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a b s t r a c t

The aim of this study was to prepare stable formulations of poorly water-soluble drugs in amorphous
forms to enhance their dissolution rates, promote the bioavailability, minimize the dosage, thereby
theoretically decreasing their side effects. A dense gas solvent exchange process was developed for
the impregnation of poorly water-soluble drugs such as camptothecin and griseofulvin into a chitosan
matrix. The amount of drug impregnated was measured by UV-spectrophotometery and gravimetric
techniques. Pore characteristics and the crystallinity of the drugs in the impregnated chitosan were mea-
sured. Homogenous nano-sized pores with thin walls were formed in chitosan using the dense gas solvent
amptothecin
morphous
orosity
mpregnation by dense gas CO2

exchange process. The method was efficient for the impregnation of a drug into chitosan. Results of XRD,
Fourier transform infrared spectroscopy and differential scanning calorimetry demonstrated that as a
result of interaction between chitosan and the drug, both camptothecin and griseofulvin were in amor-
phous forms after processing. The dissolution rate of processed griseofulvin was increased threefold due
to the hydrophilic properties of chitosan and its interaction with the drug. A new approach was developed
for promoting drug bioavailability that has the potential to decrease the required dose and side effects,

rape
particularly for chemothe

. Introduction

Class II drugs have low bioavailability due to their poor solubil-
ty in aqueous media. Common strategies to increase the solubility
nd hence bioavailability of such drugs include reduction of particle
ize (micronization) and decreasing the degree of crystallinity (Gao,
008; Overhoff et al., 2006). A smaller drug particle size allows for
reater contact surface area between the drug and the dissolution
edia within the body (Calvino-Casilda et al., 2008). Amorphous

rugs are at a higher energy state, less stable, and exhibit higher
issolution rates than those in crystalline forms (Thassu et al.,
007).

A potential approach for decreasing drug crystallinity is to

mpregnate them into a polymer matrix. The impregnation results
n dissolution of the drug in the polymer at a molecular level and can
tabilize it in an amorphous state. The entrapment of poorly water-
oluble drugs in polymer matrices may improve the bioavailability
f drugs (Kluge et al., 2009). The polymer selected for drug–polymer

∗ Corresponding author. Tel.: +61 02 93514794; fax: +61 02 93512854.
E-mail address: fdehghani@usyd.edu.au (F. Dehghani).

378-5173/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.ijpharm.2010.03.006
utic drugs with narrow therapeutic index.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

composites should be harmless, the degradation products should
not cause any cytotoxic effects in the body, and drug–polymer
interactions should not affect drug activity (Alexis et al., 2004).
In general, polymers that can increase solubility or wettability of
drugs are desirable.

Chitosan is a promising material for the development of drug
delivery systems. Chitosan is a deacetylated derivative of chitin,
commonly found in the exoskeleton of marine crustaceans and the
cell walls of some fungi (Madihally and Matthew, 1999). Chitosan
has many biomedical applications and has been widely used for
drug encapsulation because of its properties such as pH sensitivity,
biocompatibility with living tissue, mucoadhesive properties and
low toxicity (VandeVord et al., 2002; Wang et al., 2007). Chitosan
increased the dissolution rate of poorly water-soluble drugs such
as prednisolone (Sawayanagi et al., 1983), phenytoin (I) (Nambu
et al., 1983), naproxen (Maestrelli et al., 2004; Mura et al., 2003),
valdecoxib (Gurusamy et al., 2006) and spironolactone (Acarturk et
al., 1993).

The preparation of drug–polymer composites requires the use of

a mobile phase such as an organic solvent to dissolve and carry the
poorly water-soluble drug component into the polymeric matrix
(Lopez-Periago et al., 2009). However, the traditional methods
require another stage for the purification and removal of the organic
solvent residues (Natu et al., 2008).

ghts reserved.
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.1. Dense gas techniques for the impregnation

The fluid above critical temperature and pressure is known
s supercritical fluid. Dense gases are fluids near or above their
ritical point, generally with a reduced temperature (T/Tc), and
ressure (P/Pc) of between 0.9 and 1.2. These near-critical fluids
ave excellent processing properties including low viscosity, high
iffusivity, low surface energy, and moderate density. The abil-

ty of dense gases such as CO2 to diffuse into polymer matrices
llows the development of dense gas techniques for the impreg-
ation of active compounds (Busby et al., 2002; Jung et al., 2002).
ense gases, such as CO2, can be removed from the system during

he depressurization, hence eliminating the product purification
tage of conventional methods for the removal of organic sol-
ent.

The dense gas process was used for the impregnation of a
ompound with a considerable solubility in a dense gas, into an
morphous or semi-crystalline polymer matrix that CO2 can dif-
use easily (Duarte et al., 2006; Gong et al., 2006; Kazarian and
han, 2003). Active compounds with low solubility in dense gas
O2 such as proteins can also be impregnated into a polymer. In
his case the compound can be dissolved in a solvent, the polymeric

atrix is placed into the solution, and the dense gas is added to
acilitate impregnation due to polymer swelling and increasing the
ree volume between polymer chains (LeClair Ellis et al., 2008). �-
alactosidase was impregnated on the surface of polystyrene using

his method (LeClair Ellis et al., 2008).

.2. Porosity and drug release

Dense gas CO2 has negligible solubility in hydrophilic poly-
ers; however, methods have been developed to generate porosity

n these polymers. Shih et al. (2003) used a cosolvent such as
thanol, or diluted acid, to improve the diffusion of the dense
as into polymers and produce porous hydrogels. Cooper et al.
eveloped a CO2–water emulsion template technique to produce
ighly porous hydrogels in various hydrophilic polymers such as
oly(vinyl acetate) (PVA), blended PVA/PEG and chitosan (Lee et al.,
007). Annabi et al. (2009) developed a dense gas technique for the
reparation of porous elastin that involves the synthesis of cross-

inked elastin in an aqueous solution and subsequent fabrication of
orosity into the structure.

The primary objective of this study was to develop a dense
as solvent exchange technique to create porosity in a hydrophilic
olymer such as chitosan and at the same time impregnate a
oorly water-soluble drug into the hydrogel matrix. Carbon diox-

de was used as a dense gas due to its moderate critical properties
Pc = 73 bar and Tc = 31 ◦C), low toxicity and non-flammability. The
ffects of operating conditions such as temperature and pressure on
he drug loading efficiency and the physical properties of the drug
ere investigated. An advantage of dense gas solvent exchange

s the ability to generate porous structure and at the same time
mpregnate a compound into polymer matrices. The presence of
orosity increases the surface area between polymer–drug and the
issolution media, and improves both the dissolution rate of a drug
nd its bioavailability.

. Materials and methods

.1. Materials
Chitosan (medium molecular weight), griseofulvin (purity from
97%) and toluene (99.5+ %A.C.S. Reagent) were purchased from
igma. Camptothecin was donated by Nanomaterials Pte. Ltd. (Sin-
apore). Glacial acetic acid (Ajax FineChem) was used to dissolve
Fig. 1. Experimental set-up for investigating threshold pressure and drug impreg-
nation using dense gas.

chitosan in MilliQ water. Phosphate buffered saline (PBS) was pre-
pared by dissolving one PBS tablet (Sigma) in 200 mL MilliQ water
to have a pH between 7.2 and 7.4. Simulated gastric fluid (SGF) was
made by the addition of 2 g NaCl (Silform Chemicals) and 7 mL HCl
(Ajax FineChem) into 1 L MilliQ water to achieve pH 1.2. Fed state
simulated intestinal fluid (FESSIF) was prepared by the addition of
4.04 g NaOH (Ajax FineChem), 8.65 g glacial acetic acid and 11.87 g
NaCl into 1 L MilliQ water with a pH 5. Ethanol with 99.7% purity
and mesitylene with 99% purity (Merck Pty., Ltd.), chloroform with
99.8% purity (Ajax FineChem), acetone with 99.5% purity (Analar)
and food grade carbon dioxide with 99.99% purity (BOC) were used
as received from suppliers.

2.2. The fabrication of chitosan matrix by solvent exchange

Chitosan film was prepared by dissolving chitosan
(1.7 g/100 mL) in a 2% acetic acid solution using a magnetic
stirrer. Ethanol was added to the solution in a 1:2 volume ratio
(chitosan solution:ethanol) to decrease the viscosity of the solu-
tion. The solution was filtered through a 5 �m nylon syringe filter
to remove any non-dissolved residual chitosan. The filtered solu-
tion was cast on a Petri dish and the cast dried in a fume cupboard
at room temperature to form a clear chitosan film with no bubbles.
The cast film was cut into 1.7 cm diameter and soaked in 100%
MilliQ water for 20 min. The process was repeated with a gradual
decrease in MilliQ water (80%, 60%, 40%, 20%, 10% and 0%) with a
corresponding increase in absolute ethanol until complete solvent
exchange was achieved. Once the solvent exchange process was
completed the cast film was left to soak in absolute ethanol for
24 h at ambient conditions to allow complete penetration of the
solvent into the polymer matrix.

2.3. The determination of threshold pressure for a drug solution

Prior to the impregnation study the threshold pressure, i.e. the
pressure at which the desired drug was precipitated from the drug
solution, was determined using the apparatus as shown in Fig. 1. In
this experiment, 10 mL of the drug solution (camptothecin in chlo-
roform:ethanol (4:1, v/v) or griseofulvin in acetone) with a known
concentration was injected from the top of a high pressure view

cell (Jerguson sight gauge series 13 no. 32). At this stage, the fit-
ting on the top of the vessel was opened and a syringe was used
to inject the solution. A frit with 50 �m porosity was used at the
bottom of the high pressure vessel to prevent liquid solution purg-
ing form the vessel, when the system was at ambient pressure; this
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900 mL of SGF and the absorbance was measured at a wavelength
of 295 nm. Experimental data was the average of at least nine repli-
C. Ji et al. / International Journal

rit was also used during the pressurization of the vessel from the
ottom to disperse CO2 bubbles homogeneously into the solution
nd to collect any precipitate from solution during the last stage of
urging the solution from the system and depressurization. After

njecting the solution, the vessel was sealed and the system was
aintained at constant temperature by submerging the vessel in
controlled temperature water bath using a recirculation heater

Ratek TH5-2KW). After the thermal equilibrium was attained at
desired temperature, the system was slowly pressurized from

he bottom of the vessel in 5 bar increments using a syringe pump
ISCO, 260D). At each pressure the system was isolated for at least
0 min to achieve equilibrium and monitor the pressure at which
recipitation commenced accurately. The point at which solid par-
icles were precipitated was observed visually and reported as the
hreshold pressure. The inlet valve was closed and the system was
hen connected to the exit valve for purging the solution from the
ottom of the vessel.

.4. Impregnation of a drug in the hydrogel matrix by a dense gas
rocess

The soaked chitosan sample was placed on a metal gauze shelf
hich was then located inside the same high pressure vessel. A

hree-way valve and ball valve were used to control the CO2 flow
irection and pressurization modes (i.e. pressurization from the
op or the bottom of the vessel). The solution of the drug was
njected into the vessel which was then sealed and pressurized
fter thermal equilibrium was attained at a desired temperature.
t this stage CO2 was fed into the system from the bottom of

he vessel using a syringe pump (ISCO, 260D). The pressure was
ncreased at a rate of 3 bar/min until the predetermined pressure

as attained. The dense gas penetrated through the polymer, aid-
ng both swelling of the polymer and the formation of pores while
imultaneously resulting in the expansion of the organic solution.
he system was then isolated, thereby allowing the CO2 to pen-
trate into the chitosan sample for 1 h. After this stage, CO2 was
elivered at a flow rate of 10 mL/min from the top of the vessel for
alf an hour to remove residual solvent from the sample; the system
as then rapidly depressurized. The amount of the impregnated
rug was determined by a gravimetric method, using the residues
ollected in the solvent trap (as shown in Fig. 1). The impregnation
t atmospheric conditions was carried out in a well-sealed glass
ottle.

.5. Characterization of drug-impregnated chitosan matrices

.5.1. Porosity
The Brunauer–Emmet–Teller (BET) (Autosorb-1 Quanta

hrome) analysis was used to determine the surface area from the
dsorption of nitrogen gas on a solid surface. A sample of chitosan
rocessed by CO2 was inserted into a tube for pre-treatment at
0 ◦C and the air was evacuated. Liquid nitrogen was then injected

nto the system and the BET measured the surface area of the
ores.

.5.2. Residual solvent
Gas chromatography (GC) was used to determine the residual

mount of organic solvents such as ethanol, chloroform and ace-
one. In brief, the drug-impregnated chitosan matrix was immersed
n toluene in an amber GC vial, and the vial was kept in a shaker
Roller trap) at a speed of 100 rpm for at least 3 days. The toluene

as collected for GC analysis. A known amount of mesitylene was

dded as an internal standard into the vial prior to GC analysis
sing GC-17A (Shimadzu) with a flame ionization detector (FID),
SGE capillary column (BPX5, 30 m × 0.25 mm × 0.25 �m), auto

ampler (AOC 20s) and an auto injector (AOC 20i). Filtered nitro-
rmaceutics 391 (2010) 187–196 189

gen was the carrier gas, and the analysis was preformed using an
oven temperature of 40 ◦C with ramp of 20 ◦C/min until achieving
180 ◦C. Calibration data was collated for injecting known amount
of each organic solvent (i.e. ethanol, chloroform and acetone) with
the internal standard to the GC column. Consequently, the residual
amount of organic solvents in drug-impregnated chitosan matrix
was calculated.

2.5.3. Morphology
Scanning electron microscopy (SEM) (SEM XL30 Philips; S900

and S4500 Hitachi) was used to observe the morphology changes
of both drugs and porous structure of chitosan. Dry samples were
mounted on circular aluminium stubs, then gold coated prior to
SEM analysis.

2.5.4. FTIR, DSC and XRD
The drug–polymer interactions were determined by Fourier

transform infrared (FTIR) spectroscopy (Varian 660-IR and Nico-
let Impact 410) using 4 cm−1 resolutions, averaging for 32 scans;
the differential scanning calorimetry (DSC) (DSC TA instrument
USA) was used to investigate the thermal behaviour of the product.
Briefly, 3–8 mg of dry samples containing similar drug weight were
carefully weighed in aluminium pans, and covered with aluminium
lids. DSC profiles of each sample were acquired from heating runs
at a rate of 10 ◦C/min under dry nitrogen atmosphere from 30
to 300 ◦C; the crystallinity of the samples was examined by X-
ray diffraction (XRD) (Siemens D-5000 diffractometer) using CuK�
radiation (� = 1.54056 Å). Samples after at least 4 months storage
at ambient temperature were placed in aluminium sample holders
and were scanned from 10◦ to 50◦ at a scanning rate of 2 min−1.

2.5.5. Solubility
The solubility of camptothecin in FESSIF buffer solution was

determined by the method developed by Dong et al. In brief, exces-
sive camptothecin was mixed with FESSIF buffer solution in a
well-sealed glass bottle wrapped with aluminium foil. The sus-
pension was placed in a shaker at 100 rpm at 25 ◦C for 1 week
to approach equilibrium; 2 mL of this saturated solution was then
filtered to remove any insoluble residue, and the solvent (FES-
SIF) was removed by using a rotary evaporator. Afterwards, 2 mL
of chloroform–ethanol (4:1, v/v) solution was added to dissolve
dry camptothecin powder. Subsequently, a certain amount of clear
camptothecin solution in chloroform–ethanol was diluted carefully
in a 10-mL volumetric flask. The amount of camptothecin was mea-
sured by UV-spectrophotometry (UV Cary 50) at �370 nm according
to a predetermined standard curve of camptothecin to calculate the
solubility (Dong et al., 2008). The studies were conducted in tripli-
cate to obtain the solubility of camptothecin before and after dense
gas impregnation.

2.5.6. Dissolution rate
The dissolution rate of the griseofulvin was measured under

sink conditions using a varian dissolution equipment (Vankel 7000
Dissolution apparatus) with autosampler and Cary UV 50 spec-
trophotometer. All testings took place using the USP paddle method
at 37.2 ◦C in 1-L vessels with paddle speed of 50 rpm. The disso-
lution media were USP 26 SGF. The dissolution vessel contained
cates.
The results of a preliminary experiment confirmed that the

presence of chitosan in the dissolution media (SGF or FESSIF) had
no effect on the UV absorbance of griseofulvin and camptothecin,
respectively.
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ig. 2. SEM images of cross-section of drug-free chitosan film (a) exposed to CO2 +
50 bar and 40 ◦C.

. Results and discussion

.1. Fabrication of porous chitosan matrices by a dense gas CO2
echnique

Increasing the degree of porosity enhances the surface area
nd minimizes the total amount of polymer required for a desired
pplication such as drug delivery. A preliminary investigation was
ndertaken to assess the feasibility of fabricating porosity in chi-
osan films using neat CO2 as a gas foaming agent. No porosity
as observed in the cross-section of the chitosan films that were

xposed to pure CO2 and CO2 modified with 20 mol% ethanol at
00 bar and 60 ◦C (Fig. 2a).

The limited solubility of CO2 in the chitosan film was attributed
o its polarity and the crystalline properties of this polymer (Joung
t al., 2001; Quirk et al., 2005). An amorphous fraction in a poly-
er matrix plays a key role in gas foaming techniques (Quirk et

l., 2005). The intrinsic viscosity of the polymer also has a signifi-
ant impact on pore size in the gas foaming process (Quirk et al.,
005). Longer polymer chains are ultimately more entangled, and

ncrease resistance to expansion during gas nucleation in the poly-
er matrix and subsequently result in a smaller pore size (Quirk et

l., 2005).

A homogenous, highly interconnected, submicron diameter

ore structure was formed using the dense gas solvent exchange
rocess developed in this study. As illustrated in Fig. 3, trans-
arent swollen chitosan in water turned translucent after solvent
xchange with ethanol, and eventually became opaque after dense

Fig. 3. Schematic diagram of various steps of dense gas solvent exchang
l% ethanol at 200 bar and 60 ◦C, and (b) after dense gas solvent exchange process at

gas operation due to the generation of porosity. The pressure and
temperature exhibited negligible effects on the pore characteristics
of chitosan matrices at the conditions examined (i.e. 25–60 ◦C and
25–150 bar).

Phase separation is critical for the fabrication of porosity. The
pores are fabricated when a homogenous multi-component sys-
tem is separated into a multi-phase system to decrease the system
free energy (Annabi et al., 2009; Ma, 2008). Two phases are gen-
erally separated out; a polymer-rich phase (e.g. a high polymer
concentration phase) and a polymer-lean phase (e.g. a low polymer
concentration phase) (Annabi et al., 2009; Ma, 2008). The porous
structure is then formed when the polymer-lean phase is removed.
The physical structure of the pores is governed by the kinetics of
the phase separation in each system. It is possible to form powders,
closed pore foams or open-pore foams with thick or thin wall struc-
tures depending on the rate of the phase separation (Ma, 2008).
Generally, conventional methods such as freeze-drying and phase
inversion generate non-homogenous pores with thick walls (Kang
et al., 1999), thereby resulting in poor interconnectivity and low
porosity (Annabi et al., 2009).

The mechanism of creating porosity using the method devel-
oped in this study is governed by facilitating the penetration of
dense gas CO2 into the chitosan matrices. Due to the limited solu-

bility of water in dense gas CO2 and vice versa, water was exchanged
with ethanol. The solubility of CO2 in the chitosan phase was,
therefore, substantially enhanced. Ethanol and CO2 are completely
miscible at pressures above 90 bar and temperatures between 25
and 60 ◦C (Joung et al., 2001). It is, therefore, viable to remove

e process for the impregnation of active ingredient into hydrogel.
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ig. 4. SEM images of (a) camptothecin and (b) griseofulvin precipitated by the exp
amptothecin at (c) and (d) atmospheric condition; (e) 25 bar and 40 ◦C.

thanol at operating conditions from the matrices by washing with
eat CO2. Highly interconnected pores were created in the chitosan
atrices upon depressurization, evaporation of CO2 and the ulti-
ate release of CO2 and ethanol. The depressurization took place in
very short time (about 1 min) causing rapid evaporation of CO2,

thanol and residual water (a polymer-lean phase) in the hydro-
el matrices (a polymer-rich phase), thus creating a homogenous
highly interconnected – nanostructure pores with thin walls as

hown in Fig. 2b. This image is a typical example of the pore char-
cteristics obtained at various conditions and cross-sections of the
amples. The pressure and temperature exhibited negligible effect
n pore characteristics of chitosan. The surface area of pores in
hitosan samples processed by dense gas solvent exchange was
etween 124 and 144 m2/g, when using rapid depressurization rate
<5 min). The surface area of pores was dramatically decreased
o 25 m2/g, when using slow rate of depressurization (>30 min).
herefore in all conditions examined for drug impregnation rapid
epressurization rate was used to generate high degree of porosity

n the sample. The simultaneous creation of porous chitosan matri-
es and the extraction of solvent are also advantages compared with
onventional methods where solvent evaporation can take up to a
ew days.

The surface of processed chitosan hydrogel had limited porosity.
kin formation (lack of pore on surface) is a common phenomenon
n many pore formation processes (Cooper, 2001). The sudden
eduction in pressure leads to the generation of nuclei in the matrix
ue to supersaturation, subsequent formation of a cellular structure
pon nuclei growth and vitrification (McKelvey and Koros, 1996).
owever, the rapid diffusion of the gas from the surface may alle-
iate the nuclei formation substantially and lead to skin formation.

he issue of skin formation can be addressed by addition of a salt
r other porogen in the polymer matrix (Quirk et al., 2005). The
kin layer may not greatly limit the diffusion of an aqueous solu-
ion into a hydrophilic polymer as water can be absorbed from the
op surface and diffuse into the structure.
n of the solutions via dense gas CO2; the surface of chitosan film impregnated with

3.2. Determination of threshold pressure for the drug solution

The threshold pressure for camptothecin in chloroform–ethanol
(4:1, v/v) solution (1 mg/mL) was 30 and 53 bar at 25 and 40 ◦C,
respectively. Therefore, in this study, the operating pressure for
the impregnation by dense gas CO2 could not exceed these condi-
tions. Higher concentrations of camptothecin solution (>1 mg/mL)
were not used in this study, as it would cause precipitation at lower
pressures; lower concentrations (<1 mg/mL) were also not used due
to the lower impregnation efficiency. In the case of griseofulvin
for 33 mg/mL concentration in acetone, the threshold pressure was
100 bar at 40 ◦C. The maximum operating condition of 90 bar and
40 ◦C was, therefore, used for the impregnation of griseofulvin.

Above threshold pressure, both camptothecin and griseofulvin
were precipitated as crystalline powders, as shown in Fig. 4a and
b, respectively. Our data demonstrate that the amounts of griseo-
fulvin precipitated from 33 mg/mL solution by dense gas solvent
expansion were below 16% at 50 bar and 40 ◦C; likewise, when
using 1 mg/mL camptothecin solution at 100 bar and 40 ◦C.

3.3. The impregnation of drugs into chitosan

The impregnation of a drug into a polymeric structure can be
enhanced using a dense gas. Kazarian et al. (1998) used in situ FTIR
and UV–vis spectroscopy to measure the partitioning of solutes
between poly(methyl methacrylate) (PMMA) and supercritical CO2
and supercritical CO2–cosolvent systems, respectively. A partition-
ing coefficient of 104 was acquired for Dispersant Red 1 (DR1)
impregnated in PMMA using supercritical CO2. The dye (DR1) has a
solubility of about 10−6 M in supercritical CO2 at 40 ◦C and 90 bar;

despite the low solubility of the dye, dense gas such as supercrit-
ical CO2 can still be used as an effective transport media because
of the high partition coefficient. This result demonstrates that a
drug with a low solubility can also be impregnated into a polymeric
matrix due to the significant enhancement of partition coefficient. It
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Table 1
Residual amount of organic solvents in drug-impregnated chitosan matrix.

Samples Organic solvents residual level (ppm, mg organic solvent/kg chitosan)

Acetone Chloroform Ethanol
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(Osman and Arof, 2003). Four main characteristic double bond
bands were observed for crystalline camptothecin at 1740, 1650,
1600 and 1579 cm−1, respectively (Fig. 5a), which were assigned
to the carbonyl band for lactone ring (1740 cm−1) and for ketone
Camptothecin-impregnated chitosan matrix-washed with CO2 for 30 min
Griseofulvin-impregnated chitosan matrix washed with CO2 for 30 min
USP acceptable level (USP-NF)

as demonstrated that for solvents such as methanol, isopropanol
nd acetone the partition coefficient was decreased by an order of
agnitude when CO2 pressure was increased from 50 to 175 bar

Kazarian et al., 1998).
The drugs selected in this study, camptothecin and griseoful-

in, both had very low solubilities in dense gas CO2. In the dense
as solvent exchange process, these drugs were dissolved in sol-
ents such as chloroform, ethanol, and acetone. Swollen chitosan
n water was solvent exchanged with either of these solvents, and
hen submerged in these solutions. Solutions were expanded by
O2 to below the threshold pressure to assist impregnation and
ore formation.

In our solvent exchange process, due to the presence of organic
hase in chitosan matrices the partition coefficients were signifi-
antly enhanced. We believe that the presence of a large partition
oefficient between the polymer and drug resulted in the drug
emaining in the ‘stationary’ polymer phase rather than being
emoved from the system with the ‘mobile’ expanded solvent
hase.

As shown in Table 1, the residual of organic solvents main-
ained in the processed samples was approached a low level after
ashing the samples with CO2 for 30 min. The residues of chloro-

orm and ethanol in camptothecin-impregnated chitosan matrices
ere 48 and 106 ppm (mg organic solvent/kg chitosan), respec-

ively. In griseofulvin system, the residue of acetone and ethanol
ere less than 10 ppm. The residues were below the USP accept-

ble level (USP-NF), corroborating the data acquired from DSC and
TIR analysis that no peak for solvent was detected. The organic sol-
ent residues could decrease more by using larger amount of CO2
or washing stage. The impregnated drug in chitosan produced by
olvent exchange is potentially harmless for pharmaceutical for-
ulations.

.3.1. Impregnation of camptothecin
The feasibility of impregnating camptothecin into chitosan was

valuated. Camptothecin, which is isolated from extracts of Camp-
otheca acuminate (Hertzberg et al., 1989), has very low solubility in
ater and a narrow therapeutic index (Yurkovetskiy et al., 2004).
amptothecin shows a relatively high water solubility and lower
ioactivity in its carboxylate form than in the lactone form (Saetern
t al., 2005). It is, therefore, critical to avoid processing conditions
hat affect the lactone form of camptothecin with a therapeutic
ctivity.

Camptothecin was dissolved in a mixture of 4:1 volume ratio
f chloroform and ethanol. Chitosan film was swollen in water and
olvent exchanged, then submerged in the camptothecin solution
nd the drug was impregnated by the dense gas process developed
n this study. After depressurization and drying of the sample, the
ollected chitosan matrix was opaque with porosity, and had a brit-
le structure in the dried form. When chitosan was immersed into
cidic buffer solutions such as FESSIF and SGF, it began to swell
ue to the presence of NH3

+ (Ladet et al., 2008), but dissolution

f chitosan also occurred under acidic condition, and the whole
atrix dissolved within 4 h. The results suggest that this matrix

s suitable for oral administration, as the drug component can be
eleased from the swollen chitosan matrix in the gastrointesti-
al tract, and chitosan will eventually be dissolved and excreted
– 48 106
<10 – <10

5000 60 5000

without any toxic residue. A number of studies have reported that
chitosan or chitosan composites have been used as a carrier for
transdermal delivery of active compounds (Puttipipatkhachorn et
al., 2001; Thacharodi and Panduranga Rao, 1996a,b; Thacharodi and
Rao, 1995), DNA (Huang et al., 2009; Lee et al., 2008), and hormone
(He et al., 2008). The drug-impregnated chitosan produced in this
study may have potential for use in transdermal drug delivery.

The results show that increasing temperature promoted the
impregnation efficiency. However, pressure had negligible effect
on the impregnation efficiency within the range examined. At
atmospheric conditions, less than 5% of the camptothecin could be
impregnated in the chitosan after 8 h, whereas 19% impregnation
was achieved using the dense gas solvent exchange technique at
25 bar and 40 ◦C within 1 h.

Camptothecin crystals were found on the surface of chitosan
after impregnation at atmospheric conditions, because of solvent
evaporation and precipitation of non-impregnated solute (Fig. 4c
and d). In the dense gas solvent exchange process, camptothecin
that was not impregnated was removed from the system, therefore,
no camptothecin crystals were observed on the surface of chitosan
(Fig. 4e).

FTIR spectroscopy was used to study the interaction between
camptothecin and chitosan after impregnation. Bands due to dou-
ble bond stretches were studied to infer the physical state of
camptothecin. FTIR data in the region of 1500–1800 cm−1 were
compared for blank chitosan films and camptothecin-impregnated
chitosan. As expected, blank chitosan films showed a peak at
1592 cm−1, which corresponds to either the N–H band for pri-
mary amines or amide II, and another small peak was detected at
1645 cm−1, corresponding to the C O stretch for amide I, which
indicated that chitosan was not completely deacetylated (Fig. 5d)
Fig. 5. FTIR spectra for (a) camptothecin powder; camptothecin-impregnated chi-
tosan film at (b) atmospheric condition; (c) at 25 bar and 40 ◦C by the dense gas
solvent exchange; and (d) neat chitosan obtained by dense gas solvent exchange.
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3.3.2. Impregnation of griseofulvin
Griseofulvin, an orally administered antifungal drug (Thomas,

2001), was impregnated into chitosan film using the dense gas
solvent exchange technique. Porosity was observed in the cross-
Fig. 6. Molecular interaction between chit

roup (1650 cm−1); and aromatic rings (1600 and 1579 cm−1),
espectively (Liu et al., 2008). The sample produced at atmospheric
onditions had similar FTIR spectrum (Fig. 5b) as crystalline unpro-
essed camptothecin, indicating that free camptothecin particles
ere present in the sample. After dense gas solvent exchange

nd drug impregnation, a peak shift was found for ketone group
1650–1641 cm−1), this shift indicated that the molecular interac-
ion between camptothecin and chitosan took place between the
arbonyl band for ketone group and the amino group from chi-
osan (Fig. 6a). The presence of a peak at 1741 cm−1 for the carbonyl
ond of lactone rings in Fig. 5c, corroborates the presence of camp-
othecin. This peak also underlined that camptothecin was still in
ts active lactone form.

DSC analysis was conducted on camptothecin-impregnated
amples produced by solvent exchange methods. Crystalline camp-
othecin powder had a first endothermic melting peak at 265 ◦C,
ollowed by a second endothermic melting peak at 273 ◦C (Craig
nd Reading, 2007). Meanwhile, an exothermic peak was located
t 277 ◦C due to the degradation of camptothecin (Fig. 7a). The DSC
rofile of camptothecin-impregnated chitosan processed at atmo-
pheric conditions showed a broad endothermic peak at 137 ◦C
Fig. 7b), which referred to the melting temperature of chitosan
Fig. 7d). Another endothermic peak at 274 ◦C was also observed,
hich indicated camptothecin was still in the crystalline form after

mpregnation at atmospheric condition. However, the melting peak
lmost disappeared from the DSC profile of the sample impregnated
y the dense gas solvent exchange process (Fig. 7c). This result sug-
ests that camptothecin was in amorphous state after impregnation
y the dense gas solvent exchange process.

The crystallinity has a significant impact on the therapeutic
ctivity of drugs; the amorphous form often more readily dissolves
han the crystalline, thus the time for the onset of therapeutic action
ecreases. The results of XRD analysis corroborated this conclu-

ion that the crystallinity of impregnated camptothecin (Fig. 8c)
as decreased substantially compared with pure camptothecin

Fig. 8a) and physical mixture of camptothecin and chitosan
Fig. 8b). The results of DSC and XRD analysis demonstrate that
he crystallinity of camptothecin impregnated in chitosan was not
nd (a) camptothecin and (b) griseofulvin.

changed after storage at ambient condition for a period of 4 months
(Figs. 7 and 8).

The ultimate solubility of camptothecin in FESSIF buffer solu-
tion was determined. Camptothecin had a very low solubility in
this buffer solution (0.85 ± 0.24 �g/mL), while after impregnation
at high pressure, the solubility was increased to 1.51 ± 0.38 �g/mL.
While the solubility of impregnated camptothecin in water-base
buffer was still low, such an improvement can reduce the required
dosage at least 40%.
Fig. 7. DSC profiles of (a) pure camptothecin powder; (b) camptothecin-
impregnated chitosan prepared at atmospheric condition; (c) and (d) camptothecin-
impregnated chitosan prepared by dense gas solvent exchange at 25 bar and 40 ◦C
directly after process and after 4 months storage at ambient condition, respectively
and (e) pure chitosan film.
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Fig. 8. XRD patterns of (a) pure camptothecin; (b) physical mixture of camptothecin
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Fig. 10. DSC profiles of (a) pure griseofulvin; griseofulvin-impregnated chitosan
nd chitosan at atmospheric condition; (c) and (d) camptothecin-impregnated chi-
osan produced by dense gas solvent exchange process at 25 bar and 40 ◦C directly
fter process and after 4 months storage at ambient condition, respectively and (e)
ure chitosan.

ection of impregnated sample similar to the one produced when
sing pure chitosan. Impregnation efficiency of 95% was achieved
or griseofulvin at the experimental conditions examined within
h, while only 56% impregnation efficiency was obtained at atmo-

pheric condition for 8 h.
The affinity of chitosan for griseofulvin was examined by plac-

ng the swollen chitosan film (after completion of solvent exchange
nd prior to exposure to dense gas CO2) into a closed vessel con-
aining a 3.3 wt% solution of griseofulvin dissolved in acetone. The
iquid samples were taken over a period of 8 h and tested using UV-
pectroscopy. After 8 h 56% of the griseofulvin was adsorbed into
he chitosan, confirming an affinity between chitosan and griseo-
ulvin. During the dense gas solvent expansion process, CO2 plays a
ritical role in swelling a polymer matrix and providing a transport
edium for griseofulvin. As the partition coefficient of griseoful-

in between the CO2-swollen chitosan and dense gas CO2 phase

ppears to be higher than between griseofulvin and CO2–acetone
hase, griseofulvin remains in chitosan matrix.

FTIR spectroscopy was conducted on pure griseofulvin, pure chi-
osan and griseofulvin-impregnated chitosan. According to Fig. 9,
he peak of the non-sterically hindered carbonyl located on the five-

ig. 9. FTIR spectra in the carbonyl spectral region for (a) pure griseofulvin; (b)
riseofulvin-impregnated chitosan produced at atmospheric condition; (c) neat
hitosan obtained by dense gas solvent exchange; (d) griseofulvin-impregnated
hitosan produced at 90 bar and 40 ◦C by the dense gas solvent exchange method.
produced at (b) atmospheric condition; (c) and (d) griseofulvin-impregnated chi-
tosan produced by dense gas solvent exchange process 90 bar and 40 ◦C directly
after process and after 6 months storage at ambient condition, respectively; (e)
pure chitosan.

member ring in griseofulvin structure was at 1708 cm−1 (Fig. 9a).
The spectrum of the sample processed at atmospheric conditions
showed a similar pattern to that of the unprocessed crystalline
griseofulvin (Fig. 9b). However, after dense gas process, peak shift
occurred from 1708 to 1691 cm−1 (Fig. 9c), indicating that inter-
action took place between the non-sterically hindered carbonyl
group located on the five-member ring from griseofulvin and the
amino group from chitosan (Fig. 6b). Therefore, it is believed that
the impregnation of griseofulvin resulted in molecular interaction
between two compounds. The higher drug loading efficiency for
griseofulvin compared with camptothecin may result from a higher
interaction between chitosan and griseofulvin, as confirmed by the
FTIR analysis and a large shift in the peak.

The DSC results confirmed that griseofulvin was in the amor-
phous phase when it was impregnated with the dense gas solvent
exchange technique. As shown in Fig. 10, a well defined endother-
mic peak appeared at 218 ◦C (Fig. 10a) for crystalline griseofulvin.
After impregnation under atmospheric condition, the sample still
had an obvious melting peak (Fig. 10b). However, after dense
gas impregnation, the intensity of the melting peak of griseoful-
vin decreased dramatically (Fig. 10c) suggesting that the amount
of crystalline griseofulvin was significantly decreased. An obvi-
ous melting peak shift (from 218 to 188 ◦C) was observed on the
impregnated griseofulvin. This result was expected because of the
impregnation of griseofulvin into chitosan matrix (Bergese et al.,
2004; Carli et al., 1986; Lovrecich, 1995). The degree of crystallinity
can be calculated as the ratio of the fusion enthalpy of the impreg-
nated and unprocessed drugs acquired from DSC results. It was
found that the crystallinity of impregnated camptothecin and grise-
ofulvin was dramatically decreased to less than 2% compared with
unprocessed drugs.

The results of XRD analysis in Fig. 11, also suggest that the crys-
tallinity of impregnated griseofulvin was dramatically decreased.
Amorphous form of a drug is not generally stable because of the
affinity to convert to a crystalline state with a lower energy. Previ-
ous studies have shown that partially amorphous griseofulvin was
not stable and it converted to a crystalline form within 6 h (Ahmed
et al., 1998). The results of DSC and XRD analysis demonstrate that
the griseofulvin formulated with chitosan using the dense gas sol-

vent exchange process maintained in amorphous state for at least
6 months (Figs. 10 and 11).

In vitro dissolution test was carried out on pure griseoful-
vin, grisovin, a commercial product containing griseofulvin, and
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Fig. 11. XRD patterns of (a) pure griseofulvin; (b) physical mixture of griseofulvin
and chitosan at atmospheric condition; (c) and (d) griseofulvin-impregnated chi-
tosan produced by dense gas solvent exchange process at 90 bar and 40 ◦C directly
after process and after 6 months storage at ambient condition, respectively; (e) pure
chitosan.
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ig. 12. In vitro dissolution profiles of (a) griseofulvin-impregnated chitosan; (b)
risovin; (c) pure griseofulvin.

riseofulvin-impregnated chitosan, respectively (Fig. 12). The dis-
olution rate of griseofulvin impregnated increased greatly; 50%
f the drug content was dissolved in the medium within 15 min,
nd 100% dissolution could be achieved within 180 min (Fig. 12a).
owever, unprocessed griseofulvin showed a very slow dissolution

ate, and only 30% of the compound was dissolved after 200 min
Fig. 12c). At the same time interval, only 50% of the grisovin was
issolved (Fig. 12b). These results demonstrate that impregnation
y the solvent exchange technique was efficient in enhancing the
issolution rate of poorly water-soluble drugs.

. Conclusions

A dense gas solvent exchange process (DGSEP) was developed
or the impregnation of a drug into a hydrophilic polymer matrix.
amptothecin and griseofulvin with low solubility in CO2 were

mpregnated into porous chitosan using this technique. Both drugs
ere maintained in amorphous from because of the interaction

etween each drug and chitosan. The dissolution rate of griseoful-
in from porous chitosan structure was substantially higher than

urrent formulation in the market. The process developed can be
sed for the production of drug formulations such as those suitable
or oral administration and transdermal delivery. The increased
otency, coupled with the mucoadhesive properties of chitosan
ake this formulation potentially suitable for sublingual or buccal
rmaceutics 391 (2010) 187–196 195

dosage forms. Use of these forms would enable the issues associ-
ated with “first pass” absorption to be overcome, thereby enabling
the drug to be delivered systemically via the oral mucosa and into
the blood stream.
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