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bstract

This study investigates the potentiality of nanosphere colloidal suspensions as sustained release systems for intravenous administration of
ocetaxel (DTX). Nanospheres were prepared by solvent displacement method using polylactic acids (PLA) at different molecular weight and
olylactic-co-glycolic (PLGA) as biodegradable matrices. The systems were characterized by light scattering analysis for their mean size, size
istribution and zeta potential and by scanning electron microscopy (SEM) for surface morphology. The average diameters of the nanoparticles
anged from 100 to 200 nm. Negative zeta potential values were observed for all systems, particularly the nanospheres produced with the lowest
olecular weight PLA showed a zeta potential value of −28 mV. Differential scanning calorimetry analysis (DSC) suggested that DTX was
olecularly dispersed in the polymeric matrices. A biphasic release of DTX was observed for all colloidal suspensions, after a burst effect in
hich about 50% (w/w) of the loaded drug was released a sustained release profile for about 10 days was observed. To evaluate the influence
f the polymeric carrier on the interaction of DTX with biological membranes, we performed an in vitro study using lipid vesicles made of
ipalmitoylphosphatidylcholine (DPPC) as a biomembrane model. DSC was used as a simple and not invasive technique of analysis. DTX

roduced a depression of DPPC pretransition peak, no variation of the main phase transition temperature and a significative increase of �H
alue, showing a superficial penetration of the drug into DPPC bilayer. Kinetic experiments demonstrated that the release process of DTX form
anospheres is affected by the molecular weight of the employed polymers.

2006 Published by Elsevier B.V.
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. Introduction

Docetaxel (Taxotere®) (DTX, Fig. 1) is a second-generation
axane derived from the needles of the European yew tree, Taxus
accata (Herbst and Khuri, 2003). The synthesis of DTX starts
rom 10-deacetylbaccarin III, a non-cytotoxic constituent of
uropean yew tree needles (Aapro and Bruno, 1995).

DTX acts by disrupting the microtubular network that is
ssential for mitotic and interphase cellular functions. It pro-
otes the assembly of tubulin into stable microtubules and
nhibits their disassembly, causing inhibition of cell division
nd eventual cell death. DTX shows 1.9-fold higher than pacli-
axel affinity for microtubule. The clearance of DTX depends

∗ Corresponding author. Tel.: +39 095222215; fax: +39 0957384211.
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n the cytochrome P450 (CYP) 3A isoforms, notably CYP3A4
nd CYP3A5, and the membrane transporter P-glycoprotein
ABCB1) (Aapro, 1996).

DTX shows a very low water solubility, then presently the
nly available formulation for clinical use consists of a solution
40 mg/ml) in a vehicle containing high concentration of Tween
0®. This vehicle has been associated with several hypersen-
itivity reactions and has shown incompatibility with common
VC intravenous administration sets (Gelderblom et al., 2001).
t interferes with the normal binding of DTX to serum proteins in
concentration dependent-manner and can modulate the phar-
acokinetics of DTX in vivo (Baker et al., 2004).
In order to eliminate the Tween 80®-based vehicle and in
he attempt to increase the drug solubility, alternative dosage
orms have been suggested, including liposomes (Immordino et
l., 2003; Alexopoulos et al., 2004) and cyclodextrins (Grosse
t al., 1998).

mailto:puglisig@unict.it
dx.doi.org/10.1016/j.ijpharm.2006.06.023
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Fig. 1. Chemical structure of docetaxel.

Polymeric nanoparticles show some advantages with respect
o other drug delivery systems, such as more stability during
torage (Müller et al., 2001). Moreover, these colloidal sys-
ems, after intravenous administration, may extravasate solid
umours and into inflamed or infected sites, where the capillary
ndothelium is defective (Barratt, 2000; Brigger et al., 2002),
hus passively targeting drug-loaded nanoparticles to the tumour
ite. Polymeric nanoparticles could reduce the multi-drug resis-
ance that characterizes many anticancers drugs, including DTX,
y a mechanism of internalization of the drug (Davda and
abhasetwar, 2002), reducing its efflux from cells mediated
y the P-glycoprotein (Brigger et al., 2002; Mu and Feng,
003a,b).

In this work, we developed polymeric drug delivery systems
or intravenous administration of DTX, able to improve the drug
olubility. Polymeric nanoparticles were prepared by a “solvent
eposition method” (Giannavola et al., 2003) using as matrix
oly(dl-lactic acid) (PLA) and poly(dl-lactic-co-glycolic) acid
PLGA) at different molecular weights. The systems were char-
cterized for surface morphology, size distribution and surface
hemistry. Technological studies were performed to evaluate the
rug encapsulation efficiency and in vitro release. Moreover, by
sing DSC as a simple, powerful and precise method, we inves-
igated the influence of DTX on DPPC biomembrane model
ssembly and the drug–membrane interaction as a function of
TX molar fraction. The influence of the polymeric carrier on

he kinetic interaction of DTX-loaded nanoparticles with DPPC
iposomes was also investigated.

. Materials and methods

.1. Materials

Polylactic acid (PLA) RES 203 (Mw 16,000), RES 206

Mw 109,000), RES 207 (Mw 209,000) and polylactic-co-
lycolic acid (RG502H, 50:50) were purchased from Boheringer
ngheleim (Germany). Polyoxyethylene sorbitan monoleate
Tween 80®) and docetaxel (DTX) was purchased from

s
1
S
o
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igma–Aldrich S.r.l. (Milan, Italy). Dipalmitoyl-rac-glycero-
-phosphatidylcholine (DPPC) was purchased from Gen-
yme Pharmaceuticals (Liestal, Switzerland). Hydroxypropyl-
-cyclodextrin (HP-�-Cyd) with 0.6 degree average substitu-

ion, was kindly provided by Roquette Italia (Cassano Spinola,
taly). All the other chemicals and solvents were of analyti-
al reagent grade. Deionized double-distilled water was used
hroughout the study.

.2. Preparation of the DTX-loaded nanospheres

PLA and PLGA nanospheres were prepared following a
escribed solvent deposition method (Perracchia et al., 1998;
iannavola et al., 2003). DTX (0.5% and 1%, in weight
rug/polymers) and polymer (75 mg) were dissolved in ace-
one (20 ml). The organic phase was poured into 40 ml of a
ater/ethanol mixture (1:1 v/v), containing 0.5% (w/v) of Tween
0®, under magnetic stirring, thus forming a milky colloidal sus-
ension. The organic solvent was then evaporated off under vac-
um by a rotavapor. The PLA or PLGA colloidal formulations
ere purified from untrapped DTX and unabsorbed surfactant
y centrifugation (15,000 × g) for 1 h at 5 ◦C using a Beck-
an (Fullerton, CA) model J2-21 centrifuge equipped with a
eckman JA-20.01 fixed-angle rotor. The obtained surnatants
ere collected and the pellets resuspended in water (50 ml),

hen centrifuged again under the same conditions. This oper-
tion was repeated three times. After final washing nanospheres
ere resuspended in 5 ml of water solution containing 5% (w/v)
P-�-Cyd as lyoprotectant agent (Musumeci et al., in press) and

reeze-dried (Edwards Modulyo 4 K).

.3. Size and zeta potential measurements of nanoparticles

PLA and PLGA nanospheres mean size was determined by
hoton correlation spectroscopy (PCS) (Zetamaster, Malvern
nstruments Ltd., Worcs, England). The experiments were car-
ied out using a 4.5-mW laser diode operating at 670 nm as light
ource. Size measurements were carried out at a scattering angle
f 90◦. To obtain the mean diameter and polydispersity index of
olloidal suspensions, a third-order cumulant fitting correlation
unction was performed by a Malvern PCS submicron particle
nalyzer. The real and imaginary refractive indexes were set at
.59 and 0.0, respectively. The following parameters were used
or experiments: medium refractive index 1.330, medium vis-
osity 1.0 mPa s and a dielectric constant of 80.4.

Each freeze-dried sample (100 �g) was suitably diluted with
ltered water (10 ml) to avoid multiscattering phenomena and
laced in a quartz cuvette. The size analysis of each sample
onsisted of 30 measurements, and the result was expressed as
ean size ± S.D.
Zeta potential distribution was measured with the Zetamaster

article electrophoresis analyzer setup equipped with a 5-mW
eNe laser (633 nm). Measurements were performed on the
ame samples prepared for size analysis (100 �l) diluted with
0 ml of filtered water. Zeta limits ranged from −120 to 120 V.
trobing parameters were set as follows: strobe delay −1.00,
n time 200.00 ms, off time 1.00 ms. A Smoluchowsky constant
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(Ka) of 1.5 was used to achieve zeta potential values from
lectrophoretic mobility.

.4. Differential scanning calorimetry (DSC)

DSC scans of empty and DTX-loaded nonanoparticles were
erformed on a Mettler DSC 12E equipped with a Haake
hermocryostate model D8-G. A Mettler TA89E and FP89 sys-
em software was used for the data acquisition. Indium was used
o calibrate the instrument. The samples were scanned at a speed
f 5 ◦C/min in 30–250 ◦C temperature range.

.5. Surface morphology

Scanning electron microscopy (SEM) was performed to eval-
ate the surface morphology of nanoparticles using a SEM
hilips model 500. Nanoparticle samples were dried for 24 h
efore the analysis. A small amount of nanoparticles was stuck
n a double-sided tape attached on a metallic sample stand, then
oated, under argon atmosphere, with a thin layer of gold, using
POLARON E5100 SEM coating unit.

.6. DTX encapsulation efficiency

Lyophilized nanospheres (50 mg) were dissolved in 1 ml of
cetonitrile and the drug amount was determined by HPLC
nalysis. The encapsulation efficiency was determined as the
ass ratio of entrapped DTX in nanoparticles to the theoreti-

al amount of drug used in their preparation. The entrapment
f DTX PLA and PLGA nanospheres was expressed as loading
apacity.

.7. In vitro DTX release

Five hundred milligrams aliquots of freeze-dried DTX-
oaded nanoparticles were poured in screw-capped tubes and
uspended in 5 ml of isotonic pH 7.4 phosphate buffer solution
PBS). The tube was placed under magnetic stirring in a water
ath maintained at 37 ± 0.5 ◦C. At fixed time intervals the tubes
ere taken out from the water bath and centrifuged at 12,000 rpm

or 1 h. The pellets were resuspended in 5 ml of fresh PBS and
laced back into the water bath to continue release measure-
ent (Mu and Feng, 2003b). The collected supernatants were

xtracted three times with 5 ml of dichloromethane. The extrac-
ion solvent was evaporated and DTX residue was solubilized
n 500 �l of acetonitrile. The obtained solution was analyzed
y HPLC to determine the drug concentration. The experiments
ere carried out in triplicate.
The extraction efficiency (91.9 ± 0.4%) was evaluated in trip-

icate using PBS solutions (5 ml) containing different known
oncentrations (1.0–0.7 �g/ml) of pure DTX. All solutions were
ubmitted to the same extraction procedure above described.
.8. HPLC analysis

HPLC analysis was performed at room temperature using
1050 Hewlett-Packard apparatus (Hewlett-Packard, Milano,
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taly) on a 5 �m Hypersil ODS cartridge (125 mm × 4 mm i.d.)
Hewlett-Packard) equipped with a 5 �m Hypersil 100 RP-
8 guard cartridge (4 mm × 4 mm i.d.) (Hewlett-Packard) and
luted isocratically with acetonitrile/water (65/35 v/v). The flow
ate was fixed at 1 ml/min and detection was obtained by UV
etection at 230 nm. The linear regression coefficient determined
n the range 0.7–37.9 �g/ml was 0.9999 (n = 6). The method sen-
itivity was 0.01 �g/ml (signal to noise ratio, 3:1).

.9. Liposome preparation

DPPC multilamellar liposomes were prepared in the presence
nd absence of free drug, at a temperature above the gel–liquid
rystalline phase transition. Chloroform stock solutions of lipid
nd drug were mixed in order to obtain the chosen molar factions
f the drug. The solvents were removed under nitrogen in a
otoevaporator and the resulting film was kept for 4 h at 40 ◦C
nder high vacuum (Buchi T-50) to remove the residual solvents.

DPPC vesicles were prepared by adding 400 �l of phosphate
uffer solution (pH 7.4) to the film, then alternatively vortexed
3 min) and warmed in a water bath at 45 ◦C for 5 min. This pro-
edure was repeated two times. The biomembrane suspension
as left at room temperature for 3 h to anneal the bilayer struc-

ures and reach a partition equilibrium of the drug within the
esicles. Afterwards, aliquots of 40 �l (1 mg of the lipid) were
ransferred in 40 �l DSC aluminium pans and submitted to DSC
nalysis. All samples were submitted to four heating/cooling
ycles in the temperature range 20–60 ◦C at a scanning rate of
◦C/min. Data from the first scan were always discarded to avoid
ixing artifacts. Due to periodic recalibration, a control sam-

le consisting of a drug-free DPPC biomembrane suspension
ccompanied each set of experiments. The endothermal peak
oming from the second scan of the control sample was used as
reference template. All samples, after calorimetric scans, were
xtracted from the pans and aliquots were used to determine the
mount of the phospholipids by a phosphorus assay (Bartlett,
959).

.10. Kinetic experiments

DTX-loaded PLA R207 and PLA R203 nanospheres were
dded to the DPPC liposomes in amounts to obtain a 0.06 molar
raction of the drug with respect to the lipid (10 mg). Unloaded
LA R207 and PLA R203 nanospheres were added to the lipo-
omes (10 mg in lipids) in the same amount in which the polymer
s present in DTX-loaded nanospheres. Forty microlitres of each
ample were placed in 40 �l DSC aluminium pans and incubated
n a Haake thermocryostate model D8-G at a temperature (37 ◦C)
ower than the polymer glass transition temperature, found at 43
nd 40.5 ◦C for PLA R207 and PLA R203, respectively. The
amples were analyzed immediately after preparation and after
ifferent incubation times (12, 24, 36 and 48 h).

Each sample was submitted to the following procedure: (i)

first scan (from 10 to 37 ◦C) to detect drug release bringing

he sample to 37 ◦C; (ii) 60 min at 37 ◦C, to detect drug release
fter a long incubation time at a temperature simulating ‘in vivo’
emperature; (iii) a subsequent scan from 10 to 37 ◦C, after the
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0 min incubation at 37 ◦C followed by cooling down the sample
o 10 ◦C.

. Results and discussion

.1. Nanosphere characterization

DTX-loaded PLA and PLGA nanospheres were obtained
y a solvent displacement method and freeze-dried. HP-�-Cyd
as used as lyoprotectant agent because our previous studies

Musumeci et al., in press) demonstrated its ability to protect
anosphere suspensions to physical aggregation due to dehy-
ratation, during the freeze-drying process. HP-�-Cyd is able
o maintain unchanged the mean size of nanospheres and their
echnological properties. Moreover, due to its high tolerability
nd biocompatibility this cyclic oligosaccharide does not com-
romise any in vivo administration way.

SEM was used to investigate the morphology of nanoparti-
les. As showed in Fig. 2 both PLGA RG502H and PLA R203
anospheres displayed a spherical shape with a smooth surface
nd no aggregation was observed. No difference was observed
n the morphological properties of nanoparticles due to presence
f the drug. Similar pictures were obtained for the other systems
not shown).

DTX-loaded nanoparticles were characterized to evaluate the
ffect of the different polymers on mean particle size, size dis-

ribution and surface charge.

Using polylactides as matrices for the particles, different
haracteristics can be obtained by modifying the formulation
arameters such as polymer molecular weight and monomer

w

p
D

ig. 2. Scanning electron micrographs of unloaded PLGA RG502H nanospheres (A); u
0.5%, w/w) (C); DTX-loaded PLA R203 nanospheres (0.5%, w/w) (D).
ig. 3. Zeta potential of unloaded and DTX-loaded nanospheres (0.5% and 1%,
/w). Data are the average of 30 measurements ± S.D.

tereochemistry. The presence of an anionic surfactant is impor-
ant to reduce the dynamic interfacial tension and to stabilize the
anosuspension. The surfactant is adsorbed on the nanosphere
urface, increasing the steric repulsion between particles. In this
tudy, Tween 80® was used at 0.5% (w/v) concentration, because
s reported by Giannavola et al. (2003), this concentration being
ufficient to obtain small PLA and PLGA nanoparticles and per-
its to remove the excess of surfactant by centrifugation and

ashing.
Zeta potential values are showed in Fig. 3. In Table 1 the

article size and polydispersity index of unloaded and different
TX-loaded nanoparticle formulations are reported.

nloaded PLA R203 nanospheres (B); DTX-loaded PLGA RG502H nanospheres
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Table 1
The effect of the different type of polymers on the particle size, polydispersity index and encapsulation efficiency of DTX-loaded nanoparticles

Type of polymers Mw
a DTX (%, w/w) Particle size (nm) P.I.b E.E. (%)

Polylactic acid
PLA R203 16000 0.0 100.7 ± 2.9 0.058 ± 0.007 –
PLA R203 16000 0.5 129.1 ± 1.3 0.052 ± 0.025 16.13 ± 1.3
PLA R203 16000 1 157.2 ± 1.2 0.210 ± 0.034 22.12 ± 2.1
PLA R206 109000 0.0 118.5 ± 1.2 0.097 ± 0.012 –
PLA R206 109000 0.5 122.5 ± 1.9 0.144 ± 0.003 14.21 ± 0.8
PLA R206 109000 1 128.4 ± 3.4 0.298 ± 0.072 19.08 ± 1.6
PLA R207 209000 0.0 137.5 ± 1.9 0.136 ± 0.080 –
PLA R207 209000 0.5 142.0 ± 4.8 0.261 ± 0.040 10.52 ± 2.0
PLA R207 209000 1 179.4 ± 1.7 0.403 ± 0.030 16.91 ± 1.3

Polylactic-co-glycolic acid
PLGA RG502H 0.0 98.7 ± 1.7 0.095 ± 0.023 –
PLGA RG502H 0.5 157.2 ± 2.9 0.172 ± 0.008 16.82 ± 2.6
PLGA RG502H 1 172.0 ± 4.9 0.470 ± 0.070 23.09 ± 1.3

Data are shown as mean ± S.D. obtained from three formulations.
ere p

1
o
i
c
m
w
p
f
i
i

d
s
a

e
(
−
n
t
u
b
t
R
c
i
t
(
b
d
a

t
e
o
z

o
e
t
t
a
i
d
in an amorphous or crystalline polymer. Fig. 4 shows the DSC
thermograms of pure DTX, unloaded PLA R203 nanoparticles,
DTX-unloaded PLA R203 nanoparticles physical mixture and
a MW, mean molecular weight of PLA and PLGA polymers used for nanosph
b P.I., polydispersity index.

All formulations showed a mean diameter in the range
00–200 nm, suitable to obtain an effective intracellular uptake
f nanoparticles. A decrease of unloaded PLA nanoparticle size
ncreasing polymer molecular weight was observed. This trend
an be the result of the enhancement of lipophilicity of the poly-
er with increasing molecular weight. The consequent reduced
ater solubility of the polymer, probably caused, during the
reparation procedure, a faster precipitation of the polymer, with
ormation of a greater number of nanospheres and a limited size
ncrease. All unloaded formulations showed low polydispersity
ndex, evidencing the formation of very homogeneous systems.

The addition of the drug in the formulations probably pro-
uces an expansion of the polymeric matrix, increasing particle
ize, particularly in the presence of the highest drug amount. In
ll cases, the size was in an accepted range for parenteral use.

Zeta potential of nanoparticles was negative due to the pres-
nce of terminal carboxylic groups in the polymers. Müller
1991) demonstrated that a high potential value, of about
25 mV, ensures a high-energy barrier that stabilizes the

anosuspensions. The PLA R203 particles seemed to possess
he ideal surface charge, ranging between −38 and −24 mV for
nloaded and DTX-loaded nanoparticles, respectively. Proba-
ly, the less negative value of the other systems was due to
he higher molecular weight of polymers with respect to PLA
203. In fact, regardless the molecular weight of PLA, only two
arboxylic groups are present for each polymer molecule, an
ncrease in the molecular weight of the polymer then reduces
he percentage of carboxylic groups present in the nanospheres
Fig. 3). Moreover, a higher concentration of surfactant could
e adsorbed on the particle surfaces with the formation of a
enser surfactant film on the nanosphere surface, thus eliciting
reduced electrophoretic mobility.

The presence of DTX in PLA nanospheres always reduced

he negative zeta potential value; probably, there was a masking
ffect of the superficial carboxylic groups by the drug adsorbed
n nanosphere surface. No influence was exerted by DTX on the
eta potential value of PLGA nanospheres.

F
u
l

reparations.

DSC studies were performed to investigate the physical state
f the drug in the nanoparticles, because this aspect could influ-
nce the in vitro and in vivo release of the drug from the sys-
ems. Different combinations of drug/polymer may coexist in
he polymeric carriers, such as: (i) amorphous drug in either
n amorphous or a crystalline polymer and (ii) crystalline drug
n either an amorphous or a crystalline polymer. Moreover, a
rug may be present either as a solid solution or solid dispersion
ig. 4. DSC curves of DTX (a), unloaded PLA R203 nanoparticles (b), DTX-
nloaded PLA R203 nanoparticles physical mixture (0.5%, w/w) (c), DTX-
oaded PLA R203 nanoparticles (0.5%, w/w) (d).
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A small broad pretransition, so-called L� → P�, was observed
at 36 ◦C, due to a conformational change and/or packing order
rearrangement at the level of phospho-diester groups and glyc-
erol backbone of DPPC.
T. Musumeci et al. / International Jour

TX-loaded PLA R203 nanoparticles. Pure DTX showed a sin-
le sharp endothermic melting peak at 188.9 ◦C (Fig. 4a), that
as slightly shifted to a lower temperature (186 ◦C) (Fig. 4c)

n the thermogram of the physical mixture. DTX melting peak
otally disappeared in the calorimetric curve of loaded nanopar-
icles, evidencing the absence of crystalline drug in the nanopar-
icles samples, at least at the particle surface level. It might
e hypothesized that the polymer inhibited the crystallization
f DTX during nanoparticles formation. Therefore, it could be
oncluded that DTX in the nanoparticles was in an amorphous
r disordered crystalline phase of a molecular dispersion or a
olid solution state in the polymer matrix after the production
Dubernet, 1995). The polymer glass transition temperature was
ot influenced by the preparation procedure. Similar results were
btained for the other systems (data not reported).

.2. Entrapment efficiency and in vitro drug release from
anospheres

The entrapment efficiency of DTX in the nanospheres pre-
ared by the solvent displacement method ranged from about
0–16% and from 17% to 23% for nanoparticles prepared using
.5% and 1% of DTX, respectively (Table 1). This low entrap-
ent efficiency was probably due to the high affinity of the drug

or the organic solvents used during the nanosphere prepara-
ion that caused a diffusion of DTX away from the polymer

atrix (Layre et al., 2005). PLA R203 and PLGA RG502H
anospheres showed the better entrapment efficiency. Probably,
more higher surface adsorption of the drug was observed for

hese polymers with respect to PLA R206 and PLA R207, as
emonstrated by the in vitro release where a higher entrapment
fficiency was associated to a higher burst effect (Fig. 5). In fact,
ll nanosphere formulations produced a biphasic DTX release
rofile with an initial burst effect in which DTX release ranged

etween 40% and 68% within the first sampling time (24 h).
his fast release is related to DTX adsorbed on the nanoparticle
urface (Magenheim et al., 1993) and/or to the release of the
rug encapsulated near to nanosphere surface. After this phase,

ig. 5. DTX release from PLA at different molecular weights and PLGA
anoparticles prepared with 0.5% (w/w) theoretical amount of the drug. Release
xperiments were carried out in isotonic PBS (pH 7.4), at 37 ± 0.5 ◦C, imme-
iately after sample preparation. Each point represents the mean value of three
ifferent experiments ± S.D.

F
D
f

f Pharmaceutics 325 (2006) 172–179 177

constant slow DTX release until 70% and 95% of the loaded
rug amount was observed within 10 days, showing a typical sus-
ained and prolonged drug release that depends on drug diffusion
nd matrix erosion mechanisms (Holland and Tighe, 1992).

.3. Interaction with biomembrane models

The drug–cell membrane interaction could have a decisive
nfluence on partitioning, orientation, and conformation of the
rug as well as on the functioning of cell membranes. An in vitro
rug–biomembrane interaction study may provide important
nd useful information for understanding of the drug pharma-
ology as well as optimizing the nanosphere formulation.

Pure lecithins, such as DPPC, have well-defined thermotropic
roperties (Estep et al., 1978; Jain, 1988a) and hence any
hange in these properties can be easily related to the kind of
rug–membrane interaction and to the localization in the ordered
tructure of the bilayer (Jain, 1988b) of a foreign comound. To
valuate the thermotropic properties of lecithin-based vesicles,
DSC analysis was carried out.

The DSC thermograms obtained for pure DPPC liposomes
r in the presence of DTX are showed in Fig. 6.

Two endothermal transitions were observed for pure DPPC
iposomes the sharp acyl chain melting transition (P� → L�) at
1 ◦C is associated to the passage from a highly ordered gel
tate, in which phospholipid acyl chains are in all-trans con-
ormation, to a less packed and more fluid liquid crystal phase
ue to an increased trans–gauche isomerization of acyl chains.
ig. 6. DSC scans in the heating mode of colloidal suspensions of multilamellar
PPC vesicles prepared in the absence (curve a) and in the presence of 0.06 molar

raction of DTX (curve b).
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Table 2
Thermotropic parameters of mesophase transition from gel to liquid crystalline
phase of DPPC multilamellar vesicle dispersions at different molar fractions of
DTX

DTX molar
fraction

Transition
temperature (K)

�H (kJ mol−1) �T1/2 (K)

0 314.3 −37.41 1.9
0.01 314.2 −38.87 2.1
0.02 314.2 −40.44 2.2
0.03 314.2 −42.87 2.6
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.04 310.1 −43.10 2.7

.06 314.1 −45.25 2.8

The incorporation of DTX in DPPC liposomes produces at all
he considered molar ratios the disappearance of the pretransi-
ion peak. Because of this pretransition is highly sensitive to the
resence of foreign molecules in the polar region of the phospho-
ipids, the loss of pretransition cannot be ascribed to a specific

olecular change. No influence on the main phase transition
emperature of DPPC bilayer was exerted by DTX (Table 2) and
little broadening of this peak was observed (see �T1/2 values

n Table 2). However, a significative increase of �H value asso-
iated to the main phase transition was observed with increasing
he DTX molar ratio. The light broadening of the main transition
eak evidences a limited loss of co-operativity between phos-
holipids alkyl chains, due to the superficial penetration of the
rug within the bilayers. The increase of �H value is due to
n increase of van der Waals reticular energy of the hydropho-
ic chains due to the lower electrostatic repulsion forces among
holine groups produced by a drug able to electrostatically inter-
ct with DPPC polar heads. Thus, it is conceivable that the bulky
TX is not able to deeply penetrate into the bilayer, limiting its

nteraction with the polar headgroup layer of the phospholipids.
imilar results were obtained by Zhao and Feng (2004) for pacli-

axel and are in agreement with the biological evidences about

n active transport of taxanes within viable cells (Smith et al.,
005).

In Fig. 7 the release kinetics of DTX from nanospheres to
PPC liposomes are shown. The 0.06 molar fraction of DTX

ig. 7. Molar fraction of DTX released from PLA R207 (�) and PLA R203 (©)
o void liposomes after incubating at 37 ◦C for 12, 24, 36 and 48 h.
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ispersed in PLA R207 and PLA R203 nanospheres was chosen
o follow the release.

A limited amount of DTX was transferred from the PLA
207 nanospheres to liposomes, and after 48 h the DTX amount

nteracting with DPPC biomembranes corresponded to about
0.02 molar fraction. These findings showed that the drug was
ot able to diffuse into the external medium through the polymer
atrix in a rigid glassy state. Therefore, the higher drug release

bserved in the in vitro assay was probably due also to the degra-
ation of the polymer structure. Calorimetric studies performed
sing unloaded PLA R207 nanospheres demonstrated no pres-
nce of free lactic acid due to the polymer degradation. In fact,
e did not observed any shift of DPPC transition temperature
or broadening of the calorimetric peak (data not shown). Differ-
nt results were obtained in the presence of DTX-loaded PLA
203 nanospheres. In this case the more rapid interaction of
TX with DPPC liposomes (DTX release corresponding to a
.03 molar fraction after 2 days of incubation) was related both
o the highest amount of DTX adsorbed on nanosphere surface,
hus rapidly released (see the high burst effect in Fig. 5) and
lso to the fast degradation of this polymer with respect to PLA
207, due to its low molecular weight.

In conclusion, the obtained results demonstrated that
iodegradable polymeric colloidal systems made up of PLA
r PLGA can entrap DTX providing a sustained drug release.
anospheres with suitable size for parenteral administration
ere always obtained. The interaction studies with a biomem-
rane model suggested that diffusion is not the only kinetic
rocess involved in DTX release, but a complete erosion of poly-
er matrix and longer times are needed to obtain complete drug

elease.
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