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a b s t r a c t

l-Dopa-�-lipoic acid (LD–LA) is a new multifunctional prodrug for the treatment of Parkinson’s disease.
In human plasma, LD–LA catechol esters and amide bonds are chemically and enzymatically cleaved,
respectively, resulting in a half-life time of about fifty minutes. In the present work, the unstable
LD–LA was entrapped into biodegradable poly(lactic-co-glycolic acid) (PLGA) microspheres designed
as depot systems to protect this prodrug against degradation and to obtain a sustained release of
the intact compound. The microspheres were prepared by an oil-in-water emulsion/solvent evapo-
arkinson’s disease
-Dopa-�-lipoic acid
ydrolysis kinetics
LGA microspheres
elease

ration technique and the effect of formulation and processing parameters (polymer concentration in
the organic solvent, volumes ratio of the phases, rate of the organic solvent evaporation) on micro-
spheres characteristics (size, loading, morphology, release) was investigated. Also emphasis was given
on the stability of the drug before and after release as well as on the underlying mass transport mecha-
nisms controlling LD–LA release. Interestingly, when encapsulated in appropriate conditions into PLGA
microspheres, the labile prodrug was stabilized and released via Fickian diffusion up to more than one

week.

. Introduction

Parkinson’s disease (PD) is a progressive, neurodegenerative
isorder which is characterized by the loss of dopaminergic neu-
ons of the substantia nigra pars compacta with a subsequent
eduction of dopamine (DA) neurotransmitter. PD affects about
% of the population above the age of sixty, and its major clinical
ymptoms include movement disorders, anxiety, depression and
ementia (Dauer and Przedborski, 2003; Duvoisin, 1987; Tanner,
992; Gibb, 1992; Blandini and Greenamyre, 1999). The aetiol-
gy of PD has a multifactorial origin including oxidative stress and
rain iron dysregulation (Dauer and Przedborski, 2003; Blandini
nd Greenamyre, 1999; Andersen, 2004; Ben-Shachar et al., 1991).
he current chemotherapy is essentially symptomatic using exoge-
ous l-Dopa (LD), the direct precursor of DA, as drug (Blandini
nd Greenamyre, 1999; Andersen, 2004; Fahn, 2006). LD admin-

stration is however associated with three important problems:
i) LD metabolism generates a variety of cytotoxic reactive oxy-
en species (ROS) that contribute to the progression of the disease;
ii) LD has a poor bioavailability in the CNS; (iii) during chronic

∗ Corresponding author. Tel.: +39 0871 3554708; fax: +39 0871 3554706.
E-mail address: adistefano@unich.it (A. Di Stefano).

378-5173/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.02.036
© 2011 Elsevier B.V. All rights reserved.

treatment, patients become sensitive to LD plasma level fluctua-
tions (Dauer and Przedborski, 2003; Bindoli et al., 1992; Di Stefano
et al., 2001). In order to overcome these problems, a multifunc-
tional prodrug (LD–LA, Fig. 1) containing LD and natural lipoic
acid moiety (LA) has been recently synthesized (Di Stefano et al.,
2006). Lipoic acid, which readily crosses the blood–brain bar-
rier (BBB) and subsequently accumulates in neurons, has both
antioxidant and iron-chelating properties. This means that it is
active in reducing auto-oxidation of catecholamines (accelerated
by transition metals) and in scavenging the ROS generated by LD
metabolism (Ben-Shachar et al., 1991; Smith et al., 2004; Packer
et al., 1997). LD–LA activity against Parkinson’s disease symptoms
and its antioxidant efficiency have been demonstrated using both
in vitro and in vivo studies (Di Stefano et al., 2006). LD–LA therefore
represents a good example of a multifunctional drug for treating
central nervous system diseases. Moreover, in comparison with LD,
oral administration of LD–LA prolonged the plasma LD concentra-
tion and this prodrug can therefore be particularly beneficial in the
treatment of motor fluctuation, directly related to LD plasma level

fluctuations. However, LD–LA catechol esters and amide bond are
cleaved both chemically and enzymatically, resulting in a plasma
half-life of about fifty minutes. Therefore multiple administrations
per day are required to keep effective brain levels of LD (Di Stefano
et al., 2006).

dx.doi.org/10.1016/j.ijpharm.2011.02.036
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:adistefano@unich.it
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ig. 1. LD–LA (methyl O-acetyl-3-(acetyloxy)-N-{5-[(3R)-1,2-dithiolan-3-yl]-
entanoyl}-l-tyrosinate) molecular structure.

In the present work, the labile prodrug LD–LA was entrapped
nto biodegradable polymeric microspheres to protect this pro-
rug from enzymatic and chemical degradation and to obtain a
ustained release of the intact compound. Poly(lactic-co-glycolic
cid) (PLGA), was used to prepare prodrug-loaded microparticles
ecause this polymer has a good biocompatibility and is biodegrad-
ble (Anderson and Shive, 1997; Fournier et al., 2003; Jain, 2000; De
uca et al., 1993; Varde and Pack, 2004). Therefore it has been used
or the development of sustained drug formulations of low molecu-
ar weight compounds as well as therapeutic proteins and plasmid
NA (Varde and Pack, 2004; Giovagnoli et al., 2008; Fernández-
arballido et al., 2004; Elkharraz et al., 2006; Janoria and Mitra,
007; Ye et al., 2010; Jiang et al., 2005; Abbas et al., 2008). Due to
he lipophilic character of LD–LA, PLGA microspheres were formu-
ated using an oil-in-water emulsion/solvent evaporation method
Jain, 2000; Wischke and Schwendeman, 2008). The effect of formu-
ation and processing parameters on the microspheres properties
size, loading, release) was investigated. Also emphasis was given
n the stability of the drug before and after release as well as on the
nderlying mass transport mechanisms controlling LD–LA release.

. Materials and methods

.1. Materials

PLGA 50:50 Purasorb 5004A (intrinsic viscosity 0.41 dL/g) with
ree carboxyl end-groups was obtained from Purac Biomaterials.
olyvinyl alcohol (PVA, degree of hydrolysis 88%, molecular weight
anging from 13,000 to 23,000) was purchased from Aldrich Chem-

cal Company. HPLC grade dichloromethane (DCM) and methanol

ere obtained from Biosolve BV. Dimethyl sulfoxide (DMSO, abso-
ute) was obtained from Fluka. Formic acid, acetic acid anhydrous,
aOH, NaH2PO4 monohydrat, Na2HPO4 dihydrat, and NaCl (all
ro-analysi grade) were obtained from Merck. NaN3 (99.5%) was

able 1
haracteristics of the different prodrug loaded microspheres formulations. Data are expr

Formulation PLGA concentration in
o-ph (mg per DCM mL)

DCM
pre-saturation of
aq-ph

Phases volume
ratio
(o-ph/aq-ph/hb)

TD

F1 200 No 1/1/10 2
F2 200 No 1/1/10 5
F3 200 No 1/1/10 20
F4 400 No 1/1/10 5
F5 400 No 1/1/10 20
F6 400 Yes 1/5/5 5
F7 400 Yes 1/10/0 5
F8 800 Yes 1/5/5 5
F9 800 Yes 1/10/0 5

a TDL (theoretical drug loading) expressed as ratio between mass of drug and mass of p
b EDL (effective drug loading) expressed as mass ratio of drug entrapped in microspher
c LE (loading efficiency) expressed as mass ratio of drug entrapped in microspheres an
Pharmaceutics 409 (2011) 289–296

obtained from Sigma. The LD–LA prodrug was synthesized as pre-
viously described (Di Stefano et al., 2006).

2.2. Preparation of the microspheres

LD–LA loaded PLGA microspheres were prepared by an oil-
in-water emulsion/solvent evaporation technique (o/w, ESE)
(Wischke and Schwendeman, 2008). Briefly, 0.5 mL of oil phase (o-
ph) was prepared by dissolving both PLGA and LD–LA in DCM in
different concentrations and drug/polymer ratios (200, 400, 800 mg
of PLGA per mL of DCM; drug/polymer ratio of 2%, 5% or 20% (w/w)).
For the o-ph with the higher polymer concentration, the solutions
were sonicated for 30 min at room temperature. The o-ph was
emulsified (30 s, room temperature, 25000 min−1) with 0.5, 2.5 or
5 mL of aqueous phase (aq-ph) consisting of PVA 2% (w/w) in water
(previously saturated, or not, with DCM) by using an IKA Ultra-
Turrax T8 homogenizer. In order to allow DCM evaporation and
microsphere solidification, the resulting emulsion was then added
drop wise to a PVA aqueous solution (0.5% (w/w); 2.5 or 5 mL), the
hardening bath (hb), and magnetically stirred for two hours at room
temperature. Alternatively, the emulsion was stirred without dilu-
tion (Table 1). The microspheres were collected by centrifugation
at room temperature (3 min, 3000 × g), subsequently washed twice
with water, flash frozen with liquid N2 and freeze-dried overnight.

2.3. Microspheres characterization

The size and size distribution of the microspheres were mea-
sured using an Accusizer 780 (Optical particle sizer, Santa Barbara,
California, USA). Scanning electron microscopy (S.E.M.) using a Phe-
nom (FEI Company, The Netherlands) microscope was employed
to study the size, porosity and morphology of the microspheres.
Modulated differential scanning calorimetry (DSC) analyses were
performed on prodrug, on empty and on prodrug loaded micro-
spheres by means of a TA Instruments DSC Q2000. About 5 mg
of material was loaded into aluminium pans, which were sealed,
and subsequently equilibrated at −20 ◦C for 5 min. They were then
heated from −20 to 120 ◦C at a heating rate of 1 ◦C/min, subse-
quently cooled to −20 ◦C (5 ◦C/min) and then heated again to 120 ◦C
(1 ◦C/min). The glass transition temperature (Tg) was determined
from the thermogram recorded during the second heating cycle.

The drug loading of the microspheres was determined by HPLC
quantification of the prodrug extracted from the microspheres.

Briefly, 5 mg of dried microspheres was dissolved in 0.5 mL of
DMSO, followed by the addition of 1 mL of cold methanol to pre-
cipitate the PLGA. Next, the samples were centrifuged (30 min,
20,000 × g, 4 ◦C), the supernatants were filtered and methanol
was evaporated under vacuum to obtain DMSO solutions of the

essed as mean ± SD (n = 3), hb denotes hardening bath.

L (%)a EDL (%)b LE (%)c Volume–weight
diameter (�m)

1.5 ± 0.2 59 ± 3 16 ± 8
3.2 ± 0.3 46 ± 2 11 ± 6
14 ± 1 46 ± 5 13 ± 9
3.4 ± 0.2 47 ± 2 30 ± 13
14 ± 1 37 ± 3 21 ± 11
3.2 ± 1 50 ± 5 34 ± 18
2.7 ± 0.9 37 ± 8 30 ± 15
2.7 ± 0.1 25 ± 1 26 ± 20
2.6 ± 0 15 ± 8 28 ± 23

olymer used in formulation.
es.

d drug used to prepare them.
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ig. 2. Representative examples of size distribution results (volume-weight mean
iameter) obtained by Accusizer measurements. Top: F2 formulation (PLGA in DCM
00 mg/mL in the o-ph). Bottom: F8 formulation (PLGA in DCM 800 mg/mL in the
-ph).

rodrug. The LD–LA concentration in the DMSO solutions was mea-
ured using a Waters 2695 separations module equipped with

Waters 2487 UV-detector and a Waters SunFire C18 RP col-
mn (4.6 mm × 150 mm, 5 �m). A pH 4.5 buffered methanol:water
60:40) mixture was used as eluent (flow rate 0.5 mL/min, detection
avelength 230 nm). Calibration was done with prodrug dissolved

n DMSO. This HPLC method allows separation of intact LD–LA
rom its degradation products (see below). Control experiments
LD–LA was extracted from physical mixtures of drug and polymer
s described above) demonstrated that the drug was quantita-
ively recovered. Further, it was shown that no detectable prodrug
ydrolysis occurred during sample preparation and analysis.

.4. In vitro release studies

Drug release of PLGA loaded microspheres was monitored at
7 ◦C, under constant shaking and sink conditions, in buffers of
H 4.5 and 7.4. Microspheres (5 mg) were suspended in 1.5 mL of
elease buffer and incubated while gently shaken. After centrifuga-
ion, the supernatants were removed completely and replaced with
resh buffer solutions. The drug release in pH 4.5 acetate buffer
0.02 M acetic acid, 0.012 M NaOH) was monitored by filtering
he release samples through 0.2 �m filters (Grace Davison Dis-

overy Science) and analysing the filtrates with the HPLC method
escribed in Section 2.3. Calibration was done with LD–LA dissolved

n pH 4.5 acetate buffer.
The drug release in pH 7.4 phosphate buffer (PBS, 0.033 M

aH2PO4, 0.066 M Na2HPO4, 0.056 M NaCl and 0.05% (w/w) NaN3),
Pharmaceutics 409 (2011) 289–296 291

was determined as follows. Since at this pH the released drug
undergoes degradation, making quantification of the amount of
drug released difficult, we determined the intact, non-released
prodrug in the microspheres. In detail, the microspheres were sep-
arated from the buffer by centrifugation, washed twice with water,
flash-frozen in liquid nitrogen and freeze-dried overnight. The drug
content of the microspheres was determined by the same method
as described in Section 2.3.

2.5. Drug hydrolysis

The LD–LA chemical hydrolysis at pH 4.5 and pH 7.4 was studied
at 37 ◦C by means of HPLC–MS analysis. LD–LA was first dissolved
in methanol (5 mg/mL) and 1.2 �L of this solution was diluted
both in PBS and in acetate buffer (composition see Section 2.4)
to a final volume of 2.0 mL to obtain a final concentration of
30 �g/mL. At different time points, 20 �L of each sample was ana-
lyzed using the HPLC method described in Section 2.3. The eluent
was buffered at pH 4.5 with formic acid and NaOH. Calibration
was done with solutions of LD–LA in the same medium. The sep-
aration of the intact compound from its decomposition products
was achieved by a Waters SunFire C18 RP column. The identity of
the different degradation products was established using LC–MS
by means of an SCL-10A VP system controller, an LC-10AD VP liq-
uid chromatograph, a column oven CTO-10AS VP and an SPD-10A
VP UV–vis detector (Shimadzu Scientific Instruments) connected
with a Finningan LCQ Deca XP MAX ion trap mass spectrometer
equipped with an electron spray ionization source (Thermo Elec-
tron Corporation).

3. Results and discussion

3.1. Preparation and characterization of LD–LA loaded PLGA
microspheres

LD–LA loaded PLGA microspheres were prepared by an oil-
in-water emulsion/solvent evaporation technique (o/w ESE), a
frequently used method to encapsulate hydrophobic compounds
that like LD–LA are highly soluble in volatile organic solvents
(Wischke and Schwendeman, 2008). PVA was used as an emulsifier.
It is known that a fraction of PVA (the preferred stabilizer for the
preparation of PLGA formulations) adsorbs onto the microspheres
surface and cannot be completely removed despite washing
because PVA forms an interconnected network with the polymer
at the interface (Alléman et al., 1993; Sahoo et al., 2002). Although
PVA is not biodegradable, it is water-soluble and its renal excretion
can be expected when the molecular mass is below 40 kDa (Besheer
et al., 2007; De Merlis and Shoneker, 2003), like in this case (PVA
used had an average molecular weight of 13–23 kDa).

The effect of formulation parameters (polymer concentration in
the organic solvent, volumes ratio of the phases, rate of the organic
solvent evaporation) on microsphere characteristics (size, loading
efficiency, morphology) was evaluated (Table 1). The microspheres
were obtained in a good yield (usually >70%). Table 1 shows that an
increase in PLGA concentration resulted increasing microspheres
sizes and polydispersity (for example compare F2 and F4). These
phenomena can be ascribed to an increase of the viscosity of the
oil phase that results in a reduction of the stirring efficiency, which
in turns yields polydispersed and larger emulsified droplets and
consequently larger microspheres with a rather broad size range

(Zhu et al., 2003; Ghassemi et al., 2009). Moreover, it was shown
by Rosca et al. (2004) that the shrinkage factor (the ratio between
the diameter of the emulsion droplets and the diameter of the
solvent-free microparticles) is larger for lower polymer concentra-
tions, contributing to a further decrease of the microspheres size.
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3.2. LD–LA chemical hydrolysis

As mentioned in Section 1, LD–LA is susceptible to both chemical
and enzymatic degradation (Scheme 1). Degradation can occur dur-
ing preparation of the microspheres and during storage, whereas
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Fig. 3. S.E.M. images of F2, F4, F6, F

n order to obtain injectable microparticles for depot applications,
particle size range of 20–100 �m is usually desired (Wischke and
chwendeman, 2008), which goal was reached for all the formula-
ions. Polydispersity of microspheres is invariably associated with
mulsion-based preparation techniques (Jalil and Nixon, 1990;
each et al., 2005). Accusizer measurements (Fig. 2) showed that the
icrospheres prepared using a DCM solution of 200 mg PLGA/mL

ad a rather narrow size distribution, whereas at increasing poly-
er concentration (800 mg/mL) the particle size range broadened.
S.E.M. analysis shows that an increase in polymer concentration

ffected also the morphology of the microspheres. Microparti-
les prepared using 200 mg PLGA/mL DCM (Fig. 3, F2) had holes
nd some particles were even collapsed, whereas microparticles
repared using the double concentration were considerably less
orous and no collapsed structures were observed (Fig. 3, F4). Pre-
aturation of the aq-ph with DCM, which reduces the rate with
hich DCM is extracted into the aqueous phase and thus the rate

f particle solidification (Wischke and Schwendeman, 2008; Rosca
t al., 2004; Soppimath and Aminabhavi, 2002), also resulted in
mooth, non porous particles (Fig. 3, F6 and F7). Particles prepared
sing a DCM solution with a high PLGA concentration (800 mg/mL)
ere non-porous, but, in agreement with Accusizer data (Fig. 2)

howed a rather broad size distribution (Fig. 3, F8).
The LD–LA loading efficiency was around 50% (except formu-

ations F8 and F9) and not substantially influenced by formulation
arameters. Fig. 4 shows the thermograms of the LD–LA, the empty
articles and the drug-loaded particles (formulations F4 and F5,
ffective drug loading 3.4% and 14%, respectively). Single Tg’s are
bserved in the four thermograms. Interestingly, the Tg’s of the
D–LA loaded microspheres are between that of the empty micro-

◦ ◦
pheres (47.3 C) and that of LD–LA (1.5 C), and perfectly matches
he value calculated using the Fox’s equation (Gedde, 1995):

1
Tg

=
∑(

wi

Tgi

)
(1)
nd F9 microspheres formulations.

where Tg is the glass transition temperature of a miscible poly-
meric blend or a plasticized polymer (in K), Tgi indicates that of the
component i of the mixture and wi is its weight fraction. The good
agreement between the observed Tg and the one calculated using
Fox’s equation means that LD–LA is molecularly dispersed in the
PLGA microspheres, at least up to a prodrug amount of 14% (Gedde,
1995; Blasi et al., 2007; Hombreiro-Pérez et al., 2003). Additional
DSC analyses were performed on the other formulations, with anal-
ogous results (see Supplementary data section).
120100806040200-20-40

Temperature (°C)Exo Up Universal V4.5A TA Instruments

Fig. 4. Thermograms of LD–LA (Tg = 1.5 ◦C), prodrug loaded microspheres with 14%
(F5, Tg = 39.7 ◦C), 3.4% (F4, Tg = 45.3 ◦C) of EDL, and empty microspheres prepared in
the same conditions (Tg = 47.3 ◦C).
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[A]t = [A]0e−k1t (3)

[B]t = [A]0

(
k1

k2 − k1

)
(e−k1t − e−k2t) (4)
cheme 1. LD–LA multistage chemical hydrolysis (kinetic constants values are for
t the catecholic moiety, is supposed to exist as mixture of two isomers because of t
ccurs in solution (Ihara et al., 1990).

D–LA can also degrade in the particles once incubated at 37 ◦C in
n aqueous buffer and after being released. The drug loading was
etermined by HPLC analysis as described in Section 2.3. The reten-
ion time of the intact prodrug was 20 min, while its degradation
roducts had shorter retention times. However, no other peaks in
he chromatograms were detected, demonstrating that no degra-
ation of LD–LA occurred during preparation and storage at room
emperature for 1–4 weeks of the microspheres (data not shown).

The LD–LA degradation kinetics were studied using LC–MS anal-
sis. The intact prodrug (A) undergoes a base-catalyzed multistage
egradation process. Firstly, it is deacetylated at the catecholic
oiety with first-order kinetics to yield intermediate B that subse-

uently, more rapidly [because of the stabilization of the transition
tate by the formed OH group and because of the less steric hin-
rance (Ihara et al., 1990)], degrades into product C (still able to
ross the BBB and pharmacologically active). This last compound
hen degrades into a not identified product D, probably formed by
ydrolysis of the methyl ester at position 1 (Scheme 1). The degra-
ation of LD–LA was studied by incubation of this compound at pH
.4 and 4.5, and at 37 ◦C. At pH 4.5 no detectable degradation of
D–LA was observed during 48 h of incubation. At pH 7.4 however,
D–LA rapidly degraded. To determine the kinetic constants of the
ifferent reactions, the concentration of the different compounds is
lotted against time (Fig. 5). The monoacetyl degradation product
is in equilibrium with an isomer formed by acyl migration. The

onversion of the one isomer into the other is so rapid (Ihara et al.,
990) that the two isomers elute as a single entity. The decrease in
rodrug concentration [A] follows first order kinetics:

n[A]t = −k1 · ln[A]0 (2)

here [A]t and [A]0 are the concentrations of A at time t and at

ime zero, respectively and k1 is the first order reaction constant,
alculated from the slope of the ln[A] versus time plot. k2 was cal-
ulated from the time point (see Fig. 5) at which the concentration
f the monoacetyl intermediate, [B], reached its maximum value
nd a plateau (‘steady state’). At that time point the rate of for-
drolysis in PBS at 37 ◦C). The intermediate B, resulting from the first deacetylation
id and reversible O → O acyl migration between the neighbor hydroxyl groups that

mation of B equals the rate of degradation of B, (or: k1[A] = k2[B]).
Thus, from the calculated k1 and experimental [A] and [B] at that
time point, k2 was calculated. A plateau in the second degradation
product concentration [C] can be also observed. Therefore, a steady
state situation exists, i.e. k2[B] = k3[C], and k3 can be calculated. In
Scheme 1, the calculated values for k1–k3 are given, corresponding
with a half life of 6.7, 0.89 and 17 h at pH 7.4 and 37 ◦C for compound
A, B and C, respectively. In a previous study we have demonstrated
that the degradation products B and C are still pharmacologically
active, but because of a higher hydrophilicity they are less able to
pass the BBB and they are more susceptible for enzymatic degrada-
tion (Di Stefano et al., 2006). To verify the reliability of the calculated
constants, they were put in the following equations describing the
concentration of compounds A, B and C assuming two consecutive
first-order reactions (Atkins, 1997):
Fig. 5. Fitting of the theoretical curves (solid lines) to experimental data of relative
concentrations (ratio between concentration at time t and concentration of start-
ing compound A at time zero) of intact prodrug A and its first (B) and second (C)
hydrolysis products during time.
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It can be concluded that formulation parameters strongly affect
the microspheres’ characteristics (including the drug release rate),
in particular observing the differences between formulations F6
and F7. They were prepared using the same polymer concentra-
tion in the oil-phase, but different phase volume ratios (affecting

Table 2
Effects of the type of microspheres on the apparent diffusion coefficient D of LD–LA
within the system.

Formulation D (10−12 cm2/s) R2

F2 0.51 0.99
94 E. D’Aurizio et al. / International Jour

C]t = [A]0

{
1 +

(
1

k1 − k2

)
(k2 · e−k1t − k1 · e−k2t)

}
(5)

here [A]0 is the concentration of the intact compound A at time
ero and [A]t, [B]t and [C]t are the concentrations at time t of com-
ounds A, B and C, respectively. An excellent fit of the experimental
ata is found (Fig. 5).

.3. In vitro drug release

In the previous section it was demonstrated that the LD–LA
rodrug is rather unstable at pH 7.4, but has a good stability at
H 4.5. Normally, release studies with drug-loaded PLGA systems
re performed at pH 7.4 (Fernández-Carballido et al., 2004; Janoria
nd Mitra, 2007; Ghassemi et al., 2009). But, because in buffer of
H 7.4 the drug will degrade, we cannot distinguish whether or
ot the drug undergoes (unwanted) degradation in the hydrated
LGA microspheres or in the bulk fluid. Therefore, we selected the
ollowing experimental set up for getting insight into the release
roperties of the LD–LA loaded microspheres and the stability of
he prodrug in the hydrated PLGA particles. The microspheres were
ncubated in a pH 7.4 buffer and the remaining (non-released)
mount of prodrug in the microspheres was measured as a function
f time by dissolving the particles in DMSO. Also, the release was
ollowed at pH 4.5 by measuring the LD–LA concentration in the
uffer at pre-determined time points. It was found that no degrada-
ion of the prodrug in the PLGA particles occurred upon incubation
or 260 h at 37 ◦C. Likely, although the PLGA particles absorb some
ater [less than 15% (Shenderova et al., 1999)], the water activ-

ty is obviously too low to induce chemical hydrolysis of the ester
onds in the prodrug. Also, the low pH generated in the matrix
ue to the COOH end-groups of the polymer (Sophocleous et al.,
009; Wong-Moon et al., 2008) might be responsible for stability
f the prodrug. Importantly, it was found that the amount of intact
rodrug present in the microspheres incubated in pH 7.4 buffer
t time t (Qin) equaled the difference between the loaded drug
mount (Qenc) and the drug amount released at time t from the
ame microsphere formulations suspended in pH 4.5 buffer (Qout):

in(t) = Qenc − Qout(t) (6)

It can therefore be concluded that: (i) LD–LA is not degraded
hile entrapped inside the microspheres and (ii) there is no signif-

cant difference in drug release from these formulations between
H 4.5 and pH 7.4. The release of LD–LA from the microspheres
emonstrated to be fast compared to the degradation time of PLGA
atrices in microspheres (Anderson and Shive, 1997). In this short

eriod a potential impact of the pH of the release medium on poly-
er matrix erosion and drug release seems to be negligible.
Fig. 6 shows the experimentally measured release profiles

f LD–LA from the different microsphere formulations. The fol-
owing analytical solution of Fick’s second law of diffusion was
sed to describe LD–LA release from the investigated PLGA-based
icrospheres. This model considers the spherical geometry of the

ystems, homogeneous initial drug distribution, perfect sink con-
itions during the release experiment and the fact that LD–LA is
olecularly distributed within the polymeric matrix (monolithic

ystem). It is based on the assumption that drug release is purely
ontrolled by diffusion with constant diffusivities (Faisant et al.,
002; Arifin et al., 2006):

M∞ − Mt = 6 ·
∞∑ 1 · exp

(
−n2 · �2

· D · t

)
(7)
M∞ �2
n=1

n2 R2

here M∞ and Mt denote the absolute cumulative amounts of
rug released at infinite time and time t, respectively; R repre-
ents the average radius of the microspheres and D the apparent
Fig. 6. In vitro LD–LA release profiles from the different formulations studied: exper-
iment (symbols) and theory (curves, Eq. (7)).

diffusion coefficient of the drug in the PLGA matrix (neglecting
size-distribution effects). The curves in Fig. 6 show fittings of this
equation to the experimentally measured drug release kinetics
(symbols). Based on these calculations, the apparent diffusion coef-
ficient of LD–LA in each formulation could be determined (Table 2).
The good agreement between the applied theory and the exper-
imental data for the different microsphere formulations indicates
that pure diffusion is likely to be the dominant drug release mecha-
nism for all formulations. The drug release profiles of formulations
F7, F8 and F9 were very similar and similar apparent diffusion
coefficients were determined (Table 2). This is sound, since the
average microparticle sizes were in the same range for these formu-
lations (Table 1). In contrast, F2, F4 and F6 microparticles showed
faster drug release rates (Fig. 6). This is likely to be attributable
to the porosity of these systems, which were prepared using less
concentrated PLGA solutions in DCM (even though F6 microparti-
cles mainly show a non-porous outer surface, probably because of
the too low magnification of S.E.M. pictures (Rosca et al., 2004)).
The surface porosity of PLGA microspheres prepared by o/w single
emulsion method depends indeed on the extent of shrinkage of the
emulsion oil-droplets due to DCM evaporation from the forming
microspheres, and the extent of shrinkage is significant during the
intense solvent elimination from initial droplets with low polymer
concentration (Rosca et al., 2004). In the case of F2 microspheres,
also the small size of the systems (Table 1) explains the observed
rapid drug release rate: the shorter diffusion pathway lengths even
overcompensate the lower apparent LD–LA diffusivity compared
to formulations F4 and F6 (Table 2). The fact that F6 microparticles
released the drug more slowly than F2 or F4 formulations (espe-
cially at early times) might be attributable to the less porous surface
of the systems (Fig. 3).
F4 2.50 0.99
F6 1.25 0.98
F7 0.30 0.98
F8 0.18 0.98
F9 0.25 0.99
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he rate of DCM extraction and subsequent microspheres solid-
fication): probably the faster solidification of F6 microspheres
ed to a less dense polymeric matrix compared to formulation F7
Soppimath and Aminabhavi, 2002) and so to a faster release of the
rug. This is in good agreement with the higher apparent diffusion
oefficient of the drug in formulations F6 versus F7 (Table 2). Anal-
gously, the effect of the polymer concentration of the oil-phase
n drug release becomes obvious when comparing formulations
6 and F8: they were both prepared with the same phase volume
atio and using aqueous phases saturated with DCM, but F8 was pre-
ared using twice the concentration of PLGA (800 mg/mL). Clearly,
8 released the drug more slowly than F6 (400 mg PLGA/mL) and
ad an apparent diffusion coefficient, which was smaller than that
f F6 microparticles. The higher polymer concentration is likely to
esult in smoother and denser polymeric structures and, thus, more
ronounced hindrance for LD–LA diffusion.

. Conclusions

The antiparkinson prodrug LD–LA can be loaded with high effi-
iency into PLGA microspheres made by o/w ESE method. Analyses
f microspheres content did not reveal degradation of the loaded
rodrug neither during microspheres preparation, nor during stor-
ge of the dried formulations, nor once they were incubated in
elease conditions. Probably thanks to its acidic micro-climate, the
LGA microsphere matrix was able to protect the dissolved pro-
rug from the chemical hydrolysis it undergoes under physiological
onditions. For all the formulations prepared the microspheres
ize was between 20 and 100 �m, like desired for injectable
epot applications. Critical formulation and processing parameters
trongly affected size and porosity of microspheres, with conse-
uent influence on drug release rate. In particular, the polymer
oncentration in the organic phase, the phases volume ratio and the
re-saturation of the aqueous phase with the organic solvent have
n important effect on stirring efficiency and oil-droplets solidifica-
ion rate, and in consequence on microspheres size, polydispersity
nd porosity. DSC studies indicated that the prodrug was molec-
larly dissolved in the polymeric matrix of the microspheres, up
o a concentration of 14% (w/w). Prodrug release is basically gov-
rned by diffusion and can be tailored by controlling the above
entioned formulation and processing parameters, so that a sus-

ained prodrug release via Fickian diffusion can be obtained up to
ore than one week from microspheres formulated under appro-

riate conditions. Future studies should be done in order to verify
f the sustained release properties observed in vitro could result
n an in vivo continuous dopaminergic stimulation, which is the
eeded condition to limit the motor complications characterizing
arkinson’s disease.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.ijpharm.2011.02.036.

eferences

bbas, A.O., Donovan, M.D., Salem, A.K., 2008. Formulating poly(lactide-co-
glycolide) particles for plasmid DNA delivery. J. Pharm. Sci. 97, 2448–2461.

lléman, E., Leroux, J.-C., Gurny, R., Doelker, E., 1993. In vitro extended release
properties of drug-loaded poly(dl-lactic acid) nanoparticles produced by a
salting-out procedure. Pharm. Res. 10, 1732–1737.

ndersen, J.K., 2004. Iron dysregulation and Parkinson’s disease. J. Alzheimers Dis.
6, S47–S52.
nderson, J., Shive, M., 1997. Biodegradation and biocompatibility of PLA and PLGA
microspheres. Adv. Drug Deliv. Rev. 28, 5–24.

rifin, D.Y., Lee, L.W., Wang, C.H., 2006. Mathematical modeling and simulation of
drug release from microspheres: implications to drug delivery systems. Adv.
Drug Deliv. Rev. 58, 1274–1325.

tkins, P.W., 1997. Physical Chemistry, Sixth ed. Freeman, W.H., and Co., New York.
Pharmaceutics 409 (2011) 289–296 295

Ben-Shachar, D., Riederer, P., Youdim, M.B.H., 1991. Iron–melanin interaction and
lipid peroxidation: implications for Parkinson’s disease. J. Neurochem. 57,
1609–1614.

Besheer, A., Mäder, K., Kaiser, S., Kressler, J., Weis, C., Odermatt, E.K., 2007. Tracking
the urinary excretion of high molar mass poly(vinyl alcohol). J. Biomed. Mater.
Res. B: Appl. Biomater. 82B, 383–389.

Bindoli, A., Rigobello, M.P., Deeble, D.J., 1992. Biochemical and toxicological prop-
erties of the oxidation products of catecholamines. Free Radic. Biol. Med. 13,
391–405.

Blandini, F., Greenamyre, J.T., 1999. Protective and symptomatic strategies for ther-
apy of Parkinson’s disease. Drugs Today 35, 473–483.

Blasi, P., Schoubben, A., Giovagnoli, S., Perioli, L., Ricci, M., Rossi, C., 2007. Ketoprofen
poly(lactide-co-glicolide) physical interaction. AAPS PharmSciTech. 8, 78–85.

Dauer, W., Przedborski, S., 2003. Parkinson’s disease: mechanisms and models. Neu-
ron 39, 889–909.

De Luca, P., Mehta, R., Hausberger, G., Thanoo, B., 1993. Biodegradable polyesters for
drug and polypeptide delivery. In: El-Nokaly, M., Piatt, D., Charpentier, B. (Eds.),
Polymeric Delivery Systems. American Chemical Society, Washington, DC, pp.
53–79.

De Merlis, C.C., Shoneker, D.R., 2003. Review of the oral toxicity of polyvinyl alchohol
(PVA). Food Chem. Toxicol. 41, 319–326.

Di Stefano, A., Mosciatti, B., Cingolani, G.M., Giorgioni, G., Ricciutelli, M., Cacciatore,
I., Sozio, P., Claudi, F., 2001. Dimeric l-dopa derivatives as potential prodrugs.
Bioorg. Med. Chem. Lett. 11, 1085–1088.

Di Stefano, A., Sozio, P., Cocco, A., Iannitelli, A., Santucci, E., Costa, M., Pecci, L.,
Nasuti, C., Cantalamessa, F., Pinnen, F., 2006. l-Dopa- and dopamine-(R)-�-lipoic
acid conjugates as multifunctional codrugs with antioxidant properties. J. Med.
Chem. 49, 1486–1493.

Duvoisin, R., 1987. History of parkinsonism. Pharmacol. Ther. 32, 1–17.
Elkharraz, K., Faisant, N., Guse, C., Siepmann, F., Arica-Yegin, B., Oger, J.M., Gust, R.,

Goepferich, A., Benoit, J.P., Siepmann, J., 2006. Paclitaxel-loaded microparticles
and implants for the treatment of brain cancer: preparation and physicochem-
ical characterization. Int. J. Pharm. 314, 127–136.

Fahn, S., 2006. Levodopa in the treatment of Parkinson’s disease. J. Neural. Transm.
S71, 1–15.

Faisant, N., Siepmann, J., Benoit, J.P., 2002. PLGA-based microparticles: elucidation of
mechanisms and a new, simple mathematical model quantifying drug release.
Eur. J. Pharm. Sci. 15, 355–366.

Fernández-Carballido, A., Herrero-Vanrell, R., Molina-Martínez, I.T., Pastoriza, P.,
2004. Biodegradable ibuprofen-loaded PLGA microspheres for intraarticular
administration. Effect of Labrafil addition on release in vitro. Int. J. Pharm. 279,
33–41.

Fournier, E., Passirani, C., Montero-Menei, C.N., Benoit, J.P., 2003. Biocompatibility of
implantable synthetic polymeric drug carriers: focus on brain biocompatibility.
Biomaterials 24, 3311–3331.

Gedde, U.W., 1995. Polymer Physics, First ed. Chapman & Hall, London.
Ghassemi, A.H., van Steenbergen, M.J., Talsma, H., van Nostrum, C.F., Jiskoot, W.,

Crommelin, D.J.A., Hennink, W.E., 2009. Preparation and characterization of
protein loaded microspheres based on a hydroxylated aliphatic polyester,
poly(lactic-co-hydroxymethyl glycolic acid). J. Control. Release 138, 57–63.

Gibb, W.R.G., 1992. Neuropathology of Parkinson’s disease and related syndromes.
Neurol. Clin. 10, 361–376.

Giovagnoli, S., Blasi, P., Ricci, M., Shoubben, A., Perioli, L., Rossi, C., 2008. Physic-
ochemical characterization and release mechanism of a novel prednisone
biodegradable microsphere formulation. J. Pharm. Sci. 97, 303–317.

Hombreiro-Pérez, M., Siepmann, J., Zinutti, C., Lamprecht, A., Ubrich, N., Hoffman,
M., Bodmeier, R., Maincent, P., 2003. Non-degradable microparticles containing
a hydrophilic and/or a lipophilic drug: preparation, characterization and drug
release modeling. J. Control. Release 88, 413–428.

Ihara, M., Nakajima, S., Hisaka, A., Tsuchiya, Y., Sakuma, Y., Suzuki, H., Kitani, K.,
Yano, M., 1990. Hydrolysis and acyl migration of a catechol monoester of l-dopa:
l-3-(3-hydroxy-4-pivaloyloxyphenyl)alanine. J. Pharm. Sci. 79, 703–708.

Jain, R.A., 2000. The manufacturing techniques of various drug loaded biodegradable
poly(lactide-co-glycolide) (PLGA) devices. Biomaterials 21, 2475–2490.

Jalil, R., Nixon, J.R., 1990. Microencapsulation using poly(l-lactide). II. Preparative
variables affecting microcapsule properties. J. Microencapsulation 7, 25–39.

Janoria, K.G., Mitra, A.K., 2007. Effect of lactide/glycolide ratio on the in vitro release
of ganciclovir lipophilic prodrug (GCV-monobutyrate) from PLGA microspheres.
Int. J. Pharm. 338, 133–141.

Jiang, W., Gupta, R.K., Deshpande, M.C., Schwendeman, S.P., 2005. Biodegradable
poly(lactic-co-glycolic acid) microparticles for injectable delivery of vaccine
antigens. Adv. Drug Deliv. Rev. 57, 391–410.

Leach, W.T., Simpson, D.T., Val, T.N., Yu, Z., Lim, K.T., Park, E.J., Williams III, R.O.,
Johnston, K.P., 2005. Encapsulation of protein nanoparticles into uniform-sized
microspheres formed in a spinning oil film. AAPS PharmSciTech. 6, art. 75.

Packer, L., Tritschler, H.J., Wessel, K., 1997. Neuroprotection by the metabolic antiox-
idant alpha-lipoic acid. Free Radic. Biol. Med. 22, 359–378.

Rosca, I.D., Watari, F., Uo, M., 2004. Microparticle formation and its mechanism
in single and double emulsion solvent evaporation. J. Control. Release 99,
271–280.
Sahoo, S.K., Panyam, J., Prabha, S., Labhasetwar, V., 2002. Residual polyvinyl alco-
hol associated with poly (dl-lactide-co-glycolide) nanoparticles affects their
physical properties and cellular uptake. J. Control. Release 82, 105–114.

Shenderova, A., Burke, T.G., Schwendeman, S.P., 1999. The acidic microclimate in
poly(lactide-co-glycolide) microspheres stabilizes camptothecins. Pharm. Res.
16, 241–248.

http://dx.doi.org/10.1016/j.ijpharm.2011.02.036


2 nal of

S

S

S

T
V

96 E. D’Aurizio et al. / International Jour

mith, A.R., Shenvi, S.V., Widlansky, M., Suh, J.H., Hagen, T.M., 2004. Lipoic acid as
a potential therapy for chronic diseases associated with oxidative stress. Curr.
Med. Chem. 11, 1135–1146.

ophocleous, A.M., Zhang, Y., Schwendeman, S.P., 2009. A new class of inhibitors of
peptide sorption and acylation in PLGA. J. Control. Release 137, 179–184.
oppimath, K.S., Aminabhavi, T.M., 2002. Ethyl acetate as a dispersing solvent in
the production of poly(dl-lactide-co-glycolide) microspheres: effect of process
parameters and polymer type. J. Microencapsulation 19, 281–292.

anner, C.M., 1992. Epidemiology of Parkinson’s disease. Neurol. Clin. 10, 317–329.
arde, N.K., Pack, D.W., 2004. Microspheres for controlled release drug delivery.

Expert Opin. Biol. Ther. 4, 35–51.
Pharmaceutics 409 (2011) 289–296

Wischke, C., Schwendeman, S.P., 2008. Principles of encapsulating hydrophobic
drugs in PLA/PLGA microparticles. Int. J. Pharm. 364, 298–327.

Wong-Moon, K.C., Sun, X., Nguyen, X.C., Quan, B.P., Shen, K., Burke, P.A., 2008. NMR
spectroscopic evaluation of the internal environment of PLGA microspheres.
Mol. Pharm. 5, 654–664.
Ye, M., Kim, S., Park, K., 2010. Issues in long-term protein delivery using biodegrad-
able microparticles. J. Control. Release 146, 241–260.

Zhu, K.J., Zhang, J.X., Wang, C., Yasuda, H., Ichimaru, A., Yamamoto, K., 2003. Prepa-
ration and in vitro release behaviour of 5-fluorouracil-loaded microspheres
based on poly (l-lactide) and its carbonate copolymers. J. Microencapsulation
20, 731–743.


	Preparation and characterization of poly(lactic-co-glycolic acid) microspheres loaded with a labile antiparkinson prodrug
	Introduction
	Materials and methods
	Materials
	Preparation of the microspheres
	Microspheres characterization
	In vitro release studies
	Drug hydrolysis

	Results and discussion
	Preparation and characterization of LD–LA loaded PLGA microspheres
	LD–LA chemical hydrolysis
	In vitro drug release

	Conclusions
	Supplementary data
	Supplementary data


