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Abstract

The goal of this study was to design a prolonged release system of the hypnotic agent zolpidem (ZP) useful for the treatment of
insomnia. In this work, ZP alone or in the presence of HP-�-CD was encapsulated in microparticles constituted by poly(dl-lactide)
(PDLLA) and poly(dl-lactide-co-glycolide) (PLGA) and the drug release from these systems was evaluated. ZP alone-loaded
microparticles were prepared by the classical O/W emulsion–solvent evaporation method. Conversely, ZP/HP-�-CD containing
microparticles were prepared by the W/O/W emulsion–solvent evaporation method following two different procedures (i.e. A
and B). Following procedure A, the previously produced ZP/HP-�-CD solid complex was added to the water phase of primary
emulsion. In the procedure B, HP-�-CD was added to the aqueous phase and ZP to the organic phase. The resulting microparticles
were characterized about morphology, size, encapsulation efficiency and release rates. FT-IR, X-ray, and DSC results suggest
the drug is in an essentially amorphous state within the microparticles. The release profiles of ZP from microparticles were in
general biphasic, being characterized by an initial burst effect and a subsequent slow ZP release. It resulted that co-encapsulating
ZP with or without HP-�-CD in PDLLA and PLGA the drug release from the corresponding microparticles was protracted.
Moreover, in a preliminary pharmacological screening, the ataxic activity in rats was investigated and it was found that intragastric
administration of the ZP/HP-�-CD/PLGA microparticles prepared according to procedure B produced the same ataxic induction
time as the one induced by the currently used formulation Stilnox®. Interestingly moreover, there was a longer ataxic lasting and a
lower intensity of ataxia produced by the ZP/HP-�-CD/PLGA-B-formulation already after 60 min following the administration.
However, a need for further pharmacokinetic and pharmacodynamic studies resulted to fully evaluate the utility of this last
formulation for the sustained delivery of ZP.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Insomnia is one of the most common disorders in
medical practice and, for its treatment, there are, nowa-
days, a lot of pharmacological agents (Charney et al.,
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2001). In this regard, some benzodiazepines are the
drugs of choice because they possess negligible side
effects and toxicity. However, the long-term treatment
of insomnia with benzodiazepines is problematic since
it results in the development of tolerance and depen-
dence (Doble, 1999). Further improvement in the man-
agement of insomnia and other sleep disorders resulted
after the recent introduction of non-benzodiazepine
hypnotics such as zolpidem, zoplicone, and zale-
plon (Charney et al., 2001). In particular, zolpidem,
N,N-dimethyl-[2-(4-tolyl)-6-methylimidazo[2,1-a]py-
ridin-3-yl]acetamide (ZP), exhibits strong hypnotic
and sedative actions with negligible anxiolytic, mus-
cle relaxant, or anticonvulsant properties, is widely
prescribed for the treatment of the insomnia and
sleep disorders (Martindale, 1999). In the manage-
ment of short-term insomnia, ZP has a rapid onset of
action but a short elimination half-life (about 2.5 h)
(Martindale, 1999). In this context, researchers have
demonstrated that withdrawal of but not long-term
exposure to ZP resulted in change of GABAA gene
expressions (Follesa et al., 2002). Therefore, to eluci-
date the potential of ZP in the treatment of different
insomnia categories, it could be useful to develop
formulations enabling sustained-release of this drug.

In the past two decades, cyclodextrins (CDs) have
been widely used to modify drug solubility or improve
drug stability, bioavailability or toxicity profiles. Re-
cently, considerable interest have been focused on
the incorporation of these pharmaceutical excipients
into polymeric drug delivery systems such as micro-
spheres, nanospheres, and polymeric films (Bibby
et al., 2000). Thus, the preparation and characteriza-
tion of �-cyclodextrin/poly(acrilic acid) (Bibby et al.,
1999) and �-cyclodextrin/chitosan microspheres
(Filipovic-Grcic et al., 1996, 2000) have been reported.
Similarly, the use of poly(isobutylcyanoacrylate)
nanoparticles containing CDs has been described
(Duchene et al., 1999). It is now clear that drug–CD
mixtures or their complexes when incorporated into
polymeric matrices can improve hydration of the poly-
mer matrix, promote its erosion (Song et al., 1997)
and modify drug solubility and diffusivity, leading to
a modified drug release (Bibby et al., 2000) from the
polymeric system.

In a previous paper, we investigated the effect of
complexation with some chemically modified CDs on
ZP aqueous solubility and dissolution rate (Trapani

et al., 2000). The pharmacological study demon-
strated that ZP complexation with hydroxypropyl-
�-cyclodextrin (HP-�-CD) or methyl-�-cyclodextrin
results in longer ataxic induction times than those of
both drug alone and the currently used formulation
Stilnox®, but the duration of ataxia remains approxi-
mately unmodified.

The aim of the present work was to evaluate the
potential of utilizing HP-�-CD to control drug release
from zolpidem-loaded-poly(dl-lactide) (PDLLA) or
-poly(dl-lactide-co-glycolide) (PLGA) microparti-
cles. PDLLA and PLGA have been widely used for
producing sustained-release systems, microspheres,
and microcapsules (Yamakawa et al., 1999; Cohen
et al., 1991; Jalil and Nixon, 1990). Incorporation of
physical mixtures or drug–cyclodextrin complexes
into such polymeric matrices for modifying drug
release has been previously investigated (Sinisterra
et al., 1999). In this study, PDLLA- and PLGA-based
microparticles were prepared encapsulating ZP with
or without HP-�-CD. The effect of cyclodextrin on
microparticle properties such as size, morphology,
loading, and drug release were studied. Finally, in a
preliminary pharmacological study, the ataxic activity
in rats of these new ZP-containing formulations was
also evaluated and compared with that of Stilnox®.

2. Materials and methods

2.1. Materials

ZP was extracted from tablets of Stilnox® pur-
chased from a local drugstore as follows. Thirty
Stilnox® tablets were powdered in a mortar and the
powder was dissolved in 10% aqueous NaHCO3
(50 ml). The solution was transferred to a shake flask
and extracted with ethyl ether (3×30 ml). The organic
layer was dried (Na2SO4) and evaporated. The solid
residue was the pure ZP identified by spectroscopic
methods (IR,1H NMR, and mass spectroscopy) and
comparison with reported data (Trapani et al., 2000).
Reagents used for preparations of buffers were of an-
alytical grade. 2-Hydroxypropyl-�-cyclodextrin with
a degree of substitution, 5.88 (calculated by means
of 1H NMR; Pitha et al., 1986) was obtained as a
gift from Roquette (Italy). Poly(dl-lactide) (PDLLA)
(Resomer® R 202 H, MW 15,000 Da, inherent
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viscosity 0.2 dl/g) and poly(dl-lactide-co-glycolide)
(50:50) (PLGA) (Resomer® RG 503 H MW
34,000 Da, inherent viscosity 0.32–0.44 dl/g) were
purchased from Boehringer Ingelheim (Germany).
Polyvinylalcohol (PVA) (polymerization degree 500,
viscosity of a 4% aqueous solution at 20◦C: 5 mPa s)
was supplied from Fluka. Analytical grade methylene
chloride and methanol were obtained from Baker
(Milan, Italy).

2.2. Preparation of microparticles

ZP-loaded PDLLA microparticles (referred to as
ZP/PDLLA microparticles) were prepared by the O/W
emulsion–solvent evaporation method (Huang et al.,
1997).

PDLLA (150 mg) and ZP (15 mg) were solubilized
in 6 ml of CH2Cl2 at room temperature. The solution
was rapidly poured into 30 ml of an aqueous PVA so-
lution (0.4%, w/v) and then the mixture was emulsified
at room temperature using an Ultraturrax homogenizer
(Janke and Kunkel, Germany) model T25 equipped
with an S25N dispersing tool, at 13,500 rpm for 10 s.
The resulting emulsion was stirred at room tempera-
ture using a propeller type stirrer at 900 rpm for 4 h to
allow the evaporation of the organic solvent. The mi-
croparticles were harvested by centrifugation, washed
three times with deionized water, freeze–dried for 13 h
(0.0101 bars,−50◦C, Lio5Pascal model freeze-dryer)
and then stored under vacuum until their further
use.

PDLLA microparticles containing ZP and HP-�-CD
were prepared according to the W/O/W emulsion–
solvent evaporation method (Huang et al., 1997) and
following the procedures A and B reported in the
following. At first, however, the solid ZP/HP-�-CD-
complex was prepared according to the reported
method (Trapani et al., 2000). Briefly, ZP (0.66 mmol)
and the equimolar quantity of HP-�-CD in 5 ml
of deionized water were equilibrated under stirring
at room temperature for 4 days, filtered through a
0.22�m membrane filter, and the clear filtrate sub-
jected to freeze-drying. The composition of the ZP/
HP-�-CD-complex (i.e. the incorporation degree) was
found to correspond to 24 mg of ZP per gram of solid
complex. This last value was determined by dissolv-
ing 100 mg of the complex in 5 ml of deionized water
and the resulting ZP content determined by HPLC.

2.2.1. Procedure A
ZP/HP-�-CD solid complex previously prepared

(620 mg) was dissolved in 2 ml of water and the re-
sulting solution poured into 6 ml of a CH2Cl2 solution
containing PDLLA (150 mg) at room temperature and
then emulsified by using an Ultraturrax homogenizer
(Janke and Kunkel, Germany) model T25 equipped
with an S25N dispersing tool, at 13,500 rpm for 10 s.
The resulting primary emulsion was rapidly poured
into 30 ml of an aqueous PVA solution (0.4%, w/v) and
then, working up as above, ZP/HP-�-CD/PDLLA-A
microparticles were obtained.

2.2.2. Procedure B
HP-�-CD (74 mg, 0.049 mmol) was solubilized in

2 ml of water. Then, the resulting solution was poured
into 6 ml of a CH2Cl2 solution containing PDLLA
(150 mg) and ZP (15 mg, 0.049 mmol) at room temper-
ature and emulsified using an Ultraturrax homogenizer
(Janke and Kunkel, Germany) model T25 equipped
with an S25N dispersing tool, at 13,500 rpm for 10 s.
The resulting primary emulsion was rapidly poured
into 30 ml of an aqueous PVA solution (0.4%, w/v) and
then, working up as above, ZP/HP-�-CD/PDLLA-B
microparticles were obtained.

Similarly, following the procedures above described
and employing PLGA instead of PDLLA the cor-
responding ZP/PLGA, ZP/HP-�-CD/PLGA-A, and
ZP/HP-�-CD/PLGA-B microparticles were prepared.

2.3. Quantitative analysis of zolpidem

High-performance liquid chromatography (HPLC)
analyses were performed with a Waters Associates
Model 600 pump equipped with a UV-Vis detector
(MicroUVis, Fisons Instruments) set at the wavelength
of 245 nm and a 20�l loop injection valve (Rheo-
dyne, 7725(i) model). For analysis, a reversed phase
Symmetry C18 (15 cm× 4.6 mm; 5�m particles; Wa-
ters) column in conjunction with a precolumn insert
was eluted with mixtures of methanol and deionized
water (75:25). The flow rate of 0.8 ml/min was main-
tained. All analyses were performed under isocratic
conditions. Quantification of the compounds was car-
ried out by measuring the peak areas in relation to
those of standards chromatographed under the same
conditions. Standard calibration curves were prepared
at a wavelength of 245 nm using methanol as the sol-
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vent and were linear (r2 > 0.999) over the range of
concentrations of interest.

ZP content was determined by dissolving com-
pletely known amounts (5–10 mg) of microparticles
into 10 ml of CH2Cl2. The mixture was agitated
vigorously on a vortex for 1 min, filtered through
0.22�m cellulose filter and analyzed by HPLC. The
results are expressed as percentage of ZP encapsula-
tion efficiency defined as 100× (recovered mmol ZP
per gram microparticles/loaded mmol ZP per gram
polymer) (Schlicher et al., 1997).

2.4. Size and morphology of microparticles

The surface morphology and shape of the micropar-
ticles were examined by scanning electron microscopy
(SEM) (Philips XL 20) on the samples gold-sputtered
for 120 s at 14 mA, under argon atmosphere. The size
of microparticles was determined by direct observa-
tion, using a light stereomicroscope (Leica Galen III)
equipped with a Panasonic (WV CP 230) camera and
an image analysis program (Leica Qwin v. 2.4 soft-
ware). The arithmetic mean diameter of microparticles
was determined by averaging the individual values of
over 200 microparticles.

2.5. Solid state characterization

2.5.1. Fourier transform infrared spectroscopy
Fourier transform IR spectra were obtained on a

Perkin-Elmer 1600 FT-IR spectrometer. Samples were
prepared in KBr disks (2 mg sample in 200 mg KBr).
The scanning range was 450–4000 cm−1 and the res-
olution was 1 cm−1.

2.5.2. X-ray analysis
Powder X-ray powder diffraction (XRPD) patterns

were recorded on a Philips PW 1830 powder X-ray
diffractometer using Cu K� radiation, a voltage of
30 kV and a current of 55 mA.

2.5.3. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) curves

were obtained by a Mettler Toledo DSC 822e Stare

202 System (Mettler Toledo, Switzerland) equipped
with a thermal analysis automatic program.

Aliquots of about 5 mg of each sample were placed
in an aluminium pan of 40�l capacity and 0.1 mm

thickness, press-sealed with a perforated aluminium
cover of 0.1 mm thickness. An empty pan sealed in the
same way was used as reference. Conventional DSC
measurements were performed by heating the sam-
ple up to 250◦C at a rate of 5◦C/min, under a nitro-
gen flow of 50 cm3/min. The starting temperature was
25◦C. Indium (99.99% of purity) was used as stan-
dard for calibrating the temperature. Reproducibility
was checked running the sample in triplicate.

2.6. In vitro release studies

In vitro release of ZP from each formulation was de-
termined at 37◦C in a paddle apparatus operating at a
rotation speed of 60 rpm. Samples of each formulation
equivalent to about 2 mg of ZP were added to 40 ml of
dissolution medium (0.05 M phosphate buffer pH 7.4
containing 0.2% of Tween 20). At appropriate time in-
tervals, 500�l of the mixture were withdrawn and fil-
tered through a 0.22�m membrane filter (Millipore®

cellulose acetate) in thermostated test tubes. The ini-
tial volume of dissolution medium was maintained
by adding 500�l of 0.05 M phosphate buffer pH 7.4
containing 0.2% of Tween 20. The clear filtrate was
allowed to stand in bath at 37◦C until analyzed by
HPLC.

2.7. Pharmacological studies

Male Sprague–Dawley rats (Charles River, Como,
Italy) weighing 120–150 g were kept under a 12-h
light:12-h dark cycle at a temperature of 23± 2 ◦C
and 65% humidity. On arrival at the animal facilities
there was a minimum of 7 days of acclimatization
during which the animals had free access to food
(until about 12 h from starting experiments) and wa-
ter. Rats (five for each experimental group) received
equimolar doses (10 mg/kg) of ZP by intragastric
administration of the ZP with an appropriate nee-
dle. The different formulations (i.e. tablets powdered
of Stilnox®, ZP/PDLLA, ZP/HP-�-CD/PDLLA-B,
ZP/PLGA, ZP/HP-�-CD/PLGA-B, and ZP-unloaded
PDLLA-, PLGA-microparticles) were suspended, in
equimolar concentration of ZP (10 mg/kg), in distilled
water containing five drops of Tween 80 per 5 ml. The
drop of surfactant was added to suspensions since it
was present in the control ZP suspension. Rats were
observed for the following 60 min and the time of
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ataxic induction, which was defined as the time from
drug administration to the status of profound sedation
characterized by motor incoordination of all four legs,
was recorded. Ataxic effect was subdivided into three
distinct levels of intensity, including (i) “ataxia level
1” occurring when the animal shows motor incoordi-
nation of posterior legs; (ii) “ataxia level 2” occurs
when motor incoordination involves both anterior and
posterior legs; and (iii) “ataxia level 3” when animals
are unable to walk and lay on their abdomen; how-
ever, no loss of the righting reflex was observed if the
animals were laid on their back.

2.8. Statistical analysis

The statistical significance of differences in behav-
ioral data and mean size, yields, drug loading were
analyzed utilizing analysis of variance (ANOVA)
followed by the Schette and Tukey post hoc tests
(GraphPad Prism version 3 for Windows, GraphPad
Software, San Diego, CA,USA), respectively. Dif-
ferences were considered statistically significant at
P < 0.05. Differences in drug release profiles were
evaluated utilizing the ZP released at 24, 48, and 72 h,
respectively and considered statistically significant at
P < 0.05 using ANOVA test followed by Tukey post
hoc test.

3. Results and discussion

Management of insomnia requires the use of hyp-
notics which should be given at the lowest effective
dose for as short time of treatment as possible by the
oral administration. A sustained-release dosage form
of hypnotics may provide increased clinical value over
conventional formulations as a result of improved pa-
tient compliance, a decreased incidence, and/or inten-
sity of the side effects and a more prolonged thera-
peutic effect. The goal of this study was to design a
sustained-release system of ZP, potentially useful for
the treatment of different insomnia categories. We de-
cided to use PDLLA and PLGA to encapsulate the
drug since ZP, like other hypnotics, requires chronic
administration and a biodegradable drug carrier may
offer the advantage of obviating the need to remove
the drug-depleted device. The primary reason for the
incorporation of HP-�-CD into these polymeric ma-

trices was to evaluate if it could play a role as drug
release modulator.

As reported above, ZP alone-loaded microparticles
were prepared by the classical O/W emulsion–solvent
evaporation method (Huang et al., 1997). Conversely,
ZP/HP-�-CD containing microparticles were prepared
by the W/O/W emulsion–solvent evaporation method
(Huang et al., 1997) and, in particular, following two
different procedures (i.e. A and B). It was our aim
to evaluate the CD’s influence on both microparticle
characteristics and drug release. Following procedure
A, the previously produced ZP/HP-�-CD solid com-
plex was added to the water phase of primary emul-
sion. In the second case (procedure B), HP-�-CD was
added to the aqueous phase and ZP to the organic
phase. It should be pointed out that only a little amount
of water is required by the procedure A to prepare
the primary emulsion and hence, complete dissocia-
tion of the drug–CD complex should not result by the
limited dilution effect (Pistel and Kissel, 2000). Thus,
the formulation prepared by procedure A contains a
ZP/HP-�-CD association complex, whereas the for-
mulation prepared by procedure B contains ZP and
CD in two different phases (ZP dispersed in the poly-
mer and CD in the water phase). Importantly, proce-
dure A (already described in the literature;Sinisterra
et al., 1999), is more time-consuming because it re-
quires preparation of the solid complex prior to poly-
mer encapsulation.

3.1. Microparticles size and morphology

The size distributions of all prepared microparticles
are shown inTable 1. PDLLA and PLGA microparti-
cles containing ZP alone exhibited similar average di-
ameter (i.e. 2.81 and 2.87�m), whereas the ones con-
taining also HP-�-CD were characterized by a larger
size. In particular, PDLLA and PLGA microparticles
prepared according to procedure B exhibited average
diameters of 231 and 145�m, respectively. The size of
the ZP/HP-�-CD/PLGA-A microparticles was much
larger (467�m) while that of ZP/HP-�-CD/PDLLA-A
microparticles was not determined because only few
of them showed well-defined and spherical shape
and it did not allow a reliable measure. SEM micro-
graphs on ZP/PDLLA and ZP/PLGA microparticles
revealed that they have a spherical shape and smooth
surface while SEM analysis on the systems prepared
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Table 1
Size distribution of PDLLA and PLGA microparticles containing ZP with or without HP-�-CD

Microparticle type Mean sizea (�m) Yieldb (%) Encapsulation
efficiencyc (%)

ZP/PDLLA 2.81± 2.00 71± 7.5 56± 6
ZP/HP-�-CD/PDLLA-A ND 24.6 ± 8.8 53± 6
ZP/HP-�-CD/PDLLA-B 231 ± 99 52± 2.8 56± 4
ZP/PLGA 2.87± 1.70 74± 6.9 50± 4
ZP/HP-�-CD/PLGA-A 467± 141 21± 3.5 26± 3
ZP/HP-�-CD/PLGA-B 145± 66 59.4± 4.8 61± 7

ND: not detected.
a Data are mean diameters± S.D. of three different batches.
b Percent yield: weight of microparticles/weight of drug+ weight of polymer (Singh and Udupa, 1997). Data are means± S.D. of three

determinations.
c Data are means± S.D. of five determinations.

following procedure B confirmed they were larger
and highly porous (Fig. 1). SEM micrographs on
ZP/HP-�-CD/PDLLA-A microparticles showed that
they were composed mainly of broken microparticles
together with very few almost intact.

The presence of holes within microparticles con-
taining HP-�-CD could reasonably be explained fol-
lowing the suggestions of some authors who reported
that a high osmotic pressure inside microparticles
prepared with double emulsion–solvent evaporation
method can give rise to surface porosity (Zannou
et al., 2001; Pistel and Kissel, 2000; Freytag et al.,
2000). Besides, the osmotic pressure characterizing
the internal water phase can also explain the increase
of the mean size of HP-�-CD-containing microparti-
cles. It has been suggested, indeed, that in the double
emulsion–solvent evaporation method, a higher os-
motic pressure within the dispersed water phase can
give rise to an influx of water toward this aque-
ous phase with a subsequent increase of the droplet
volume and surface porosity (De Rosa et al., 2002;
Crotts and Park, 1995). In this view, the organic phase
acts as a diffusional barrier between the internal and
external aqueous phases.

3.2. Yields and drug loading

The yields in microparticles and encapsulation ef-
ficiencies are also shown inTable 1. It is apparent
from the reported data that the use of ZP/CD com-
plex (procedure A) within the internal aqueous phase
affected the obtained yields. Microparticles prepared
with ZP/CD complex were obtained in much lower

yields than those prepared with the drug alone. Inter-
mediate yields were observed when procedure B was
followed. Encapsulation efficiencies were in the range
of 50–61% and no significant differences in drug load-
ing among the various preparations was observed ex-
cept for the ZP/HP-�-CD/PLGA-A system where the
lowest drug incorporation efficiency occurred. This
last finding could be due to the fact that droplets of
internal aqueous phase, containing ZP as an associa-
tion complex with HP-�-CD, can be taken up by the
more hydrophilic polymer PLGA during microparti-
cle preparation. Then, ZP diffusion in the external
aqueous phase could take place with consequent de-
crease in overall drug loading. On the other hand, it
was somewhat surprising to observe that microparti-
cles with higher size were characterized by a decrease
in encapsulation efficiency (Table 1; De Rosa et al.,
2002). However, it has been shown that the encapsu-
lation of drug in microparticles is affected by different
factors including drug/polymer interactions, emulsion
stability, and microparticle size and all may be taken
into account to fully explain the encapsulation effi-
ciency (De Rosa et al., 2002).

3.3. Solid state studies

FT-IR spectra of pure ZP and of all the loaded
microparticles were recorded (data not shown). The
spectrum of ZP showed a strong absorption band
of carbonyl stretching at 1633 cm−1, whereas the
spectra of microparticles displayed a broad band
at 1760 cm−1. This absorption is attributable to the
carbonyl group of the polyester. IR spectra of the
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Fig. 1. SEM images of ZP/HP-�-CD/PDLLA-B (a), ZP/HP-�-CD/PDLLA-A (b), ZP/HP-�-CD/PLGA-B (c), ZP/HP-�-CD/PLGA-A (d),
ZP/PDLLA (e), and ZP/PLGA (f) microparticles.

microparticles were essentially similar to those of the
pure polymer.Fig. 2 shows the XRPD patterns of
ZP and of selected CD-loaded microparticles. In the
X-ray spectra of the latter microparticles the char-
acteristic peaks of crystalline ZP disappeared and a
halo pattern resulted. DSC patterns of ZP micropar-
ticles and those of the pure polymers are reported

in Fig. 3. The DSC curves of the pure ZP showed a
single endothermic peak at 193◦C corresponding to
the melting of the drug. In the DSC profiles of all the
loaded microparticles, the ZP melting peak was not
present, while the endothermic peaks attributable to
the Tg-relaxation enthalpy of the corresponding poly-
mers in the range of 51–57◦C are well detectable.
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Fig. 2. XRPD patterns of ZP/PDLLA (a), ZP/HP-�-CD/PDLLA-B (b), ZP/PLGA (c), ZP/HP-�-CD/PLGA-B (d), and microparticles and
pure ZP (e).

These results, taken together, suggest the drug is in
an essentially amorphous state within the microparti-
cles and it may influence, in some extent, its release
kinetics (Dash et al., 2002; Baker, 1987).

3.4. Release of zolpidem from PDLLA and PLGA
microparticles

In general, drug release from PDLLA/PLGA-based
microparticles is depending on several factors includ-
ing polymer composition, microparticles morphology,
and encapsulation efficiency. In order to obtain use-
ful information from the in vitro release kinetics of
ZP/PDLLA-/PLGA-based microparticles, we decided
to evaluate the release up to 24 h. Formulations allow-
ing ZP release for several hours may be appropriate
for the long-term treatment of insomnia. The release
profiles of ZP from PDLLA and PLGA microparticles
with or without HP-�-CD are shown inFig. 4. Com-
paring these data with the dissolution previously ob-
served for the drug alone (Trapani et al., 2000), it is
apparent that the encapsulation in microparticles pro-
duces, in each case, a slower release. In general, the
ZP release profiles from microparticles were biphasic,

characterized by an initial ZP burst effect followed by
a slow release (Fig. 4a and b). The burst effect pe-
riod (up to 6 h) was almost identical in the systems
examined and the amounts released during this period
are reported inTable 2. On the basis of the percent
of ZP released at 24 h, it resulted that release from
ZP/PLGA and ZP/HP-�-CD/PLGA-B microparticles
was faster than that observed for the corresponding
PDLLA-based ones (Fig. 4). The amounts released
beyond 6 h from all the prepared systems were bet-
ter fitted according to the square-root equation (t1/2).
This square-root-of-time dependency should indicate a

Table 2
ZP release during the initial burst effect for PDLLA and PLGA
microparticles

Microparticle type Burst releasea (%)

ZP/PDLLA 26 ± 3.6
ZP/HP-�-CD/PDLLA-A 74 ± 2.6
ZP/HP-�-CD/PDLLA-B 32 ± 3.2
ZP/PLGA 27± 3.7
ZP/HP-�-CD/PLGA-A 85 ± 1.0
ZP/HP-�-CD/PLGA-B 74± 7.0

a Burst release was measured at 6 h. Data are mean± S.D.
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Fig. 3. DSC curves of the systems ZP/HP-�-CD/PDLLA-A (a), ZP/HP-�-CD/PDLLA-B (b), ZP/PDLLA (c), pure PDLLA (d),
ZP/HP-�-CD/PLGA-A (e), ZP/HP-�-CD/PLGA-B (f), ZP/PLGA (g), pure PLGA (h), and pure ZP (i).

mass transport by simple diffusion mechanism. How-
ever, a biodegradable system may give zero-order re-
lease if the matrix degradation can compensate for the
rate decline due to simple diffusion.

The initial burst effect was ascribed to the release of
the drug on or close to the particle surface. After the
rapid component of release is ended, there is a slower,
much more controlled release of the drug owing to
either diffusion through the matrix or polymer bulk
erosion. It is apparent from the reported data that the
ZP release from microparticles containing HP-�-CD
was faster than that from microparticles containing ZP
alone. This effect could be ascribed to both the pres-
ence of a porous structure and to the increased hy-
drophilicity (Bibby et al., 2000; De Rosa et al., 2002)
of the polymer matrix due to the presence of HP-�-CD.

3.5. In vivo screening of hypnotic activity

As observed in both PDLLA and PLGA sys-
tem, co-encapsulating ZP in the presence or in ab-

sence of HP-�-CD prolonged the duration of release
from the corresponding microparticles. To explore
whether these new formulations may lead to a sus-
tained pharmacological activity, we investigated
the ataxic action in rats following oral administra-
tion of ZP as ZP/PDLLA, ZP/HP-�-CD/PDLLA-B,
ZP/PLGA, ZP/HP-�-CD/PLGA-B, and Stilnox®

given in equimolar doses (10 mg/kg). Times of ataxic
induction and duration of ataxia following the in-
tragastric administration of each formulation were
recorded and the results are summarized inTable 3.
In these experiments, at the dose of ZP administered,
rats treated with PDLLA- and PLGA-based formula-
tions displayed, for the time considered (1 h), a lower
level of ataxia (level of ataxia 1) with respect to the
Stilnox®-treated animals (level of ataxia 2 and 3).
The time indicated inTable 3for these groups is thus
relative to this lower level of ataxia. As shown, ataxic
induction times subsequent to intragastric adminis-
tration of ZP/PDLLA and ZP/PLGA microparticles
were longer than those of the reference formulation,
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Fig. 4. (a) Release of zolpidem from ZP/PDLLA (�),
ZP/HP-�-CD/PDLLA-B (�), and ZP/HP-� CD/PDLLA-A (�)
microparticles; (b) release of zolpidem from ZP/PLGA (�),
ZP/HP-�-CD/PLGA-B (�), and ZP/HP-�-CD/PLGA-A (�) mi-
croparticles. Each point represents the means of three different
experiments± S.D.

albeit the duration of ataxia was not modified. For
HP-�-CD-containing microparticles the ataxic in-
duction times were also not significantly different
from the Stilnox® but, interestingly, administration of

Table 3
Evaluation of the ataxic effect in rats in the presence of PDLLA-
and PLGA-microparticles containing ZP alone and those prepared
according to procedure B

Zolpidem formulation Time to ataxia
(min)

Duration of
ataxia (min)

Stilnox® 4.1 ± 0.4 10.8± 1.5
ZP/PDLLA 12.6± 1.0a 11.7 ± 2.0
ZP/HP-�-CD/PDLLA-B 7.5 ± 0.6 12.5± 1.8
ZP/PLGA 10.0± 1.6a 11.0 ± 1.4
ZP/HP-�-CD/PLGA-B 7.1± 0.5 17.8± 2.5a

a P < 0.05 versus Stilnox®-treated animals.

ZP/HP-�-CD/PLGA-B microparticles produced al-
most 65% increase (P < 0.05) in ataxic duration time
than control. It is worth to note that, as previously
reported (Trapani et al., 2000), intragastric adminis-
tration of ZP-HP-�−CD complex give rise to almost
two-fold longer ataxic induction times than control
without any effect on the duration of ataxia. There-
fore, it is apparent that the ZP/HP-�-CD/PLGA-B
system allows to prolong the pharmacological efficacy
of the drug in rats to a significant extent. Moreover, as
an additional important finding, this prolonged ataxic
effect occurs at a lower level of ataxia.

Looking at the data inTable 3, we could in-
fer that the pharmacological effect showed by the
ZP/HP-�-CD/PLGA-B system may be related to its
initial release characteristics. Hence, in this prelimi-
nary pharmacological screening, we only character-
ized the initial diffusion phase of drug release when no
polymer degradation occurred. Interestingly, there was
a longer ataxic lasting and a lower intensity of ataxia
produced by the ZP/HP-�-CD/PLGA-B-formulation
already after 60 min following the administration (i.e.
during the diffusion-controlled phase). However, to
fully evaluate the utility of this last system for the
sustained delivery of ZP, more appropriate pharma-
cokinetic and pharmacodynamic studies, including
the use of repeated doses, different animal models
and the implications of the erosion-controlled phase,
are required.

4. Conclusions

In this work, ZP alone or mixed with HP-�-CD was
encapsulated in microparticles constituted of PDLLA
and PLGA, and it was shown that the CD in these
systems has potential to modulate the drug release.
Preliminary pharmacological studies led us to single
out the ZP/HP-�-CD/PLGA-B system which, follow-
ing intragastric administration, produced the same
ataxic induction time as the one induced by Stilnox®

but, there were a longer ataxic lasting and a lower in-
tensity of ataxia. This last feature may be favorable for
the treatment of different insomnia categories. How-
ever, the development of the ZP/HP-�-CD/PLGA-B
system as ZP’s sustained-release product requires
further investigations. Finally, the obtained results
provide further support to the feasibility of using
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CDs incorporated into polymeric delivery systems to
modify drug release.
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