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Abstract

The prodrug 5′-octanoyl-CPA (Oct-CPA) of the antiischemicN6-cyclopentyladenosine (CPA) has been encapsulated by nanoprecipitation in
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oly(lactic acid) nanoparticles, which have been recovered by gel-filtration, ultra-centrifugation or dialysis. We have analysed how
urfactants and purification methods can influence the nanoparticle characteristics. The particle sizes have been obtained by scan
icroscope, whereas a SdFFF system was employed to detect their distributions. The Oct-CPA release from nanoparticles and stabilit
lood of free and encapsulated prodrug have been analysed by HPLC techniques. The effects of nanoparticles on CPA interaction towa
1 receptor (its action site) have been analysed using radiolabelled drugs. The smallest nanoparticles and the best degree of homo
een obtained using sodium cholate; the best recovery has been achieved by dialysis, whereas gel-filtration and ultra-centrifugation h

he greatest removal of surfactants. The release of Oct-CPA was better controlled from the nanoparticles obtained using Pluronic F68
y gel-filtration or ultra-centrifugation. Similarly, these nanoparticles better increased the stability of the prodrug in human blood. In partlar, the
anoparticles purified by ultra-centrifugation induced a strong stability to a fraction of the encapsulated Oct-CPA. Any interference by
anoparticles has been registered for CPA-adenosine A1 receptor interaction.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Adenosine and itsN6-substituted derivatives show a neuro-
rotective role which has been observed by a great number of
tudies (Dalpiaz and Manfredini, 2002). The neuroprotective
ffect is related to the ability of these compounds to activate the
denosine receptor subtype A1 (Fredholm et al., 1994; Ralevic
nd Burnstock, 1998), inducing a neuronal membrane hyperpo-

arisation and a consequent decrease of the release of excitatory
mino acids (de Mendonca et al., 2000). The strategic role of
1 receptors as neuroprotectors is underlined by the results of

∗ Corresponding author. Tel.: +39 0532 291273; fax: +39 0532 291296.
E-mail address: dla@dns.unife.it (A. Dalpiaz).

1 Present address: Biotechnology Research Institute (NSERC), Biological
hemistry Department, Montreal, Canada.

recent studies, indicating that mice deprived of adenosin1
receptors posses a reduced protection against the degen
effects caused in the brain by hypoxia (Johansson et al., 200).
As a consequence, it is reasonable to hypothesise that isch
related structural and functional damages of the central ne
system may be reduced or prevented by the activation of a
sine A1 receptors in the brain (Bischofberger et al., 1997). In this
regard, it has been demonstrated that selective adenosine A1 ago-
nists allow to protect gerbils from damage to the hippocam
and to increase their survival following ischemic injury (Von
Lubitz and Marangos, 1990; Von Lubitz et al., 1999).

Even if laboratory results suggest that A1 agonists may hav
promising effects against SNC ischemic damages, these
pounds have not entered in the clinical use, because of (i)
can be quickly degraded in blood (Mathot et al., 1994; Pava
and IJzerman, 1998), (ii) they are not able to reach the brain
the systemic way (Brodie et al., 1987) and finally (iii) they caus

378-5173/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Chemical formulas ofN6-cyclopentyladenosine (CPA) and its prodrug
5′-octanoyl-CPA (Oct-CPA).

relevant side effects at other organs (Jacobson et al., 1991; Von
Lubitz et al., 1999).

In the aim to find a solution for the difficulties above
described, we have taken into account the prototypic A1 receptor
agonistN6-cyclopentyladenosine (CPA,Fig. 1) (Muller, 2000)
and we have proposed either a prodrug approach (Dalpiaz et al.,
2001a), or preliminary encapsulation studies in micro- and nano-
controlled release systems (Dalpiaz et al., 2001b, 2002, 2005).
In particular, 5′-esters of CPA were proposed as prodrugs able to
increase its stability in blood and diffusion through lipid barriers.
Among these, the 5′-octanoyl-CPA (Oct-CPA,Fig. 1) prodrug
appears hydrolysed in whole blood only by plasmatic esterase
showing an half life about 30 min (Dalpiaz et al., 2001a). We
have, moreover, demonstrated that CPA can be encapsulated
poly(lactid acid) microspheres which allow to obtain its con-
trolled release and a related strong stabilisation in human whol
blood (Dalpiaz et al., 2001b, 2002). Our preliminary encapsula-
tion studies of CPA and its prodrug Oct-CPA in biodegradable
nanoparticles suggest that the prodrug can be encapsulated mo
successfully than CPA, and that the controlled release of Oct
CPA allow to obtain a reduction of its hydrolysis rate in human
blood (Dalpiaz et al., 2005).

Taking into account that the nanoparticle approach appear
a promising strategy in the attempt to enhance the therapeut
effects of drugs potentially active in the brain (Kreuter et al.,
1997; Calvo et al., 2002), we report a detailed study in the aim
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1995; Giddings and Williarns, 1993; Giddings and Ho, 1995;
Contado et al., 1997).

The effects of nanoparticles on the target site of CPA, i.e. the
human adenosine A1 receptor, have been finally investigated.

2. Materials and methods

2.1. Materials

[3H]1,3-dipropyl-8-cyclopentylxanthine ([3H]DPCPX,
108 Ci/mmol) was obtained from NEN Research Prod-
ucts (Boston, MA, USA). CPA,N6-cyclohexyladenosine
(CHA), adenosine deaminase (ADA), sulphosalicilic acid,
polyethylene–polypropylene glycols (Pluronic F-68), sodium
cholate were obtained from Sigma (St. Louis, MO, USA). The
prodrugs Oct-CPA and 5′-cyclohexanoyl-CPA (CH-CPA) were
synthesised as previously described (Dalpiaz et al., 2001a).
CHO cells transfected with adenosine A1 human receptors were
a kind gift of Prof. Peter R. Schofield (Garvan Institute of Med-
ical Research, Darlinghurst, Australia) (Townsend-Nicholson
and Shine, 1992; Townsend-Nicholson and Schofield, 1994).
Foetal bovine serum (FBS), 1:1 mixture of Dulbecco’s modified
Eagle’s medium and Ham’s F12 medium, streptomycin and
penicillin, trypsin-EDTA and phosphate buffered saline (PBS)
were obtained from Invitrogen (Life Technologies Italia,
Milan, Italy). HPLC grade solvents were purchased from
C ,
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arlo Erba Reagenti (Milan, Italy). Poly(d,l lactic acid) (PLA
ean molecular weight 16,000; Resomer® R203; Boehringer

ngelheim, Ingelheim am Rhein, Germany) was utilised
iodegradable polymer to prepare the nanoparticles. All o
hemicals and solvents were obtained from standard sour

.2. Nanoparticle preparation

Nanoparticles were prepared according to the nanoprec
ion method (Fessi et al., 1989). Practically, accurately weighe
mount PLA polymer (125 mg) was dissolved in acetone (4
nd the prodrug Oct-CPA (2 mg) was dissolved in methyl a
ol (8 ml). The organic phase (acetone + methyl alcohol)
dded dropwise into the 25 ml deionised water (aqueous p
ontaining Pluronic F-68 or sodium cholate (125 mg). After
ing magnetically at room temperature for 15 min, the org
olvent was removed at 35◦C using a Rotavapor (Mod. B-48
üchi Labortechnik, Flawil, Switzerland) under vacuum (ab
0 mmHg). The final volume of the suspension was adjust
0 ml with deionised water before nanoparticle recovery.

Empty nanoparticles were prepared according the proc
reviously described, omitting obviously the drug. The nano

icles were purified by dialysis technique (T3, Cellusep, Seg
X, USA), by gel-filtration chromatography (Sepharose CL
igma Chemical) or by ultra-centrifugation (Sorvall® RC28S
uPont, Willmington, DE, USA).
Dialysis technique was carried out introducing the collo

upension containing the nanoparticles (10 ml) in a dialysis
exposed surface 5 cm) hermetically sealed (i.d. 18 mm; MW
2000, T3, Cellusep, Seguin, TX, USA) and dialyzing at 37◦C
gainst 500 ml of deionised water for 2 h under magnetic stir
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Gel-filtration chromatography was carried out using a
Sepharose CL4B (Sigma Chemical) gel. The gel was filled into
a column, avoiding bubbles and cracks. The column had a length
of 50 cm, an inner diameter of 2 cm and contained about 160 ml
of gel. The nanoparticles were eluted using deionised water at a
flow rate adjusted to 1.5 ml/min. The appearance of the nanopar-
ticles in the eluate was pointed out in about 20 min using a
turbidimeter (model DRT 15-CE, HF Scientific Inc., Fort Mey-
ers, FL, USA).

The nanoparticle purification by ultra-centrifugation was per-
formed at 10,000× g for 10 min using a F38/36 rotor (DuPont).
The nanoparticles were treated three times, each time using 2 ml
of deionised water.

The samples collected were freeze-dried during 24 h (Lyovac
GT2; Leybold-Heraeus, Hanau, Germany) to obtain a fine pow-
der of nanoparticles. All samples were prepared a purified in
triplicate. The yield of nanoparticles was calculated as the ratio
of the amount of recovered nanoparticles to the total amount of
polymer and drug added.

2.3. Particle size measurement and morphological analysis

A scanning electron microscope (SEM) (XL-40 Philips, The
Netherlands) was used to evaluate both size and morphology of
nanoparticles. The samples were mounted on aluminium stubs
(TAAB Laboratories Equipment, Berks, UK) using double-sides
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by using the Exponentially Modified Gaussian function, and the
residual method.

2.4. Oct-CPA content in the nanoparticles

To evaluate the prodrug content in nanoparticles, an accu-
rately weighted amount of nanoparticles (about 5 mg) were used
to obtain a suspension in water (1 ml). Five hundred microlitres
of water and 200�l of dichloromethane were added to 100�l of
suspension. Five hundred microlitres of 10% sulphosalicilic acid
and 50�l of 30�M CH-CPA (as internal standard) were used
for Oct-CPA extraction. The samples were extracted twice with
900�l of water saturated ethylacetate. After 5 min of centrifu-
gation at 9000× g, the organic layer was evaporated to dryness
by N2 flow; 200�l of mobile phase (see below) were added and
after centrifugation, 20�l were injected into the HPLC system
for the content analysis.

Prodrug loading and entrapment efficiency were calculated
according to the following equations:

prodrug loading (%, w/w)

= mass of prodrug in nanoparticles

mass of nanoparticles recovered
× 100 (1)

entrapment efficiency (%)
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ticky tape (TAAB laboratories Equipment). Before the S
nalysis, the samples were coated under argon atmosphere
0-nm gold palladium thickness (Emitech K550 Supper Co
mitech LTD, Ashford, Kent, UK).
A SdFFF system (Model S101, FFFractionation, Inc.,

ake City, UT), with hastelloy C channel walls, was empo
o determine the size distribution of the particles. Nominal c
el dimensions, cut from a mylar spacer, were 90 cm (tip-t

ength), 2 cm (breadth) and 0.0254 cm (thickness); the void
me of 4.86 ml was empirically determined from injections
apidly diffusing low molecular weight solutes, e.g. sodium b
oate.

An HPLC Pump model 422 Master (Kontron Instrume
taly) was used to deliver the carrier. The outlet tube from
hannel was connected to a UV detector operating at 24
Uvidec 100, Jasco Ltd., Japan). The signalc(tr) was collected b
n ACRO-900 12 bit I/O acquisition system (Acrosystems
everly, MA, USA), stored and elaborated with a PC-compa
omputer.

The mobile phase was a 0.01% (w/v) solution of polyv
lcohol 8–88 (81383 Fluka Chemie GmbH, Buchs, Switzerl

n Milli-Q water (Millipore S.p.A., Vimodrone, Milan, Italy)
owing at 2 ml/min.

The samples were injected with a Hamilton syringe dire
nto the channel; the injected volume was 100�l of 0.1% (w/v)
uspension.

The fractograms, i.e. the graphical results, have been
erted in particle size distribution (PSD) knowing the part
ensity. In order to achieve the mean size and the corre
ent standard deviation of the main peaks, the PSDs plot
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a
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= mass of prodrug in nanoparticles

starting mass of prodrug
× 100 (2)

.5. HPLC analysis of Oct-CPA

The HPLC apparatus consisted of a modular chrom
raphic system (model 1100 series pump and diode array d

or; Agilent, Waldbroon, Germany) linked to an injection va
ith 50�l sample loop (model 9125; Rheodyne, Cotati, C
SA). The detector was set at 269 nm. Chromatography wa

ormed at room temperature on a reverse-phase column (H
il BDS C-18 5U cartridge column, 150 mm× 4.6 mm i.d.; All-
ech Italia Srl BV, Milan, Italy) equipped with a guard colum
acked with Hypersil C-18 material (Alltech). Data acquisi
nd processing were accomplished with a personal com
sing Chem Station software (Agilent). The mobile phase
isted of a ternary mixture of acetonitrile, methanol and 10
cetate buffer (pH 4) with a ratio of 4/54/42. The flow rate
.8 ml/min and retention times were 7.7 and 3.9 min for Oct-C
nd CH-CPA, respectively.

.6. Determination of Pluronic F68 residuals

The amount of Pluronic F68 associated with nanopart
as determined by a colorimetric method based on the
ation of a colored complex between two hydroxyl gro
f Pluronic F68, Ba2+ and an iodine molecule (Childs, 1975).
riefly, 10 mg of lyophilised nanoparticles was dissolved
ml of dichloromethane. Then, 10 ml of deionised water w
dded and stirred until complete evaporation of the solvent
fter the centrifugation of the water phase at 4200 rpm
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10 min (model 4235, A.L.C., Milan, Italy), 1 ml of a 5% (w/v)
BaCl2 solution in HCl 0.1 M and 1 ml of a solution of I2/KI
(0.05 M/0.15 M) were added to 4 ml of supernatant. Finally, the
absorbance of the samples was measured spectophotometrically
at 540 nm (WPA lighwave, Cambridge, UK) after 15 min incu-
bation at room temperature. No absorption was observed when
only PLA polymer was used under identical condition.

2.7. Determination of sodium cholate residual

An accurately weighed amount of nanoparticles (10 mg)
was dissolved in 2 ml of dichloromethane. After the complete
nanoparticles dissolution, deionised water (5 ml) was added to
extract sodium cholate. The bile salt amount was assayed in the
in the filtered solution by an HPLC procedure (Mucci et al.,
1996). The analyses were carried out using a Varian 9012 liquid
chromatograph (Walnut Creek, CA, USA) equipped with a Jasco
UV-1575 detector (Tokyo, Japan) and interfaced to Star Chro-
matographic Workstation (Varian) software. For the analyses a
reversed-phase C18 column (Lichrospher 100 RP 18 column;
240 mm× 4.6 mm i.d.; 5�m particle size; Merck, Darmstadt,
Germany) was used. The mobile phase was composed of methyl
alcohol–0.02 M sodium acetate buffer in water (80:20, w/w)
adjusted to pH 4.3 with phosphoric acid. Twenty microlitres vol-
umes were eluted isocratically (flow rate of 1 ml/min), setting
the UV detector at 318 nm.
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lating waterbath. At regular time intervals 100�l of samples
were taken, immediately hemolyzed in Eppendorf tubes pre-
filled with 500�l of water (HPLC grade, 0◦C) and stored at
−20◦C until analysis.

2.10. Oct-CPA kinetic analysis

Fifty microlitres of 10% sulphosalicilic acid were added to
each sample together with 50�l of internal standard (40�M
CH-CPA) and 200�l of dichloromethane. The samples were
extracted twice with 900�l of water-saturated ethyl acetate.
After 5 min of centrifugation at 9000× g, the organic layer was
evaporated to dryness by N2 flow. The mobile phase (200�l)
was added and, after centrifugation, 20�l were injected into the
HPLC system and analysed as previously described.

2.11. Drug-receptor interaction studies

2.11.1. Cell culture
Cells were grown in 1:1 mixture of Dulbecco’s modified

Eagle’s medium and Ham’s F12 medium containing 10% foetal
bovine serum (FBS), streptomycin (50�g/ml) and penicillin
(50 IU/ml) at 37◦C in 5% CO2. Cells were subcultured twice
weekly at a ratio of 1:10 and transferred to 14 cm diameter plates.

2.11.2. Membrane preparation
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Drug release from the nanoparticles was performe
7± 0.2◦C in 0.1 M phosphate buffer, pH 7.4 using perf
ink conditions. In particular, an accurately weighted amou
anoparticles was suspended in about 20 ml of buffer, in ma

o obtain a total amount of Oct-CPA corresponding to 10�g/ml
<10% saturability values of these compounds). The suspe
as maintained stirred magnetically during the release ex
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ime intervals, filtered upon centrifugation at 13,000× g using
icrocon filter devices (YM 30, Millipore Corporation, Be

ord, MA, USA). The filtered solution (40�l) was injected into
he HPLC apparatus for the evaluation of Oct-CPA conten

The quantitative interpretation of release rate was evalu
sing the dissolution time (Td) (Langenbucher, 1972).

.9. Kinetic experiments in human whole blood

The stability of Oct-CPA encapsulated in nanoparti
nd of free Oct-CPA in the absence and in the presen
nloaded nanoparticles was investigated essentially as des
y Dalpiaz et al. (2001b): the compounds were incubated
7◦C in fresh whole blood obtained from healthy human
nteers. Blood was directly transferred to heparinised

ubes. Three millilitres of whole blood were spiked with prod
olutions or nanoparticle suspension resulting in final con
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nloaded nanoparticles was 3 mg/ml. During the experim
rodrug solutions were continuously gently shaken in an o
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Cells were washed with phosphate buffered saline (PBS
etached from plates by 5 min incubation at 37◦C in the pres
nce of 2 ml of trypsol (0.25% trypsin, 4.4 mM EDTA in PB
ive millilitres of medium were added to each plate after in
ation, and the cells were collected and centrifuged for 10
t 68× g. Pellets derived from six plates were pooled and re
ended in 20 ml of ice-cold 50 mM Tris–HCl buffer, pH 7
nd homogenised in a Polytron homogeniser (setting 6, m
T1200C, Brinkmann, Westbury, NY, USA) for 5 s. Plas
embranes and the cytosolic fraction were separated by

rifugation at 18,000× g in a superspeed refrigerated centrif
model RC-5B, Sorvall, Wilmingtom, DE, USA) at 10◦C for
0 min. The pellets were resuspended in the Tris–HCl b
t approximately 1× 108 cells/3 ml and 2 IU/ml of ADA were
dded. After 30 min incubation at 37◦C, the membranes we
tored in 200�l aliquots at−80◦C. Membrane protein co
entrations were measured with the bicinchoninic acid me
Smith et al., 1985).

.11.3. Receptor binding assays
Membrane aliquots containing 40�g of proteins were incu

ated in 400�l of 50 mM Tris–HCl, pH 7.4, at 25◦C for
0 min, according to previous time course experiments. S
ation experiments were carried out using 12 different con
rations of [3H]DPCPX ranging from 0.1 to 5 nM. Displaceme
xperiments were performed using at least 20 different
entrations of cold drug in the presence of 1 nM [3H]DPCPX.
on-specific binding was measured using 10�M CHA. Sepa

ation of bound from free radioligand was performed by ra
ltration through GF/B filters (Whatman, Springfield Mill, UK
hich were washed three times with ice-cold buffer. Filter bo
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radioactivity was measured by scintillation spectrometry after
adding of 4 ml Packard Emulsifier Safe (Packard Bioscience,
Pero, Milan, Italy). All experiments were performed in the
absence and in the presence of 50�g/ml unloaded nanoparti-
cles. All the values obtained are the means of three independent
experiments performed in duplicate.

2.12. Calculations

2.12.1. Kinetics degradation in whole blood
The half life of Oct-CPA was calculated from an exponential

decay plot of the peak area ratio between the compound and
internal standard, expressed as percentage, versus incubation
time, using the computer program GraphPad Prism (GraphPad,
San Diego, CA, USA).

2.12.2. Binding assays
Data of saturation experiments (KD andBmax values) were

obtained by computer analysis of saturation curves and of the
corresponding Scatchard plots. The cold drug concentrations
displacing 50% of labelled ligand (IC50 values) were obtained
by computer analysis of displacement curves. Inhibitory binding
constants (Ki values) were derived from the IC50 values accord-
ing to the Cheng and Prusoff equationKi = IC50/(1 + [C* ]/KD

* ),
where [C* ] is the concentration of the radioligand andKD

* its
dissociation constant (Cheng and Prusoff, 1973). Care was taken
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Regardless of the surfactants, the recovery of the nanoparti-
cles was quantitative only for the samples purified by dialysis
(samples A and C); however, for the others samples the recovery
percentage was acceptable, ranging between 60 and 75%. More-
over, a residual of stabilizing agent was found in all the samples
of dried nanoparticles. In particular, as reported inTable 1, this
residual was higher for the samples purified by dialysis (A and
C; about 20%) with respect to the samples recovered by the gel-
filtration or ultra-centrifugation techniques (B, D and E; from
0.5 to 5.2%).

As for prodrug contents, the formulations A and B were
obtained using sodium cholate and displayed higher Oct-CPA
amounts (1.30 and 0.38% (w/w), respectively) than the cor-
responding formulations obtained in the presence of Pluronic
(C and D; 0.63 and 0.13% (w/w), respectively). On the other
hand, both the prodrug content and encapsulation efficiency
were higher for the samples purified by dialysis (A and C)
rather than by gel-filtration (B and D), independently on
the surfactant used in the formulations. Finally, the sample
E, prepared in presence of Pluronic and recovered by ultra-
centrifugation, displayed satisfactory both drug content and
encapsulation efficiency (1.13± 0.1% (w/w) and 42.3%± 2.8,
respectively).

3.2. Size and morphology of nanoparticles
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o ensure total binding never exceeded 10% of the total am
f radioligand added.

.12.3. Statistical analysis
One way ANOVA followed by Dunnett’s t test was perform

sing the computer program GraphPad Prism (GraphPad)
erence was considered statistically significant atP values les
han 0.05.

. Results

.1. The effect of both the surfactants and the recovery
ethods on nanoparticle properties

Table 1shows the recovery percentage, the drug conten
he entrapment efficiency of the Oct-CPA loaded nanopart
s function of both the surfactants and the recovery met
he sample prepared using sodium cholate and recover
ltra-centrifugation is not reported because it resulted in a
edispersible cake.

able 1
he effect of both the surfactants and the purification method on the reco

he Oct-CPA loaded nanoparticles

ample Surfactant Purification method Recovery

Sodium cholate Dialysis 100
Sodium cholate Gel-filtration 60
Pluronic F68 Dialysis 100
Pluronic F68 Gel-filtration 70
Pluronic F68 Ultra-centrifugation 75
t

-

d

.
y
t

Fig. 2reports the particles size distribution (PSD) elabor
rom SdFFF fractograms, assuming the density of all nano
icle samples to be 1.4 g/ml. This value, indeed, allowed
eaks of PSD plots to correspond to the size of nanop
les obtained by electronic microscopy analysis. The pat
eported inFig. 2have been obtained with samples usually s
cated for 10 min before the injection in the SdFFF channe

Graphs referred to samples A and B both present an i
arrow and well distinguished peak, their maxima were ev
ted, according to the procedure process, to be, respectiv
1 (±4) and 80 (±7) nm. From their shape, it can be dedu

hat they have been likely generated by a quite narrow size
lation of particles. The shape of the signal profile betwee
nd 0.4�m was not reproducible, but dependent on the sa

reatment before the injection in the SdFFF channel; in pa
lar, it has been observed the appearance of more peaks

he sonication time was increased from 10 to 30 min (data
hown). Probably, the sonication process generates aggr
mong particles, fostered also by the increase of the temper
hich occurs during the process.

percentage, the residual of surfactants, prodrug loading and entrapment efficiency of

Residual of surfactant
(%, w/w)

Oct-CPA loading
(%, w/w± S.D.)

Entrapment efficienc
(%± S.D.)

20.0± 3.0 1.30± 0.08 65.0± 3.1
5.2± 1.8 0.38± 0.03 11.4± 2.2
21± 2.2 0.63± 0.06 31.5± 1.7

0.5± 0.2 0.13± 0.02 4.5± 0.5
0.9± 0.3 1.13± 0.10 42.3± 2.8
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Fig. 2. PSD elaborated from SdFFF fractograms obtained under power programmed elution conditions: sample A (initial field = 1200 rpm, relaxation time15 min,
t1 = 8 min, ta =−64 min, final field = 20 rpm), samples B, C, D, E (initial field = 1000 rpm, relaxation time 10 min,t1 = 5 min, ta =−40 min, final field = 20 rpm).
Particles were assumed to have a density of 1.4 g/ml (diam = diameter of nanoparticles; dd = dimensional distribution). The table reports the mean diameter and the
related standard deviation of nanoparticles obtained by the deconvolution procedure of PSD.

The particle size distribution profiles reported in graphs
referred to samples C and D show a more regular shape in com-
parison with the previous two; indeed, for both it can be identified
a major, broad and tailed peak, whose maxima were evaluated
to be, respectively, at 220 (±45) and 229 (±46) nm; in addition
graph C present also a small peak at about 128 (±10) nm. The
presence of a main mono-modal distribution cannot, however,
be assigned to the presence of a single particle population, since
also in this case, the sonication treatment could have produced
particle aggregates, whose presence contributes to tailing the
peaks.

The injection of sample E generated a fractogram which
allows to identify the presence of two peaks evaluated mainly at

227 (±20) and 369 (±23) nm, whom corresponds the bi-modal
particle size distribution reported on graph E. Its pattern shows
a base line quite noisy also at high retention times, indicating
an high probability to find nanoparticles of size greater than
500 nm, in the injected suspension. This analysis of graph E
is supported by the evidence that the sonication time does not
change the shape of the elution profile, as occurred, instead, for
sample A.

Representative results of the analysis on nanoparticles mor-
phology using scanning electron microscopy are shown inFig. 3.
The sample B prepared using sodium cholate (Fig. 3a) appeared
spherical in shape although no details in the surface morphology
were observable owing to the small particle size. Nanoparticle
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Fig. 3. Scanning electron micrograph of Oct-CPA nanoparticles prepared using
sodium cholate (a), magnification:×25,000, sample B; Pluronic F68 (b), mag-
nification:×10,000, sample D.

surface was observed only for the larger particles prepared in
presence of Pluronic. As an example, we reported the SEM anal-
ysis of the sample D (Fig. 3b), for which a spherical shape with
a smooth surface was observed.

3.3. In vitro release study

The release profiles of Oct-CPA loaded nanoparticles showe
a bi-phasic pattern for all the samples taken into account (Fig. 4).

Fig. 4. In vitro release of Oct-CPA from poly(lactic acid) nanoparticles obtained
in 20 ml of 0.1 phosphate buffer at 37◦C. Results are the means of three inde-
pendent experiments performed in duplicate (S.D. less than 10%).

The rate in the first release phase (burst effect) may be evaluated
according to theTd value reported inTable 2. This value indi-
cates the time period during which the 62.5% of the encapsulated
drug was released (Langenbucher, 1972). The most quickly drug
release was observed for sample A (Td = 0.4± 0.1 min), corre-
sponding to the smallest nanoparticles prepared using sodium
cholate and recovered by dialysis. It is to underline that the
sample A showed a release profile practically identical to the
dissolution profiles obtained from the free prodrug in presence
of Pluronic or sodium cholate (data not shown). On the other
hand, a significant decrease of the release rate was obtained by
recovering the Oct-CPA loaded nanoparticles by gel-filtration. In
fact, the prodrug was released from sample B (Td = 10± 1 min)
with a lower rate than sample A. The samples C (Td = 9± 4 min)
and D (Td = 37± 5 min), prepared in the presence of Pluronic,
showed not only a similar dependence on the recovery method,
but also a release rate lower than their homologues obtained
using sodium cholate (samples A and B, respectively). In par-
ticular, the sample D showed the most slow burst effect among
the nanoparticles taken into account. The slowest rate of the
prodrug delivery during the second release phase was showed,
instead, by sample E, which was obtained in the presence of
Pluronic and recovered by gel-filtration.

3.4. Stability of Oct-CPA in human whole blood

ow-
i

Table 2
Half life values referred to the release of encapsulated Oct-CPA in phosphate m
free Oct-CPA

Sample Oct-CPA ReleaseTd

(min± S.D.)
Oct-CPA half
(min± S.D.)

of

A 0.4 ± 0.1 30± 2
B 10 ± 1 59± 5a

C 9 ± 4 51± 4b

D 37 ± 5 88± 5a

E 14 ± 3 31± 3c

The half life value of free Oct-CPA alone in human whole blood is 30± 3 min.
a P < 0.001, significantly different from the half life value of free CPA alone.
b P < 0.05, significantly different from the half life value of free CPA alone.
c Half life value referred to the hydrolysis pattern choosing the bottom platea
d Free Oct-CPA was hydrolyzed in human whole blood foll
ng a first order kinetic (Fig. 5) whose half life was 31± 3 min

buffer from nanoparticles and its hydrolysis in human whole blood in coparison to

life in blood Free Oct-CPA half life in blood-presence
unloaded nanoparticles (min± S.D.)

31± 3
32± 3
29± 2
31± 3
30± 2

u at about 20% (seeFig. 5).
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Fig. 5. Degradation kinetics in human whole blood of free or encapsulated Oct-CPA in different samples of nanoparticles. The plots show the percentage of the total
prodrug amount vs. time, obtained from the peak area ratio between the compound and its internal standard. Results are the means of three independent experiments
performed in duplicate (standard errors are reported).

(Table 2). This pattern was not significantly modified in the pres-
ence of unloaded samples A–E of nanoparticles and a similar
result was obtained for the prodrug encapsulated in the sam-
ple A (data not shown). On the other hand, the whole blood
degradation of Oct-CPA encapsulated in the other nanoparticle
samples (B, C, D, E) appeared significantly slower with respect
to the free prodrug (Fig. 5). In particular, the half life values of
Oct-CPA degradation increased from 31± 3 to 59± 5 min for
sample B, 51± 4 min for sample C and 88± 5 min for sample
D (Table 2). Finally, the sample E did not show any influence
toward hydrolysis rate of about the 80% of encapsulated prodrug
(half life = 31± 3 min, Table 2), whereas it appeared to induce
a strong stability to the remaining 20%.

3.5. Receptor binding assays

CPA shows high affinity toward adenosine A1 receptor, with
respect to Oct-CPA (Dalpiaz et al., 2001a). As a consequence, a
potential activation of the A1 receptor cannot be induced by the
prodrug released from the nanoparticles: only the CPA deliv-
ered by Oct-CPA hydrolysis can activate the receptor. In the aim
to verify if the presence of the controlled release systems may
interfere with the CPA-receptor interaction, we have performed
receptor binding experiments in vitro both in the absence and in
the presence of unloaded nanoparticles of samples A–E. The A1
affinity of CPA has been obtained by investigating its ability to
compete with [3H]DPCPX, a radiolabeled antagonist.Table 3

Table 3
Equilibrium binding parameters obtained for [3H]DPCPX and CPA in the absence and in the presence of different samples (50�g/ml) of unloaded nanoparticles

Ligand Nanoparticle absent Unloaded sample A Unloaded sample B Unloaded sample C Unloaded sample D Unloaded sample E

[3H]DPCPX
KD (nM) 1.53± 0.07 1.54± 0.07 1.60± 0.07 1.62± 0.08 1.57± 0.07 1.63± 0.08
Bmax

a 998 ± 14 996± 13 993± 14 983± 12 976± 12 991± 13

CPA
Ki,high (nM) 3.2 ± 0.2 3.4± 0.4 3.2± 0.3 3.3± 0.3 3.0± 0.2 3.1± 0.3
Ki,low (nM) 74 ± 6 73 ± 6 76 ± 6 72 ± 5 77 ± 5 75 ± 6
f high 0.71± 0.03 0.71± 0.03 0.74± 0.04 0.72± 0.04 0.69± 0.02 0.73± 0.04

T [3H]D
f n exp
he parameters are expressed as (1) dissociation constants,KD andBmax (for
raction of receptor high affinity state,f high (for CPA) derived from inhibitio

a fmol/mg protein.
PCPX) derived from saturation experiments; (2) inhibitory constants,Ki and
eriments.
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reports theKD andBmax values obtained by saturation experi-
ments referred to [3H]DPCPX: in the absence of nanoparticles
the values were 1.53± 0.07 nM and 998± 14 fmol/mg protein,
respectively, as previously found by us in the same experimental
system (Dalpiaz et al., 1998, 2001b, 2002). These values were
not significantly changed in the presence of unloaded nanoparti-
cles. As for CPA, theKi values reported inTable 3indicate that in
absence of nanoparticles this ligand recognised two affinity bind-
ing states (Ki,high = 3.2± 0.2 nM;Ki,low = 74± 6 nM) with about
70% of high affinity population. All binding data referred to CPA
were not significantly changed in the presence of unloaded sam-
ples, as shown inTable 3. These results suggest, therefore, that
the ligand binding to adenosine A1 receptor is not altered by the
presence of the controlled release systems.

4. Discussion

The lipophilic properties of Oct-CPA (logP = 3.91,Dalpiaz
et al., 2001a) induce this prodrug to have a relatively poor sol-
ubility in water with respect to a good solubility in organic
solvents, such as DMSO and methanol. Because of the prodrug
was hydrophobic, poly(d,l lactic acid) rather than (polyd,l
lactide-co-glicolide) was chosen as polymer. Moreover, nano-
precipitation procedure was therefore considered an appropriate
method in order to retain Oct-CPA in the hydrophobic nanopar-
ticle matrix.
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agree with those reported in literature indicating effectiveness
in reducing the size and the size range of nanoparticles using
sodium cholate in the nanoparticle preparation (Gref et al., 1995;
Panagi et al., 2001).

The size of the Oct-CPA loaded nanoparticles (which was
strongly dependent on the surfactant choice), as well as the
recovery method significantly affected the prodrug release rate.
In particular, a comparison between the samples obtained in
the presence of sodium cholate (A and B) with the homologues
obtained in the presence of pluronic (C and D, respectively),
indicates that samples recovered by gel-filtration released the
prodrug more slowly than those purified by dialysis (Table 2). In
particular, the lower burst effects observed for the corresponding
samples purified by gel-filtration suggest this recovery method
very efficient in the removal of the unentrapped prodrug. It is to
underline that sample D (obtained in the presence of Pluronic
and recovered by gel-filtration) displayed not only the lowest
burst effect, among the nanoparticles obtained, but also a delayed
release during the second release phase, probably ascribed to the
deeply entrapped drug. Hence, this sample seemed to provide
an acceptable control of the prodrug release.

Finally, the prodrug release from the sample E, obtained in
the presence of Pluronic and recovered by ultra-centrifugation
was characterised by a large burst effect attributable to the unen-
trapped prodrug that remains associated to nanoparticles during
t owed
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f the recovery percentage, theTd values reported inTable 2

ndicate an higher burst effect for nanoparticles recovere
ialysis (samples A and C) with respect to the homolog
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esting, therefore, a greater presence of adsorbed prodr

he surface of dialyzed samples. These data indicate, ther
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an be related to excellent recovery values of the prodrug.

Oct-CPA entrapment into the nanoparticles did not sig
cantly affect particle size; in fact, any direct correlation w
btained between Oct-CPA content and nanoparticle size
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ife in human whole blood. Interestingly, a similar result w
lso obtained using the larger nanoparticles (i.e. obtained
resence of Pluronic) purified by dialysis (Sample C). It i
nderline that the same nanoparticles obtained in the pre
f Pluronic, but recovered by gel-filtration (Sample D) allow

o increase the Oct-CPA half life in whole blood up to three ti
ith respect to the free prodrug. Moreover, the sample reco
y ultra-centrifugation (Sample E), allowed to strongly stab
bout the 20% of Oct-CPA. These results indicate the choo
ecovery method of nanoparticles as a way to sensibly mod
he release and related increase of stability in physiological fl
f the encapsulated prodrug. The slowest prodrug releases

he nanoparticles should allow to obtain, in vivo, a reductio
he side effects induced by CPA. Indeed, the small amoun
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free drug delivered after the prodrug hydrolysis, should occupy
a small amount of receptors during the first times of Oct-CPA
release, as previously found for CPA released from micropar-
ticles (Dalpiaz et al., 2001b). The amounts of free CPA may
increase during time, with a pattern related to the release from
nanoparticles of the prodrug (Dalpiaz et al., 2001b) and its sub-
sequent hydrolysis (Dalpiaz et al., 2001a), but the relatively fast
degradation of CPA in vivo should maintain poor its concentra-
tion in the blood.

We have previously demonstrated that Oct-CPA shows a poor
affinity toward adenosine A1 receptor with respect to CPA,
which can be obtained by the prodrug hydrolysis (Dalpiaz et
al., 2001a). In the aim to verify if the controlled release sys-
tems can interfere with CPA interaction toward adenosine A1
receptor, we have performed the receptor binding experiments
whose results are reported inTable 3. Our results indicate that
all the nanoparticle samples investigated do not contribute to
change the affinity of CPA for the high and low affinity states
of the adenosine A1 receptor. We can, therefore, conclude that
the unloaded nanoparticles of samples A–E do not interfere with
the interaction of CPA toward adenosine A1 receptor, indepen-
dently on the surfactants and recovery methods adopted for their
preparation.
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