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a  b  s  t  r  a  c  t

Nicotinic  acid  was grafted  on  (poly(�-caprolactone))2-poly(ethylene  glycol)  copolymers  that  were  used
for the  preparation  of  nanoparticles  with  the  objectives  to  monitor  particle  size  and to  optimize  the  drug
loading  capacity  as  well  as  the  release  profile  of  the  particles.  Increasing  amounts  of  grafting  nicotinic
acid  increased  the  particle  size  as  a result  of an  enhanced  hydrophobicity  of  the  copolymer.  Ibupro-
fen  and  indomethacin  with  two  different  molecular  characteristics  were  selected  as  model  drugs  to be
bound  to the  nanoparticles.  The  presence  of  grafting  nicotinic  acid  enhanced  the  loading  capacity  for  both
eywords:
buprofen
ndomethacin
anoparticle
icotinic acid
oly(�-caprolactone)

drugs compared  to  the nanoparticles  without  nicotinic  acid.  However,  no  correlation  between  amount
of grafting  nicotinic  acid  and  loading  capacity  was  observed.  The  release  characteristic  of  both  drugs
was fitted  to  the  Higuchi  model  indicating  Fickian  diffusion.  The  release  characteristic  of  indomethacin
mainly  depended  on  the  crystalline  property  of  the  copolymer  whereas  that  of  ibuprofen  was  additionally
influenced  by  the  hydrogen  bonding  between  drug  and  grafted  copolymer.
oly(ethylene glycol)

. Introduction

Poly(�-caprolactone)-co-poly(ethylene glycol) copolymers
PCL-PEG) to be used as drug delivery systems in form of

icroparticles and nanoparticles have been employed and studied
xtensively (Zhou et al., 2003; Zhang et al., 2004; Vroman et al.,
007a; Huang et al., 2008; Gou et al., 2009; Lee et al., 2009; Nguyen
nd Nguyen, 2010). Owing to the amphiphilic properties of the
opolymers, they showed advantages over PCL polymers such as
he possibility for self assembly thus enabling an easy formation of
articulate carriers. In addition, the presence of PEG in the polymer
hain decreased uptake of the particles by the liver and kidney
nd prolonged retention in the blood (Hu et al., 2003; Zhang et al.,
004; Shenoy and Amiji, 2005; Zhang and Zhuo, 2005; Alexis et al.,
008; Chausson et al., 2008; Peng et al., 2008; Gou et al., 2009;
ei  et al., 2009b).  As a result, these PEGylated particles were used

o encapsulate various kinds of drug, to improve drug action, to
educe unwanted side effects, or to offer controlled release (Wei
t al., 2009a).

To increase the efficacy of the particles, certain functional-

zed polymers were synthesized (Trollsas et al., 2000; Lou et al.,
003; Vroman et al., 2007b; Riva et al., 2008). Functional groups
hat are attached to the polymer backbone may  provide unique

∗ Corresponding author. Tel.: +66 2 644 8694; fax: +66 2 644 8694.
E-mail address: pyvbp@mahidol.ac.th (V.B. Junyaprasert).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.11.033
© 2011 Elsevier B.V. All rights reserved.

polymer characteristics thus directly influencing the polymer and
nanoparticle properties (Sinko, 2006) as for example PEGylated
poly(lactide) functionalized with carboxylic group (Lee et al.,
2004) and polyphosphazenes functionalized with ethyl trypto-
phan (Zhang et al., 2006a), etc. In addition, not only the nature
of carrier but also the molecular characteristics of bound drug
can affect the properties of carriers, such as stability, drug load-
ing capacity, drug entrapment efficiency, as well as their drug
release profile (Sarisuta et al., 1999; Nair et al., 2001; Liu et al.,
2004).

Non-steroidal anti-inflammatory drugs (NSAIDs) are one of the
most widely used medicines for the treatment of osteoarthritis,
rheumatoid arthritis, inflammations, and a variety of pains (Simon,
2002). The NSAIDs ibuprofen (IBU) and indomethacin (IND) possess
different physicochemical characteristics concerning molecular
structure, molecular size, and water-solubility. Because of their
different properties these two  drugs were chosen to investigate
the compatibility and interaction with the copolymers which may
be responsible for their loading and release characteristics. Their
interaction with the polymer may involve van der Waals forces,
dipole-dipole interaction, and hydrogen bonding (Van Krevelen
and TeNijehuis, 2009).

Previously, the feasibility of grafting nicotinic acid (NI) and

p-aminobenzoic acid on (poly(�-caprolactone))2-co-poly(ethylene
glycol) copolymer ((PCL)2-PEG) was investigated (Suksiriworapong
et al., 2011). The properties of NI grafted copolymer ((P(NICL))2-
PEG) depended on the amounts of grafting NI on the copolymer.

dx.doi.org/10.1016/j.ijpharm.2011.11.033
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:pyvbp@mahidol.ac.th
dx.doi.org/10.1016/j.ijpharm.2011.11.033
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In this study, the effect of NI grafted on (PCL)2-PEG copoly-
ers containing various amounts of grafting NI on nanoparticle

ormation and characteristics was investigated. The physicochem-
cal properties of the resulting (P(NICL))2-PEG nanoparticles with
espect to particle size, morphology, surface charge, and toxicity
ere determined and compared with (PCL)2-PEG nanoparticles.

BU and IND were chosen as model drugs and loaded at various drug
o polymer ratios and the drug loading capacity, release characteris-
ics, and possible interactions between drug and grafted copolymer
ere investigated.

. Materials and methods

.1. Materials

Nicotinic acid (NI) (Ajax Finechem, New South Wales,
ustralia) was  used without purification. But-3-ynyl nicoti-
ate was synthesized as previously reported (Suksiriworapong
t al., 2010a).  Azide-containing (PCL)2-PEG copolymer ((P(N3CL))2-
EG) was manufactured according to a previously reported
rocedure (Suksiriworapong et al., 2011). Copper (I) iodide
CuI), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), l-glutamine, and
oetal bovine albumin serum (FBS) were purchased from
igma–Aldrich Chemicals (Steinheim, Germany). MTT  (3-(4,5-
imethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoliumbromide) was
btained from Fluka Chemie (Steinheim, Germany). Milli-Q water
as used by purification with a Synergy® (Millipore, Molsheim,

rance). IMDM (Iscove’s Modified Dulbecco Medium) was  obtained
rom Biochrom AG (Berlin, Germany). Penicillin/streptomycin
Hoechst, Germany), sodium dodecyl sulphate (SDS) (MP  Bio-
hemicals, LLC, Heidelberg, Germany), trypsin (Difco, Germany),
00% acetic acid (VWR International S.A.S, Darmstadt, Germany),
nd other organic solvents were used as received. HUVECs
human umbilical vein endothelial cells) were isolated from human
mbilical cord donated from Nordwest-Krankenhaus (Nordwest
ospital, Frankfurt, Germany). Acetonitrile and methanol from
erck (Darmstadt, Germany) were of HPLC grade. IBU and IND were

 kind gift from Vita Co. Ltd. and Government of Pharmaceutical
rganization (GPO) (Bangkok, Thailand).

.2. Preparation and characterization of preformed PEGylated
opolymers

NI was grafted on the (P(N3CL))2-PEG backbone by
click reaction” according to a previously published method
Suksiriworapong et al., 2010a, 2011). But-3-ynyl nicotinate was
rafted at the azide position using CuI as a catalyst and DBU as

 base. The grafting reaction was conducted at 40 ◦C for 4 h. The
olar grafting was varied employing percentages of 10%, 20%, and

0% based on hydrophobic segments. (PCL)2-PEG was synthesized
y ring-opening polymerization at 120 ◦C for 24 h and used as a
emplate copolymer for comparison. The obtained copolymers
ere characterized by gel permeation chromatography (GPC) using

 Water 150-CV gel permeation chromatograph for the number-
nd weight-average molecular weights (Mn and Mw), respectively.
he copolymer was eluted through a PLgel 10 �m mixed B col-
mn  at a flow rate of 1 ml/min using tetrahydrofuran (THF) as a
obile phase. The Mn and Mw values were determined using the

tandard curve calibrated with a polystyrene standard. 1H NMR
pectroscopy was employed for the calculation of % molar grafting
sing a Bruker Avance 300 apparatus. Deuterated chloroform was

sed as a solvent, and the % molar grafting was calculated by the

ntegrals of characteristic peaks in the 1H NMR  spectrum according
o a published calculation method (Suksiriworapong et al., 2011).
o investigate the polymorphism of the PEGylated copolymers,
l of Pharmaceutics 423 (2012) 562– 570 563

differential scanning calorimetry (DSC) was performed, and the
DSC thermograms were recorded at the second heating run cycle
at 20 ◦C/min over the temperature range of −80 ◦C to 100 ◦C.

2.3. Nanoparticle preparation of preformed PEGylated
copolymers

The nanoparticles were prepared by a solvent diffusion and
evaporation technique as reported elsewhere (Espuelas et al., 1997;
Khoee et al., 2007). Firstly, a known amount of the preformed PEGy-
lated copolymer was  dissolved in 10 ml  of THF. The polymeric
solution (10 mg/ml) was  then gently added into 16 ml  of Milli-
Q water under stirring at 1000 rpm. THF was evaporated under
reduced pressure, and the final volume was  readjusted to 16 ml.
The obtained dispersion was filtered through 0.45 �m membrane
filter (Millipore, Schwalbach, Germany) to eliminate aggregates.
Finally, one milliliter of the nanoparticles was added into 2-ml vials
and then frozen prior to freeze drying. The freeze dried powder
of the nanoparticles was  obtained after 48 h of freeze drying. The
weight of the obtained powder was  recorded. In case of drug load-
ing, a preset amount of drug was initially dissolved together with
the copolymer. The drug to polymer mass ratios (D:P) were set at
2:10 and 3:10. The drug-loaded nanoparticles were prepared as
previously described.

2.4. Toxicity assay of PEGylated nanoparticles

The toxicity of the PEGylated nanoparticles was  assessed by
the MTT  test using HUVECs. Cells were grown in IMDM culture
medium containing 1% penicillin/streptomycin, 2% glutamine, 3%
bicarbonate solution, 15% FBS, and 0.1% fibroblast growth factor.
Cells (50 �l) at the density of 3 × 105 cells/ml were seeded into a
96-well plate and incubated in a 5% CO2 atmosphere at 37 ◦C. After
24 h of incubation, the cells were incubated for another 24 h with an
equal volume of the PEGylated nanoparticles dispersed in the cul-
ture medium. The final concentrations of the nanoparticles were
varied in the range of 0.01–1.56 �g/ml. Subsequently, 25 �l of the
MTT  solution was added to each well. After 6 h of incubation, the
cells were finally incubated with an SDS solution for 6 h. The % cell
viability was calculated according to Eq. (1),  and cells incubated
without the nanoparticles were used as control.

% Cell viability = AS,560 − AS,620

AC,560 − AC,620
× 100 (1)

AS and AC denote the absorbance measured from the sample
incubated with and without the nanoparticles, respectively. The
numeric subscripts refer to the measurement wavelength.

2.5. Particle size and zeta potential measurements

The determination of the mean particle size (z-ave) and zeta
potential (ZP) was performed by photon correlation spectroscopy
(PCS) by means of a Zetasizer 3000 HSA (Malvern Instruments,
Malvern, UK). All samples were diluted with Milli-Q water prior to
measurement and measured with a HeNe laser at the wavelength of
633 nm,  a 90◦ angle, and a temperature of 25 ◦C. All measurements
were performed in triplicate.

2.6. Particle morphology

The samples were sputtered with gold (Agar Sputter Coater)

for 45 s prior to measurement. The morphology of the nanopar-
ticles was  investigated by scanning electron microscopy (Hitachi
S4500, Tokyo, Japan) equipped with a field-emissions-cathode
using a 15 kV upper detector. The photograph was  analysed using a
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igital Image Processing System 2.6 (Firma Point Electronic, Halle,
ermany).

.7. Drug loading and entrapment efficiency evaluation

The drug loading (% DL) and the entrapment efficiency (% EE)
ere evaluated by direct and indirect methods as reported ear-

ier (Avgoustakis et al., 2002; Kisich et al., 2007). For the indirect
rocedure, the amount of drug in the filtrate was analysed after
entrifugal filtration at 16,000 rpm using a Microcon Ultracel YM-
0 tube (MWCO  30,000 Da) (Millipore, Schwalbach, Germany). For
he direct method, the amount of drug in the dispersion was directly
nalysed after fresh preparation. The nanoparticles were dissolved
n a mobile phase and sonicated for 30 min. Then the precipitate

as centrifuged at 16,000 rpm for 10 min. The supernatant was
ollected and analysed by HPLC. The amount of drug entrapped
n the nanoparticles was calculated from the different amounts of
rug obtained by the direct and the indirect methods. Yield, entrap-
ent efficiency and drug loading were calculated according to the

ollowing equations.

 Yield = Weight of freeze dried nanoparticles
Initial weight of solid content

× 100 (2)

 EE = Amount of entrapped drug in nanoparticles
Amount of drug fed initially

× 100 (3)

 DL = Amount of entrapped drug in nanoparticles
Weight of freeze dried nanoparticles

× 100 (4)

he weight of the freeze dried nanoparticles in Eq. (4) was the dif-
erence between the actual weight of freeze dried powder and the
mount of non-entrapped drug presented in the filtrate as deter-
ined by the indirect method.

.8. In vitro drug release study

The release study was performed by dialysis as reported else-
here (Avgoustakis et al., 2002; Zhang and Zhuo, 2005). Briefly,

.0 ml  of the drug loaded nanoparticles were enclosed in a dial-
sis tube (MWCO, 6000–8000 Da, Bioron GmbH, Ludwigschafen,
ermany). It was then immersed in phosphate buffer solution pH
.4 used as a receptor medium. The experiment was performed at
7 ◦C under magnetic stirring at 130 rpm. At predetermined times,
.5 ml  of aliquot was withdrawn, and then the amount of drug
eleased was analysed by the HPLC method as described below.
fter sampling, an equal volume of fresh medium was immediately
dded.

.9. HPLC analysis

The quantitative analysis of drug was conducted by HPLC
LaChrom, Tokyo, Japan) equipped with a diode array detec-
or (LaChrom model L-7455). IBU and IND were eluted through
 reverse phase Hypersil ODS column, 5 �m particle size,
50 mm × 4.6 mm  (Thermo Scientific, USA) at flow rates of 1.4 and
.2 ml/min, respectively. The mixture of methanol: water: acetoni-
rile: acetic acid (55:35:10:1) was used as a mobile phase. The

able 1
olecular characteristics of preformed PEGylated copolymers.

Copolymers % Molar graftinga Mn,GPC
b

(PCL)2-PEG 0 9206 

10%(P(NICL))2-PEG 9 7775 

20%(P(NICL))2-PEG 17 6294 

30%(P(NICL))2-PEG 25 5980 

a Determined by 1H NMR  spectroscopy.
b Determined by GPC.
l of Pharmaceutics 423 (2012) 562– 570

amount of IBU was  calculated at the wave length of 264 nm using
a standard curve over the range of 2.5–40 �g/ml, while that of IND
was  performed at 254 nm using a standard curve over the range of
0.25–40 �g/ml. The injection volume was  20 �l.

2.10. FT-IR measurement

The interaction between drug and PEGylated copolymer was
evaluated by FT-IR spectroscopy. The samples were prepared by
dissolving in THF. One drop of the sample solution was spread on
KBr disc and allowed to dry in a desiccator. The measurement was
conducted using a Nicolet 6700 FT/IR spectrophotometer (Thermo
Fisher Scientific Inc., Massachusetts, USA). The absorption spectra
of drug, NI grafted copolymer, and the mixture between drug and
NI grafted copolymer were recorded.

2.11. Statistical analysis

Results are depicted as mean ± S.D. of at least three measure-
ments. The t-test or one way  ANOVA applied post hoc for paired
comparisons were performed to compare two or multiple groups,
respectively. All analyses were determined using the SPSS program
(SPSS 13.0 for windows), and differences were considered to be sig-
nificant at a level of p-value < 0.05. To compare the release profiles,
a similarity factor (f2) was calculated according to Eq. (5)

f2 = 50 log

⎧⎨
⎩

[
1 + 1/n

n∑
t=1

|R1 − R2|2
]−0.5

× 100

⎫⎬
⎭ (5)

where n is the number of time point. R1 and R2 represent the percent
drug released of the sample 1 and 2 at each time point, t. Generally,
f2 values between 50 and 100 ensure that the two release profiles
are similar (United States Food and Drug Administration, 1997).

3. Results and discussion

3.1. Preformed PEGylated copolymers

In accordance with our previously published method
(Suksiriworapong et al., 2011), NI grafted (PCL)2-PEG copoly-
mers were obtained using the “click reaction”. All molecular
characteristics of PEGylated copolymers are summarized in
Table 1. The molecular weight of PEGylated copolymers decreased
with increasing % molar grafting whereas the Mw/Mn values were
not different among all PEGylated copolymers. Previously, it was
reported that the decrease in molecular weight could be attributed
to inter- and intra-molecular transesterifications at high temper-
atures around 120 ◦C caused by a high reactive chloride atom of
the monomer used in the polymerization, and a slight degradation
of 30%(P(NICL))2-PEG that is revealed by a small shoulder peak in
the GPC chromatrogram (data not shown) (Suksiriworapong et al.,

2010a, 2011). The glass transition temperature (Tg) of PEGylated
copolymers tended to increase, whereas the melting temperature
(Tm) and the enthalpy of melting (�Hm) decreased with increas-
ing % molar grafting. The DSC results and thermograms (Fig. 1)

Mw/Mn
b Tg (◦C) Tm (◦C) �Hm (J/g)

1.65 −60 54 47.7
1.54 −50 40 45.8
1.70 −47 39 17.6
1.56 −43 32 5.5
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Fig. 1. DSC thermograms of (PCL)2-PEG and (P(NICL))2-PEG copolymers.

uggested that grafting with NI tended to reduce the crystalline
roperties of PEGylated copolymers.

.2. Unloaded nanoparticles of preformed PEGylated copolymers

All (P(NICL))2-PEG copolymers were further used for nanopar-
icle preparation. The (PCL)2-PEG nanoparticles were used as a
omparison. The characteristics of the unloaded nanoparticles are
hown in Table 2. After using the solvent diffusion and evapora-
ion method, the percent yield of all unloaded nanoparticles was
igher than 78%. All (P(NICL))2-PEG nanoparticles were smaller
han the (PCL)2-PEG nanoparticles, and their particle size increased
ith the increasing % molar grafting. The increasing % molar graft-

ng increased the hydrophobic properties of PEGylated copolymers,
hus increasing the particle size of nanoparticles (Shin et al., 1998;
ones and Leroux, 1999; Zhang et al., 2006b).  The ZP of (P(NICL))2-
EG nanoparticles was higher than that of (PCL)2-PEG nanoparticles
uggesting that the grafting NI component may  be presented on
he surface of the nanoparticles. The unloaded (P(NICL))2-PEG
anoparticles were almost spherical in shape as shown in Fig. 2.

.3. Toxicity assay of PEGylated nanoparticles

The toxicity results are illustrated in Table 2 and expressed as
C80 representing the toxic concentration of nanoparticles of less
han 80% of cell viability. As illustrated, the TC80 values decreased
ith the increasing % molar grafting. The results indicated that an

ncrease in % molar grafting NI increased the toxicity of the PEGy-
ated copolymer nanoparticles. Owing to many factors determining
he cytotoxicity of nanoparticles such as PEG surface density and
article size etc. (Gref et al., 1995; Stolnik et al., 1995; Allen et al.,
999; Mosqueira et al., 2001; Hu et al., 2007), the actual mechanism
f cell death by the grafted nanoparticles could not be elucidated.

.4. Drug loaded nanoparticles of preformed PEGylated
opolymers

IBU and IND were chosen as model drugs to investigate the
ffect of grafting NI on the drug loading capacity. Table 3 com-
ines % yield and % EE of the IBU- and IND-loaded nanoparticles.
he yield of all drug-loaded nanoparticles was  higher than 70%.

t least 67% of IBU was  entrapped in the nanoparticles. IND was
ntrapped in (PCL)2-PEG and (P(NICL))2-PEG nanoparticles to a
ignificantly higher extent than IBU (p-value < 0.05) except for
PCL)2-PEG nanoparticles loaded at a ratio of 3:10. The higher %
Fig. 2. Scanning electron microscopic photographs of unloaded (P(NICL))2-PEG
nanoparticles containing 10% (A), 20% (B), and 30% (C) molar grafting.

EE of IND could be attributed to the lower water-solubility of IND

as compared to IBU (Jiang et al., 2005; Zhang et al., 2006a). During
the nanoparticle formation, the IND molecules were dissolved to a
lower extent in water and hence partitioned more into hydropho-
bic core. This result is consistent with the previous report on the
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Table 2
Characteristics of unloaded PEGylated nanoparticles.

Copolymers z-avea (nm) ZPa (mV) % Yield TC80
b (mg/ml)

(PCL)2-PEG 123 ± 26 −3.7 ± 3.1 78.9 ± 8.6 1.56
10%(P(NICL))2-PEG 77 ± 10 −8.9 ± 1.5 94.2 ± 0.0 0.78
20%(P(NICL))2-PEG 82 ± 8 −5.9 ± 1.4 94.0 ± 4.5 0.78
30%(P(NICL))2-PEG 120 ± 25 −17.3 ± 2.0 87.6 ± 1.1 0.39

The values are expressed as the mean ± S.D. from at least three experiments.
a z-ave = mean particle size, ZP = zeta potential.
b Toxic concentration of nanoparticles caused less than 80% of cell viability.

Table 3
% Yield and % entrapment efficiency (% EE) of drug-loaded nanoparticles.

Copolymers D:Pa Drug

IBU IND

% Yield % EE % Yield % EE

(PCL)2-PEG 2:10 80.9 ± 2.8 67.4 ± 11.4 89.0 ± 2.8 97.4 ± 14.7
3:10  72.3 ± 2.6 69.9 ± 14.8 77.1 ± 2.6 47.2 ± 0.1

10%(P(NICL))2-PEG 2:10 85.9 ± 1.0 73.2 ± 2.1 90.3 ± 2.8 87.6 ± 11.6
3:10  94.8 ± 2.6 79.7 ± 2.2 92.0 ± 2.6 100.1 ± 0.2

20%(P(NICL))2-PEG 2:10 94.1 ± 0.9 83.7 ± 2.1 92.3 ± 3.7 85.9 ± 10.0
3:10  90.2 ± 2.6 78.2 ± 1.2 86.3 ± 1.7 82.5 ± 0.6

30%(P(NICL))2-PEG 2:10 89.6 ± 2.9 78.2 ± 2.2 92.7 ± 4.7 93.1 ± 0.2
3:10  98.0 ± 0.0 81.2 ± 1.7 92.1 ± 3.4 88.6 ± 0.7

The values are expressed as the mean ± S.D. from at least three experiments.
a Drug to polymer mass ratio.

Fig. 3. Z-ave (A and B) and zeta potential (C and D) of IBU- (left panel) and IND- (right panel) loaded nanoparticles. Each point represents the mean ± S.D. of three experiments.
D:P  denotes drug to polymer mass ratio.
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Fig. 4. Relationship of % drug loading (% DL) and % molar grafting of IBU- (A) and
IND- (B) loaded nanoparticles. Each point represents the mean ± S.D. of three exper-
J. Suksiriworapong et al. / International J

omparison of entrapment efficiency of loaded drugs having dif-
erent water solubilities (Barichello et al., 1999; Corrigan and Li,
009; Suksiriworapong et al., 2010b).  In the case of IND-loaded
PCL)2-PEG nanoparticles at 3:10, the dramatic reduction of the %
E could be due to the limitation of the system. The % EE of both
rugs increased by incorporation into the NI grafted copolymer
anoparticles, particularly at D:P of 3:10 (p-value < 0.05), proba-
ly as the result of the increase in the hydrophobicity of the grafted
opolymer. Fig. 3 demonstrates z-ave and ZP values of drug loaded
anoparticles. After incorporation of both drugs into (P(NICL))2-
EG nanoparticles, most formulations showed larger particle sizes
ompared to the unloaded nanoparticles. The ZP of IBU-loaded
P(NICL))2-PEG nanoparticles tended to increase while that of IND-
oaded nanoparticles showed the opposite result. However, no
elation between ZP and amount of loaded drug was evidenced.
ig. 4 shows that increasing amounts of loaded drug increased
he % DL of both drugs in (P(NICL))2-PEG nanoparticles. In addi-
ion, the nanoparticles containing grafting NI revealed a higher %
L as compared to those without grafting except for IND loaded
t 2:10. However, the increasing % molar grafting did not signifi-
antly correlate to % DL. It could be deducted that the presence of
rafting NI enhanced the loading capacity of (PCL)2-PEG nanoparti-
les presumably due to the enhanced hydrophobic properties of the
rafted copolymers. The drug-loaded (P(NICL))2-PEG nanoparticles
emained spherical in shape as exemplified in Fig. 5.

.5. In vitro drug release

In the present experiments, the nanoparticles containing 10%
nd 20% molar grafting NI and loading with drug at D:P of 2:10
ere chosen for the release study in comparison with (PCL)2-PEG
anoparticles. Fig. 6 displays the release profiles of drug-loaded
anoparticles. The data from the release curves of all nanoparti-
les indicated a linear relationship following the Higuchi model
Higuchi, 1963), as seen in Fig. 7. All release profiles could be
tted to the Higuchi model over the initial 4 h of the release with

2 > 0.941 indicating Fickian diffusion. In the case of (PCL)2-PEG
anoparticles, about 80% of both drugs was released over 24 h
Fig. 6). The release profile and release rate of IND were not dif-
erent to those of IBU (f2 value of release profile = 63.5 and p-value
f release rate > 0.05). It was expected that the less water-soluble
rug, IND, would be released slower and to a lower extent than the

igher water-soluble drug, IBU, from the same nanocarrier. How-
ver, the release rate and amount of drug release depended on the
urface area and the initial drug concentration in the system. Since
he particle sizes of both drug-loaded (PCL)2-PEG nanoparticles

Fig. 5. Scanning electron microscopic photographs of IBU- (A) and IN
iments. D:P denotes drug to polymer mass ratio (*Statistically significant difference
compared with 0% molar grafting (PCL)2-PEG nanoparticles (p-value < 0.05)).

were not significantly different indicating similar surface areas, the
insignificant difference in the release rate and profile between IND
and IBU probably can be attributed to the significantly higher % DL
of IND. Therefore, the higher % DL thus enhanced the drug released
from the carrier although IBU possesses higher water-solubility
than IND as already mentioned (Barichello et al., 1999; Corrigan

and Li, 2009).

For (P(NICL))2-PEG nanoparticles, the release profile and rate
of IBU from 20%(P(NICL))2-PEG nanoparticles (Figs. 6A and 7A)

D- (B) loaded 10%(P(NICL))2-PEG nanoparticles at D:P of 2:10.
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Fig. 6. Release profiles of IBU- (A) and IND- (B) loaded nanoparticles in phosphate
buffer solution pH 7.4 at 37 ◦C over 24 h. Drug to polymer mass ratio was 2:10. Each
p
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oint represents the mean ± S.D. of three experiments. The insets show the release
rofiles during the initial 5 h of release.

ere not different than those of 10%(P(NICL))2-PEG nanoparticles
f2 value = 53.5 and p-value > 0.05, respectively). The total release
Fig. 6B) and release rate (Fig. 7B) of IND from 20%(P(NICL))2-
EG nanoparticles were higher than those of 10%(P(NICL))2-PEG
anoparticles (f2 value = 44.9 and p-value < 0.01, respectively) due
o the lower crystalline properties of the grafted copolymer. It has
een reported that the lower crystallinity of a copolymer facilitated
he drug diffusing through the polymeric matrix of nanoparticles,
hus enhancing drug release (Allen et al., 1999). The DSC results in
able 1 show that the melting enthalpy of 20%(P(NICL))2-PEG was
ower than that of 10%(P(NICL))2-PEG. It was noticeable that the
ifferent release pattern of both drugs was affected by the charac-
eristic of nanoparticles and crystalline properties of copolymers as

 consequence of the increasing % molar grafting.
To compare the release profiles of IND and IBU, the release

rofiles and release rates of both drugs from 20%(P(NICL))2-PEG
anoparticles were used since all other parameters were not
ignificantly different. Particle sizes and % DL of the 20%(P(NICL))2-
EG and the (PCL)2-PEG nanoparticles were also not different.

BU showed definitely slower release rates (p-value < 0.001) and
ower amounts released (f2 value = 27.3) than IND despite its
igher water-solubility. This may  have resulted from the interac-
ion between IBU and grafted NI documented in the FT-IR spectra
Fig. 7. Higuchi model fitting of the in vitro IBU (A) and IND (B) release profiles from
nanoparticles during the initial 4 h of the release.

(Fig. 8). The spectrum of IBU displayed a O H stretching peak at
3495 cm−1 and a C O stretching peak at 1733 cm−1. The individ-
ual peaks of (P(NICL))2-PEG were detected and assigned to the
terminal O H stretching at 3569 and 3499 cm−1, a C O stretch-
ing at 1733 cm−1, and a C N stretching at 1651 cm−1. However, in
the spectrum of the mixture of IBU and (P(NICL))2-PEG, the O H
stretching region of both, IBU and (P(NICL))2-PEG, was shifted to
3445 cm−1. The band at 1651 cm−1 was not detected with the pres-
ence of the new peak at 1736 cm−1. This result suggested that the
change in the frequency and pattern of the FT-IR spectra could be
assigned to the hydrogen bonding between the O H group of IBU
and either the pyridinyl, triazolyl, or carbonyl group of (P(NICL))2-
PEG backbone. On the contrary, no alteration in the frequency and
pattern in FT-IR spectrum of the mixture of IND and (P(NICL))2-PEG
was  observed. Obviously the grafting NI affected the extent and rate
of release of drug depending on the interactions between the drug
and the copolymer.

In the case of IBU (Figs. 6A and 7A), the extent and rate
of release from 20%(P(NICL))2-PEG nanoparticles were markedly
lower than those from (PCL)2-PEG nanoparticles (f2 value of 30.6
and p-value < 0.001, respectively) although the 20%(P(NICL))2-PEG
copolymer showed less crystalline property than the (PCL)2-PEG
copolymer. This result was due to the interaction between IBU and
grafted copolymer. Therefore, it was confirmed that the interac-
tion between IBU and grafted copolymer had larger effect on the
drug release than the crystallinity of the copolymer. In contrast,
in the case of IND due to the lower crystallinity of 20%(P(NICL))2-
PEG copolymer and the lack of interaction between IND and the
copolymer, a slightly different release profile (Fig. 6B, f2 value

of 49.3) but an insignificantly higher release rate (Fig. 7B) of
the 20%(P(NICL))2-PEG nanoparticles resulted as compared to the
(PCL)2-PEG nanoparticles.
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Fig. 8. FT-IR spectra of IBU (a), (P(NICL))2-PEG

. Conclusion

This study showed that the grafting NI onto the polymer
ackbone affected both the nanoparticle formation and the charac-
eristics of the nanoparticles. The amounts of grafting NI led to the
ncreases in the hydrophobic properties of the copolymer and the

ean particle size of the nanoparticles. The toxicity of nanopar-
icles increased with the increasing % molar grafting. Moreover,
he grafting NI influenced the loading capacity and the release
haracteristics of the nanoparticles. The higher loading capacity
f (P(NICL))2-PEG nanoparticles in comparison to the (PCL)2-PEG
anoparticles resulted from the presence of the grafting NI. The

oading capacity additionally depended on the water solubility
f the drug. Finally, differences in release characteristics of the
anoparticles could be contributed to (i) the mean particle size
f the nanoparticles, (ii) the % DL of the nanoparticles, (iii) the
rystalline properties of the copolymer, and (iv) the interaction
etween loaded drug and copolymer.
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