTable 2. Adsorbed
hydrophilic stabilizer on the particle surface reduced
the contact angle indicating improved wettability com-
pared to bulk powder. It is likely that different sta-
bilizers and their combination may display variation
in wetting particle surface. The decrease in contact
angle correlated with an increase in dissolution rate
as reported inTable 2. For the EPAS formulation of
polysorbate 80 and poloxamer 407, the contact angles
were lowest due to high adsorption and wetting of
particle surfaces resulting in the highest dissolution
rate profile. Reduction in contact angle from 61.6◦
for bulk ITZ to 30.3◦ was achieved at a high drug
potency of 90%, with a corresponding increase in drug
dissolution from 14 to 80% in 5 min. This may be
expected as the ITZ surface is largely hydrophobic in
nature so the bulk powder does not break the interfa-
cial tension of the dissolution media at the air/liquid
boundary. The ITZ particles without stabilizers float
on the surface throughout the dissolution experiment.
The contact angle of the corresponding physical mix-
ture of ITZ with polysorbate 80 and poloxamer 407
w r-
f et-
t r to
e .
( ent

of phenylbutazone was mostly due to the enhanced wet-
ting.

3.5. Surface area

The surface areas of the dry powders were deter-
mined by BET and the results are shown inTable 2.
The surface areas of ITZ EPAS formulations were
higher than that of the bulk powder except for the
formulations containing polysorbate 80. Polysorbate
80 is a liquid at room temperature, and consequently,
it caused aggregation of the dry powder at room
temperature, and subsequently low surface area as
shown in Table 2. The calculated surface area for
monodisperse spheres of ITZ with particle diame-
ter about 8�m would be 2.3 m2/g. The larger sur-
face area for the powders suggests that the particles
were not uniform spheres but were aggregates com-
posed of smaller primary particles as can be seen
from the TEM results. This morphology results in
high dissolution of all EPAS formulations compared
to the bulk powders. The dissolution rates for the
systems with higher surface areas, of the order of
5–6 m2/g, were lower than for the formulation of
polysorbate 80 and poloxamer 407 which had some-
what lower surface areas. The reduced wetting and
dissolution can be attributed to the observation that
these powder samples remained for a longer time on the
top of dissolution medium before being wetted com-
pletely.

3

ys-
t

as 52.3◦, indicating a much less hydrophilic su
ace. Therefore, increasing the accessibility for w
ing by the dissolution media is an important facto
nhance the dissolution rate of ITZ.Miyazaki et al
1981)reported that the dissolution rate enhancem
.6. Crystallinity

X-ray diffraction was used to analyze the cr
allinity of the dry powders. As shown inFig. 6, all
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Fig. 6. X-ray diffraction patterns of ITZ formed by EPAS (a)
control:bulk ITZ, (b) ITZ:PVP K-15:PVP K-15, (c) ITZ:PVP K-
15:poloxamer 407, (d) ITZ:poloxamer 407:poloxamer 407, (e)
ITZ:poloxamer 407:polysorbate 80 and (f) ITZ:poloxamer 407:PVP
K-15. The ratios of ITZ:organic stabilizer:aqueous stabilizer were
0.75:0.1:1. All dispersions were centrifuged and dried by lyophiliza-
tion. The final drug concentration was 15 mg/mL. The patterns
clearly demonstrate the crystallinity of the processed ITZ.

profiles show no change in crystallinity. The crystalline
peak positions were the same as for the bulk ITZ. The
degree of crystallinity for these samples did not appear
to correlate with dissolution results. As shown by the
dissolution results, all EPAS formulations yielded very
good dissolution profiles, indicating that high dissolu-
tion rates may be achieved for high surface area crys-
talline powders. Moreover, in terms of thermodynam-
ics, the crystalline solids are preferable since they are
more physically and thermodynamically stable com-
pared to amorphous solids which may re-crystallize.
Amorphous or disordered material is a metastable state
and tends to revert back to the more stable crystalline
state under unfavorable humidity and temperature con-
ditions. Water, from the atmosphere, can be absorbed
and reduce the glass transition temperature (Elamin
et al., 1995) thus decreasing the energy barrier to
re-crystallization (Carstensen and Van Scooik, 1990).
However, the stability of amorphous materials can be
enhanced by storage well below the glass transition
temperature (Tg) and by using highTg material, such
as polyvinyl pyrrolidone, polyethylene glycol and var-
ious cellulose derivatives like hydroxypropyl methyl-
cellulose, hydroxypropylcellulose, etc. (Hancock and
Zografi, 1997; Saleki-Gerhardt and Zografi, 1994).

3.7. Potency of ITZ powders and
drug-to-stabilizer ratio after centrifugation

are
l rs

was greater than 90%, corresponding to a drug-to-
stabilizer ratio greater than 9:1. The high potencies
result from the removal of a large amount of non-
adsorbed stabilizer in the supernatant. This concept
has been successfully used to produce high potency
danazol and ITZ in the EPAS studies (Chen et al.,
2004a,b). Chen et al. reported the potency of itracona-
zole particles was increased to only 70% after 25 min
of spraying followed by removal of the unbound sur-
factant. In the present study, we were able to increase
the potency up to 90%, while maintaining high dis-
solution rates and small primary particle sizes. In the
present study, we used high ITZ concentration in the
feed solution (drug-to-organic stabilizer ratio of 7.5)
with a short spray time only 5 min. These conditions
allow less time for stabilizers to adsorb onto the parti-
cles and can led to the extremely high potency values
up to 93% with rapid dissolution. The final drug-to-
stabilizer ratios varied from 9:1 to 15:1. In general,
the ratio of drug-to-stabilizer ranges from 1:10 to 1:1
when drugs are dissolved in micelles, vesicles or lipo-
somes (Lee et al., 2001; Kushida et al., 2002). There are
several advantages of the formulation with high drug-
to-stabilizer ratio, such as low administration dose and
less potential interactions from the excipients. Poten-
tial stability problems can result from interactions of
drug substances with excipients in solid dosage forms
(Mroso et al., 1982).
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The potencies of the powders after centrifugation
isted inTable 2. The potency of ITZ in the dry powde
. Conclusions

Rapid dissolving formulations containing ultra-h
otency of ITZ powders were achieved using the E
rocess. Polysorbate 80, poloxamer 407, PVP K-15

heir combinations showed differences in the degre
mproving wettability and dissolution of ITZ depen
ng on their adsorption onto the particle surface.
dsorption of stabilizers is influenced by the HLB

he stabilizer and the hydrophobicity of the part
urface. For very lipophilic compounds, such as
logP > 5), polysorbate 80, with a lower HLB valu
as adsorbed more strongly than poloxamer 407
VP. The synergistic stabilization effect was dem
trated to be optimal for combinations of polysorb
0 and poloxamer 407, when incorporated into
queous and organic phases, respectively. The

ization observed for this mixed stabilizer system
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been explained in terms of strong adsorption for the
small polysorbate 80 to compensate for the limited
amount of adsorption for the copolymer poloxamer 407
after 24 h. EPAS followed by removal of free stabilizer
produced high potencies up to 93% and rapid disso-
lution rates. The highest dissolution rates, i.e. 80% in
5 min were obtained for ITZ produced by EPAS with
polysorbate 80 and poloxamer 407, as stabilizers in the
aqueous and organic phases, respectively. The dissolu-
tion rates are enhanced due to the small primary particle
size and by adsorbed stabilizers that raise the surface
hydrophilicity, as shown by a decrease in the con-
tact angle. The optimum choice of stabilizer(s) which
adsorb rapidly onto the ITZ particle surfaces during the
very short spray times employed in the EPAS process
can help produce the extremely high drug-to-stabilizer
ratios greater than 12, corresponding to potencies
above 90%. The very small amount of adsorbed sta-
bilizers was sufficient to form a hydrophilic layer
on the particle surfaces resulting in increased parti-
cle wettability and dissolution. These results provide
evidence that the selection of appropriate stabi-
lizer(s) is an important consideration in formulation
development.

This study also demonstrated the usefulness of the
EPAS process as a method in controlling particle char-
acteristics and enhancing drug dissolution. This pro-
cess is a very versatile drug delivery platform and is
suitable for many commonly used routes of adminis-
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