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Abstract: This research aimed to develop a supercritical fluid (SCF) technique for
preparing a particulate form of itraconazole (ITZ) with good dissolution and bioavailability
characteristics. The ITZ particulate solid dispersion was formulated with hydroxypropyl
methylcellulose, Pluronic F-127, and L-ascorbic acid. Aggregated particles showed porous
structure when examined by scanning electron microscopy. Powder X-ray diffraction and
Fourier transform infrared spectra indicated an interaction between ITZ and excipients and
showed that ITZ existed in an amorphous state in the composite solid dispersion particles.
The solid dispersion obtained by the SCF process improved the dissolution of ITZ in media
of pH 1.0, pH 4.5, and pH 6.8, compared with a commercial product (Sporanox®), which
could be ascribed to the porous aggregated particle shape and amorphous solid state of ITZ.
While the solid dispersion did not show a statistical improvement (P=0.50) in terms of oral
bioavailability of ITZ compared with Sporanox®, the C___(the maximum plasma concentra-
tion of ITZ in a pharmacokinetic curve) of ITZ was raised significantly (P=0.03) after oral
administration. Thus, the SCF process has been shown to be an efficient, single step process
to form ITZ-containing solid dispersion particles with good dissolution and oral bioavail-
ability characteristics.

Keywords: gas anti-solvent, dissolution, HPMC, Pluronic F-127, ascorbic acid, in vivo

Introduction
Itraconazole (ITZ, Figure 1) is a triazole antifungal agent with a broad spectrum of
activity, including activity against a variety of lethal species such as Aspergillus,
Candida albicans, and non-Albicans species, and is generally well tolerated.'> The
solubility of ITZ in deionized water is lower than 1 ng/L, whereas its lipophilicity
(logP>5) and permeability across biomembranes are very high, which is typical of
class II drugs according to the Biopharmaceutics Classification System.? Because
ITZ is a weak base (pKa =3.7), its aqueous solubility is highly pH dependent, with
approximate saturation solubility of 4 pg/mL at pH 1.0. Thus, ITZ is ionizable and
can be only solubilized at low pH values, for instance, in the stomach.* The oral bio-
availability and clinical efficacy of ITZ is significantly compromised mainly due to
its extremely poor water solubility. The low dissolution rate is the rate-limiting step
in ITZ absorption from the gastrointestinal tract. There is a demand to improve the
dissolution of ITZ so as to enhance its oral bioavailability.

Various techniques have been used to improve the solubility of poorly water-soluble
drugs, including using surfactants,’ inclusion complexation,®’” and solid dispersion
(SD) techniques.® For example, the SD technique has been well used to enhance
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Figure | The chemical structures of itraconazole and L-ascorbic acid.

the dissolution rate of ITZ,**'° and one of the commercial
products of ITZ (Sporanox®) is a hard capsule form contain-
ing ITZ coated on sugar spheres. Drug was layered onto
the sugar pellets by the fluid bed-based SD technique using
hydroxypropyl methylcellulose (HPMC) as the hydrophilic
dispersing material.'' Drugs in SDs may exist in the fine
crystalline or amorphous form, which achieves a highly
dispersed state in polymeric carriers. In comparison with
common crystalline drugs, SDs can achieve the highest levels
of particle size reduction and surface area enhancement, all
directly related to the improved solubility and dissolution
rate according to the Noyes—Whitney dissolution equation.'?
The most commonly used SD carriers are highly hydrophilic
polymers such as polyethylene glycols, HPMCs, poloxamers,
and polyvinylpyrrolidones.'®!"* To reinforce the dissolution
rate or the physical stability of dispersed drug entities in the
carrier matrix, additives such as surfactants or pH modula-
tors can also be used.®!*!> It was reported earlier that the oral
bioavailability of ITZ could be enhanced by coadministra-
tion with a vitamin C beverage in healthy participants.'
Vitamin C (L-ascorbic acid, LAA), a highly acidic material, is
an essential micronutrient involved in many biological and
biochemical functions (Figure 1). LAA is expected to form
an acidic microenvironment when coincorporated with the
drug into the carrier matrix, which would further facilitate
the dissolution rate of ITZ from the SD. Therefore, in this
study, LAA was used as a pH modulator in SDs with the aim
to improve the dissolution and in vivo performance of ITZ.

In general, SDs can be prepared by the melting/
congealing method, the solvent evaporation method, or the
cogrinding method.!”?! However, each method has its own
pros and cons. In the melting method, drug entities must be
unavoidably exposed to very high temperature, which is det-
rimental to heat-sensitive drugs; moreover, there is difficulty
in pulverizing the congealed melts owing to their relatively

soft nature.'” Although the solvent evaporation method
can be carried out at relatively lower temperatures, a large
amount of organic solvent should be used to solubilize both
the drug and the polymers, which thus imposes problems of
safety concerns, high costs, and residual solvent removal.?
The cogrinding method consumes a lot of energy, and the
dispersion efficiency is quite low.?° Recently, the supercritical
fluid (SCF) technique has been proposed as an alternative for
formulating SDs with distinct features of operating at lower
temperature to avoid heat decomposition, lower residual
organic solvent, and one-step production of powders with
better flowability.?>* In the SCF process, liquid carbon
dioxide (CO,) is used as the antisolvent, which leads to
the precipitation of the substrates initially dissolved in the
organic solvent.?>?>2 Certain aspects of this technology can
be found in the works of other groups.!>#*?* Meanwhile, some
studies also reported the use of SCF technology to obtain
nanoscale-level SD particles or drug—polymer aggregates to
improve the solubility and oral bioavailability of ITZ.27%
In this study, ITZ SD particles, with LAA as a pH modula-
tor, as well as HPMC and Pluronic F-127 (F127) as carriers,
were prepared by a gas antisolvent process and characterized
using powder X-ray diffraction (PXRD), Fourier transform
infrared (FT-IR) spectrometry, and scanning electron micros-
copy (SEM). The dissolution and oral bioavailability of ITZ
SD particles were then investigated and compared with those
of commercial Sporanox® (Janssen Pharmaceuticals Inc).

Materials and methods

Materials

ITZ was purchased from Shouguang Fukang Pharmaceuti-
cal Co, Ltd (Jinan, People’s Republic of China). LAA was
obtained from Tianjin Guangfu Fine Chemical Research
Institute (Tianjin, People’s Republic of China). HPMC
(3.23 mPa.s), F127, and hard gelatin capsules (clear, size 00)
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were purchased by Sigma-Aldrich (St Louis, MO, USA).
Warfarin was provided by the Central Research Institute,
Shanghai Pharmaceuticals Holding Co, Ltd (Shanghai,
People’s Republic of China). High-performance liquid
chromatography (HPLC)-grade methanol was purchased
from Tedia (Fairfield, OH, USA). CO, (purity: 99.9%) was
obtained from Huaming Gas Sales Co, Ltd (Tianjin, People’s
Republic of China). Dichloromethane (analytical grade)
was purchased from Sinopharm Chemical Reagent Co, Ltd
(Shanghai, People’s Republic of China). Deionized water
was prepared using a Milli-Q purification system (Millipore,
Billerica, MA, USA). All other chemicals were of analytical
grade and used as received.

Preparation of ITZ SD particles

In this study, Crystec Ltd proprietary, modified supercritical
antisolvent rigs were used to produce ITZ SD particles.”
Briefly, ITZ (0.72 g) and LAA (0.18 g) were dissolved in
12 mL mixed solvents of methanol and dichloromethane
(1:1, v/v) with the aid of sonication. HPMC (0.81 g) and F127
(0.09 g) were dissolved in 12 mL of dichloromethane. These
two solutions were then mixed together to form a solution
whose total solid concentration (including ITZ, LAA, HPMC,
and F127) was 7.5% (w/v) and the final ratio of methanol
to dichloromethane was 1:3 (v/v). The mixed solution was

e

fed with supercritical CO, through a specially designed
nozzle into a particle formation vessel (200 mL and 2 L at
laboratory and pilot plant scales) under stable conditions of
temperature (50°C+1°C) and pressure (95 bars £0.5%). The
SCF dispersed, mixed with, and rapidly extracted the solvent,
leading to the formation of SD particles, which were collected
in the vessel. It is well reported that supercritical CO, is an
excellent scavenger of solvent.*® Thermogravimetric analysis
of SD powder showed no weight loss due to residual solvent.
By manipulating the working conditions of pressure, tempera-
ture, solution concentration, and flow rate in the nozzle, it
was possible to control the size, shape, and morphology of the
products. SD particles were produced from a 7.5% methanol/
dicholoromethane (1:3, v/v) solution at 50°C and 95 bars, and
the flow rate of CO, and organic solution was 20 mL/min and
0.4 mL/min, respectively. The SCF process for the prepara-
tion of ITZ SD particles is shown in Figure 2.

Characterization of SD particles

The samples, including ITZ, LAA, HPMC, F127, physical
mixture, and SD particles, were characterized by PXRD,
SEM, and FT-IR. The physical mixture was prepared by
mixing the ITZ (0.72 g), LAA (0.18 g), HPMC (0.81 g),
and F127 (0.09 g), which is the same as the constituents
comprising the SD particles.
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Figure 2 The schematic diagram of the supercritical fluid process.
Abbreviation: HPLC, High-performance liquid chromatograph.
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Powder X-ray diffraction

PXRD of'the samples was performed using an X-ray polycrys-
talline diffractometer (D8 Advance; Bruker, Karlsruhe, Ger-
many) over the 2°—40° 2 Orange at a scan rate of 2°/min, wherein
the tube anode was Cu with Ko, =0.154 nm, monochromatized
with a graphite crystal. The pattern was collected with 40 kV of
tube voltage and 40 mA of tube current in the step scan mode
(step size: 0.02°; counting time: 0.6 seconds per step).

Scanning electron microscopy

SEM was used to characterize the morphology, size distri-
bution, and degree of agglomeration of the particles. The
samples (ITZ, LAA, HPMC, F127, and SD particles) were
fixed with conductive double-sided adhesive carbon tape and
sputter coater with gold coating under vacuum. Finally, the
photographs were taken at an excitation voltage of 10 kV
by a scanning electron microscope (LEO 1530 VP; Zeiss,
Oberkochen, Germany).

Fourier transform infrared spectrometry
FT-IR spectra were obtained on a Nexus 870 spectrometer
(Nicolet, Madison, WI, USA). The samples were mixed with
KBr thoroughly, an IR-transparent matrix, and compressed
into disks. The scans were obtained from 4,000 cm™ to
400 cm™" at a resolution of 4 cm™.

In vitro dissolution

The dissolution test was performed using a RCZ-8B dis-
solution tester (Tianda Tianfa Technology Co, Ltd, Tianjin,
People’s Republic of China) according to the Chinese Phar-
macopoeia, Appendix X Method 2, with the paddle apparatus.
SD particles equivalent to 100 mg ITZ filled into capsules
were immersed into 1,000 mL of dissolution medium, which
was thermostatically maintained at 37°C+0.5°C and stirred
at a revolution speed of 75 rpm, with Sporanox® (100 mg
ITZ) capsule as a reference. To perform stricter evaluation,
three different dissolution media were used, ie, 0.1 M
hydrochloric acid solution (pH 1.0), 0.02 M acetate buffer
solution (pH 4.5), and 0.05 M phosphate buffer solution
(pH 6.8). Aliquots of samples (10 mL) were withdrawn at
different time intervals (5 minutes, 10 minutes, 15 minutes,
20 minutes, 30 minutes, 45 minutes, 60 minutes, and
90 minutes) and filtered through a 0.45 um membrane. The
filtrate was diluted five times with a mixture of methanol and
dissolution medium (5:95, v/v), and was then analyzed with
a TU-1810 ultraviolet spectrophotometer (Beijing Purkinje
General Instrument Co, Ltd, People’s Republic of China) at
255 nm. Measurements were conducted in triplicate.

Oral bioavailability in beagle dogs

The oral bioavailability of ITZ SD particles was evaluated
in beagle dogs, with marketed Sporanox® capsule as the
reference. Beagle dogs (adult male, 11.520.5 kg) used in the
experiments received care in compliance with the Principles
of Laboratory Animal Care and the Guide for the Care and
Use of Laboratory Animals. The experimental study protocol
was approved by the Fudan University Institutional Animal
Ethics Committee (number 20120426).

ITZ SD particles and Sporanox® were divided into two
groups and respectively administered to three dogs by oral
gavage at an equivalent dose of 8.7 mg/kg ITZ. Blood
samples (2 mL) were then collected into heparinized tubes
at designated time intervals — 0.5 hours, 1.0 hours, 1.5 hours,
2.0 hours, 3.0 hours, 4.0 hours, 5.0 hours, 6.0 hours,
7.0 hours, 9.0 hours, 12 hours, 24 hours, and 48 hours. Plasma
was separated by centrifugation for 10 minutes at 3,200 g
and frozen at —20°C until analysis.

The blood sample was processed as follows: 100 uL
plasma was mixed, by vortexing, with 500 UL of a methanol
solution of warfarin (internal standard, 50 ng/mL) ina 1.5 mL
centrifuge tube for 1 minute. The mixture was centrifuged
at 10,000x g for 10 minutes. The supernatant (100 uL) was
withdrawn, mixed with an equal volume of water, and then
5 UL was injected into the liquid chromatography—tandem
mass spectrometry (LC-MS/MS) system.

Determination of ITZ in plasma by
HPLC-MS/MS

The concentration of ITZ in dog plasma was determined
by an HPLC-MS/MS method previously reported, with
modifications.?! Chromatographic separation was performed
on an Agilent 1100 system, which was composed of a quater-
nary pump, a degasser, an autosampler, and a column heater.
The HPLC column was Agela Venusil XBP Phenyl column
(100 mm x2.1 mm, 5 um). The mobile phase consisted of
methanol/water (containing 2 mM ammonium acetate and
0.1% formic acid) at a ratio of 85:15 (v/v) with a flow rate of
0.40 mL/min. The column temperature was set at 40°C. An
API-4000 mass spectrometer with an electrospray ionization
ion source (Applied Biosystems Co, Waltham, MA, USA)
was used for the detection of ITZ. Parent and daughter ions
of ITZ were at mass-to-charge ratio (m/z) 705.2 and m/z
392.2, respectively; parent and daughter ions of the internal
standard (warfarin) were at m/z 309.1 and m/z 163.2, respec-
tively. Collision energy for ITZ and warfarin was 49 V and
20 V, respectively. lon spray voltage was set at 5,000 V,
while temperature was set at 500°C. The flow rates of ion
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source gases 1 and 2 were individually set to 50 L/min and
60 L/min, respectively.

Method validation results gave linearity of20—1,000 ng/mL,
with a typical calibration curve of y =0.000186x —0.000379
(R?=0.9989, n=6). The accuracies at 20 ng/mL, 100 ng/mL,
and 1,000 ng/mL were 110.08%%2.27%, 96.32%+1.59%,
and 102.42%%8.54%, respectively; the inter- and intraday
precisions were all below 6.38%. Samples of concentra-
tions >1,000 ng/mL were diluted before analysis. The
stability test indicated that the concentration of ITZ in the
plasma sample stored at —20°C remained stable over a
30-day period.

Statistical analysis

All data were expressed as mean *+ standard deviation.
Student’s #-test was performed to assess the statistical signifi-
cance of differences using Sigmastat (version 3.5). Results
with P<<0.05 were considered statistically significant.

Results and discussion
Preparation and characterization of ITZ

SD particles
Figure 3 shows the surface morphology of SD particles, ITZ,
and all excipients used. The ITZ raw materials are rod-like

Figure 3 The surface morphology of LAA (A), ITZ (B), FI27 (C), HPMC (D), SD particles (E and F) observed by SEM.
Abbreviations: LAA, L-ascorbic acid; ITZ, itraconazole; FI127, Pluronic F-127; HPMC, hyproxypropyl methylcellulose; SD, solid dispersion; SEM, scanning electron

microscopy.
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crystals with various sizes, and LAA shows irregular mor-
phology. In contrast, the composite SD particles are porous
aggregates, composed of numerous small-sized spherical
particles, a feature similar to previously reported composite
particles prepared using SCF-based processes.?> Mean-
while, the ITZ crystal forms and shapes of all the excipients
disappeared in the SD particles, which indicated that ITZ
could exist in the amorphous form.

The PXRD patterns of ITZ, excipients, physical mixtures,
and SD particles are shown in Figure 4. The PXRD pattern for
ITZ raw material showed several characteristic peaks within
the 26 range from 10° to 30°, such as intensive absorption
peaks at 14.48°, 17.48°, 20.38°, and 22.36°. Moreover, the
LAA PXRD pattern showed numerous characteristic peaks
within the 2 @range from 10° to 40°. The F127 PXRD pattern
showed two characteristic peaks in the 26 range at 17° and
23° approximately, whereas the HPMC pattern was typi-
cal of an amorphous material with no characteristic peaks,
which is the nature of a polymer.*> The PXRD of'the physical
mixture showed the characteristic peaks of ITZ, F127, and
LAA within the 26 range from 10° to 40°. However, all of
the distinct peaks disappeared in the SD particles’ diffrac-
togram, which indicated that the crystal form did not exist
in the SD particles.?® This result suggested that ITZ might
exist in the amorphous state in SD particles, as frequently
observed for SDs.

It could be seen that the SD particles demonstrate a similar
FT-IR spectrum to that of ITZ (Figure 5), while there are
some minor variations between them. For instance, LAA
showed absorption peaks at 3,316 cm™ and 3,217 em™!,
which belonged to the C=C—OH group of LAA. ITZ showed

SD particles

MMW}H—N’L.M_L__“M_ PhySiCaI

mixture
HPMC
F127
/\jMdWWL J W N
bt M LAA
e S e S [ S A I R L S
0 5 10 15 20 25 30 35 40 45
26
Figure 4 The powder X-ray diffractograms of LAA, ITZ, FI27, HPMC, and SD

particles.
Abbreviations: LAA, L-ascorbic acid; ITZ, itraconazole; FI127, Pluronic F-127;
HPMC, hyproxypropyl methylcellulose; SD, solid dispersion.

absorption peaks at 3,461 cm™', which belonged to the
N=CH-N group. These peaks remained in the spectrum of
the physical mixture, whereas they disappeared in the spec-
trum for SD particles. It was reasonable to conclude that a
hydrogen bond had been formed between the C=C—OH group
of LAA and the triazole group of ITZ.

In vitro dissolution

The dissolution profiles of ITZ in solutions at pH 1.0, pH 4.5,
and pH 6.8 are shown in Figure 6. The results indicated that,
as expected, the dissolution of ITZ was pH dependent. More
than 90% dissolution of ITZ was observed within 60 minutes
in a medium of pH 1.0 for not only SD particles but also
Sporanox®, while the dissolution was <25% in pH 4.5
and pH 6.8 media for the two formulations. However, faster
dissolution was observed up to 45 minutes in pH 1.0 for
SD particles than for Sporanox®, and the dissolution of ITZ
from SD particles was faster than that from Sporanox® over
this period.

The rapid dissolution of ITZ in pH 1.0 medium was
ascribed to its alkaline nature.* The aggregated primary SD
particles could be readily penetrated by water to a greater
extent and disintegrated more rapidly than the Sporanox®
pellets due to their porous surfaces, which led to faster dis-
solution for up to 45 minutes. This suggested that the surface
morphology of SDs might also be a critical factor for improv-
ing the dissolution of poorly soluble drugs. In addition, the
LAA in SD particles could maintain the local acidic envi-
ronment during the dissolution process, which contributed
to enhanced dissolution of ITZ from SD particles in media
of pH 4.5 and pH 6.8. However, the dissolution profiles in
pH 4.5 and pH 6.8 media showed a reducing tendency after
45 minutes. Thus, it is proposed that the local acidic environ-
ment generated by LAA enhanced the formation of supersatu-
rated solution of ITZ in the early stages of dissolution, up to
45 minutes, which was followed by some recrystallization
of ITZ at longer dissolution-testing times.**

Oral bioavailability

The plot of mean plasma concentration of ITZ versus time
is given in Figure 7, and the pharmacokinetic parameters
are shown in Table 1. There were similar profiles of plasma
ITZ concentration versus time observed for both ITZ SD
particles and Sporanox®. However, ITZ demonstrated rapid
absorption and significantly (P<0.05) higher C__ (the
maximum plasma concentration of ITZ in a pharmacokinetic
curve) after oral administration of SD particles (423.67+
61.27 ng/mL) than Sporanox® (305.33£10.79 ng/mL). After
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Figure 5 The FT-IR spectra of LAA, ITZ, FI127, HPMC, and SD particles.

Abbreviations: FT-IR, Fourier transform infrared; LAA, L-ascorbic acid; ITZ, itraconazole; FI127, Pluronic F-127; HPMC, hyproxypropyl methylcellulose; SD, solid
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Figure 6 The dissolution profiles of SD particles and Sporanox® in media of pH 1.0, pH 4.5, and pH 6.8 (n=6).

Note: Data represented as mean =+ standard deviation.
Abbreviations: ITZ, itraconazole; SD, solid dispersion.
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Figure 7 The plots of mean plasma concentration versus time for itraconazole in beagle dogs after oral administration of SD particle capsules and Sporanox® (n=3).

Note: Data represented as mean * standard deviation.
Abbreviations: ITZ, itraconazole; SD, solid dispersion.

oral administration of SD particles, the relative bioavailability
of ITZ was 120% in comparison with Sporanox®, but with
no statistical significance. However, the T’ __(the time when
the plasma concentration of ITZ reaches the peak in the
pharmacokinetic curve) and mean retention time showed no
significant difference between SD particles and Sporanox®.

Considering the evidence obtained from the in vitro disso-
lution test, it was hypothesized that the more rapid dissolution
of ITZ from SD particles than from Sporanox® led to higher
C_ . due to its high permeability across intestinal epithelia.’
However, the improvement of dissolution in media of pH 4.5
and pH 6.8 has not increased oral bioavailability significantly.
There are several possible explanations for the poor predict-
ability of the extent of oral drug absorption based on the in
vitro dissolution data. The ITZ dissolved in the stomach
might have precipitated as it passed into the small intestine
because the solubility of ITZ is reduced drastically as the
pH increases.* Therefore, in vitro dissolution at pH 4.5 and
pH 6.8 does not reflect the in vivo biological environments
and effects in this case. Although some reports also suggest

that the presence of some organic acids (citric acid) in SDs
of ITZ will enhance drug dissolution or bioavailability,?
LAA did not demonstrate any influence in enhancing in vivo
bioavailability.

Conclusion

ITZ SD particles were obtained by a one-step SCF-based
antisolvent process. PXRD and FT-IR were used to character-
ize the physical properties of SD particles. The morphology
of SD particles obtained by SCF showed a porous structure
with aggregated particles composed of micron-sized primary
particles. The SD particles showed improved dissolution of
ITZ in media of pH 1.0, pH 4.5, and pH 6.8 in comparison
with Sporanox®. The bioavailability after oral administration
of SD particles showed no significant increase compared
with that of Sporanox®; however, the C__was raised sig-
nificantly (P=0.03) after oral administration of SD particles.
In conclusion, the SCF technique has been shown to be a
suitable and attractive single-step process for preparing SD
particles of ITZ.

Table | The main pharmacokinetic parameters of itraconazole in beagle dogs after oral administration of SD particles capsules and

Sporanox® (n=3)

SD particles Sporanox® Fold change
AUC,  (ng/mL-h) 4,663.31+1,428.38 3,895.58+1,092.81 1.20
C,.. (ng/mL) 423.67+61.27* 305.33+10.79 1.39
T ., (hours) 2.1740.76 1.83+£0.29 1.19
MRT,_ (hours) 12.36+2.74 14.56+5.24 0.86

Notes: Values are presented as mean + standard deviation. *P<<0.05 compared with Sporanox.
Abbreviations: AUC, area under the curve; C__, the maximum plasma concentration of ITZ in a pharmacokinetic curve; ITZ, itraconazole; MRT, mean retention time; SD,
solid dispersion; T__, the time when the plasma concentration of ITZ reaches the peak in the pharmacokinetic curve.
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