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a b s t r a c t

In order to evaluate the solubility effect of grafted moiety on the physicochemical properties of poly(d,l-
lactide) (PLA) based nanoparticles (NPs), two materials of completely different aqueous solubility,
polyethylene glycol (PEG) and palmitic acid were grafted on PLA backbone at nearly the same graft-
ing density, 2.5% (mol of grafted moiety/mol of lactic acid monomer). Blank and ibuprofen-loaded NPs
were fabricated from both polymers and their properties were compared to PLA homopolymer NPs as a
control. NPs were analyzed for major physicochemical parameters such as encapsulation efficiency, size
and size distribution, surface charge, thermal properties, surface chemistry, % poly(vinyl alcohol) (PVA)
adsorbed at the surface of NPs, and drug release pattern. Encapsulation efficiency of ibuprofen was found
to be nearly the same for both polymers ∼36% and 39% for PEG2.5%-g-PLA and palmitic acid2.5%-g-PLA
NPs, respectively. Lyophilized NPs of palmitic acid2.5%-g-PLA either blank or loaded showed larger hydro-
dynamic diameter (∼180 nm) than PEG2.5%-g-PLA NPs (∼135 nm). PEG2.5%-g-PLA NPs showed lower % of
PVA adsorbed at their surface (∼5%, w/w) than palmitic acid2.5%-g-PLA NPs (∼10%, w/w). Surface charge
of palmitic acid2.5%-g-PLA NPs seems to be influenced by the large amount of PVA remains associated
within their matrix. Thermal analysis using DSC revealed possible drug crystallization inside NPs. Both
AFM phase imaging and XPS studies revealed the tendency of PEG chains to migrate towards the sur-
face of PEG2.5%-g-PLA NPs. While, XPS analysis of palmitic acid2.5%-g-PLA NPs showed the tendency of

palmitate chains to position themselves into the inner core of the forming particle avoiding facing the
aqueous phase during NPs preparation using O/W emulsion method. The in vitro release pattern showed
that PEG2.5%-g-PLA NPs exhibited faster release rates than palmitic acid2.5%-g-PLA NPs. PEG and palmi-
tate chains when grafted onto PLA backbone, different modes of chain organization during NPs formation
were obtained, affecting the physicochemical properties of the obtained NPs. The obtained results suggest
that the properties of PLA-based NPs can be tuned by judicious selection of both chemistry and solubility

l over
profile of grafted materia

. Introduction

Controlled release technology began in 1970s and since that
ime great interest has been paid to this technology. Recently,
olloidal drug carriers are widely used for the development of
ontrolled release systems for large number of drugs. Those car-
iers possess important applications in the pharmaceutical field.
oreover, they offer numerous advantages over conventional drug

elivery systems such as controlled drug release rate, improved

herapeutic efficiency, prolonged biological activity and decreased
dministration frequency (Letchford and Burt, 2007). They may also
ct as stabilizer protecting entrapped drugs against degradation. A
ay of modifying the original pharmacokinetics and biodistribu-

∗ Corresponding author. Tel.: +1 514 343 6448; fax: +1 514 343 6871.
E-mail address: Patrice.hildgen@umontreal.ca (P. Hildgen).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.12.059
PLA backbone.
© 2010 Elsevier B.V. All rights reserved.

tion of drugs is to incorporate them in submicroscopic colloidal
carriers. Numerous classes of colloidal carriers composed of dif-
ferent materials including lipids, polymers and inorganic materials
have been developed, resulting in different delivery systems that
vary in their physicochemical properties and thus their pharma-
ceutical uses. Growing interest in formulating NPs from synthetic
polymers with tunable properties is rapidly expanding.

Despite the identification of various factors that might influence
the properties of polymeric NPs such as the physicochemical prop-
erties of polymer and the drug (Frank et al., 2005), their interaction
with each other (Jeong et al., 1998), drug load (Chorny et al., 2002),
drug distribution inside the carrier, and size and morphology of the

carrier (Gorner et al., 1999), chemical constitution effect and solu-
bility profile of grafted moiety of the used polymer on various drug
delivery aspects remains to be adequately addressed. Although dif-
ferent nanosystems have been developed, the effect of grafting the
starting polymer with various grafted moieties needs to be realized

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:Patrice.hildgen@umontreal.ca
dx.doi.org/10.1016/j.ijpharm.2009.12.059
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nd emphasized for each nanosystem. In fact, grafting the same
olymer with different materials will not only affect the physico-
hemical properties of the polymer, but also various drug delivery
acets including, drug release rate, pharmacokinetics and biodistri-
ution of the carrier, and even cellular uptake of the nanocarrier

n vivo. It was previously shown that the molecular architecture of
he polymer affects the cellular interaction of NPs prepared from
ifferent polymers (Sant et al., 2008).

This work is the first in-depth study of the effect of chain orga-
ization of the grafted moiety of the starting polymer on the major
hysicochemical aspects of drug delivery from PLA-based NPs, e.g.
ize of the carrier, surface charge, matrix erosion, and drug release
rofile. NPs formulated using PLA-b-PEG block copolymers were
xtensively investigated in the past (Govender et al., 2000; Heald
t al., 2002; Vila et al., 2004). Up to now, however, relatively fewer
tudies have focused on grafted pegylated copolymer of PLA and
EG, used in our study.

Objective of the present work is to compare the effect of two
rafted materials of different composition and aqueous solubil-
ty on the physicochemical properties of PLA-based NPs. Effect of
rafted moiety on polymer chains organization during NPs forma-
ion was also investigated using relatively new techniques like XPS
nd phase imaging-AFM. PLA homopolymer was proposed as the
ontrol NPs and either hydrophilic (PEG) or hydrophobic (palmitic
cid) substance was grafted onto PLA backbone at nearly the same
rafting density 2.5% (mol/mol of lactic acid monomer), accord-
ng to a previously published method by our group (Nadeau et al.,
005). Ibuprofen was used as a model lipophilic drug to be encap-
ulated by PLA and grafted PLA NPs. NPs were prepared using (O/W)
mulsion-solvent evaporation method. PVA was used as an emulsi-
er during NPs preparation since it aids the formation of relatively
mall sized particles with uniform size distribution (Sahoo et al.,
002).

. Materials and methods

.1. Materials

d,l-Dilactide, poly(ethylene glycol) methyl ether (MePEG;
000 Da), allyl glycidyl ether, tetraphenyltin, polyvinyl alcohol
PVA, average Mw 9000–10,000 Da, 80% hydrolyzed), pyridine,
cetone, diethyl ether, thionyl chloride, borane-tetrahydrofuran
omplex (1 M), and palmitoyl chloride were purchased from
ldrich Chemical Company Inc., Milwaukee, USA. Ibuprofen was
btained from Medisca Pharmaceutical Inc., Montreal, Quebec,
anada. Sodium hydroxide pellets were purchased from Ana-
hemia Canada Inc. and dichloromethane (DCM) was purchased
rom Laboratoire Mat Inc., Montreal, Quebec, Canada.

.2. Synthesis of polymers

Poly(d,l)-lactide (PLA) was synthesized by ring-opening poly-
erization of dilactide in argon atmosphere, using tetraphenyltin

s the catalyst. Briefly, dilactide was crystallized from toluene solu-
ion and dried under vacuum before use. A weighed amount of
urified dilactide was then placed in a round-bottom flask and
urged thoroughly with argon. Bulk polymerization was carried at
80 ◦C for 6 h. The polymer thus obtained was dissolved in acetone
nd was purified by precipitating in water.

Polymer with poly(ethylene glycol)-grafted randomly on

oly(d,l)-lactide (PEG2.5%-g-PLA) (PEG; Mw 2000 Da) was syn-
hesized in our laboratory as reported earlier (Nadeau et al.,
005). Briefly, d,l-dilactide (21.5 g, 97.5 mol%) was polymerized

n the presence of allyl glycidyl ether (0.872 g, 2.5 mol%) with
etraphenyltin as the catalyst (1:10,000 mol with regards to d,l-
armaceutics 388 (2010) 263–273

dilactide) at 180 ◦C for 6 h under argon. Polylactic acid with
allyl groups was purified by dissolving in acetone and precip-
itating in water. The allyl groups were converted to hydroxyl
groups by hydroboration with an equimolar quantity of borane in
tetrahydrofuran, followed by oxidation in the presence of hydro-
gen peroxide under alkaline conditions (1.5 mol of 3N sodium
hydroxide). The hydroxyl groups were oxidized to carboxylic acid
groups using Jones reagent, which was further converted to an
acid chloride using thionyl chloride (1:1000 M). Finally, methoxy-
PEG was grafted onto the polymer backbone by the reaction
between acid chloride and the hydroxyl groups of methoxy-
PEG (2000 Da) in the presence of pyridine. The final polymer
was purified by evaporating pyridine and washing with distilled
water.

Palmitic acid grafted on PLA backbone at 2.5% grafting den-
sity, palmitic acid2.5%-g-PLA was synthesized as follows, to a
solution of PLA grafted with 2.5% hydroxyl pendant groups (1 g,
0.136 mmol) in 50 mL pyridine, palmitoyl chloride (1.8 g, 6 mmol)
was added. The solution was stirred for 3 h and then, 10 mL
water was added. The solvent was evaporated and the product
was crystallized in diethyl ether to obtain a yellow product.1H
NMR spectra were recorded on a Brucker ARX 400 spectrometer
(Bruker Biospin, Billerica, MA). Chemical shifts (ı) were measured
in parts per million (ppm) using tetramethylsilane (TMS) as an
internal reference. Gel permeation chromatography (GPC) was per-
formed on a Water Associate chromatography system (Waters,
Milford, MA) equipped with a refractive index detector and a Phe-
nomenex Phenogel 5 � column. Polystyrene standards were used
for calibration with THF as the mobile phase at a flow rate of
0.6 mL/min.

2.3. Preparation of nanoparticles (NPs)

NPs were prepared using an (O/W) emulsion-solvent evapora-
tion method. For blank NPs, each polymer (1 g) was dissolved in
35 mL DCM and emulsified in 100 mL PVA solution (0.5%, w/v) as an
external aqueous phase using high-pressure homogenizer (Emul-
siflex C30, Avestin, Ottawa, Canada) at a pressure of 10,000 psi for
5 min. The emulsion was collected by washing with another 100 mL
0.5% PVA. The DCM was evaporated under reduced pressure with
constant stirring to obtain the NPs. Finally, NPs obtained as a sus-
pension were then collected by centrifugation at 18,500 rpm for 1 h
at 4 ◦C (Sorval® EvolutionRC, Kendro, USA), washed four times with
distilled water, then lyophilized to obtain dry NPs (Freeze Dry Sys-
tem, Lyph.Lock 4.5, Labconco) and stored at 4 ◦C until further use.
Ibuprofen-loaded NPs were prepared in a similar manner to that
of blank NPs using initial loading of 10% (w/w) of each polymer.
Ibuprofen was first dissolved in the organic phase followed by dis-
solution of the polymer. The emulsification and purification steps
procedure were repeated as before.

2.4. Characterization of NPs

2.4.1. Particle size and zeta (�) potential measurements
The mean hydrodynamic diameters (dh) and the polydisper-

sity indices (PDIs) of NPs were measured by DLS with a Malvern
Autosizer 4800 instrument (Malvern Instruments, Worcestershire,
UK) before and after lyophilization. For all samples, fresh NP sus-
pensions (0.1 mL) or lyophilized NPs (1 mg) were diluted 10 times
with Milli-Q Water. Measurements were taken at a fixed scatter-
ing angle of 90◦ and at 25 ◦C. The CONTIN program was used to

extract size distributions from the autocorrelation functions. Zeta-
potential measurements of NPs suspended in 0.25% (w/v) saline
solution (pH 7.4) were done on Malvern ZetaSizer Nanoseries ZS
(Malvern Instruments, Worcestershire, UK). Both measurements
were performed in triplicate
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.4.2. Determination of residual PVA
A colorimetric analysis was used for determination of PVA

mount remaining in the NPs. The method is simply based on the
ormation of a colored complex between two adjacent hydroxyl
roups of PVA and an iodine molecule (Sahoo et al., 2002). For
urface associated PVA, certain weight of NPs was suspended in dis-
illed water followed by vigorous vortexing for 10 min, then fixed
olumes of all formulations were taken followed by addition of
mL of saturated solution of boric acid and 0.5 mL iodine (0.1N),
nd the volume was made up to 10 mL with distilled water. The
bsorbance of the formed complex was measured at 660 nm against
imilarly treated blank. Whereas for the total amount of PVA asso-
iated with the particles (amount entrapped inside the matrix as
ell as present on the surface), NPs were digested in 1N NaOH then
eutralized by 1N HCl followed by stirring for 1 h and the volume
as made up to 5 mL with distilled water. To this, 3 mL of satu-

ated solution of boric acid and 0.5 mL iodine (0.1N) were added,
nd the volume was made up to 10 mL with distilled water. The
bsorbance was measured as before. PVA actual amount was cal-
ulated by using a calibration curve of PVA prepared under the same
onditions.

.4.3. NPs surface morphology and phase image analysis
Nanoscope IIIa Dimension 3100 atomic force microscope (Dig-

tal Instruments, Santa Barbara, CA, USA) was used to study both
urface morphology and phase imaging of lyophilized NPs. Sam-
les were prepared by deposition of particles suspension in Milli-Q
ater on freshly cleaved mica followed by air-drying for 10 min

t room temperature. Topography and phase images of these sam-
les were captured simultaneously using TappingModeTM etched
ilicon probes (TESP7) with tip radius of 5–10 nm, spring constant of
0–100 N/m and resonance frequency of 200–500 kHz. Cantilever

ength was 125 �m.

.4.4. Encapsulation efficiency (EE)
For ibuprofen-loaded NPs of PLA homopolymer and PEG2.5%-

-PLA, weighed amount of NPs was digested in 1N NaOH for 1 h.
buprofen concentration was measured by spectrophotometry at
64 nm (U-2001 UV/Visible spectrophotometer, Hitachi). While,
or palmitic acid2.5%-g-PLA loaded NPs, weighed NPs were also
uspended in 1N NaOH for 1 h to which chloroform was added
ollowed by vigorous stirring for another 3 h to extract ibuprofen
nto the chloroform layer. Then, the chloroform layer was collected
nd ibuprofen concentration was measured by spectrophotome-
ry at 263 nm. Percent encapsulation efficiency (% EE) and % actual
oading efficiency (% LE) were calculated based on the following
quations:

EE = Amount of drug entrapped in NPs
Initial amount of drug added

× 100 (1)

LE = Amount of drug entrapped in NPs
Total amount of NPs

× 100 (2)

.4.5. Differential scanning calorimetry (DSC)
The thermal properties of polymers and drug in the physical

ixture and NPs were characterized by DSC analysis (DSC 30,
ettler TA 4000, Schwerzenbach, Switzerland) with refrigerated

ooling. Measurements were done (n = 2) on all investigated sam-
les. Physical mixtures were prepared by triturating polymer and
buprofen in a ratio similar to drug-loaded NPs. In brief, weighed
amples were sealed in crimped aluminum pans with lids and
eated at a rate of 10 ◦C/min from −50 to 200 ◦C for polymers and
hysical mixtures, while for NPs the samples were heated from −50
o 90 ◦C at the same heating rate.
armaceutics 388 (2010) 263–273 265

2.4.6. XPS analysis
X-ray photoelectron spectroscopy, XPS (VG Scientific ESCALAB

MK II) with a monochromatized Mg Ka X-rays (h� 1253.6 eV) and
an electron take off angle of 0◦ was used to study the surface chem-
istry of pure materials, polymers, blank, and drug-loaded NPs. A
single survey scan spectrum (0–1000 eV) and narrow scans for C1s
(210–305 eV) and O1s (525–550 eV) were recorded for each sample
with a pass energy of 1 and 0.5 eV, respectively. Acquisition and data
analysis were performed by a VGS 5000 data system. Peak fitting
of the C1s envelope was as described by Shakesheff et al. (1997).

2.4.7. 1H NMR spectroscopy
50 mg of lyophilized NPs of each polymer was suspended in deu-

terium Oxide (D2O). 1H NMR spectra were recorded on a Brucker
ARX 400 spectrometer (Bruker Biospin, Billerica, MA). Chemical
shifts (ı) were measured in parts per million (ppm) using tetram-
ethylsilane (TMS) as an internal reference.

2.4.8. Erosion study
Mass losses of PLA (A), PEG2.5%-g-PLA (B), and palmitic

acid2.5%-g-PLA (C) NPs were done by suspending 50 mg of NPs for
each time interval in 10 mL PBS, pH 7.4 at 37 ◦C in shaking water
bath. The study was terminated at 0, 5, 14, 25, 35 and 45 days.
Samples were centrifuged (5000 rpm, 10 min) at the end of each
time interval. The residues were washed two times with water to
remove phosphate buffer and lyophilized for 24 h. The final mass
of NPs was determined at each time point.

2.4.9. In vitro drug release study
NPs formulations prepared using different polymers were tested

for in vitro release of ibuprofen in triplicates in phosphate buffered
saline (PBS, 10 mM, pH 7.4). 150 mg NPs were suspended in 3.5 mL
PBS in a dialysis tubing (Spectra Por 1 membrane, 6–8 kDa cut-off).
This dialysis tubing was placed in a screw-capped tube containing
10 mL PBS. The tubes were shaken at 200 rpm on a horizontal water
bath shaker (Orbit Shaker Bath, Labline) maintained at 37 ± 0.5 ◦C.
At predetermined time intervals, the whole medium in the tube
was withdrawn and replaced by fresh PBS to maintain sink condi-
tions. The aliquots were assayed for the concentration of ibuprofen
released by spectrophotometry at 262 nm.

3. Results and discussion

3.1. Characterization of polymers

Gel permeation chromatography (GPC) was used to measure
molecular weight and molecular weight distribution of the synthe-
sized polymers. Results are shown in Table 1. The polydispersity
was calculated by the ratio of Mw to Mn from the GPC data. All
the synthesized polymers exhibited uniform molecular weight
distribution as revealed by the narrow polydispersity index val-
ues. Unimodal mass distribution ruled out the possibility of the
presence of unreacted MePEG or palmitoyl chloride with poly(d,l-
lactide). Typical spectrum was obtained for PLA homopolymer with
a characteristic peak at 5.2 ppm corresponding to the tertiary PLA
proton (m, –CH), and another peak at 1.5 ppm for the pendant
methyl group of the PLA chain (m, –CH3) (spectrum not shown).
1H NMR spectra and chemical structures of PEG2.5%-g-PLA and
palmitic acid2.5%-g-PLA polymers are shown in Fig. 1. A character-
istic peak at 5.2 ppm corresponding to the tertiary PLA proton (m,
–CH) was observed. Another characteristic peak at 3.6 ppm for the

protons of the repeating units in the PEG chain (m, OCH2–CH2O),
a peak at 4.3 ppm for the PEG connecting unit to the PLA block (m,
CH2–OCO), and a peak at 1.5 ppm for the pendant methyl group of
the PLA chain (m, –CH3) were also observed. The grafting density of
PEG over the PLA backbone was calculated by comparing the peak
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Table 1
Polymers characterization by 1H NMR, DSC, and gel permeation chromatography (GPC).

Polymer Mn
a Mw

a Mw/Mn
a PEG/palmitate (mol%)b Mn (1H NMR)b Tg

c

PLA 40,318 56,171 1.4 N/A N/A 46.4 ◦C
PEG2.5%-g-PLA 4706 5171 1.1 2.3% 8209 50 ◦C
Palmitic acid2.5%-g-PLA 10,185 14,050 1.4 1.02% 14,514 19 ◦C

N/A: not analyzed.
a ards. M

lmitat
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Determined by GPC analysis using narrow molecular weight polystyrene stand
b Calculated from peak intensity ratios of PEG (3.6 ppm) in PEG2.5%-g-PLA or pa

nalysis.
c Calculated from the second run of DSC as half of the extrapolated tangents in cas

ntensity ratios of PEG (3.6 ppm) to that of PLA (5.2 ppm). The actual
EG grafting density was found to be 2.3% that is close to the initial
eed ratio of PEG as shown in Table 1. For palmitic acid2.5%-g-PLA
olymer, the signal observed at 1.2–1.3 ppm corresponds to the
welve hydrogens of the palmitate CH2. The signal at 0.8–0.9 ppm
s due to the palmitate CH3. Palmitate grafting density was calcu-
ated by comparing peak intensity ratio of palmitate CH3 (0.9 ppm)
nd PLA (5.2 ppm). The final palmitic acid grafting percentage was
.02% that is also close to the initial feed ratio as shown in Table 1.

.2. Particle size and size distribution

Dynamic light scattering (DLS) data showed unimodal distri-
ution for freshly prepared and lyophilized NPs in all batches.
ifferent blank formulations showed nearly similar particle size

o that of loaded ones for all NPs types in the range of 120–200 nm

Table 2). This might indicate that drug loading had no observable
ffect on NPs size, suggesting that the size was mainly controlled by
omogenization parameters during NPs preparation. Lyophilized
almitic acid2.5%-g-PLA NPs either blank or loaded seems to have

arger hydrodynamic diameters than those obtained with PEG2.5%-

Fig. 1. 1H NMR spectra and chemical structures of PEG
w/Mn = polydispersity index of the polymers (PDI).
e CH3 (0.9 ppm) in palmitic acid2.5%-g-PLA and PLA (5.2 ppm) from 1H NMR data

A and palmitic acid2.5%-g-PLA or as an endothermic peak in case of PEG2.5%-g-PLA.

g-PLA NPs as shown in Table 2. This could be explained by the fact
that palmitic acid2.5%-g-PLA NPs is more hydrophobic compared to
PEG2.5%-g-PLA NPs. The hydrophobic nature of the obtained parti-
cles might induce their aggregating tendency due to hydrophobic
interactions. The aggregating tendency of palmitic acid2.5%-g-PLA
NPs was confirmed later by AFM surface analysis (Fig. 2(c), left
panel, T). While in PEG2.5%-g-PLA, the polymer architecture will
allow PEG chains to migrate freely towards the surface of NPs dur-
ing NPs preparation by O/W emulsion method. This would create a
steric barrier reducing NPs aggregating tendency.

3.3. Zeta (�) potential measurements

PLA and palmitic acid2.5%-g-PLA blank NPs showed low zeta
potential (close to zero) values than expected, −3.5 mV and
−0.4 mV, respectively. This low �-potential for both NPs could be

attributed to the effective adsorption of PVA on the surface of NPs as
will be seen in the next section which could mask the surface charge
of PLA and/or palmitic acid in case of PLA and palmitic acid2.5%-g-
PLA NPs, respectively. �-Potential value of palmitic acid2.5%-g-PLA
NPs were lower than PLA NPs and this might be due to higher

2.5%-g-PLA (1), and palmitic acid2.5%-g-PLA (2).
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Table 2
Characteristics of different NPs formulation.

Formulation Size (dh) before freeze
drying (nm)a,b

PDIc Size (dh) after freeze
drying (nm)a,b

PDIc Actual loading
(%, w/w)b

% EEd,b Zeta potential
(mV)a,b

Surface adsorbed
PVA (%, w/w)b

PLAe 184 ± 20.8 0.13 161 ± 18.4 0.01 N/A N/A −3.50 ± 3.1 6.76 ± 0.4
PLAf 194 ± 30.0 0.08 162 ± 22.3 0.09 4.50 ± 0.2 45.0 ± 2.2 −0.18 ± 3.2 6.80 ± 0.2
PEG2.5%-g-PLAe 122 ± 31.6 0.14 145 ± 24.7 0.03 N/A N/A −1.30 ± 3.5 4.87 ± 0.4
PEG2.5%-g-PLAf 135 ± 22.9 0.11 135 ± 32.7 0.01 3.56 ± 0.1 36.6 ± 1.5 −0.60 ± 3.9 5.00 ± 0.7
Palmitic acid2.5%-g-PLAe 176 ± 19.7 0.04 181 ± 30.8 0.13 N/A N/A −0.40 ± 3.1 8.60 ± 0.4
Palmitic acid2.5%-g-PLAf 147 ± 22.4 0.06 183 ± 22.2 0.12 3.86 ± 0.2 39.5 ± 0.7 −0.14 ± 3.7 9.80 ± 0.5

N/A: not analyzed.
a Median.
b All values indicate mean ± S.D. for n = 3 independent measurements.
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c Refers to polydispersity index.
d Refers to encapsulation efficiency.
e Refers to blank NPs (unloaded).
f Refers to loaded NPs.

mount of PVA adsorbed onto the surface (8.6%, w/w) compared
o PLA NPs (6.7%, w/w) (Table 2). Loaded NPs of both polymers also
howed low zeta potential values explained by the same reason.
ambaux et al. also obtained a low zeta potential value of −4 mV for
LA NPs prepared with PVA as an emulsifier (Zambaux et al., 1998).
EG2.5%-g-PLA NPs had also low zeta potential and this could be
ttributed to shielding action of PEG on the surface charge. Similar
esults to ours were reported earlier by other authors (Gref et al.,
000; Beletsi et al., 2005; Quesnel and Hildgen, 2005). Moreover,
he greater reduction in zeta potential value of PEG2.5%-g-PLA NPs
ompared to other PEG–PLA NPs reported in the last cited refer-
nces could be explained by the existence of PVA at the surface of
Ps which played also a role in masking their actual surface charge.
EG2.5%-g-PLA NPs showed a remarkable adsorption of 5% (w/w)
VA onto their surface as shown in Table 2.

.4. Residual PVA

One of the drawbacks of NPs formulation using emulsion-
olvent evaporation method is the residual surfactant remaining in
Ps suspension after particles precipitation in the aqueous phase.
esidual surfactant becomes adsorbed onto the surface of freeze
ried nanoparticles irrespective of the number of washing steps

erformed to remove it. This might lead to alteration of NPs physic-
chemical properties such as particle size, hydrophilicity, release
inetics, cellular uptake, etc. (Sahoo et al., 2002). PVA amount
emained attached to the nanoparticles needed to be evaluated
o detect whether they are affected by the composition and the

ig. 2. Tapping mode AFM images of NPs, left panel shows topography (T) and right pan
400 nm × 400 nm]; PLA (a), PEG2.5%-g-PLA (b), palmitic acid2.5%-g-PLA (c).
architecture of the starting polymer or not. It could be seen that
a different amount of PVA remained in all the formulations even
after 4 washings (Table 2). It was found that the highest amounts
of PVA remained attached to NPs matrix were 9.8% and 6.8% (w/w)
for palmitic acid2.5%-g-PLA and PLA NPs, respectively (Table 2).
This might be attributed to the enhanced hydrophobic interaction
between acetate group of PVA and the hydrophobic PLA matrix as
reported before by other authors (Scholes et al., 1999; Sahoo et
al., 2002). Similar findings were obtained before by other authors.
When 1% (w/v) PVA was used as an external aqueous phase emul-
sifier, 5–6% (w/w) PVA remained attached within PLA NPs even
after 3 washings (Zambaux et al., 1998). PLGA NPs also exhibited a
remarkable adsorption of 6.15% (w/w) PVA into their matrix when
5% (w/v) PVA solution was used as an emulsifier. Since palmitic
acid2.5%-g-PLA is expected to be more hydrophobic than PLA so
more interaction with acetate group of PVA might take place.
PEG2.5%-g-PLA exhibited less PVA adsorption (5%, w/w, Table 2)
onto their surface and this might be due to their PEG content which
offered a certain degree of hydrophilicity to the NPs matrix so a
less favored interaction with PVA should be expected. PVA amount
adsorbed at the surface of more hydrophilic PLGA microspheres
was found to be less than PLGA microspheres (Shakesheff et al.,
1997). Also, blank NPs showed similar amount of PVA adsorbed

on their surfaces as loaded NPs indicating that drug loading had
no apparent effect on the amount of PVA associated within the NPs
matrix. An attempt was made to evaluate whether PVA was present
either inside the polymeric matrix or on the surface of the particles.
Nearly the same amount of PVA was present in the given NPs for-

el shows corresponding phase images (P); all images are acquired in air. Scan size
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ulations by both assays confirming that the amount of PVA was
ainly associated with the surface of the particles (data not shown).

.5. Surface morphology and phase analysis

Tapping mode atomic force microscopy (TM-AFM) was used for
nalysis of surface morphology of NPs. TM-AFM revealed that both
LA and PEG2.5%-g-PLA NPs were spherical with smooth surfaces.
hile palmitic acid2.5%-g-PLA NPs seems to have some irregu-

arities at their surface. This might indicated their aggregating
endency (Fig. 2(c), left panel, T) confirming the size data obtained
y DLS. Phase image analysis was done to investigate the surface
hemistry of the obtained particles. It shows more sensitivity to
aterial surface properties such as stiffness, viscoelasticity, and

hemical composition (Magonov et al., 1997; Raghavan et al., 2000;
aredes et al., 2005). Phase imaging is based on the use of changes
n the phase angle of cantilever probe. Fig. 2 shows TM-AFM
opography (left panel, T) and their corresponding phase images
right panel, P) of PLA, PEG2.5%-g-PLA, and palmitic acid2.5%-g-
LA NPs, respectively. It is evident from Fig. 2 that phase images
isplayed more contrast than the respective topographic images.
hase images of PLA NPs did not show any clear phase sepa-
ation evidenced by no color contrast was observed [Fig. 2(a);
ight panel, P]. On the other hand, PEG2.5%-g-PLA NPs showed
he presence of an observable phase contrast at the surface of
Ps revealed by some dark layers at the surface of bright cores

Fig. 2(b); right panels, P]. PEG molecules of lower Mw 2000 (used
n our study) have smaller Young’s modulus than PLA so they
re expected to be softer than PLA (Donald et al., 2003). Those
echanical differences between PLA and PEG will result in such

hase contrast. Thus, it was expected that PEG molecule will result
nto darker regions for PEG in the phase images. This was inves-
igated before for poly(styrene-b-ethylene oxide) polymer films,
here softer PEG segments appeared as darker regions embedded

n lighter polystyrene domain (Wang et al., 2005). The immiscibil-
ty of both PEG and PLA blocks would result in separation of both
omponents during NPs formation. Thus, PEG2.5%-g-PLA NPs will
e predominantly consisting of hydrophobic PLA cores surrounded
y hydrophilic PEG chains on the surface (Fig. 2(b), phase image, P).
hile, in case of palmitic acid2.5%-g-PLA (Fig. 2(c)), NPs appear as

f they were collapsed together with some deformation. This might
e due to energy dissipation during tip-sample interaction. The last
nding could be explained on the basis of the soft nature of the
olymer resulted from grafting palmitic acid over PLA backbone.
almitate chains are expected to lower the chain rigidity of PLA
omains evidenced by the lower Tg of the polymer (19 ◦C) com-
ared to PLA homopolymer (46.4 ◦C) as will be revealed from DSC
ata (Table 1). Another predisposing factor for palmitic acid-g-PLA
Ps deformation by AFM tip is that they were dried at room tem-
erature above their Tg (19 ◦C). This might favored the existence of
he polymer chains in their mobile rubbery state.

.6. Encapsulation efficiency (EE)

As seen from Table 2, % EE of ibuprofen was found to be 36.6%
nd 39.5% for PEG2.5%-g-PLA, and palmitic acid2.5%-g-PLA NPs,
espectively. No marked difference between both polymers abil-
ty to encapsulate the drug was detected. This might be due to
mall grafting density of each polymer since 2.5% (mol of grafted
ubs./mol of lactic acid) might not be big enough to affect the load-
ng level of PLA NPs. Another possible reason is the larger surface

rea of the obtained NPs that resulted from the smaller particle
ize of either PEG2.5%-g-PLA (135 nm) or palmitic acid2.5%-g-PLA
Ps (147 nm), readily result in higher drug diffusion to the aque-
us phase and hence, limited drug loading (Table 2) (Mohanraj and
hen, 2007). Moreover, grafting palmitate over PLA backbone might
armaceutics 388 (2010) 263–273

decreased the density of the obtained NPs (evidenced by low Mw of
palmitic acid2.5%-g-PLA compared to high Mw PLA, Table 1) leading
to slower precipitation of NPs compared to the denser PLA and this
might give a chance for the drug to diffuse freely into the aqueous
phase.

3.7. DSC

DSC was used to detect the effect of grafted substance of the
used polymer on the thermal properties of NPs. DSC was also used
for investigating any possible interaction between the drug and
the polymeric matrix. PLA showed glass transition (Tg) at 46.4 ◦C
(Table 2). Random grafting of PEG on the PLA backbone resulted in
an increased Tg value (by about 4 ◦C) due to enhanced chain rigidity
(Table 1 and Fig. 3(a)). For palmitic acid2.5%-g-PLA, the glass tran-
sition of the polymer was found to be 19 ◦C with the existence of
an endothermic peak at 58 ◦C corresponding to the melting peak
of the palmitic acid crystals (Table 2 and Fig. 3(b)). The melting
endotherm of palmitic acid was shifted by 4 ◦C lower compared
to pure palmitic acid indicating the possibility of physical interac-
tion (hydrophobic interaction) between the grafted palmitic acid
group and PLA. Also, this might indicate that some of palmitate
chains are embedded inside PLA domain lowering its chain rigid-
ity evidenced by the lower Tg of the polymer (19 ◦C) compared to
PLA homopolymer (46.4 ◦C). Fatty acid esters were found to have a
remarkable plasticizing actions on PLA chains (Jacobsen and Fritz,
1999). Ibuprofen showed an endothermic peak at 78 ◦C correspond-
ing to the melting of ibuprofen crystals (Fig. 3(a)). As shown in
Fig. 3(a), DSC curve of PEG2.5%-g-PLA/ibuprofen physical mixture
showed an endothermic peak corresponding to the glass transition
(Tg) at ∼50 ◦C. The melting endotherm of ibuprofen crystals could
also be detected at 74 ◦C. The drug melting peak was shifted by 4 ◦C
lower with some broadening of the peak, indicating the possibility
of an interaction between drug and polymer. After encapsulation
of ibuprofen in the NPs, Tg was found to be reduced by 15 ◦C lower
(∼35 ◦C) and this due to the effect of formulation parameters. Sur-
prisingly, the melting endotherm of ibuprofen crystals could also be
detected at 74 ◦C with some broadening (Fig. 3(a)). For more verifi-
cation, lyophilized loaded NPs were washed five times with water
then centrifuged to remove the surface associated drug followed by
their lyophilization. DSC scans were done again, surprisingly; the
melting endotherrm of ibuprofen still exists. This might indicate the
detected melting endotherrm is for encapsulated ibuprofen which
was dispersed in a crystalline form (solid dispersion) not molecu-
lar dispersion into PLA matrix. Moreover, the shift and broadening
of the melting peak also indicated that an interaction between the
drug in its crystalline state and the polymer might take place. Sim-
ilar observations were noticed with PLA (DSC figure not shown),
and palmitic acid2.5%-g-PLA (Fig. 3(b)) in both physical mixtures
and NPs with the consideration of different Tg for each investi-
gated polymer. Similar finding to ours was obtained when lidocaine
was embedded into PEG-PLGA nanospheres. Lidocaine exhibited
an endothermic peak at lower temperature or broadened melting
peak compared to lidocaine alone. The authors also suggested that
there is an interaction between lidocaine and the polymeric carrier
(Peracchia et al., 1997).

3.8. XPS analysis

Surface chemistry analysis of NPs prepared from both polymers
was investigated by means of X-ray photoelectron spectroscopy

(XPS) technique. It is possible to determine the surface chemical
composition at a depth in the range of 1–10 nm. Any possible inter-
action between PLA and PVA at the surface of NPs could also be
detected in that range. PVA polymer showed three main charac-
teristic peaks corresponding to C–C/C–H (285 eV), C–OH (286.7 eV)
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ig. 3. (a) DSC curves of ibuprofen, physical mixture of PEG2.5%-g-PLA with ibupr
lear thermograms for both physical mixtures and NPs, ibuprofen melting peak is
buprofen, palmitic acid2.5%-g-PLA polymer, and ibuprofen-loaded NPs. Inset insid
eak is encircled.
nd O–C O (289 eV) components (Table 3). XPS spectrum of PEG
howed one characteristic peak corresponding to ether carbons
286.5 eV, Table 3). For PLA homopolymer, the best envelop fit
as obtained using three main peaks corresponding to C–C/C–H

able 3
elative atomic percentages calculated from XPS surface analysis of pure materials used i

Binding energy (functional component) Atomic percentage (%)

Ibuprofen

285 (C–C) 92.4
286.5 (C–O) –
286.7 (C–O) –
287 (C–O) –
289 (O–C O) 7.6

.B: relative percentage of each functional component is calculated from the area under t
PEG2.5%-g-PLA polymer, and ibuprofen-loaded NPs. Inset inside the figure shows
led. (b) DSC curves of ibuprofen, physical mixture of palmitic acid2.5%-g-PLA with
gure shows clear thermograms for both pure polymer and NPs. Ibuprofen melting
(285 eV), C–OH (287 eV) and O–C O (289 eV) (Table 3) as previously
reported (Shakesheff et al., 1997). Ibuprofen could not be experi-
mentally analyzed because it sublimes under the high vacuum of
the equipment. Theoretically, ibuprofen has two main characteris-

n NPs preparation.

PLA PVA PEG

22.3 37.1 –
– – 100
– 23 –

28.9 – –
13.9 4.3 –

he curve from their respective peaks in XPS analysis.
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Table 4
Relative atomic percentages calculated from XPS surface analysis of synthesized polymers and formulated NPs using those polymers.

B.E. (functional component) Atomic percentage (%)

PEG2.5%-g-PLA
BK NPs

PEG2.5%-g-PLA
LD NPs

PEG2.5%-g-PLA
polymer

Palmitate
2.5%-g-PLA BK NPs

Palmitate
2.5%-g-PLA LD NPs

Palmitate 2.5%-g-PLA
polymer

285 (C–C) 7.3 10.8 10.0 49.1 42.8 63.8
286.2 (*C–O–C O) 2.1 2.5 – 8.6 13.9 –
286.5 (C–O) 5.4 5.0 9.5 – – –
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protons were absent or diminished in intensity. Also both signals
corresponding to the twelve hydrogens of the palmitate CH2 and
the palmitate CH3 were completely absent in 1H NMR spectra of
palmitic acid2.5%-g-PLA. This might indicate that both PLA and
287.6 (C–O–*C O) 4.2 3.5 –
289 (O–C O) 5.5 4.1 5.0

B.E.) refers to the binding energy; (BK) refers to blank NPs; (LD) refers to loaded N

ic peaks corresponding to C–C/C–H (285 eV), and O–C O (289 eV)
omponents (Table 3). It should be mentioned that for ibupro-
en to be detected at the surface of loaded NPs, an increase in
tomic percentages of both its characteristic peaks mainly C–C/C–H
285 eV) is expected to be found. Both ibuprofen-loaded and blank
Ps of PEG2.5%-g-PLA grafted polymer as well as the polymer itself

howed the existence of PEG chains on the surface as seen by the
resence of a characteristic peak corresponding to ether carbons
286.5 eV, Table 4). However, the atomic % of PEG decreased when
he polymer (9.5%) was formulated into NPs either blank (5.4%) or
oaded NPs (5%) as shown in Table 4. This might be due to sur-
ace adsorption of PVA in case of blank NPs as shown before in
VA analysis section. While in loaded NPs, both PVA and ibupro-
en might be adsorbed at the surface of NPs as evidenced from the
ncrease in atomic % of C–C (285 eV) in case of loaded NPs (10.8%)
ompared to blank NPs (7.3%) [Table 4]. Such an adsorption might
ecreases the PEG content at the surface. Also, it could be seen
rom Table 4 that the atomic % of C–C (285 eV) decreases from the
olymer (10%) to blank (7.3%) and then increased again in case of

oaded NPs (10.8%). This might be due to presence of more PLA
hains collapsed inside the NPs core (oil phase) during NPs chain
rganization by O/W emulsion method with less existence of PLA
nd hence, the C–C functional component at the NPs surface. This
–C content lowering was compensated by drug adsorption (rich

n C–C component) at the surface in case of loaded NPs. Moreover,
o get the best envelop fit of both NPs, two additional peaks had
o be added corresponding to C–O–*C O (287.6 eV) and *C–O–C O
286.2 eV) components (Table 4). These new peaks obtained in both
ypes of NPs could be the result of chemical interaction between
LA–COOH end and PVA–OH during NP formation. The last finding
lso supports the effective masking of negative charge of these NPs
y both PEG and PVA chains at the surface of such NPs as shown

n Table 2. It was shown before that despite of several washing
teps of the separated NPs pellets, there is always a fraction of
VA remains associated with the NPs and this has been attributed
o the hydrophobic interactions between vinyl acetate segment
f PVA and PLA/PLGA core (Sahoo et al., 2002). O–C O functional
omponent (289 eV) was detected also in the XPS spectrum of the
EG2.5%-g-PLA polymer, both its blank and loaded NPs. This might
e due to the presence of COOH functional group in the polymer
tructure (Fig. 1) or due to adsorption of PVA (partially hydrolyzed)
nd ibuprofen (weak acid) at the surface of blank and loaded NPs,
espectively. In case of palmitic acid2.5%-g-PLA polymer and its
oth NPs types, there was a marked decrease in C–C components
285 eV) atomic % from the polymer (63.8%) to blank (49.1%) and
hen to loaded NPs (42.8%). This might be due to chain organization
uring NPs formation by O/W emulsion method in such a way that
howed the migration of palmitate (hydrophobic chain) towards

Ps core (oil phase) to avoid facing the external aqueous phase.
his process might force palmitate chains to be embedded into NPs
ore and hence decreasing the C–C content at the surface. Although
e expected an increase in the atomic % of C–C (285 eV) from blank

o loaded NPs as shown before with PEG2.5%-g-PLA loaded NPs, a
5.3 5.0 –
5.7 2.2 4.6

decrease in the atomic % (from 49.1% to 42.8%) of that component
was surprisingly detected and this might be to due to the possibil-
ity of hydrophobic interaction between ibuprofen and palmitic acid
which forces the drug to be embedded inside the core of NPs. The
last hypothesis was supported by another finding that the atomic
% of O–C O (289 eV) [also characteristic for the drug] was very low
(2.2%) in case of loaded NPs (Table 4). This indicates that some inter-
action might occur between the drug and polymer shielding the
drug functional groups from the surface. It also should be men-
tioned that the existence of that functional gp, O–C O (289 eV) in
the polymer and blank NPs spectra (4.6% and 5.7%, respectively)
might be due to COOH of both PLA and PVA (partially hydrolyzed),
respectively. Also, the existence of two new peaks at C–O–*C O
(287.6 eV) and *C–O–C O (286.2 eV) might confirmed PVA inter-
action with PLA in such kind of polymer. This finding was also
supported by the high % residual PVA detected at the NPs surface
as shown in Table 2.

3.9. 1H NMR of NPs in D2O

1H NMR analysis of NPs in D2O was done to confirm the
core–corona structure of PEG2.5%-g-PLA NPs and compare it with
palmitate2.5%-g-PLA NPs structure. 1H NMR spectra of PEG2.5%-
g-PLA NPs in D2O showed presence of methylene protons of PEG
chains at 3.6 ppm (Fig. 4). Signals from PLA methyl or methylene
Fig. 4. 1H NMR of blank NPs of PLA (1), palmitic acid2.5%g-PLA (2), and PEG2.5%g-
PLA (3) in D2O. PEG peaks at 3.6 ppm are encircled.
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ig. 5. Schematic representation of polymer chain organization inside the NPs: PLA
a), palmitic acid2.5%-g-PLA (b), PEG2.5%-g-PLA (c).

almitate protons are in solid environment and cannot be detected
hereas PEG chains must be in mobile state. Core–corona structure

f PLA–PEG diblock NPs was confirmed before from 1H NMR analy-
is of NPs in D2O (Riley et al., 2001). 1H NMR analysis was also used
o confirm poly-(ethylene glycol)-b-(styrene-r-benzocyclobutene)
lock copolymer PEG-b-(S-r-BCB) NPs formation after intramolec-
lar cross-linking of the S-r-BCB block to form a linear-nanoparticle
tructure. 1H NMR spectra of NPs showed complete disappearance
f the aliphatic benzocylobutene protons at 3.05 ppm upon forma-
ion of the cross-linked nanoparticles (Kim et al., 2005). Our results
re in accordance with the above-cited references suggesting NPs
ade of PLA and PEG corona in case of PEG2.5%-g-PLA NPs. Thus,

H NMR analysis together with XPS data of NPs might indicate that
ydrophilic polymer parts (PEG) are oriented towards the outer
hase (water) during precipitation and NP hardening whereas the
ore lipophilic polyester (either PLA or PLA and palmitate) residues

orm the inner core. A schematic representation of different chain
rganization of NPs depending on both their polymer composition
nd polymer architecture is shown in Fig. 5. For PEG2.5%-g-PLA NP,
nhanced phase separation of both components during NPs forma-
ion was observed as confirmed from AFM phase imaging, XPS and
H NMR data. Thus, easy migration of PEG chains towards the sur-
ace of NPs will be favored while the cores will be predominantly
ydrophobic. On the contrary, palmitic acid2.5%-g-PLA NPs showed
he migration of palmitate chains into PLA core avoiding facing the
queous phase during NPs preparation.

.10. Erosion study

This study was conducted to investigate the effect of polymer
rafting on the in vitro degradation rate of PLA-based NPs under
onditions similar to physiological ones. Mass loss of copolymer in
hosphate buffer started after 5 days for all the investigated NPs.
noticeable difference in mass loss is observed between PEG2.5%-

-PLA and palmitic acid2.5%-g-PLA NPs after 10 days of incubation.
EG2.5%-g-PLA exhibited faster erosion rate ∼43% compared to
oth PLA and palmitic acid2.5%-g-PLA NPs which showed slower
ates around 17% and 32%, respectively after 45 days. This pattern

s shown in Fig. 6. Mass loss of polyester copolymers is usually
nhanced by ester hydrolysis and transesterification mechanisms
von Burkersroda et al., 1997). NPs erosion was initiated by water
ptake followed by random hydrolytic chain scission of PLA block
ith release of lactide oligomers. The more hydrophilic PEG2.5%-g-
Fig. 6. Erosion of different ibuprofen-loaded NPs in phosphate buffer saline (PBS,
pH 7.4) at 37 ◦C.

PLA initially swells to a much greater degree than other polymers
of lower hydrophilic content, allowing more water uptake into
the matrix, further increasing the rate of hydrolysis and break-
down of NPs (Siparsky et al., 1997; Clapper et al., 2007). Thus PEG
grafting over PLA backbone was observed to increase the degrada-
tion rate of PLA. The possible reason that palmitic acid2.5%-g-PLA
NPs showed faster degradation rates than PLA NPs is that palmitic
acid2.5%-g-PLA polymer has lower Mw compared to PLA homopoly-
mer (Table 1).

3.11. In vitro drug release

One of the main purposes of this study is to compare and study
the effect of the aqueous solubility of grafted substance over PLA
backbone on drug release profiles from modified PLA NPs. Ibupro-
fen showed much more rapid release from solution than its release
from the NPs indicating that drug diffusion through the dialysis bag
was not the release rate-limiting step (Fig. 7). Different NPs formu-
lations were compared for their in vitro release behavior as shown
in Fig. 7. It could be seen that all formulations exhibited biphasic
release phenomenon. A rapid initial burst release varied from 10% to
20% of their payload and this might be due to the immediate release
of drug particles adsorbed at or near the surface of NPs (Magenheim
et al., 1993). This phase was followed by sustained release of the
drug over 300 h. Drug release during that phase is mainly controlled
by solubility of the drug in the matrix, diffusion of drug into the
matrix, and matrix erosion (Panyam et al., 2003; Mittal et al., 2007).
The physical state of the drug inside the NPs matrix might have an
influence on the in vitro and in vivo release behavior of the drug.
DSC indicated that ibuprofen mostly exists in a crystalline state
inside all NPs irrespective of their polymer content. The last find-
ing indicates that the main rate-limiting step affecting drug release
will be the dissolution of drug crystals into the polymeric matrix
followed by their diffusion out of the matrix into the release media.
This finding also confirmed the role of NPs core wetting in enhanc-

ing drug dissolution and hence drug release. PEG2.5%-g-PLA NPs
showed faster drug release rates compared to other formulations
and this could be attributed to their PEG content that might led
to rapide core wetting resulting in faster drug dissolution followed
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ig. 7. Effect of PLA grafting on the in vitro release behavior of ibuprofen-loaded
Ps; values are represented as mean ± S.D. of three independent experiments.

y its rapide diffusion and/or more enhancement of matrix erosion.
n the other hand, palmitic acid2.5%-g-PLA NPs showed faster drug

elease compared to PLA NPs although the former is expected to be
ore hydrophobic and hence more interaction with drug will be

avored. This is could be explained on the basis that PLA polymer
ad large molecular weight compared to palmitic acid2.5%-g-PLA
olymer as shown before from GPC data (Table 1) and this might
low the process of matrix erosion (Peracchia et al., 1997). Erosion
tudy showed that PEG2.5%-g-PLA NPs exhibited faster degradation
ate (Fig. 6) than other NPs supporting the faster release behavior
xhibited by those NPs. These results showed that the hydrophilic-
ty of the matrix is one of the major factors that markedly influence
ts hydration and, in turn, the drug release profile (Sung et al.,
998; Sinha Roy and Rohera, 2002). It also should be mentioned
hat both erosion and release rates could be affected by the size
f the particle tested. However, the small size differences between
he three tested loaded batches (PLA, 162 ± 22.3 nm), (PEG-g-PLA,
35 ± 32.7 nm), and (palmitic acid-g-PLA, 183 ± 22.2 nm) might not
e fully responsible for such big differences in both release and
rosion.

. Conclusion

NPs were fabricated using grafted copolymers of PLA with two
rafted substances of different aqueous solubility. PEG2.5%-g-PLA
P and palmitic acid2.5%-g-PLA polymers were synthesized and

abricated into NPs. NPs were compared for the effect of the aque-
us solubility of grafted substance of the polymer on their physic-
chemical properties. Mode of chain organization of each polymer
as also investigated. Both AFM phase imaging and XPS studies

howed the existence of PEG chains on the surface of PEG2.5%-g-
LA NPs. This resulted in rapide core wetting, faster degradation
f the polymeric matrix and faster drug release from NPs. On
he contrary, palmitic acid2.5%-g-PLA NPs showed the existence
f palmitate chains embedded inside NPs core. This organization
ffected some major physicochemical properties of NPs. Our future

ork will focus on studying the cellular uptake of rhodamine

ncapsulated NPs made from different architectures. In brief, the
queous solubility of grafted material over the polymer backbone is
n important parameter controlling surface characteristics of NPs
hich in turn determine their physicochemical properties like %
armaceutics 388 (2010) 263–273

PVA adsorbed at the surface of NPs, zeta potential, thermal charac-
teristic, NPs surface organization and drug release kinetics.
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