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bstract

The main objective of this study was to improve the inclusion formation between itraconazole and �-cyclodextrin and thus enhance dissolution
mount and bioavailability characteristics of itraconazole. Inclusion complexes between itraconazole and �-cyclodextrin were prepared using
imple physical mixing, conventional coprecipitation method, and supercritical carbon dioxide (SC CO2). Effects of process variables (temperature,
ressure) and drug:cyclodextrin ratio on inclusion yield and thermal behavior of the solid complexes prepared by SC CO2 were studied and compared
o those obtained by physical mixing and coprecipitation methods. In addition, dissolution amounts of the products obtained by different methods
ere measured in gastric fluid. Finally, pharmacokinetic studies of the inclusion complexes were conducted in male Wistar rats to assess the
ioavailability of the prepared complexes.

Results showed that temperature, pressure and itraconazole:�-cyclodextrin ratio had significant effects on the inclusion yield of the complex
repared by SC CO2 method. Higher inclusion yields were obtained in the SC CO2 method as compared to physical mixing and coprecipitation

ethods. In vivo drug pharmacokinetic studies showed that the itraconazole-�-cyclodextrin product prepared using SC CO2 gave higher bioavail-

bility of itraconazole (in blood, liver and kidney of male Wistar rats) as compared to the products obtained by physical mixing or coprecipitation
ethods.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Treatment options for coetaneous and systemic fungal infec-
ions have been greatly expanded with the advent of the oral
zoles such as ketoconazole and fluconazole. These drugs
ave shown minimal toxicity, while they have demonstrated

fficacy against many invasive fungal pathogens. Itracona-
ole (C35H38Cl2N8O4) is an orally active triazole antifungal
gent [1]. Itraconazole, which was first synthesized in 1980,

∗ Corresponding author. Tel.: +971 50 6630810; fax: +971 3 7624262.
E-mail address: hassana@uaeu.ac.ae (A.H. Al-Marzouqi).

s
[
i
e
b
[
t

731-7085/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2007.06.011
zole; Supercritical carbon dioxide

emonstrates a broad spectrum of activity against a number
f fungal species including dermatophytes, Malassesia fur-
ur, Candida species, Aspergillus species, and Histoplasma
apsulatum var. capsulatum [2]. The mechanism of action of
traconazole appears similar to that of ketoconazole, involving
elective disruption of cytochrome P-450 mediated ergosterol
ynthesis in fungal membranes, thereby leading to cell death
3]. However, itraconazole differs from ketoconazole in that
t demonstrates a high degree of lipophilicity and a lack of

ndocrine-related side effects. Itraconazole is an extremely weak
ase (pKa = 3.7) which is virtually unionized at physiological pH
4,5]. Drug dissolution is a rate limiting process for the absorp-
ion of poorly water-soluble oral drugs such as itraconazole. The
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fficacy of itraconazole can be severely limited by its poor sol-
bility in aqueous solutions. Thus, absorption is enhanced by
he concurrent administration of food [6]. Similarly, ketocona-
ole absorption is markedly inhibited by agents, which increase
astric pH [7].

Improvement of the oral bioavailability of itraconazole has
een problematic. However, concentrations of itraconazole, in
erum may be variable and suboptimal, thereby potentially
ompromising therapy. Indeed, treatment failures have been
ssociated with low concentrations of itraconazole in blood in
ome patients [8]. Because of the hydrophobic structures of all
zoles, this may adversely affect concentrations in blood when
he drugs are given orally.

Naturally occurring �-cyclodextrin is a cyclic oligosac-
haride of seven glucose units which is a product of the
nzymatic degradation of starch by Bacillus macerans. The
hysicochemical properties of cyclodextrins are particularly
ell suited for utilization as carrier molecules of lipophilic
rugs. Their structures are analogous to a truncated cone with
hydrophobic interior and hydrophilic exterior. This allows

he molecular encapsulation of hydrophobic portions of guest
olecules, thus shielding them from the polar forces of aque-

us solutions. According to Strickley [9], cyclodextrins interact
ith some hydrophobic molecules and form a noncovalent

nclusion complex that lowers the chemical potential of the
olecule in solution and thus enhances the solubility of the
olecule. Pharmaceutical modification of drug molecules by

nclusion complexation with cyclodextrins (CDs) has been
xtensively developed to improve solubility, dissolution rate,
hemical stability, absorption, and bioavailability of poorly
ater-soluble drugs, and reduce side effects and toxicity of
rugs [10–18]. Studies have shown that cyclodextrins are
lso able to form non-inclusion complexes. Loftsson et al.
19] discussed numerous reported evidence that cyclodextrins
nd their complexes can self-associate to form aggregates
hrough non-inclusion complexation or micelle-like struc-
ures, which also effectively solubilize poorly water-soluble
rugs.

The hydrophobic nature of most azole compounds nomi-
ated them as appropriate candidates to be assembled into the
yclodextrin core to increase their solubility. Peeters et al. [20]
tudied the phase solubility of itraconazole as a function of
-hydroxypropyl-�-cyclodextrin (HP-�-CD) and showed that
P-�-CD significantly improves solubility of itraconazole in

queous solutions. Van Hees et al. [21,22] used SC CO2 to pro-
uce piroxicam-�-cyclodextrin and miconazole–cyclodextrin
nclusion complexes and compared their results with con-
entional methods of physical mixing, spray drying and
reeze drying. Charoenchaitrakool et al. [23] showed that
buprofen-methyl-�-cyclodextrin complexes prepared by pass-
ng ibuprofen–laden CO2 through a methyl-�-cyclodextrin
acked bed can enhance dissolution profiles due to the amor-
hous character and improved wettability of the product.

ecently, Türk et al. [24] developed a controlled particle depo-

ition process to prepare ibuprofen-�-cyclodextrin complexes
sing SC CO2, which resulted in higher dissolution rates than the
hysical mixture of ibuprofen and �-cyclodextrin. Several other
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tudies have also focused on the use of supercritical fluids for
he preparation of drug–cyclodextrin complexes for enhanced
olubility and dissolution rate [25–28]. We have previously char-
cterized itraconazole/�-cyclodextrin products by powder X-ray
iffraction (PXRD), scanning electron microscopy (SEM),
V spectrophotometry and differential scanning calorimetry

DSC) and confirmed the formation of inclusion complexes
29,30].

In continuation of our previous work, the present work is
ndertaken to improve the inclusion formation between itra-
onazole and �-cyclodextrin and thereby enhance dissolution
mount of itraconazole and its bioavailability characteristics.
traconazole-�-CD inclusion complexes are prepared using SC
O2, which is a non-toxic, nonhazardous solvent. Properties
f supercritical fluids (SCFs) can be changed from gas-like to
iquid-like values by simply adjusting the pressure and tempera-
ure. Because of these special characteristics, supercritical fluids
ave received increasing attention in the pharmaceutical field
21,22,25–32].

. Materials and methods

.1. Materials

Itraconazole was generously donated by the College of
harmacy at Oregon State University. �-CD, purchased from
igma Chemical Co. was subjected to a thermogravimetric (TG)
nalysis to find the degree of hydration, which was consid-
red in calculation of the concentration. All chemicals were
eagent grade (Merck, Darmstadt) and were used without fur-
her purification. All solutions were prepared using deionized
ater (specific conductance < 2 �S cm−1) and used within 24 h.
idistilled water was purified by using a Millipore super Q

ystem and was also degassed prior to the preparation of the
olutions.

.2. Preparation of inclusion complexes

Inclusion complexes between itraconazole and �-cyclo-
extrin (at drug to cyclodextrin molar ratios of 1:2 and 1:4) were
repared by physical mixing, coprecipitation method and SC
O2 as described earlier [29]. Physical mixtures were prepared
y grinding known amounts of itraconazole and �-cyclodextrin
owders in a mortar with a pestle. In the coprecipitation method,
nown amounts of �-cyclodextrin and itraconazole were dis-
olved in deionized water and methanol, respectively. Both
olutions were heated to 65 ◦C and mixed together. The final
olution was continuously mixed at 65 ◦C to remove the organic
olvent after which the mixture was cooled to 5 ◦C and the crys-
als were separated by filtration through 0.45 �m membrane
lters. The product was dried and kept in a desiccator overnight

o remove traces of solvents.
In the SC CO2 method, the high-pressure cell was filled with
physical mixture of itraconazole-�-cyclodextrin. The system
as then pressurized and heated up to the desired pressure and

emperature and left in a static mode for 3 h. At the end of the
rocess, the pressure in the cell was reduced to atmospheric
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(ANOVA) on the obtained data. When significant differences
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ressure within 15 min and the contents of the cell were ground
nd homogenized in a mortar.

.3. Thermal analysis

Thermal analyses of the individual components or
traconazole-�-cyclodextrin combinations were performed
sing a differential scanning calorimeter (DSC 7, Perkin Elmer)
ith a nitrogen flow rate of 40 ml/min and a heating rate of
0 ◦C/min from 50 to 250 ◦C. Indium and zinc were used as
tandards.

.4. UV spectroscopy

Quantitative analysis of the inclusion complexes were per-
ormed by UV spectrophotometry. Acetonitrile was used for the
etermination of free itraconazole content since �-cyclodextrin
as poor solubility in acetonitrile and the inclusion complex is
lso expected to have low solubility in acetonitrile. To determine
ree itraconazole content, 10 mg of the sample was dissolved
n 100 ml of acetonitrile. This solution was then sonicated for
min, filtered on a 0.45 �m filter (Millipore) and analyzed using
Philips PU 8620 UV spectrophotometer at 265 nm. The free

traconazole content was obtained from three measurements for
ach condition. Total itraconazole content in a 10 mg sample was
etermined from the initial drug to �-cyclodextrin molar ratio.
he percentage of inclusion was evaluated by UV spectrometry,
ccording to the following equation

of inclusion = total itraconazole content − free itraconazole content

total itraconazole content
× 100

(1)

.5. Dissolution rate

Dissolution profiles of itraconazole release were obtained
sing the paddle stirring method. Dissolution media consisted
f enzyme-free simulated gastric fluid, which was prepared by
issolving NaCl (2 g) in 500 ml of deionized water and then con-
entrated HCl (7 ml) was added to adjust the pH to 1.4 ± 0.1.
he final volume was adjusted to 1000 ml using deionized water.

n all dissolution measurements 50 mg of drug or drug equiva-
ent was dissolved in 500 ml of enzyme-free simulated gastric
uid (pH = 1.4 ± 0.1) at 37 ± 0.5 ◦C. The solution was mixed
t 100 rpm for 60 min. One millilitre dissolution samples were
ollected at 5, 10, 20, 30, 45, and 60 min through 5 �m mem-
rane filters. These samples were diluted to 10 ml with simulated
astric fluid. Samples of the diluted solutions were analyzed
or itraconazole concentrations using a Philips PU 8620 UV
pectrophotometer at 265 nm.

.6. Animals
Male Wistar rats (180–200 g) were obtained from Faculty
f Medicine and Health Sciences (FMHS) at UAE University
fter approval by the FMHS Animal Research Ethics Commit-
ee. These rats were maintained on a standard pellet diet and
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ap water ad libitum. The animals were kept in plastic cages
5 animals/cage) under a 12 h light/dark cycle and room temper-
ture 22–24 ◦C. The rats were acclimatized to the environment
or 2 weeks prior to experimental use. All experiments were con-
ucted in compliance with rules and regulations of the FMHS
nimal Research Ethics Committee for care and use of labora-

ory animals.

.7. In vivo bioavailability

Itraconazole/�-CD products prepared by three different
ethods (physical mixing, coprecipitation, and supercritical
O2 method) were given to the rats by ingestion using a gastric
eedle. In all experiments, itraconazole content was standard-
zed (drug equivalent to 10 mg/kgb wt of the rat). Five rats
ere used for each drug preparation. Following light diethyl

ther anesthesia, blood sample was collected from the retro-
rbital plexus at 30-min intervals for 8 h [33]. Serum was
ollected and the proteins were precipitated (using 100 �l
cetonitrile/100 �l serum), vortexed, centrifuged, and filtered
using 45 �m Millipore filter). The filtrate was dried using speed-
ac and reconstituted in a phosphate buffer (K3HPO3, pH 7.8)
olution and then injected into the HPLC as described previously
34] in order to determine the concentration of itraconazole in
he blood.

In another set of experiments, three groups of five rats were
tudied to determine the deposition of itraconazole in liver and
idney. Each of the three groups was terminated at different
ime intervals (4, 6, and 8 h after ingestion) and liver and kidney
issues (1 g) were collected, freeze dried, powdered and homog-
nized in a phosphate buffer (K3HPO3, pH 7.8) solution. The
omogenate was centrifuged (400 × g for 10 min). Proteins were
recipitated using an equal volume of acetonitrile, then vortexed,
entrifuged, and filtered using Millipore filter (45 �m). The fil-
rate was dried using speedvac and reconstituted in a phosphate
uffer (K3HPO3, pH 7.8) solution and then injected into the
PLC for analysis.

.8. Pharmacokinetic analysis

The area under the drug concentration–time curve from time 0
o 8 h (AUC0–8 h) was calculated by using Sigma Plot® 8.0, SPSS
cientific graphing software (SPSS Inc., Chicago, IL, USA).
he maximal plasma concentration of drug (Cmax) and the time

o reach maximum plasma concentration (Tmax) were directly
btained from plasma data.

.9. Statistical analysis

SPSS (version 10) statistical program (SPSS Inc., Chicago,
L, USA) was used to carry out a one-way analysis of variance
y ANOVA were detected, analysis of differences between the
eans of different samples (prepared by supercritical CO2,

hysical mixing and coprecipitation methods) were performed
sing Dunnett’s t-test.
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Table 1
Comparison between experimental inclusion data obtained from SC CO2, physical mixture and coprecipitation methods

Temperature (◦C) Pressure (MPa) Density (kg/m3) Inclusion yield (%)

1:2 mole–mole 1:4 mole–mole

50 25 834 1.60 1.61
35 899 0.08 0.75
45 944 0.04 2.25

100 25 588 4.65 21.37
35 715 5.59 29.99
45 790 7.70 31.44

130 25 471 6.40 31.17
35 613 6.77 31.76
45 703 8.28 33.53

Physical mixture 0.00 0.00
C

I

3

3

i
H
o
t
I
f
5
s
s
s
t
C
R
c
i
s
t
t
b
a
d
S
t
p
(
t
t

i
a
i
t
t
1

i
r

3

i
b
a
m
s
w
a
t
1
p
p
o
c
t
i
t
m
�
t
t
r
c
s
p

a
w
t
a

oprecipitation

traconazole:�-CD (1:2 and 1:4 mole–mole ratio).

. Results and discussion

.1. Yield of inclusion complexes

Our previous results showed that �-cyclodextrin significantly
mproved solubility of itraconazole in aqueous solutions [29].
owever, the maximum inclusion yield was 8.28%, which was
btained for the drug:CD (1:2 mole–mole) sample treated at a
emperature and pressure of 130 ◦C and 45 MPa, respectively.
n the current study the effect of SC CO2 on the complex
ormation at different conditions (three levels of temperature:
0, 100, 130 ◦C; three levels of pressure: 25, 35, 45 MPa) was
tudied for a drug:CD ratio of 1:4. Since preliminary studies
howed that increasing the exposure time ensures a better inclu-
ion yield, 3 h was selected as the optimum time of exposure
o SC CO2. The effects of temperature, pressure, density of SC
O2, and drug:CD ratio on inclusion yield are given in Table 1.
esults of the SC CO2 method are compared to those of physi-
al mixture and coprecipitation methods for the two different
traconazole/�-cyclodextrin ratios (1:2 and 1:4). As Table 1
hows, significantly higher inclusion yields were obtained for
he samples with a drug to cyclodextrin ratio of 1:4 as compared
o those with 1:2 ratios. Moreover, the inclusion yield obtained
y physical mixing (0% for both 1:2 and 1:4 drug:CD ratios)
nd coprecipitation methods (3.09% and 3.46% for 1:2 and 1:4
rug:CD ratio, respectively) were lower than those obtained by
C CO2 method. For the products prepared by SC CO2 method,

he maximum inclusion yield was observed at the highest tem-
erature (130 ◦C) and pressure (45 MPa) for both drug:CD ratios
8.28% for 1:2 and 33.53% for 1:4 ratio). This is attributed
o the higher itraconazole solubility in SC CO2 at the higher
emperature and pressure [29].

Both temperature and pressure had significant effects on the
nclusion yield (Table 1). Increasing temperature resulted in
n increase in the inclusion yield at all pressures. However,

ncreasing pressure increased inclusion yield only at the higher
emperatures (100 and 130 ◦C). At 50 ◦C, inclusion yield was
he highest at the lower pressure (25 MPa) for the sample with
:2 drug:CD ratio, while at the same temperature the highest

8
a
1
z

3.09 3.46

nclusion yield was obtained at 45 MPa for the sample with 1:4
atio.

.2. Analysis of inclusion complexes

DSC curves for pure itraconazole, pure �-CD as well as
traconazole/�-CD (1:2 and 1:4 mole–mole) products obtained
y physical mixing, coprecipitation method and SC CO2 method
t three different temperatures (50, 100 and 130 ◦C), 3 h of static
ode and three different pressures (25, 35 and 45 MPa), are

hown in Fig. 1. These curves are normalized with respect to
eight of itraconazole in the sample. Pure itraconazole showed
sharp melting endotherm at 165.2 ◦C. Pure �-CD showed

wo peaks: a broad endothermal effect, ranging between 50 and
50 ◦C corresponding to the dehydration of �-CD and a second
eak at 219 ◦C characteristic of pure �-CD. DSC curve of the
hysical mixture for both drug:CD ratios (1:2 and 1:4) consisted
f thermal profiles of drug and cyclodextrin with no significant
hange in the peaks, indicative of no drug–cyclodextrin interac-
ions. This is consistent with the results of UV analysis (Table 1)
ndicating that no inclusion was formed in the physical mix-
ures. DSC curve for the product obtained by coprecipitation

ethod showed a slight broadening of the endothermal peak for
-CD at 219 ◦C, indicative of some drug–cyclodextrin interac-

ion. Results obtained by UV analysis (Table 1) also indicate
hat little inclusion (3.09% and 3.46% for the 1:2 and 1:4 ratios,
espectively) was formed in the coprecipitation method. DSC
urves of the itraconazole-�-CD samples treated with SC CO2
how a peak at about 226 ◦C (7 ◦C higher than the endothermal
eak of �-CD).

The endothermic peak corresponding to pure itraconazole,
lthough reduced in size, was observed for the sample treated
ith SC CO2, indicating an incomplete inclusion of the drug in

he cyclodextrin cavity. This also agrees with the results of UV
nalysis (Table 1) showing an inclusion yield between 0.04% and

.28% for the SC CO2 products with 1:2 drug:CD molar ratio
nd an inclusion yield ranging from 0.75% to 33.53% for the
:4 ratio. The endothermal peak corresponding to pure itracona-
ole was larger in the samples with 1:2 drug:CD ratio compared
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solution in simulated gastric fluid. A typical dissolution curve
is shown in Fig. 2, which presents the dissolution profiles of
pure itraconazole, physical mixture of itraconazole/�-CD (1:2
mole–mole), and physical mixtures treated by supercritical CO2
ig. 1. DSC curves of pure itraconazole, pure �-CD, and itraconazole/�-CD
ethod and SC CO2 method at three different temperatures (50, 100 and 130 ◦C

o that for the 1:4 ratio for most of the samples treated with SC
O2 (especially at 100 and 130 ◦C). However, the peak at 226 ◦C
as larger for the samples with 1:4 ratio as compared to that for

he 1:2 ratio, suggesting higher inclusion yields for the products
aving a 1:4 drug:CD ratio, which is also confirmed by the UV
nalysis (Table 1). The product obtained at 130 ◦C and 45 MPa
or the 1:4 drug:CD ratio resulted in the smallest endothermic
eak corresponding to pure itraconazole and the largest peak
t 226 ◦C among all samples studied. This suggests that the
nclusion yield was highest for this product, as expected from
he results of UV analysis (Table 1). These results indicate that
igher amounts of cyclodextrin ensure higher degree of inclu-
ion formation. Therefore, one can expect to obtain even higher
nclusion yields than 33.53%, which was the maximum yield
or the 1:4 drug:CD ratio if higher amounts of �-CD are used in
he formulation. Comparing the peak size at 226 ◦C for the SC
O2 products, it is clear that inclusion yield increased with tem-
erature at all pressures while increasing pressure increased the
nclusion yield only at the higher temperatures (100 and 130 ◦C),
hich is also in agreement with the inclusion yields obtained by
V analysis.
.3. Dissolution studies

Dissolution profile of products obtained at different treat-
ent pressures and temperatures was determined in order to

F
m
T

nd 1:4 mole–mole) complexes prepared by physical mixing, coprecipitation
of static mode and three different pressures (25, 35 and 45 MPa).

ee the effect of SC treatment condition on itraconazole dis-
ig. 2. Effect of treatment pressure on itraconazole dissolution profile. Treat-
ent conditions: itraconazole/�-CD (1:2 mole–mole); P = 25 and 45 MPa;
= 130 ◦C; t = 3 h.
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Table 2
Pharmacokinetic data after oral administration of itraconazole/�-CD (1:2
mole–mole) products prepared by simple physical mixing, conventional copre-
cipitation method, and SC CO2 method at 50 ◦C, 25 MPa, and 3 h of static
mode

Preparation method AUC0–8 h (�g min/ml) Cmax (�g/ml) Tmax (min)

Physical mixture 5.75 ± 0.09* 1.30 ± 0.05* 120
Coprecipitation 8.51 ± 0.07* 2.93 ± 0.01* 120
SC CO2 12.07 ± 0.17 4.54 ± 0.12 120
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itraconazole with �-cyclodextrin using SC CO2 was increased
(P < 0.01) as compared to complexation with physical mixing
48 H.A. Hassan et al. / Journal of Pharmaceuti

t two different treatment pressures (25 and 45 MPa) while keep-
ng the temperature and treatment time constant at 130 ◦C and
h, respectively. Products obtained by SC CO2 gave higher dis-

olution amounts than the pure itraconazole (by three times)
nd the physical mixture (by two times). This suggests that
he inclusion yield was higher in the SC CO2 products than in
he physical mixture, which is consistent with results obtained
rom UV and DSC analysis. However, dissolution amounts were
early the same for samples prepared by SC CO2 at the two
ressures, contrary to the fact that UV and DSC results indi-
ated slightly higher inclusion yield for the sample prepared at
5 MPa. Moreover, samples prepared by the SC CO2 method at
ower treatment temperatures of 100 and 50 ◦C showed signifi-
antly lower itraconazole dissolution as compared to the sample
repared at 130 ◦C (figures for 100 and 50 ◦C are not shown
ere). The higher extents of dissolution obtained for the prod-
ct prepared at 130 ◦C may be due to the higher inclusion yield
or this sample as compared to the samples obtained at lower
emperatures, in agreement with UV and DSC results.

.4. Animal study

Serum concentrations of itraconazole after oral administra-
ion are shown in Fig. 3. Itraconazole was absorbed rapidly
rom gastrointestinal tract; the drug was detected in plasma after
0 min in all rats and reached its peak (Tmax) at 120 min. The
harmacokinetic parameters of itraconazole, such as Cmax and
UC0–8 h were significantly different in the products prepared
y the three different methods (Table 2). In SC CO2 method, val-
es of AUC0–8 h were significantly higher than those observed in
hysical mixture and coprecipitation methods. Moreover, com-
lexation of itraconazole with �-cyclodextrin using SC CO2 (at
0 ◦C, 25 MPa, and 3 h) appears in the blood with the highest
oncentration (Cmax) as compared to both physical mixture and

oprecipitation methods. On the contrary the physical mixture
f itraconazole with cyclodextrin showed the lowest dissolution
ate and the lowest absorbed concentration due to the absence
f inclusion complex in the physical mixture. Coprecipitation

ig. 3. Plasma concentration–time profile after oral administration of
traconazole/�-CD (1:2 mole–mole) products prepared by simple physical mix-
ng, conventional coprecipitation method, and SC CO2 method at 50 ◦C, 25 MPa,
nd 3 h of static mode. Data are expressed as mean ± S.E.M. (n = 5).

o

F
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tatistical analysis was performed by Dunnett’s t-test after ANOVA analysis.
* P < 0.001 vs. SC CO2 group. Data are expressed as mean ± S.E.M. (n = 5).

ethod also yielded lower absorption as compared to the com-
lexation by SC CO2 method. Drug clearance rate seemed to
orrelate with the serum blood concentrations. Two hours after
ngestion, complexes prepared by SC CO2 were much higher
han the other two methods. Three hours later all drug complexes
eturned back to a nadir level. Itraconazole-�-cyclodextrin com-
lexes prepared by SC CO2 at other conditions will also be tested
nd are expected to show higher absorption than the sample
reated with SC CO2 at 50 ◦C, 25 MPa since analysis of inclusion
omplexes reveals higher inclusion yields at other conditions as
iscussed above.

Itraconazole concentrations in both liver (Fig. 4) and kidney
issues (Fig. 5) showed that drug appears in both tissues with the
ighest itraconazole concentration in all animals after 4 h and
ustains up to 6 h. Thereafter, the drug was eliminated from the
ody. These data document that the complexation of itraconazole
ith �-cyclodextrin using SC CO2 (at 50 ◦C, 25 MPa) increased
rug solubility as compared to the other two methods. Liver and
idney tissues were collected after 2 h and itraconazole was not
etected (data are not shown). Results show that complexation of
r coprecipitation methods. Drug–cyclodextrin complexes pre-

ig. 4. Itraconazole concentration in liver tissue after ingestion of
traconazole/�-CD (1:2 mole–mole) products prepared by simple physical mix-
ng, conventional coprecipitation method, and SC CO2 method at 50 ◦C, 25 MPa,
nd 3 h of static mode.
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Fig. 5. Itraconazole concentration in kidney tissue after ingestion of
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traconazole/�-CD (1:2 mole–mole) products prepared by simple physical mix-
ng, conventional coprecipitation method, and SC CO2 method at 50 ◦C, 25 MPa,
nd 3 h of static mode.

ared by SC CO2 at other conditions will also be studied in
iver and kidney tissues in an attempt to obtain higher in vivo
ioavailabilities.

. Conclusions

Supercritical CO2 proved to be a novel and dependable
ethod for preparing inclusion complexes between itraconazole

nd �-CD. The formation of solvent-free inclusion complexes
repared using SC CO2 was verified by UV and DSC analysis
nd compared to those obtained by physical mixing and copre-
ipitation methods. Thermal analysis of the products obtained
y different methods were consistent with the results of UV anal-
sis indicating no inclusion formation in the physical mixture,
mall inclusion yield for the coprecipitated product and rela-
ively high inclusion formation for the product obtained by SC
O2.

Results of the dissolution studies were also consistent with
he results obtained from UV and DSC analysis, showing higher
issolution amounts for the product obtained by SC CO2 as
ompared to the pure itraconazole and the physical mixture.
oreover, dissolution results were not affected by the pressure as
uch as by the temperature of SC CO2, suggesting that treatment

emperature may be more important than treatment pressure in
he formation of inclusion complex between itraconazole and
-CD. However, UV and DSC results showed that both tem-
erature and pressure had significant effects on the interaction
etween itraconazole and �-CD and consequently on the for-
ation of inclusion complexes. More experiments are currently

nderway to explain this discrepancy.
In vivo drug pharmacokinetic studies showed that ingestion of

traconazole complexed with �-cyclodextrin using the solvent-
ree SC CO2 results in a higher bioavailability of itraconazole

s compared to the products obtained by physical mixing or
oprecipitation method, indicating the superiority of the SC CO2
ethod as compared to the physical mixing or coprecipitation
ethods. Moreover, itraconazole-�-cyclodextrin complexes
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repared using SC CO2 made itraconazole available to liver and
idney tissues for at least 6 h after ingestion.

Itraconazole-�-CD complexes prepared by SC CO2 should
rovide minimal side effects (related to the use of organic sol-
ents) in human body since this method has no toxic solvent
esiduals. Efficacy, safety and pharmacokinetics of binary inclu-
ion complexes obtained by SC CO2 at other conditions will also
e investigated in both in vitro and in vivo. The SC CO2 method is
lso being tested with other drug–CD systems. Inclusion exper-
ments in which drug and cyclodextrin are loaded in separate
ells will also be investigated.
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