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a b s t r a c t

Amphiphilic biodegradable core–shell nanoparticles were prepared by emulsification–solvent evap-
oration technique from diblock copolymers which were synthesized by chemical coupling
of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) P(3HB-co-3HV) or poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) P(3HB-co-4HB) to monomethoxy poly(ethylene glycol) (mPEG) through transester-
ification reaction. The nanoparticles were found to be assembled in aqueous solution into an outer
hydrophilic shell of mPEG connected to the interior hydrophobic polyhydroxyalkanoate (PHA) copolymer
core, which was identified by a comparative analysis of enzymatic degradation of the mPEG-coupled and
non-coupled PHA nanoparticles. Morphological examination under atomic force microscope showed
the formation of smooth spherically shaped nanoparticles. The average particle sizes and zeta poten-
iocompatibility
rug release

tials of amphiphilic nanoparticles were in the range of 112–162 nm and −18 to −27 mV, respectively.
A hydrophobic drug thymoquinone was encapsulated in the nanoparticles and its release kinetics was
studied. The in vitro cytotoxicity evaluation of the nanoparticles on prenatal rat neuronal hippocampal
and fibroblast cells revealed that biocompatibility of the amphiphilic nanoparticles was generally inde-
pendent of the ratio of comonomer units in the PHA block. In conclusion, the amphiphilic nanoparticles
contained the hydrophobic PHA segments buried in the core and could thus be used as safe carriers for

variet
the controlled release of

. Introduction

Over the past few decades, there has been considerable
rogress in developing biodegradable nanoparticles as effective
rug delivery devices (Soppimath et al., 2001). Different types of
iodegradable polymers both synthetic and natural have been uti-

ized in the preparation of nanoparticles (Moghimi et al., 2001;
ans and Lowman, 2002). Nanoparticles are submicron-sized poly-
eric colloidal particles with a size range from 1 to 1000 nm

nd drugs may be encapsulated, adsorbed or dispersed in them
Soppimath et al., 2001; Panyam and Labhasetwar, 2003; Letchford
nd Burt, 2007). Recently, biodegradable polymeric nanoparticles
s drug carriers have attracted great research interest because of

heir biocompatibility, biodegradability and sustained release of
rugs (Panyam and Labhasetwar, 2003). Polyhydroxyalkanoates
PHA) are biodegradable thermoplastic polymers produced by

icroorganisms during unbalanced growth condition as inclusion

∗ Corresponding author. Tel.: +82 55 751 5942; fax: +82 55 753 0765.
E-mail address: scyoon@gnu.ac.kr (S.C. Yoon).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.08.008
y of hydrophobic drugs.
© 2010 Elsevier B.V. All rights reserved.

bodies (Anderson and Dawes, 1990; Lenz and Marchessault, 2005).
Different types of PHA homopolymers and copolymers produced
by microorganisms have been suggested to be utilizable as tissue
engineering materials and controlled release drug vectors (Khang
et al., 2001; Köse et al., 2003; Timbart et al., 2004; Yao et al., 2008).
Microparticles prepared from either poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) or blends of PHBV and polycaprolactone
were used for the sustained release of drugs (Khang et al., 2001;
Lionzo et al., 2007). Similarly, wafers produced from PHBV were
also utilized for the release of antibiotics (Khang et al., 2000).
Nanoparticles prepared from poly(3-hydroxybutyrate) (PHB) are
getting much attention because it provides a safe, nontoxic and
biodegradable surface for coating with other materials (Pötter
and Steinbüchel, 2005). Apart from that, according to ISO 10993,
toxicity experiment on PHB indicated that the substance is safe
to be used as nanoparticles in animals (Pötter and Steinbüchel,

2005). However, direct administration of unmodified microbial
polyesters as therapeutic agents were found to induce inflamma-
tory responses in animal tissues (Qu et al., 2006).

The surface modification of a polymer with nontoxic and blood
compatible material is essential in order to avoid recognition by

dx.doi.org/10.1016/j.ijpharm.2010.08.008
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:scyoon@gnu.ac.kr
dx.doi.org/10.1016/j.ijpharm.2010.08.008
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acrophages, to prolong blood circulation time and sustained
elease of the encapsulated drugs (Mosqueira et al., 2001; Duan et
l., 2006). Poly(ethylene glycol) (PEG) is widely used as hydrophilic
ontoxic segment in combination with hydrophobic biodegrad-
ble aliphatic polyesters (Gref et al., 1994; Avgoustakis et al.,
003; Kumar and Homme, 2008; Basu et al., 2009). Incorpora-
ion of a hydrophilic mPEG group on the surface of nanoparticles
as found to show resistance against opsonization and phagocy-

osis and showed prolonged residence time in blood compared
o the nanoparticles prepared without mPEG (Gref et al., 1994;
vgoustakis et al., 2003; Basu et al., 2009). Surface modifica-

ion of a polymer with this nontoxic material reduces the risk of
ide effects developed by the unmodified polymers (Kumar and
omme, 2008). Moreover, PEG has been approved by the Food and
rug Administration for human use and the mPEG released from

he degradation of polyester–mPEG block polymers can be eas-
ly removed from the body via kidneys (Fishburn, 2008; Tang and
ing, 2009).

Low molecular weight biodegradable block copolymers in the
orm of amphiphilic nanoparticles were suggested to be used as
ustained release of variety of hydrophobic drugs (Chen et al., 2006;
ang and Sing, 2009). The use of amphiphilic block copolymers
s advantageous because they possess unique physicochemical
haracteristics such as self-assembly and thermodynamic stabil-
ty in aqueous solution (Gaucher et al., 2005). In the amphiphilic
tructure of polymeric micelles, hydrophobic drug molecules are
olubilized within the hydrophobic cores, whereas the shell main-
ains a hydration barrier that protects the integrity of each micelle
Prabaharan et al., 2009). Encapsulation of drug in the polymeric
anoparticles can deliver effective dose of the pharmacologically
ctive substance to its specific site, particularly to the tumor for
he sustained period of time that could avoid the side effects asso-
iated with multiple dosing of the drug (Duncan, 2006). Polymeric
anoparticles can easily permeabilize the tumor tissues due to the
efective and leaky structure of tumor vessels and impaired lym-
hatic system taking advantage of the enhanced permeability and
etention (EPR) effect (Maeda et al., 2000; Iyer et al., 2006; Bisht
nd Maitra, 2009).

Most of the matrix studies to date focused on the utilization
f PHA copolymers at the level of micron sized particles using
igh molecular weight unmodified PHA copolymers as a com-
onent or a blend form mixed with other polyester (Sendil et
l., 1999; Lionzo et al., 2007). However, compared to nanoparti-
les, the microparticles are bigger and difficult to cross cellular
embranes of the body (Panyam and Labhasetwar, 2003). A

ecreased rate of clearance and extended circulation time have
lso been observed in the nanoparticles with smaller diameter as
ompared to those with larger diameter (Moghimi et al., 1993).
herefore, nanoparticles preparation with smaller diameter from
he low molecular weight PHA–mPEG diblock copolymers may
nhance the therapeutic application of these materials for drug
elivery.

In this study, PHA–mPEG diblock copolymers with different
omposition of PHA copolymers were synthesized. These copoly-
ers were then assembled into core–shell nanoparticles using

mulsification–solvent evaporation method. To the best of our
nowledge this is the first report which describes the synthesis
f nanoparticles utilizing PHA copolymers in combination with
PEG as nontoxic biocompatible material. The formed nanopar-

icles were characterized in terms of morphology, size, surface
harge and core–shell assembly. To assess the suitability of the

anoparticles as delivery vehicles for hydrophobic drugs, thymo-
uinone (TQ) was employed as a model hydrophobic drug in the
anoparticles and studied its release kinetics in vitro. The biocom-
atibility of the nanoparticles was evaluated in vitro using prenatal
at neuronal hippocampal cells and NIH/3T3 fibroblast cell line.
harmaceutics 400 (2010) 165–175

2. Materials and methods

2.1. Materials

The copolymers P(3HB-co-12 mol% 3HV) and P(3HB-co-33 mol%
3HV) were produced by Hydrogenophaga pseudoflava 33668 in
PHA synthesis mineral medium containing 10 g/L glucose and 0.4
and 1.5 mL/L �-valerolactone, respectively, and cultivated at 35 ◦C
for 96 h. The copolymers P(3HB-co-6 mol% 4HB) and P(3HB-co-
20 mol% 4HB) were produced by cultivating Ralstonia eutropha
H16 in PHA synthesis mineral medium containing 10 g/L fruc-
tose and 1 and 4 mL/L �-caprolactone, respectively, at 30 ◦C for
96 h. Monomethoxy poly(ethylene glycol), mPEG [number average
molecular weight (Mn) = 2000], bis(2-ethylhexanoate) tin catalyst,
sodium deoxycholate, dichloromethane (DCM), and TQ were pur-
chased from Sigma–Aldrich Korea Ltd. All other chemicals used
were of analytical grades. Polyesters were extracted from an appro-
priate amount of cells, which had been dried overnight at 50 ◦C
under a vacuum. Extraction was performed with hot chloroform in
a Pyrex Soxhlet apparatus for 6 h. The concentrated solvent extract
was precipitated in rapidly stirred cold methanol.

2.2. Synthesis of diblock copolymers

The synthesis of PHA–mPEG diblock copolymers was carried out
by transesterification method in the melt as previously described
(Ravenelle and Marchessault, 2002, 2003). Briefly, a 25 mL round
bottom flask was loaded with weight ratio of 1:1 of the PHA
copolymer and mPEG fitted with magnetic stirrer. The reaction
was carried out in a preheated oil bath at 190 ◦C, under vacuum.
Almost 70 mg of the bis(2-ethylhexanoate) tin catalyst was added
into the flask through a rubber septum using a syringe under
the flow of nitrogen. The reaction was done for 20–30 min with
continuous stirring. After completion, the flask was removed and
cooled in ice or at room temperature yielding a waxy product.
The PHA–mPEG diblock copolymer obtained was dissolved in 5 mL
chloroform and then poured dropwise into 100 mL distilled water
forming an emulsion. The emulsion was stirred vigorously with
a magnetic stirrer to evaporate the organic solvent. A colloidal
suspension was formed which was purified by dialyzing against
distilled water using 12,000–14,000 Da molecular weight cutoff
membrane for a week. The resulting purified diblock copolymer
was then lyophilized to obtain light whitish powder (yield 70–80%).

2.3. Characterization of diblock copolymers

Molecular weights and polydispersities of the diblock copoly-
mers were determined by gel permeation chromatography (GPC)
measurements at 30 ◦C using an Agilent 1100 series Gel Permeation
Chromatography system (Agilent, Santa Clara, CA), consisting of a
series of three PLgel columns (105, 103, and 102), an Agilent G1310A
Isocratic pump, an Agilent 1047A RI detector, an Agilent G1316A
column compartment, and an Agilent G1311A vacuum degasser.
Chloroform was used as eluent at a flow rate of 1.0 mL/min.
Polystyrene standards (Polymer Laboratories, Amherst, MA), with
low polydispersity was used for system calibration.

The molecular structures of diblock copolymers were obtained
by 1H NMR with Bruker-DRX-500 MHz spectrometer (Choi and
Yoon, 1994; Choi et al., 1999). The spectra of the samples were
recorded at room temperature in CDCl3. The integration of the split
spectral signals was performed with standard software.
Thermal transitions of the diblock copolymers were measured
under nitrogen purging by using a differential scanning calorimeter
(DSC) Q200 (TA Instruments, New Castle, DE), equipped with a data
station. The heating rate was 10 ◦C/min. The scanning range was
between −50 and 190 ◦C.
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Quantitative determination of the comonomer composition
f the polyesters was determined by analyzing the methyl
sters, recovered from a sulfuric acid/methanol treatment of the
olyesters, using a Hewlett Packard HP5890 Series II gas chromato-
raph equipped with a HP-1 capillary column and a flame ionization
etector (Choi and Yoon, 1994).

.4. Preparation of nanoparticles

Drug loaded amphiphilic nanoparticles were prepared
rom the diblock copolymers by way of a slightly modified
mulsification–solvent evaporation technique, as described previ-
usly (Budhian et al., 2007). Briefly, the diblock copolymer (50 mg)
nd TQ (5 mg) were dissolved in 3 mL of DCM under continuous
tirring. This mixture was added to a 12 mM sodium deoxycholate
olution (50 mL) and the mixture was probe sonicated at 20%
ower for 10 min using a microtip probe sonicator D-12207
Bandelin Electronics, Germany). The emulsion formed was then
ently stirred in a fume hood at room temperature until complete
vaporation of the organic phase was achieved. The nanoparticles
ere purified by centrifugation at 12,000 rpm for 10 min and

hen washed with fresh water two times to remove the excessive
mulsifier and unentrapped free drug. After centrifugation, the
mount of TQ in the supernatant was assayed by spectropho-
ometer (Hewlett Packard UV 8452A) at a wavelength of 450 nm.
he drug encapsulation efficiency of PHA–mPEG nanoparticles
as carried out as described previously (Ravindran et al., 2010).
rug free nanoparticles were prepared by the same method.
our different types of drug loaded and unloaded nanoparticles
P(3HB-co-12 mol% 3HV)–mPEG, P(3HB-co-33 mol% 3HV)–mPEG,
(3HB-co-6 mol% 4HB)–mPEG and P(3HB-co-20 mol% 4HB)–mPEG)
ere prepared and used in this study.

.5. Characterization of nanoparticles

Morphology of nanoparticles was analyzed by atomic force
icroscope (AFM) (Park Systems, PSIA XE-100). The nanoparticles

uspension was dropped onto the freshly cleaved mica surface with
he help of a pipette and allowed to dry at 30 ◦C in incubator. The
mages were obtained using non-contact mode. The cantilever used
or scanning was 125 �m × 30 �m with a nominal force constant
f 42 N/m. The analysis of images was performed with XEI 1.7.1
oftware.

Particle sizes and size distributions were determined by the
ight-scattering method (DLS-8000; Otsuka Electronics Co., Osaka,
apan). For particle size analysis, approximately 10 mL of the
anoparticles suspension was prepared in water and optically ana-

yzed at a scattering angle of 90◦. The mean particle size of each
ample was determined in triplicate and the average values were
alculated. The surface charge of the nanoparticles was measured
n phosphate buffered saline (PBS, pH 7.4) and was characterized in
erms of zeta potential using electrophoretic light-scattering spec-
rophotometer (ELS-8000; Otsuka Electronics Co., Osaka, Japan) at
scattering angle of 20◦.

The core–shell assembly of nanoparticles in aqueous solu-
ion was spectrophotometrically characterized by following
nzymatic degradation of P(3HB-co-12 mol% 3HV)–mPEG and
(3HB-co-20 mol% 4HB)–mPEG diblock copolymers nanoparticles
nd compared with the particles prepared from P(3HB-co-12 mol%
HV) and P(3HB-co-20 mol% 4HB) copolymers. Ralstonia pickettii T1
obtained from Prof. Saito, Kanagawa University, Japan) was used as

source strain of PHB depolymerase. A stable suspension (the ini-

ial absorbance 3.0 ± 0.03 at 660 nm) of the copolymer particles and
PEG capped nanoparticles was prepared with ultra-sonication,

uspended in 50 mM Tris–HCl containing 1 mM MgCl2 (pH 8.0). The
egradation reaction in a shaker bath at 37 ◦C was initiated by the
harmaceutics 400 (2010) 165–175 167

addition of 0.2 �g/mL of purified enzyme. The decrease in turbid-
ity was measured at 660 nm with a spectrophotometer (Hewlett
Packard UV 8452A).

2.6. In vitro drug release studies

The measurement of TQ release from the drug loaded nanopar-
ticles in vitro was carried out in a glass apparatus containing 50 mL
of PBS (pH 7.4) at 37 ◦C as described previously (Prabaharan et al.,
2009). In Brief, 50 mg of the drug loaded nanoparticles was dis-
persed in 5 mL of PBS and placed into a cellulose membrane dialysis
tube (molecular weight cutoff = 3000–3500 Da). The dialysis tube
was then immersed in the release medium (50 mL) and incubated
in a shaker bath (100 rpm) at 37 ◦C. Aliquots of 1 mL were periodi-
cally withdrawn from the solution. The volume of the solution was
held constant by adding 1 mL of fresh buffer solution after each
sampling to ensure sink condition. The amount of TQ released in
the medium was analyzed spectrometrically at 450 nm. The per-
cent release of the TQ was then plotted as a function of dialysis
time. For the control experiment, 5 mg of free TQ was dissolved in
DCM and poured into 5 mL of PBS and sonicated. The organic sol-
vent was evaporated by stirring and most TQ remained dissolved
in the medium with little amount of suspended TQ particles. All
experiments were repeated in triplicate.

2.7. In vitro biocompatibility

2.7.1. Cell culture
The effect of toxicity of the nanoparticles was evaluated using

two types of cells; prenatal rat neuronal hippocampal cells and
NIH/3T3 fibroblast cell line. For the isolation of neuronal cells,
female (n = 7) Sprague–Dawley rats (250 g, Gyeongsang National
University, Neurobiology Laboratory, Jinju, South Korea) were
housed in a temperature-controlled environment with lights from
06:00–20:00 h with food ad libitum. Pregnant rat after (gestational
days) GD 17.5 (time of pregnancy was considered from the day
of insemination equals to GD 0.5) was killed by decapitation and
fetus were removed. Primary cell cultures were prepared from the
hippocampal neurons of prenatal rat. Pooled hippocampal tissues
were treated with 0.25% trypsin–EDTA for 20 min and dissociated
by mechanical trituration in ice-cold calcium and magnesium-free
Hank’s balanced salt solution (pH 7.4). After pelleting by centrifu-
gation, cells were plated (1 × 106 cells/mL) in cell culture plates
pre-coated with polylysine (0.02 g/L) and chamber slides. The cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum, 1 mM
pyruvate, 4.2 mM sodium bicarbonate, 20 mM HEPES, 0.3 g/L bovine
serum albumin, 50 U/mL penicillin, and 50 mg/L streptomycin. The
NIH/3T3 fibroblast cell line (KCLB 21658) was obtained from the
Korean Cell Line Bank (KCLB, Seoul Korea) and were cultured in
DMEM with 10% FBS and incubated for 48 h. A humidified atmo-
sphere at 37 ◦C with 5% CO2 and 95% air was used for maintenance
of cell culture.

2.7.2. MTT assay
The in vitro effect of nanoparticles on toxicity of cells

was investigated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The cells were seeded
in 96-well plates and incubated at 37 ◦C. The nanoparticles dis-
persions (100–500 �g/mL) were added to the cells at desired
concentrations and incubated for 24 h. Cells with culture medium

but with no added nanoparticles were used as positive control.
The cells were incubated at 37 ◦C for 24 h in a humidified 5% CO2
incubator. After incubation cell viability was determined by adding
MTT (5 mg/mL in PBS pH 7.4) to each well and incubated for 4 h at
37 ◦C. To achieve solubilization of formazan crystal formed in viable
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3HV) and peaks (k), (l) and (m) with mPEG. The peak (k) at 4.18 ppm
must be ascribed to the methylene-unit (located at the hydroxyl
terminal of mPEG chain) involved in the coupling between the
PHA and mPEG chain. Similar to PHB–mPEG, P(3HB-co-12 mol%
Fig. 1. A model for the formation of amphiphilic copoly

ells, dimethylsulfoxide was added to each well. The absorbance
f viable cells was measured at 570 nm using a microplate reader
Anthos 2020, Anthos Labtech Instruments, Wals., Austria). The
ell viability (%) relative to control wells containing cell culture
ithout nanoparticles was calculated by [A]test/[A]control × 100.

.7.3. Fluoro-Jade-B (FJB) staining
Fluoro-Jade-B (FJB) staining was performed as previously

escribed (Johnson, 1995; Naseer et al., 2010). Briefly, pri-
ary hippocampal neuronal cell cultures were grown in vitro

n polylysine-coated chamber slides. Cells were treated with
ormal medium as control and with nanoparticles dispersion
100–500 �g/mL) and were incubated for 24 h at 37 ◦C. Chamber
lides were washed with PBS three times for 5 min each and fixed
or 5 min with 4% paraformaldehyde in PBS and stored at −70 ◦C.
ext day the slides were air dried for 3 h and then transferred in
.06% potassium permanganate solution for 10 min. After rinsing

n water, slides were immersed in a solution of 0.1% acetic acid and
.0004% FJB (Calbiochem, San Diego, CA, USA) for 20 min. Slides
ere washed 3 times with distilled water and allowed to dry at

5 ◦C for 10 min. Glass cover slips were mounted on glass slides
ith mounting medium. For images FITC filter was used in confocal
icroscope (Fluoview Olympus, Japan).

.8. Statistical analysis

All results were expressed as mean ± standard deviation of
xperiment performed in triplicates. Statistical differences were
valuated using a one-way analysis of variance (ANOVA) with
tudent’s t-test. Differences were considered to be statistically sig-
ificant at a level of P < 0.05.

. Results and discussion

.1. Synthesis and characterization of PHA–mPEG diblock
opolymers

The transesterification reaction was carried out in the melt
t 190 ◦C for 20–30 min (Scheme 1). In this reaction high molec-

lar weight PHA copolymers were first depolymerized into low
olecular weight macromolecules (Naguyen et al., 2002). The low
olecular weight macromolecules formed reacted with mPEG in

he presence of bis(2-ethylhexanoate) tin as transesterification cat-
lyst giving block copolymers (Ravenelle and Marchessault, 2002).
nanocontainers from PHA–mPEG diblock copolymers.

A model for the synthesis of diblock copolymers and their subse-
quent self-assembly into nanoparticles is also depicted in Fig. 1.

GPC analysis was carried out in order to determine the molecular
weights and molecular weight distributions of diblock copoly-
mers. GPC chromatograms of the purified diblock copolymers and
precursor mPEG are shown in Fig. 2. The GPC chromatograms of
the diblock copolymers exhibited a rather broader unimodal peak
shifted towards higher molecular weights as compared to that of
mPEG prepolymer (Ravenelle and Marchessault, 2002). The appear-
ance of such unimodal peak indicated that no significant amount
of unreacted free precursor prepolymers remained in the puri-
fied product. Table 1 lists the number average molecular weights
(Mn), weight average molecular weights (Mw) and polydispersities
(Mw/Mn) of the diblock copolymers.

The chemical coupling between the carboxyl terminal of PHA
and hydroxyl terminal of mPEG in diblock copolymers (Ravenelle
and Marchessault, 2002) was confirmed by 1H NMR spectroscopy.
The chemical coupling for P(3HB-co-12 mol% 3HV)–mPEG and
P(3HB-co-6 mol% 4HB)–mPEG is shown in Fig. 3A and B, respec-
tively. In Fig. 3A peaks (a)–(j) are associated with P(3HB-co-12 mol%
Fig. 2. GPC chromatograms of the PHA–mPEG diblock copolymers and free mPEG.
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cheme 1. The synthetic scheme for the formation of PHA–mPEG diblock copolym
rocedure (Ravenelle and Marchessault, 2002).

HV)–mPEG also exhibited two minor absorption peaks at 6.96 and
.75 ppm (c and d, respectively) associated with the olefinic end
roup resulting from thermal dehydration of the hydroxyl termi-
al group (Ravenelle and Marchessault, 2002). A similar coupling
as observed for P(3HB-co-6 mol% 4HB)–mPEG diblock copolymer

Fig. 3B).
Thermal transitions of the diblock copolymers were determined

y DSC analysis. All scans were run from −50 to 190 ◦C, except for
PEG which ranged from 35 to 100 ◦C. Table 1 lists the melting tem-

eratures (Tm) of the diblock copolymers. The Tm values of mPEG
lock were observed in the range of 43.1–49.3 ◦C while for PHA
opolymer block from 129.7 to 140.5 ◦C.

.2. Preparation and characterization of nanoparticles

Amphiphilic core–shell biodegradable nanoparticles
ere prepared from the PHA–mPEG diblock copolymers by

mulsification–solvent evaporation technique (Fig. 1). In order
o investigate the morphology of the prepared nanoparticles,
FM observations were conducted. Fig. 4A and B shows typical
on-contact AFM images of the P(3HB-co-33 mol% 3HV)–mPEG
nd P(3HB-co-20 mol% 4HB)–mPEG nanoparticles, respectively.
he AFM images show that the nanoparticles formed as a result
f solvent evaporation were discrete spherically shaped and
mooth in surface morphology, with an average diameter of
ess than 200 nm. But the P(3HB-co-33 mol% 3HV)–mPEG and
(3HB-co-20 mol% 4HB)–mPEG nanoparticles sample exhibited
ome nonuniformly distributed particles in the AFM image (Fig. 4A
nd B). However, when the level of 3HV or 4HB was decreased like
(3HB-co-12 mol% 3HV)–mPEG and P(3HB-co-6 mol% 4HB)–mPEG

elatively uniform distributed particles were observed (data not
hown). The larger particles observed might be due to some
ggregation of the nanoparticles especially the nanoparticles
ormed from high mole ratios of 3HV or 4HB comonomer unit in
he composition. A similar comonomer-ratio dependent behavior

able 1
olecular weights and thermal properties of PHA–mPEG diblock copolymers.

Diblock copolymer Mw
a Mn

a PI (Mw/Mn
a)

P(3HB-co-12 mol% 3HV)–mPEG 8980 6200 1.44
P(3HB-co-33 mol% 3HV)–mPEG 4980 2650 1.87
P(3HB-co-6 mol% 4HB)–mPEG 5310 3580 1.48
P(3HB-co-20 mol% 4HB)–mPEG 7330 5230 1.40

a Determined by GPC.
b Ratio of the weight of product formed to the weight of added mPEG and copolymer a
c Melting temperatures of the PHA–mPEG diblock copolymers determined by DSC.
sing bis(2-ethylhexanoate) tin catalyst following the Ravenelle and Marchessault

was also found for PLGA copolymer nanoparticles (Budhian et al.,
2007). The size distributions of the nanoparticles determined by
DLS (Fig. 4C and D) are in agreement with the result obtained from
AFM.

The particle sizes, polydispersities and surface charges of the
nanoparticles are listed in Table 2. The average sizes ranged from
100 to 200 nm and the zeta potential values from −18 to −27 mV. All
the nanoparticles preparation exhibited negative zeta potential val-
ues. A more negative zeta potential of the nanoparticles suggested
more dispersion stability of the nanoparticles in the medium (Jeong
et al., 2009). Thus, the PHA–mPEG nanoparticles form a stable col-
loidal suspension in aqueous medium. Moreover, the amphiphilic
nature of the nanoparticles causes to repel them to stabilize each
other and to prevent aggregation.

To understand the core–shell topography of the PHA–mPEG
nanoparticles, a comparative enzymatic degradation was carried
out against PHA–mPEG and PHA particles in the presence of
(0.2 �g/mL) PHB depolymerase from R. pickettii T1. R. pickettii T1
PHB depolymerase is known to scissor the second or third ester
linkage of the polyester chain and behave as an endo-degrading
enzyme for PHB substrates (Shirakura et al., 1986). However,
the ability to degrade single crystals from the edges and ends
of crystals indicated that this enzyme has exo-degrading behav-
ior in addition to the endo-degrading mode of action (Iwata et
al., 1999). The degradation reaction was followed by measur-
ing turbidity of the reaction solution at 660 nm using purified
enzyme from R. pickettii T1. Fig. 5 shows the degradation profiles
of two mPEGylated nanoparticles P(3HB-co-12 mol% 3HV)–mPEG
and P(3HB-co-20 mol% 4HB)–mPEG and two non-mPEG counter-
part particles P(3HB-co-12 mol% 3HV) and P(3HB-co-20 mol% 4HB).

The PEGylated sample was degraded very slowly compared to the
counterpart non-mPEG control sample (Fig. 5). A plausible explana-
tion for the slower degradation rate of all mPEGylated systems was
due to the coverage of the enzymatically inactive mPEG segment on
the surface of enzymatically active PHA copolymer core. A similar

Yieldb (%) Tm
c (◦C) PHA block Tm

c (◦C) mPEG block

75 140.5 49.1
78 133.6 49.3
76 133.7 43.1
73 129.7 47.8

t the start.
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Fig. 3. 1H NMR spectra of synthesized PHA–mPEG diblock copolyme

ffect on the surface barrier was found in the degradation of hydro-
arbon (C12–C14) end-capped poly(l-lactide) film by proteinase K
Kurokawa et al., 2008). They suggested that the slower degrada-
ion, compared to non-end-capped polymer film, must be due to
he coverage of the hydrocarbon end groups on the surface. There-
ore, the slower degradation of PHA–mPEG nanoparticles clearly
ndicated that the amphiphilic nanoparticles form a concealed

ore of hydrophobic copolymer surrounded by the hydrophilic
PEG segment when suspended in aqueous solution. As far as we

now, this enzymatic study is the first direct experimental evi-
ence for the PHA-core and mPEG-shell topography in aqueous
olution.

able 2
article sizes, polydispersities, surface charges drug loading and encapsulation efficiency

Diblock copolymer Particle size (nm) ± SD Polydispersity i

P(3HB-co-12 mol% 3HV)–mPEG 162 ± 8 0.376 ± 0.003
P(3HB-co-33 mol% 3HV)–mPEG 125 ± 2 0.296 ± 0.002
P(3HB-co-6 mol% 4HB)–mPEG 119 ± 2 0.724 ± 0.003
P(3HB-co-20 mol% 4HB)–mPEG 112 ± 3 0.218 ± 0.004
) P(3HB-co-12 mol% 3HV)–mPEG; (B) P(3HB-co-6 mol% 4HB)–mPEG.

3.3. In vitro drug release

Most of the hydrophobic drugs when administered to the body
are often precipitated and degraded in the blood stream without
reaching the target zone, and thus cause severe side affects (Dutta
et al., 2009). TQ, the major biologically active component isolated
from a traditional medicinal herb, Nigella sativa Linn., is a potential

chemopreventive and chemotherapeutic compound (El-Mahdy et
al., 2005). The chemical structure of TQ is shown in Fig. 6A. TQ is
commonly known as an anticancer agent and was also reported to
show neuroprotective effects (Gali-Muhtasib et al., 2008; Kanter,
2008). Despite of its widespread therapeutic applications, TQ is

of the PHA–mPEG nanoparticles.

ndex ± SD Zeta potential (mV) ± SD Encapsulation efficiency (%)

−19 ± 3 43 ± 2
−18 ± 1 57 ± 3
−22 ± 1 29 ± 4
−27 ± 2 34 ± 2
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F particles: (A) A 3-D AFM image of P(3HB-co-33 mol% 3HV)–mPEG nanoparticles with a
s scan size of 4 �m × 4 �m. Size distribution of the nanoparticles determined by DLS: (C)
P anoparticles.

h
d
t
l
n

F
l
–
s
n

ig. 4. Characterization of the PHA–mPEG nanoparticles. AFM images of the nano
can size of 4 �m × 4 �m; (B) P(3HB-co-20 mol% 4HB)–mPEG nanoparticles with a
(3HB-co-33 mol% 3HV)–mPEG nanoparticles; (D) P(3HB-co-20 mol% 4HB)–mPEG n

ydrophobic in nature and has poor water solubility that limits the
osage and usage of the drug in most of the clinical trials. In order

o study the bioavailability and controlled release of TQ from PEGy-
ated nanoparticles, the drug was encapsulated in the PHA–mPEG
anoparticles and its release kinetics was studied in vitro.

ig. 5. Relative enzymatic degradation of copolymer nanoparticles to determine the
ocalization of PHA and mPEG segment in nanoparticles: open symbols for controls

(©) P(3HB-co-12 mol% 3HV); (�) P(3HB-co-20 mol% 4HB) nanoparticles; closed
ymbols – (�) P(3HB-co-12 mol% 3HV)–mPEG; (�) P(3HB-co-20 mol% 4HB)–mPEG
anoparticles.

Fig. 6. In vitro release profiles of TQ encapsulated nanoparticles: (A) chemical struc-
ture of TQ; (B) release profiles of free TQ and TQ loaded PHA–mPEG nanoparticles.
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Fig. 7. Cytocompatibility evaluation of the prepared nanoparticles: (A) viability of
primary neuronal cell culture incubated with four different types of copolymer
nanoparticles; (B) viability of NIH/3T3 fibroblast cell culture with two different types
of nanoparticles: cells were seeded in 96-well plates and incubated with desired con-
centrations (100–500 �g/mL) of the nanoparticles in DMEM for 24 h. Cell viability
72 M. Shah et al. / International Journ

Fig. 6B shows the in vitro release profiles of free TQ and
Q loaded PHA–mPEG nanoparticles in PBS at 37 ◦C. All the
EGylated nanoparticles showed similar release profiles of initial
urst release of TQ from the nanoparticles followed by a sus-
ained release. However, the release of TQ from P(3HB-co-33 mol%
HV)–mPEG and P(3HB-co-20 mol% 4HB)–mPEG was little faster
t the initial burst release phase compared to that of P(3HB-co-
2 mol% 3HV) and P(3HB-co-6 mol% 4HB) nanoparticles. About
0–40% of the drug was released in the initial burst release
hase from P(3HB-co-33 mol% 3HV)–mPEG and P(3HB-co-20 mol%
HB)–mPEG nanoparticles. In the case of P(3HB-co-12 mol% 3HV)
nd P(3HB-co-6 mol% 4HB) nanoparticles the release was little
lower at the initial stage of incubation and almost 20–30% of
he encapsulated drug contributed to the initial burst release
hase. In P(3HB-co-33 mol% 3HV)–mPEG and P(3HB-co-20 mol%
HB)–mPEG nanoparticles the release of the drug reached its max-

mum limits at about 120 h with almost 70–80% release of the
ncapsulated drug. While in P(3HB-co-12 mol% 3HV)–mPEG and
(3HB-co-6 mol% 4HB) nanoparticles the sustained release was
ttained at 40–50 h and reached at its maximum limits at about
00 h with 50–60% loss of the drug. The relatively rapid release
ate of the nanoparticles containing high amount of 3HV or 4HB
omonomer units might be due to the higher encapsulation effi-
iency of the nanoparticles compared to that of low comonomer
nits in the composition (Table 2). A similar trend of higher encap-
ulation efficiency of TCN loaded microspheres with higher 3HV
omonomer unit in the composition was observed by Sendil et al.
1999). The initial fast release of the drug from nanoparticles was
uggested that some amount of the drug was absorbed on the sur-
ace or loosely bound to the inner polymer core and was lost during
he initial stage of incubation (Allen et al., 1999), while the strongly
ncapsulated drug in the core domains followed slow and sustained
elease kinetics. The slow release of the drug from the core domains
f the nanoparticles was attributed to the hydrophobic interactions
etween the hydrophobic drugs and hydrophobic polymer core (Liu
t al., 2000). In contrast, almost 70% of the free TQ was released
nto the medium within 6–8 h showing the diffusional release of
he drug from dialysis membrane (Fig. 6B). This result indicates
hat the PHA–mPEG nanoparticles effectively extended the release
f TQ and can be used for the controlled delivery of hydrophobic
rugs.

.4. In vitro evaluation of biocompatibility

.4.1. Cytotoxicity of the nanoparticles
The cytotoxic effect of amphiphilic nanoparticles was evaluated

nder in vitro conditions in prenatal rat neuronal hippocampal cells
Fig. 7A) and NIH/3T3 fibroblast cell line (Fig. 7B) by MTT assay using
ncreasing doses of nanoparticles. In the MTT assay, the viable cells

etabolize MTT dye to a water insoluble purple formazan product
hich can be analyzed spectrophotometrically. After incubation,

he neuronal cells showed excellent viability even at concentra-
ions up to 400 �g/mL of the nanoparticles (Fig. 7A). However, upon
ncreasing the concentration of nanoparticles above 400 �g/mL

slight decrease in the viability of cells was observed. A little
ugmented toxicity compared to P(3HB-co-20 mol% 4HB)–mPEG
anoparticles was observed when the cells were incubated with
(3HB-co-33 mol% 3HV)–mPEG nanoparticles at the concentration
f 500 �g/mL (Fig. 7A). Our findings are in agreement with those
f cells incubated with higher concentration of P(3HB-co-4HB)
olymer showing the biocompatibility of this polymer to the cells

Siew et al., 2007). A similar effect was observed when fibrob-
ast cells were incubated with P(3HB-co-33 mol% 3HV)–mPEG
nd P(3HB-co-20 mol% 4HB)–mPEG nanoparticles (Fig. 7B). At low
oncentrations both of the nanoparticles showed little cytotoxic
esponse. As the concentration of the PHA–mPEG nanoparticles
was measured by MTT assay. The viability of control cells was considered as 100%.
Detail procedure is mentioned in Section 2. *P < 0.05, based on repeated measures
ANOVA (student’s t-test). Data shown as mean ± SD (n = 4) with 4 plates in each
experiment of the specific absorbance.

increased from 100 to 500 �g/mL in the culture medium, a slight
decrease in the viability of the cells was observed. Similar to
neuronal cell culture the cytotoxic effect was slightly higher
for P(3HB-co-33 mol% 3HV)–mPEG nanoparticles as compared to
P(3HB-co-20 mol% 4HB)–mPEG nanoparticles. However, both of
the nanoparticles showed slightly increased cytotoxicity when the
concentration of nanoparticles was increased (500 �g/mL). A lit-
tle augmented toxicity observed in the case of P(3HB-co-33 mol%
3HV)–mPEG nanoparticles might be due to the activation of inflam-
matory responses most probably by the 3HV unit of the polymer
(Gogolewski et al., 1993).

3.4.2. Neuronal cell death
We evaluated neuronal cell death for the assessment of effect of

nanoparticles on the viability of cells. Neuronal cells were selected
for the in vitro evaluation of biocompatibility of the nanoparti-

cles because of the high sensitivity of these cells to foreign objects
(Anderson, 2004). Neuronal cells were treated with different dilu-
tions of nanoparticles for 24 h. FJB staining was used to identify
degenerating neurons after survival periods as a reliable marker
for neuronal vulnerability (Anderson et al., 2005). The cells were
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Fig. 8. The effect of polymeric nanoparticles on the structure of prenatal rat hippocampal neuronal cells and the induction of neurodegeneration. (A) P(3HB-co-33 mol%
3HV)–mPEG nanoparticles. (B) P(3HB-co-20 mol% 4HB)–mPEG nanoparticles. (C) Cell death was measured on 10 randomly selected fields in each slide (n = 3) at 400×
m PEG n
c Sectio
2

l
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c
c
P

agnification for P(3HB-co-33 mol% 3HV)–mPEG and P(3HB-co-20 mol% 4HB)–m
ontrol. The percentage of cells death was measured by FJB staining as described in
0 �m.

abeled with FJB immuno-fluorescence staining and cellular death
as observed as signal for the indication of apoptosis using confo-

al microscopy. As depicted in Fig. 8A and B, despite the relatively
arge dosage of the nanoparticles, no significant alterations in cells
hape and distribution of cells number were detected relative to
ontrol cells. The cells treated with nanoparticles as stained with
JB (shown in green) in confocal microscope were well spread
nd the dendrites outgrowth in neuronal cells were increased and
ade connection with adjacent cells expressing full dendrites and

eurofilaments. No significant changes in the expression of neu-
ofilaments were observed and less numbers of dead cells were
ormed while treating the cells with low dilutions of the nanoparti-
les relative to control cells (dead cells shown by arrows). However,
ompared with P(3HB-co-20 mol% 4HB)–mPEG, the number of cells
ndergoing neuronal degeneration to that of total amount of cells
ere slightly increased with addition of high concentrations of

(3HB-co-33 mol% 3HV)–mPEG nanoparticles (Fig. 8A and B). This

learly indicates that increased amount of cell death might be due
o the high amount of 3HV comonomer unit in the composition. In
ontrast, a reduced amount of cell death was observed when the
ells were treated with either P(3HB-co-12 mol% 3HV)–mPEG and
(3HB-co-6 mol% 4HB)–mPEG nanoparticles (data not shown). The
anoparticles, respectively. The cells treated without nanoparticles were used as
n 2. Cells undergoing neurodegeneration are shown by arrows. *P < 0.05. Scale bar:

percentages of cells treated with P(3HB-co-33 mol% 3HV)–mPEG
and P(3HB-co-20 mol% 4HB)–mPEG nanoparticles at different con-
centrations together with control cells are shown in Fig. 8C. The
percentages of neurodegeneration in the cells treated with low
amount of comonomer units of both 3HV and 4HB showed slight
effect on cellular death (data not shown). These results clearly
demonstrated that the mPEG provide a nontoxic coating on the
surface of PHA copolymers. Introduction of mPEG on the surface of
the copolymers greatly enhances the stability and amphiphilicity
of the particles making them an easy source to assemble into nano-
size core–shell structures in aqueous solution. The preparation of
nanoparticles from such core–shell copolymers will enhance the
safe delivery of variety of drugs.

4. Conclusions

In this study, the preparation of diblock copolymers was car-

ried out by chemical combination of PHA copolymers and mPEG
using bis(2-ethylhexanoate) tin as a transesterification catalyst.
Characterization of the product was performed by GPC, 1H NMR
and DSC analysis. Enzymatic degradation analysis of the diblock
copolymers suggested that the nanoparticles prepared from such
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wo phase system assembled into amphiphilic nanoparticles with
nner concealed core of hydrophobic PHA copolymer and exposed
hell of hydrophilic mPEG in aqueous solution. The average diam-
ter of the nanoparticles was in the range of 100–200 nm with
urface charge of −18 to −27 mV, respectively. The encapsulation
nd release kinetics for drug like TQ showed that the nanoparticles
an be used as extended delivery nanocontainers for hydrophobic
rugs. The in vitro cell viability studies indicated that the nanopar-
icles with core–shell structures show compatibility in biological
nvironment. These results indicate that the nanoparticles pre-
ared from PHA copolymers with mPEG surface modification could
rovide a safe and nontoxic system for the loading of drugs with-
ut producing any significant toxic effects on the cell survival and
s presumed to be a promising vehicle for the administration of
ydrophobic drugs.
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