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a b s t r a c t

Antifungal drugs are the most common systemic drugs used for the treatment of oropharyngeal can-
didiasis, which is the first symptom of HIV infection. However, the efficacy and bioavailability of these
drugs have been limited by their poor aqueous solubility and dissolution rate. Therefore, the aim of this
study was to investigate the effect of different preparation methods (i.e. kneading, coevaporation, sealed-
heating, and a solid inclusion technique using supercritical carbon dioxide carrier (SC CO2-inclusion)) for
obtaining solid inclusion complexes between �-cyclodextrin and three antifungal drugs (itraconazole,
econazole, and fluconazole). The physicochemical properties of the different products were characterized
by differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR) and powder
X-ray diffractometry (PXRD). For the complexes prepared by the SC CO2-inclusion method, the effects of
traconazole
upercritical CO2

temperature and pressure have also been investigated.
Results suggested the possibility of complex formation between �-cyclodextrin and the three anti-

fungal agents, and indicated that inclusion formation was influenced by the preparation technique. SC
CO2-inclusion method proved to be an effective technique for preparing solid-state inclusion complexes
between �-cyclodextrin and antifungal drugs, avoiding the use of organic solvents. Moreover, temperature
of the SC CO2 played a major role in promoting drug–carrier interactions, whereas pressure had limited
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. Introduction

Antifungal drugs have therapeutic effects on patients with fun-
al diseases such as oropharyngeal candidiasis (OPC), which is the
rst symptom of HIV infection. Approximately 90% of patients with
IDS develop the disease at some stage. The improved efficacy and
afety of some triazole antifungal drugs (e.g. itraconazole, econa-
ole, and fluconazole) make them very popular for the treatment of
PC in HIV-positive patients [1–3]. Itraconazole is highly effective

or the treatment of superficial fungal maladies and disseminated
nfections. Econazole has shown important microbiological activi-
ies against fungal infections. The important features of fluconazole
re its rapidity of response and its high clinical cure rate in HIV-

ositive patients [4,5]. However, the poor aqueous solubility and
issolution rate of these drugs have restricted their use for the treat-
ent of OPC. Therefore, it is desirable to enhance the solubility and

issolution rate of these antifungal drugs.
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Many technological methods of enhancing the solubility and
issolution characteristics of poorly water-soluble drugs have been
eported in the literature, such as micronization, formation of sol-
ates, adsorbates, complexes, microspheres, and solid dispersions.
owever, conventional methods used to prepare these systems suf-

er from serious limitations on their applicability in the market,
ften involving physical instabilities of the solid dispersions on
torage, problems of grinding or difficulties in removing the toxic
rganic solvent [6,7].

Among the various approaches that have been used to improve
he solubility and dissolution rate of drugs, complexation with
yclodextrins is one of the most promising ones. Cyclodextrins
re cyclic oligomers of glucose with cone-like structures, whose
xterior surface has hydrophilic properties, while the interior is
ydrophobic in nature. This particular characteristic of cyclodex-
rins allows them to form non-covalent inclusion complexes with

arious drugs of proper size and polarity leading to changes in
heir physicochemical and biopharmaceutical properties, which
nhance their solubility, dissolution rate, chemical stability and
ioavailability and reduce their side effects and toxicity [8–14].
yclodextrins are also able to form non-inclusion complexes,

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:hassana@uaeu.ac.ae
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Fig. 1. Chemical structure of itra

ggregates and micelle-like structures, which also effectively
olubilize poorly-water soluble drugs [15,16].

It has been shown that the preparation technique can affect
he properties of the final drug–cyclodextrin products [17].
onventional methods for the preparation of solid inclusion com-
lexes between cyclodextrins and various drugs include kneading,
o-evaporation, sealed-heating, co-grinding, spray-drying and
reeze-drying [18,19]. The use of supercritical carbon dioxide (SC
O2) has been recently proposed for the preparation of various
rug–cyclodextrin inclusion complexes for enhanced solubility and
issolution rate [20–29]. SC CO2 is a non-toxic, non-hazardous,
hemically stable, inexpensive, environmentally acceptable solvent
nd can easily be separated from the products. Moreover, proper-
ies of SC CO2 can be changed from gas-like to liquid-like values by
imply adjusting the pressure and temperature.

We have previously shown that inclusion yields for itracon-
zole–cyclodextrin complexes prepared by SC CO2 were relatively
ow, which was probably due to the large molecular structure
f itraconazole (Fig. 1) and its low solubility in SC CO2 [26,27].
herefore, the aim of the current study was to investigate the
ffectiveness of SC CO2-inclusion method for obtaining solid inclu-
ion complexes between �-cyclodextrin and two lower molecular
eight antifungal drugs (econazole and fluconazole), by compar-

ng them to itraconazole. Results of the SC CO2-inclusion method
ere also compared to traditional techniques (sealed-heating, co-

vaporation, and kneading). The products were characterized by
ifferential scanning calorimetry, Fourier transform infrared spec-
roscopy and powder X-ray diffractometry. For the complexes
repared by the SC CO2-inclusion method, the effects of variations
f experimental conditions (temperature and pressure) were also
nvestigated and the results were related to the solubility of these
rugs in SC CO2.

. Materials and methods

.1. Materials

Itraconazole and fluconazole were generously donated by the
ollege of Pharmacy at Oregon State University (USA) and Med-
harma (UAE), respectively. Econazole nitrate and �-cyclodextrin
ere purchased from Sigma Chemical Co. (Milwaukee, WI). All

ther reagents and solvents were of analytical grade.

.2. Solubility of drugs in supercritical carbon dioxide
The supercritical fluid apparatus consisted of a 260 ml syringe
ump and controller system (ISCO 260D), and an ISCO series
000 SCF Extraction system (SFX 220) consisting of a dual-
hamber extraction module with two 10-ml stainless steel vessels
s described earlier [26]. One of the 10-ml stainless steel cells was

fi
p
A
t
t

ole, econazole, and fluconazole.

lled with about 200 mg of pure drug, mixed with glass beads. The
ell was pressurized and heated to the desired pressure and tem-
erature and kept for 15 min to reach equilibrium. SC CO2 (20 ml)
as passed through the cell at a low flow rate of 0.5–0.7 ml/min.

he solubilized drug was collected in about 10 ml acetonitrile after
epressurization of the gas. The lines were flushed with acetoni-
rile to collect any drug deposited in the lines. The collected sample
as diluted to 50 ml and the amount of dissolved drug was deter-
ined using a Shimadzu UV–visible spectrophotometer (UV 2450)

t 265 nm (for itraconazole), 230 nm (for econazole), and 261 nm
for fluconazole).

.3. Preparation of inclusion complexes

Drug–�-CD inclusion complexes at 1:2 drug:CD molar ratio
ere prepared by physical mixing, kneading, co-evaporation,

ealed heating and SC CO2 method as described earlier [24]. Physi-
al mixtures were prepared by gently blending known amounts of
rug and �-cyclodextrin powders in a mortar with a spatula. The
ntreated physical mixture was used in the preparation of products
y kneading, sealed-heating and SC CO2-inclusion methods. How-
ver, some samples of the physical mixture were also exposed to
30 ◦C for 3 h in the 10-ml stainless steel vessel of the SFX system at
tmospheric pressure (without CO2) in order to observe the effect
f temperature on the physicochemical properties of the sample.

Kneaded products were obtained by adding a small volume of
water–ethanol (50/50, v/v) solution to the drug–�-CD physical
ixture (1:2 drug:CD molar ratio) and kneading the resultant mix-

ure thoroughly with a pestle to obtain a homogeneous slurry, and
ontinuing until the solvent was completely removed. The sample
as kept in a desiccator overnight to remove traces of solvent.

In the co-evaporation method, known amounts of �-CD and
rug (to obtain the desired molar ratio) were dissolved in bi-
istilled water and ethanol, respectively. The two solutions were
repared at 25 ◦C and added together after the powders were com-
letely dissolved. The solvents were then removed using a rotary
vaporator at 75 ◦C and 210 rpm, which took about 3–4 h. The sam-
le was kept in a desiccator overnight to remove traces of solvents.

Sealed-heating products were prepared by placing a known
mount of drug–�-CD physical mixture in a glass container. Bidis-
illed water (10 �l) was added to the glass container, which was
hen sealed using a flame. The sample was kept in an oven at 75 ◦C
or 3 h, after which time the sample was removed and kept in a
esiccator overnight to remove traces of water.

In the SC CO2-inclusion method, a 10-ml stainless steel cell was

lled with a physical mixture of drug–�-CD. The system was then
ressurized and heated up to the desired pressure and temperature.
fter keeping the system in a static mode for 3 h, the pressure in

he cell was reduced to atmospheric pressure within 15 min and
he contents of the cell were ground and homogenized in a mortar.
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.4. Differential scanning calorimetry (DSC)

Thermal analysis of the individual components or drug–�-
D combinations was performed using a differential scanning
alorimeter (DSC Q100, Thermal Analysis) with a nitrogen flow rate
f 40 ml/min and a heating rate of 10 ◦C/min from 50 to 200 ◦C.
ndium and zinc were used as standards.

.5. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of individual drugs, �-CD, and selected drug–CD
inary systems were obtained as Nujol dispersion using a
erkinElmer Mod. 1600 FTIR spectrophotometer in the 4000–
00 cm−1 wave number range.

.6. Powder X-ray diffractometry (PXRD)

The powder X-ray diffraction patterns of individual drug, and
elected drug–cyclodextrin combinations were determined using
Philips X-ray diffractometer (PW/1840), with Ni filter, Cu K� radi-
tion, voltage 40 kV, current 40 mA, and 2� over a 2–38◦ range at a
can rate of 1◦/min.

. Results and discussion

.1. Solubility of antifungal drugs in supercritical carbon dioxide

The solubility of itraconazole, econazole, and fluconazole in SC
O2 at 45 MPa and different temperatures (50, 100, and 130 ◦C) are
abulated in Table 1. Results show that solubility of fluconazole
as more than two orders of magnitude higher than that of itra-

onazole and econazole at all conditions. Among the three drugs,
traconazole had the lowest solubility in SC CO2 at all conditions.
he maximum solubility (36,929.99 �g/g of CO2 for fluconazole,
60.64 �g/g of CO2 for econazole, and 96.86 �g/g of CO2 for itra-
onazole) was obtained at the highest temperature (130 ◦C) for the
hree drugs. At a constant pressure of 45 MPa, higher temperature
ed to greater solubility of all drugs in SC CO2 although the den-
ity of SC CO2 decreases with temperature. For example, raising the
emperature from 50 to 100 ◦C increased the solubility by 1.8 times
from 20.66 to 37.69 �g/g of CO2) for itraconazole, by 2.0 times
from 22.87 to 46.35 �g/g of CO2) for econazole and by 3.4 times
from 3910.25 to 13,351.85 �g/g of CO2) for fluconazole. Moreover,
he increase in solubility became more important for itracona-
ole and econazole when the temperature was raised from 100 to
30 ◦C (2.6 times increase for itraconazole and 3.5 times increase for
conazole). For the same increase in temperature, the solubility of
uconazole in SC CO2 increased by 2.8 times. The increase in solu-
ility with temperature is attributed to the effect of temperature on
he volatility of these drugs; the higher the temperature, the higher
he volatility of these molecules and therefore, the higher the solu-

ility. Solubility of solutes in SC CO2 is also affected by the density
f SC CO2, which depends on the temperature in an opposite way
han the volatility effect. As the temperature increases, the density
f SC CO2 decreases, causing a reduction in the solvating power of
O2, which leads to a decrease in the solubility of these drugs in

able 1
olubility of itraconazole, econazole, and fluconazole in supercritical carbon dioxide
�g/g of CO2) at 45 MPa (n = 3).

emperature (◦C) Itraconazole Econazole Fluconazole

50 20.66 ± 1.7 22.87 ± 2.2 3,910.25 ± 134.9
00 37.69 ± 2.8 46.35 ± 3.6 13,351.85 ± 1,084.2

130 96.86 ± 8.6 160.64 ± 13.9 36,929.99 ± 2,906.4

t
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C CO2. The density and volatility effects compete in the way they
ffect the solubility when the temperature is changed. At all the
onditions reported here, the volatility effect was dominant, lead-
ng to higher solubilities at higher temperatures for all the three
rugs.

The fact that the solubility of fluconazole in SC CO2 was sig-
ificantly larger than that of itraconazole and econazole suggests
hat fluconazole should more favorably exist in the SC CO2 phase
t the system pressure and temperature as compared to the other
wo antifungal drugs. As the pressure of the system is decreased
he solubility of these drugs decrease drastically, forcing the drug
o leave the CO2 phase. Therefore, in the presence of a CD, flucona-
ole leaving the CO2 phase might enter the CD cavity to a greater
xtent than itraconazole and econazole since larger amount of flu-
onazole is dissolved in the solvent (SC CO2) as compared to the
ther two drugs. Another factor that might positively affect the
nclusion formation between the antifungal drugs and �-CD is the

elting point depression of the drug at the system pressure. The
elting point of fluconazole (139.2 ◦C) is lower than that of itra-

onazole (165.2 ◦C) and econazole (164.6 ◦C). Therefore, it is more
ikely that fluconazole would melt under SC CO2 condition (130 ◦C
nd 45 MPa) due to melting point depression at high pressures,
esulting in a more amorphous and/or inclusion formation when
he pressure is dropped and CO2 is allowed to leave the sample.
he higher solubility of fluconazole and the possibility of flucona-
ole to be melted at the SC CO2 conditions may lead to higher extent
f interaction between the drug and �-CD as compared to itracona-
ole and econazole, which can be verified by DSC, FTIR and PXRD
nalysis.

.2. Differential scanning calorimetry analysis

DSC curves for pure �-CD, pure drug (itraconazole, econazole,
nd fluconazole), and drug–�-CD (1:2 mol:mol) products obtained
y physical mixing (exposed to 130 ◦C for 3 h), sealed heating, co-
vaporation, kneading, and SC CO2-inclusion method are shown
n Fig. 2. Pure �-CD exhibited a broad endothermal effect, rang-
ng between 50 and 150 ◦C corresponding to its dehydration. Pure
traconazole, econazole, and fluconazole showed sharp melting
ndotherms at 165.2, 164.6, and 139.2 ◦C, respectively. Disappear-
nce or decrease in intensity of the drug endothermic peak might
e related to possible drug–CD interactions and/or loss of drug crys-
allinity. The DSC curve for the itraconazole–�-CD physical mixture
xposed to 130 ◦C consisted of the sum of those for the pure compo-
ents, indicating the absence of interactions between itraconazole
nd �-CD. For the econazole–�-CD physical mixtures exposed to
30 ◦C, a small decrease in the intensity of the drug peak was
bserved, indicating a small degree of interaction between econa-
ole and �-CD. However, the drug peak disappeared for the physical
ixture between fluconazole and �-CD exposed to the same tem-

erature, indicating strong interactions between fluconazole and
-CD with possible formation of inclusion complex or amorphiza-

ion.
The endothermic peak corresponding to pure itraconazole,

lthough reduced in size, was observed for all samples, indicat-
ng an incomplete inclusion of the drug in the cyclodextrin cavity.
omparing the itraconazole peak size for the products prepared
y different methods, it seems that inclusion yield was almost the
ame for the samples prepared by sealed heating, co-evaporation,
neading and SC CO2-inclusion (at 130 ◦C and both pressures).

owever, the larger drug peak size for the sample prepared by SC
O2-inclusion at the lower temperature (100 ◦C) indicates smaller

nclusion yield as compared to the samples prepared at 130 ◦C,
uggesting that temperature is an important factor in promoting
nteractions between itraconazole and �-CD. This is probably due
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ig. 2. DSC curves of pure drug (itraconazole, econazole, and fluconazole), pure �-
o-evaporation, kneading, and SC CO2 at different temperatures and pressures. (A) I

o the higher itraconazole solubility in SC CO2 at the higher tem-
erature (Table 1).

The DSC curve for the econazole–�-CD samples prepared by
ealed heating, co-evaporation and SC CO2-inclusion at 100 ◦C and
5 MPa showed a small reduction in intensity of the drug peak,
uggesting a small degree of drug–CD interaction. However, prod-
cts prepared by kneading and SC CO2-inclusion (at 130 ◦C and
oth pressures) resulted in the complete disappearance of the drug
eak, suggesting complex formation and/or sample amorphization.
herefore, temperature and pressure are critical factors to promote
nteractions between econazole and �-CD using SC CO2-inclusion

ethod.
For the fluconazole–�-CD samples the sealed heating and co-

vaporation methods resulted in partial inclusion formation or
morphization, whereas the kneading and all SC CO2-inclusion
onditions reported here produced complete inclusion or amor-
hization of the samples. Complete disappearance of drug peak was
ot observed for the itraconazole and econazole samples prepared
y SC CO2-inclusion at 100 ◦C and 45 MPa, however, fluconazole–�-
D samples prepared at these conditions resulted in complete
isappearance of the drug peak, suggesting stronger drug–CD inter-
ctions in the case of fluconazole as compared to itraconazole and
conazole. This could be due to the presence of two pyrole rings
n fluconazole, which enhance the chance for inclusion formation
s compared to econazole and itraconazole with only one pyrole
ing. Moreover, the larger molecular structure and lower solubility
f itraconazole are attributed to its smaller interaction with �-CD
n comparison with the other two drugs.
.3. Fourier transform infrared spectroscopy (FTIR) analysis

FTIR spectra of pure �-CD, pure drug (itraconazole, econa-
ole, and fluconazole), and drug–�-CD (1:2 mol:mol) products
btained by physical mixing (exposed to 130 ◦C for 3 h), kneading,

s
w
i
a
o

d drug–�-CD (1:2 mol:mol) systems prepared by physical mixing, sealed heating,
azole system, (B) econazole system, and (C) fluconazole system.

o-evaporation, sealed heating, and SC CO2-inclusion method are
resented in Fig. 3. The characteristic bands of pure itraconazole
1699, 1511, 1452, 1273, 1229, and 825 cm−1), pure econazole (1585,
548, 828, 804, and 638 cm−1), and pure fluconazole (1621, 1503,
417, 1272, 1137, and 968 cm−1) were determined and compared to
he drug–�-CD products prepared by different methods. Changes
n the FTIR spectra such as shift of characteristic bands, disappear-
nce or reduction in intensity, and appearance of new bands might
e related to possible drug–CD interactions and/or amorphization
f the product. Characteristic bands that have been modified are
ndicated by arrows in Fig. 3. The FTIR spectra of itraconazole–�-
D physical mixture exposed to 130 ◦C can be considered as the
esult of the sum of the pure components, indicating the absence of
nteractions between itraconazole and �-CD. For econazole–�-CD
hysical mixture exposed to the same temperature small modifi-
ations (i.e. shift of the band at 1585 to 1586 cm−1) were observed,
ndicating minor drug–CD interactions due to the simple thermal
reatment at 130 ◦C. The effect of temperature was more promi-
ent for the fluconazole–�-CD physical mixture exposed to 130 ◦C
i.e. shift of bands at 1503 to 1502 cm−1, at 1272 to 1278 cm−1, at
68 to 967 cm−1), suggesting strong interactions between flucona-
ole and �-CD. Therefore, temperature is an important factor, which
an promote a high degree of interaction between fluconazole and
-CD and a weak interaction between econazole and �-CD even in

he simple thermal treatment of the physical mixture. These results
re in agreement with the results obtained by DSC analysis (Fig. 2)
howing more interactions in physical mixtures of fluconazole–�-
D as compared to econazole–�-CD and itraconazole–�-CD.

The FTIR spectra of itraconazole–�-CD products obtained by

ealed heating, co-evaporation, kneading and SC CO2-inclusion
ere either identical to or a little different from the correspond-

ng pure molecules, indicating no or minor drug–CD interactions
s evident from the DSC analysis. For econazole–�-CD products
btained by sealed heating, co-evaporation, kneading, and SC CO2-
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ig. 3. FTIR spectra of pure drug (itraconazole, econazole, and fluconazole), pure �-
o-evaporation, kneading, and SC CO2 at 130 ◦C.

nclusion methods, some differences with respect to those of the
riginal molecules were observed. This indicates some interactions
nd/or amorphization with different degrees in different products,
hich are in agreement with the results obtained by DSC analy-

is. Econazole–�-CD products obtained by sealed heating showed
o significant drug–CD interactions and the product obtained by
o-evaporation resulted in a weak drug–CD interaction. However,
trong interactions (shifts, decrease in intensity, and augmentation
n intensity of some bands) were noticed in the products pre-
ared by kneading and SC CO2-inclusion (at 130 ◦C and 45 MPa),
uggesting inclusion formation and/or amorphization as also indi-
ated by DSC analysis. The spectra of fluconazole–�-CD products
repared by sealed heating, co-evaporation and kneading meth-
ds showed shifts at several bands (i.e. 1503, 1272, and 968 cm−1)
nd disappearance of the band at 1137 cm−1, indicative of some
nteraction between fluconazole and �-CD. For the fluconazole–�-
D product prepared by SC CO2-inclusion at 130 ◦C and 45 MPa, in
ddition to the shifts at several bands (i.e. 1503 to 1502 cm−1, 1272
o 1277 cm−1), the band at 1621 and 968 cm−1 completely disap-
eared and new bands at 1641 and 1632 cm−1 were observed. These
esults suggest stronger interactions in the products prepared by SC
O2-inclusion as compared to other methods.

.4. Powder X-ray diffractometry (PXRD) analysis

Fig. 4 shows the PXRD patterns of pure drug (itraconazole,

conazole, and fluconazole), pure �-CD, and their corresponding
:2 mol:mol systems obtained by the different preparation meth-
ds. The crystalline nature of a sample is displayed by sharp peaks in
he PXRD patterns. Decrease in the crystallinity (reductions in peak
ntensity), shifts and disappearance of peaks, appearance of new

l
m
c
p
4

d drug–�-CD (1:2 mol:mol) systems prepared by physical mixing, sealed heating,

iffraction peaks, or a complete diffuse pattern might be related
o possible drug amorphization and/or complexation. The PXRD
esults show crystalline state for all itraconazole–�-CD samples,
ndicating the absence of an amorphous state. The itraconazole–�-
D physical mixture exposed to 130 ◦C for 3 h showed a similar
XRD pattern to that of the respective individual components, but
ith some changes in the size of several peaks in the binary sam-
le. However, the itraconazole–�-CD sample treated with SC CO2
t 130 ◦C and 45 MPa showed a different PXRD pattern with fewer
nd smaller peaks than the other samples. Therefore, PXRD anal-
sis confirm DSC results that the thermal events observed for the
amples treated with SC CO2 may be attributed to the partial com-
lexation of the drug in the cyclodextrin cavity.

The diffraction pattern of pure econazole also displayed several
harp peaks, indicative of its crystalline nature. Although the crys-
allinity nature of the econazole–�-CD physical mixture exposed
o 130 ◦C was maintained, significant changes were observed in the
XRD pattern of this sample as compared to the pure components
disappearance of many peaks, reduction or augmentation in
ntensity of some peaks, and appearance of new diffraction peaks).
hese results concur with FTIR analysis that temperature is an
mportant factor, which can promote drug–CD interactions even
n the simple thermal treatment of the physical mixture at 130 ◦C.
he sealed-heated product resulted in a crystalline pattern similar
o that of the pure components, the co-evaporated product showed
educed intensity of drug and CD peaks, and the crystallinity

oss was most pronounced for the product prepared by kneading

ethod, suggesting an almost complete drug amorphization and/or
omplexation in agreement with DSC and FTIR analysis. The PXRD
attern for the product obtained by SC CO2-inclusion at 130 ◦C and
5 MPa was significantly different from that of physical mixture
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o-evaporation, kneading, and SC CO2 at 130 ◦C and 45 MPa. (A) Itraconazole system

xposed to the same temperature, showing a diffuse pattern with
very few low-intensity peaks, suggesting drug amorphization

nd/or complexation. The amorphization of the product might be
ue to CO2 at SC conditions getting into the drug–CD sample and

eaving the sample during depressurization step.
The PXRD pattern of pure fluconazole also showed a crystalline

tate by several sharp peaks. The crystallinity of the fluconazole–�-
D physical mixture exposed to 130 ◦C for 3 h was reduced,

ndicating some degree of amorphization and/or complexation due
o the simple thermal treatment, which is in agreement with DSC
nd FTIR analysis. The sealed-heated product was also crystalline
ith some changes in the PXRD pattern as compared to the pure

omponents (complete disappearance, reduction or augmentation
n intensity of some peaks, and appearance of new diffraction
eaks), indicative of some interaction between fluconazole and �-
D. The co-evaporated and kneaded products also showed reduced
rystallinity, but the crystallinity loss was most prominent for
he product prepared by SC CO2-inclusion at 130 ◦C and 45 MPa,
uggesting an almost complete drug amorphization and/or com-
lexation in agreement with DSC and FTIR analysis.

. Conclusions

Solubility of itraconazole, econazole, and fluconazole in SC
O2 was measured at 45 MPa and found to increase with tem-
erature while having the rank order: fluconazole > econazole >

traconazole. Solid systems of itraconazole, econazole, and flu-
onazole with �-CD in the 1:2 mol:mol ratio were prepared by SC
O2-inclusion method and compared to products obtained using
ifferent techniques such as physical mixing, sealed heating, co-
vaporation, and kneading. DSC, FTIR, and PXRD analysis suggest
nly partial complexation or amorphization for itraconazole–�-

D products while complete complexation or amorphization was
bserved for econazole and fluconazole samples prepared by some
reparation methods. This could be due to the smaller molecular
ize of econazole and fluconazole and therefore better fit into the
D cavity as compared to itraconazole. Additionally, the presence of
nd drug–�-CD (1:2 mol:mol) systems prepared by physical mixing, sealed heating,
conazole system, and (C) fluconazole system.

wo pyrole rings in fluconazole is believed to increase the chance
or inclusion formation and result in observed stronger drug–CD
nteraction as compared to econazole and itraconazole.

Different degrees of modification were observed in the analyses
f products prepared by various methods, suggesting the possibil-
ty of drug–CD interactions of different strengths, which may give
ise to different degrees of inclusion formation and/or amorphiza-
ion of the sample. Nevertheless, for the three drugs studied here,
roducts obtained by the SC CO2-inclusion method were among the
nes showing the highest interaction between the drug and the CD.
herefore, a solid inclusion method using supercritical CO2 carrier
roved to be a novel and useful complexation method for antifungal
rugs into �-CD. Moreover, since this method has no toxic solvent
esidue, products obtained by this method should provide minimal
ide effects in humans, compared to those obtained by techniques,
hich require the use of organic solvents. Pharmacokinetic studies

f the inclusion complexes obtained by different methods are being
nvestigated in both in vitro and in vivo. Appropriate mechanisms
f the inclusion complexes are also being developed.
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