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In  the  present  study  chitosan  grafted  copolymers  with  poly(ethylene  glycol)  (CS-g-PEG)  were  prepared
and studied  using  PEG  with  molecular  weights  2000  and  5000  g/mol.  The  materials  were  character-
ized  using 1H NMR,  FTIR  and  WAXD  techniques.  These  polyelectrolytes  were  ionically  crosslinked  with
tripolyphosphate  (TPP)  and  poly(glutamic  acid)  (PGA)  at different  polymer/crosslinking  agent  ratios  (1:1,
2:1,  3:1  and  4:1,  w/w)  for  the  nanoencapsulation  of bovine  serum  albumin  (BSA).  Prepared  nanoparticles
are  spherical  in  shape  with  a mean  diameter  ranging  from  150  to 600  nm.  The  size  depends  mainly  to
eywords:
hitosan
oly(ethylene glycol)
ovine serum albumin
oly(glycolic acid)
ripolyphosphate

the  molecular  weight  of  the PEG  and  the crosslinking  agent  used.  The  PEG  molecular  weight  also  seems
to  affect  the  release  rate  of  BSA  especially  the first burst  effect  which  appears  to  be  high in  copolymers
containing  PEG5000,  compared  with  copolymer  prepared  with  PEG2000,  and  it  is  also  higher  when  PGA
was used  as  crosslinking  agent,  instead  of  TPP.

© 2012 Elsevier B.V. All rights reserved.

anoparticles

. Introduction

Polymeric nanoparticles have been widely investigated as car-
iers for drug delivery using many different materials and methods
or the preparation and size control (Rao and Geckeler, 2011).
mong them, much attention has been paid to the nanoparticles

hat are made of synthetic biodegradable aliphatic polymers due
o their good biocompatibility (Papadimitriou and Bikiaris, 2009).
owever, these nanoparticles are not ideal carriers for hydrophilic
rotein drugs because of their hydrophobic properties (Shu et al.,
009). In recent years, nanotechnology of polycation based mate-
ials is used in creating evolved drug delivery systems since it may
ffer site-specific and/or time-controlled delivery of small or large
olecular weight drugs and other bioactive agents (Park et al.,

010; Howard, 2009). Besides the commonly used synthetic poly-
ers, active research is focused on the preparation of nanoparticles

sing natural hydrophilic polymers like chitosan (CS). Chitosan has
een largely favored as a potential nanoparticle carrier due to its
nique properties (Dash et al., 2011; Hamidi et al., 2008; Liu et al.,
008). Despite the superiority of chitosan as biomaterial, it has the
ain drawback of poor solubility in water. However water soluble
hitosan can be easily synthesized with proper chemical modifica-
ion (Werle et al., 2009).

∗ Corresponding author. Tel.: +30 2310 997812; fax: +30 2310 997667.
E-mail address: dbic@chem.auth.gr (D.N. Bikiaris).

378-5173/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijpharm.2012.04.004
Chemical modification through graft copolymerization is quite
promising as it provides a wide variety of molecular character-
istics (Yao et al., 2007). The poly(ethylene glycol) (PEG) grafting
of chitosan cope with the major problem of nanoparticles which
is their rapid elimination from the blood stream through phago-
cytosis after intravenous administration and recognition by the
macrophages of the mono-nuclear phagocyte system. PEGylation
of chitosan nanoparticles can increase their physical stability and
prolong their circulation time in blood by reducing the removal
by the reticuloendothelial system. PEGylated chitosan nanoparti-
cles have been investigated as nanocarriers (Yang et al., 2008). At
the same time chitosan nanoparticles are usually prepared by ionic
gelation method using tripolyphosphate (TPP). The ionic gelation
method has received much attention in recent years for the prepa-
ration of nanocarriers for low molecular drugs (Papadimitriou et al.,
2008). Recently some studies are referred to the use of TPP as
ionic crosslinking agent for PEG-g-CS materials in order to create
nanoparticles for encapsulation of macromolecular drugs (Zhang
et al., 2008a; Csaba et al., 2009) Another technique is the creation of
self-assembled polyelectrolyte complexes (PECs) which have been
recently investigated for protein delivery (Park et al., 2010; Amidi
et al., 2010). Oppositely charged polyelectrolytes can form stable
intermolecular complexes. Recently poly(glutamic acid) is used as
polyion for the creation of PEC chitosan nanoparticles as protein

delivery systems. (Tang et al., 2010; Keresztessy et al., 2009; Imoto
et al., 2010; Peng et al., 2009). Poly(glutamic acid) is an unusual
anionic, natural polypeptide, water soluble, biodegradable and edi-
ble and with its good tissue affinity gains interest for biological

dx.doi.org/10.1016/j.ijpharm.2012.04.004
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:dbic@chem.auth.gr
dx.doi.org/10.1016/j.ijpharm.2012.04.004
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pplications (Tsao et al., 2011). These kind of nanoparticles are pre-
ared by electrostatic complexation of poly(glutamic acid) (PGA)
nd chitosan. PGA is selected as a negatively charged crosslink-
ng agent as it has been shown that nanoparticles containing this
olymer have the capacity to target hepatocytes (Lin et al., 2005).

Based on the aforementioned comments, the main idea of
his study was to prepare modified chitosan nanoparticles as
argeted and protection drug delivery systems for proteins. In
n alginate/chitosan nanoparticle system, insulin was  protected
y forming complexes with cationic �-cyclodextrin polymers
CP�CDs), which were synthesized from �-cyclodextrin (�-CD),
pichlorohydrin (EP) and choline chloride (CC) through a one-step
olycondensation (Zhang et al., 2010). Due to the electrostatic
ttraction between insulin and CP�CDs, as well as the assistance
f its polymeric chains, CP�CDs could effectively protect insulin
nder simulated gastrointestinal conditions. In the present study in
rder to create drug carriers that will not be rapidly eliminated from
he blood stream, poly(ethylene glycol) was used for the chemical

odification of chitosan, creating graft copolymers. The materials
roduced were fully characterized and subsequently used as drug
anocarriers for the encapsulation of peptide/protein drug such as
SA. Nanoparticles were produced by the ionic gelation method
sing two different crosslinking agents, TPP and poly(glutamic
cid). To our knowledge, no other research has been published
ntil now referring to the use of poly(glutamic acid) as ionically
rosslinking agent for CS-g-PEG materials, in order to create protein
anocarriers. The nanoparticles were fully characterized. Moreover
he in vitro release of BSA from the nanoparticles was studied.
he main goal of the present work was to identify the effect of
he materials’ ratio and crosslinking agent, together with the PEG

olecular weight on the physicochemical characteristics of the
S-g-PEG/TPP and CS-g-PEG/PGA nanoparticles loaded with BSA.
herefore, the encapsulation efficiency, yield, drug loading were
etermined and release profile of BSA was also performed and
tudied.

. Materials and methods

.1. Materials

Chitosan with high molecular weight (MW:  350 000 g/mol,
eacetylation degree >75% and viscosity 800–2000 cp)
nd tripolyphosphate were supplied by Aldrich chemicals.
onomethylated PEG (mPEG) with molecular weights 2000 g/mol

mPEG2000) and 5000 g/mol (mPEG5000), respectively, were
upplied also by Aldrich chemicals. Poly(glutamic acid) (PGA)
average molecular weight 15 000–50 000 g/mol) and bovine
erum albumin (BSA) were purchased from Sigma Aldrich and
cros Organics, respectively. All other materials and reagents used

n this study were of analytical grade.

.2. Preparation of PEG-aldehyde (mPEG-CH O)

PEG-aldehyde was prepared, as previously reported in the liter-
ture, by the oxidation of PEG with DMSO/acetic anhydrate (Harris
t al., 1984; Sugimoto et al., 1998). For this reason 5 ml  of acetic
nhydrate was  added under N2 atmosphere to 32 ml  anhydrous
imethylsulfoxide containing 10 g mPEG (M̄N = 2000 g/mol) and

% CHCl3 and the mixture was stirred for 9 h at room tempera-
ure (20 ◦C). The reaction mixture was then poured into 400 ml
iethylether. The precipitate was filtered, dissolved in chloroform
nd reprecipitated twice by the use of diethylether. For the prepa-
ation of PEG-aldehyde two different molecular weights of mPEG
ere used, 2000 and 5000 g/mol.
l of Pharmaceutics 430 (2012) 318– 327 319

2.3. Preparation of CS-g-PEG materials

The preparation of CS-g-PEG materials was performed by the
method of Harris (Harris et al., 1984) which was  partially modi-
fied by the use of novel synthetic procedures (Yao et al., 2007). CS
(0.5 g) was  dissolved in a mixture of aqueous 2% acetic acid solution
(40 ml)  and methanol (20 ml)  and an aqueous solution of PEG-
aldehyde (mPEG-CH O) with MW = 2000 g/mol (2.9 g) was added
dropwise during stirring for 30 min  at room temperature (Sugimoto
et al., 1998; Muslim et al., 2001). Then the pH of chitosan/PEG-
aldehyde solution was  increased by gradually adding Na2CO3 until
pH = 6. After 1 h NaCNBH3 (0.183 g) was  added and the mixture was
stirred for 5 h at 55 ◦C. The precipitate was  obtained by pouring
the reaction mixture into a saturated ammonium sulfate solu-
tion (Gorochovceva et al., 2005). The material was  collected by
filtering and dialyzed against aqueous 0.05 M NaOH and water
alternately, for 96 h using a dialysis cellulose membrane bag (mw
cut-off 12 400 g/mol), with a frequent change of the solutions used,
until the pH of the external water phase reached 7. The material
from the inner solution was freeze-dried and washed with ethanol
and acetone in order to remove the remaining mPEG that did not
reacted. After drying in vacuum the obtained white powder was
CS-g-PEG.

2.4. Characterization of PEG-aldehyde and CS-g-PEG materials

2.4.1. Nuclear magnetic resonance (NMR)
1H NMR  and 13C NMR  spectra of prepared materials were

obtained with a Bruker AMX  400 spectrometer. Deuterated chlo-
roform (CDCl3) was  used as solvent in order to prepare solutions
of 5% (w/v). The number of scans was 10 and the sweep width was
6 kHz.

2.4.2. Fourier transform-infrared spectroscopy (FT-IR)
FTIR spectra were obtained using a Perkin-Elmer FTIR spec-

trometer, model Spectrum 1000. In order to collect the spectra, a
small amount of each sample was  mixed with KBr (1 wt% nanopar-
ticles) and compressed to form tablets. The IR spectra of these
tablets, in absorbance mode, were obtained in the spectral region
of 450–4000 cm−1 using a resolution of 4 cm−1 and 64 co-added
scans.

2.4.3. Wide angle X-ray diffractometry (WAXD)
X-ray diffraction measurements of the samples were per-

formed using an automated powder diffractometer Rigaku Mini
Flex II with Bragg–Brentano geometry (�–2�), using CuK� radiation
(� = 0.154 nm)  in the angle 2� range from 5 to 55◦.

2.5. Preparation of CS-g-PEG nanoparticles loaded with BSA

Nanoparticles were prepared by a simple ionic-gelation method.
In this case the nanoparticles were self-assembled instantaneously
upon addition of two different cross-linking agents an aqueous TPP
or PGA in the presence of BSA into an aqueous CS-g-PEG solution
under magnetic stirring at room temperature (Sonaje et al., 2010).
In brief, aqueous CS-g-PEG (which was prepared using different
molecular weights of PEG, PEG2000 or PEG5000) solutions at var-
ious concentrations, such as 0.5, 1, 1.5 and 2.0 mg/ml, were first
prepared at pH = 3.5. Aqueous TPP or PGA (0.5 mg/ml final con-
centration) was premixed with BSA stock solution (2 mg  final drug
amount to the samples) and added into the aqueous CS-g-PEG solu-

tions with a rate of 1 ml/min. The obtained nanoparticles (NPs) were
collected by centrifugation at 32 000 rpm for 50 min. Supernatants
were discarded and NPs were resuspended in deionized (DI) water
for further studies.
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.6. Characterization of CS-g-PEG materials and nanoparticles

.6.1. Morphological characterization of nanoparticles
Transmission electron microscopy (TEM) was used to examine

he morphology of the nanoparticles prepared in this study. TEM
icrographs of nanoparticle samples deposited on copper grids
ere obtained with a JEOL 120 CX microscope (Japan), operating

t 120 kV.
The morphological examination of nanoparticles was  also per-

ormed using a scanning electron microscope (SEM) type JEOL
JMS-840). Operating conditions were: accelerating voltage 20 kV,
robe current 45 nA and counting time 60 s.

.6.2. Size measurements of nanoparticles
The particle size distribution of CS-g-PEG/drug nanoparticles

as determined by dynamic light scattering (DLS) using a Malvern
nstrument (Worcestershire, United Kingdom) Zetasizer Nano ZS
EN3600. This model is equipped with a 633 nm wavelength

red’ laser and a detector at 173◦ angle position measuring the
on-invasive back-scatter with moving optics (NIBS is a patented
echnology). A suitable amount of nanoparticles was  dispersed in
istilled water (pH = 7) creating a total concentration 1‰ and was
ept at 37 ◦C under agitation at 100 rpm.

.7. Evaluation of drug encapsulation

The drug-loaded nanoparticles were centrifuged as described
n previous paragraph and the amount of non-entrapped drug
free drug) was measured in the clear supernatant using UV spec-
rometry (Shimadzu PharmaSpec UV-1700) with Lowry method
s described in the literature (Nikiforidis and Kiosseoglou, 2010;
arkwell et al., 1978). The corresponding calibration curves were

roduced using the supernatant of blank nanoparticles. Each sam-
le was measured in triplicate.

The drug loading capacity (LC) and association efficiency (AE)
f the nanoparticles were calculated according to the following
quations:

LC = total drug − free drug
nanoparticle weight

× 100 (1)

AE = total drug − free drug
total drug amount

× 100 (2)

.8. In vitro drug release

BSA release was determined by incubating nanoparticles at
7 ◦C in phosphate buffer (pH = 7.4) under mild agitation. At pre-
etermined time intervals, samples were centrifuged and the
upernatant was removed and replaced by fresh buffer. The amount
f free BSA was determined by the method reported in the previ-
us paragraph using UV–Vis spectrometry. In each experiment the
amples were analyzed in triplicate.

. Results and discussion

.1. Synthesis and characterization of CS-g-PEG

Chitosan is a linear polysaccharide composed of randomly
istributed �-(1–4)-linked d-glucosamine and N-acetyl-d-
lucosamine. In its repeating using it contains mainly hydroxyl
nd amino groups. However, these are very difficult to react at
ormal conditions with the hydroxyl end groups of PEG in order to

repare the grafted material (CS-g-PEG). Furthermore, in this case
ince PEG is a bifunctional reagent crosslinked macromolecules
ould be prepared. In order to avoid this mono methyl ether of
EG was used, which contains only one hydroxyl group in the
Fig. 1. FTIR spectra of (a) mPEG2000 and (b) mPEG-CH O 2000.

macromolecular chain. To study the effect of PEG’s molecular
weight in the properties of the grafted material and mainly its
behavior to BSA release, PEG having number average molecular
weight, M̄N, 2000 and 5000 g/mol was used. Except this, for a
successful grafting reaction of PEG into chitosan, PEG monomethyl
ether was  oxidized in a first stage to PEG-aldehyde with acetic
anhydride and DMSO according to the method described by
Sugimoto (Harris et al., 1984; Sugimoto et al., 1998). The room
temperature was preferred for the oxidation reaction since there
might be a chance of excessive reaction (Muslim et al., 2001). The
creation of PEG-aldehyde was verified by the use of FTIR (Fig. 1).
As can be seen the most characteristic peak to the spectrum of
PEG-aldehyde is the one that appears at 1742 cm−1, which is
ascribed to the aldehyde groups in which the hydroxyl end groups
of PEG was  transformed after the oxidation reaction.

After the successful synthesis of mPEG-CH O with molecular
weights 2000 and 5000 g/mol, PEG can be reacted with chitosan in
order to prepare the grafted materials. The synthetic method used
for the N-PEGylation of chitosan by the use of reductive amina-
tion is demonstrated in Fig. 2. One step-reductive amination, also
known as Borch reduction, is the reaction between an amino group
of a primary or secondary amines and aldehyde group in the pres-
ence of a reducing agent (Gorochovceva et al., 2005). Borch reaction
requires a protic solvent or addition of an equivalent amount of an
acid. Chitosan is soluble in acidic media and thus these conditions
seem to be the most suitable for modification of chitosan. During
the second step of the procedure, Schiff base is created and reduc-
tion reaction follows, leading to the CS-g-PEG graft copolymers. In
both cases of the produced copolymers the reducing agent is added
to the reaction mixture dropwise in a time period of 1 h in order to
avoid precipitation of chitosan due to high alkalinity of NaCNBH3.
As previously reported the precipitation of chitosan during the
reduction process of Schiff base by NaCNBH3 would suppress the
smooth reduction of Schiff-base (Sugimoto et al., 1998). The exces-
sive NaCNBH3 changes rapidly the pH of the solution from acidic
to alkaline leading to the precipitation of chitosan in the aqueous
solvent. The adjustment of pH to 6.5 with the use of Na2CO3 before
the reduction of Schiff base, leads to a smooth transfer of the pH
from acidic to alkaline with the dropwise addition of NaCNBH , and
3
consequently to the protection of chitosan from precipitation. Also
neutral pH suppresses the degradation of Schiff-base (Yao et al.,
1994).
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deg 19.3◦ and 23.6◦ and two weak crystalline peaks at 2� deg 26◦

and 27◦. CS-g-PEG5000 pattern gives also two obvious peaks that
Fig. 2. Synthetic route via the two-

During the grafted reaction it is possible some reagents and
ainly mPEG-CH O do not react with chitosan’s amino groups.

eparation and purification of the grafted copolymers is a rather
omplicated procedure. As previously reported (Sugimoto et al.,
998) the use of dialysis membrane is ineffective as a part of
nreacted aldehyde of mPEG cannot be removed from the prod-
cts. Having this in mind the salting out method was  used
Gorochovceva et al., 2005). According to this technique the grafted
opolymers created a concentrated gel-like upper phase under
alting out and unreacted mPEG-CH O remained in the solution.
inally the materials were dialyzed against water to remove the
esidual ammonium sulfate used for the salting out method.

Grafting of mPEG aldehyde on chitosan was  confirmed by the
se of FTIR spectroscopy. Comparative IR spectra of chitosan,
PEG5000 and the synthesized mPEGCH O and CS-g-PEG are

hown in Fig. 3.
To the spectra of grafted chitosan the characteristic peaks of

hitosan and mPEG can be identified. The characteristic peaks
f PEG at 1110 cm−1 (C O stretch) and 2886 cm−1 (C H stretch)
ppear more intense than those of chitosan at the grafted materials.
hitosan characteristic bands appear at 3420 cm−1 (O H stretch

verlapped with N H stretch) and 2879 cm−1 (C H stretch).
n the contrary other two characteristic peaks of chitosan at
650 cm−1 and 1560 cm−1, that correspond to Amide I and Amide
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ig. 3. FTIR spectra of (a) mPEG 5000, (b) mPEGCH O 5000, (c) CS-g-PEG 5000 and
d)  chitosan.
eaction for the synthesis CS-g-PEG.

II, respectively, show a quite different behavior. The absorbance
of Amide I, at 1650 cm−1, seems to remain unaffected, a fact that
seems to be reasonable as this peak is attributed to the stretching
vibration of the C O group of the acetylated amino groups of
chitosan, which is not affected during the modification procedure
of chitosan. Contrary the absorbance of Amide II, 1560 cm−1, is
almost disappeared from the spectra of the grafted chitosan. This
characteristic group is attributed to the bending vibration of N H
group of chitosan (NH2), and this constitutes strong evidence of the
extend degree of reaction between the free NH2 groups of chitosan
and the aldehyde group of mPEGCH O (Bhattarai et al., 2005).

Typical XRD patterns of (a) mPEG5000 and (b) mPEG-CH O
5000, (c) chitosan, (d) CS-g-PEG5000 are shown in Fig. 4. XRD
pattern of neat CS showed that is in an amorphous to partially
crystalline state. This observation is in accordance with Nunthanid
(Nunthanid et al., 2001) who reported a peak at approximately 10◦

(2�) corresponding to hydrated crystals and one at 18◦ (2�) corre-
sponding to anhydrous crystals. On the other hand the XRD pattern
of mPEG5000 has two strong characteristic crystalline peaks at 2�
seem to be the characteristic peaks of mPEG but broadened due to

5040302010

a) mPEG 5000

b) m PEGCHO 5000

d) CS-g-PE G 5000

In
te

n
si

ty
 (

co
u

n
ts

)

2 theta (deg)

c) CH ITOSAN

Fig. 4. X-ray powder diffraction patterns of (a) mPEG5000, (b) mPEGCH O 5000,
(c)  chitosan and (d) CS-g-PEG5000.
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Fig. 5. 1H NMR  spectra of CS-g-PEG2000 and CS-g-PEG5000.

he disrupt of PEG crystalline structure from amorphous chitosan
Deng et al., 2007)

The characterization of the grafted materials is completed
hrough the 1H NMR  spectra in order to calculate the degree of sub-
titution (DS) of mPEG moiety (Yang et al., 2008). The characteristic
roton signals of CS-g-PEG appeared in the range of 3.5–4.0 ppm
Fig. 5). The peak at around 3.36 ppm is attributed to the pro-
on signal of methoxyl of CS-g-PEG and therefore the DS could be
alculated by comparing the ratio of mPEG protons at 3.36 ppm
o chitosan protons around 2.6 ppm (CH carbon 2 of glucosamine
ing). The DS could be calculated by the following equation:

S = I3.36ppm

3 × I2.6ppm
× 100% (3)

According to this equation and the 1H NMR  spectra it was  found
hat the DS of mPEG moiety was 43% and 75% for CS-g-PEG with
EG2000 and PEG5000, respectively.

.2. Preparation and characterization of CS-g-PEG nanoparticles
oaded with BSA

Grafted chitosan materials were synthesized as shown above, in
rder to be used as a vehicle for the delivery of drugs through the
ormation of polyion complex. These materials are composed of a
ater soluble hydrophilic mPEG side chain and a cationic chitosan
ain chain. The mPEG side chain endows the chitosan molecule
ith increased solubility and has functional advantages such as

he avoidance of the reticuloendothelial system (RES) and protein
dsorption (Jeong et al., 2006).

In the present study, nanoparticles were prepared by a novel
nter-ionic gelation method in aqueous medium (pH = 3.5) and
articles were obtained spontaneously during the process. Ionic

nteraction between the positive charge ions of the amino groups
n chitosan and the negative charge groups of TPP or PGA can lead to
he formation of inter-ionic polymer complexes. Polyionic hydro-
els prepared by ionic gelation have the advantage of creating an
onic environment that favors the stabilization of bioactive agents
s previously reported (Zhang et al., 2008a).  During the process

f nanoparticle preparation it was chosen the BSA to be in the
ame solution with the crosslinking agent and this solution to be
dded to CS-g-PEG as previous studies having reported that in this
ay smaller particle can be obtained and the size distribution of
l of Pharmaceutics 430 (2012) 318– 327

these systems tends to be narrowest (Hajdu et al., 2008). Also is
very important the pH that is being used during the preparation
of nanoparticles especially in the samples were PGA is used as
crosslinking agent. In our case it was chosen to be pH = 3.5 and
this is because the pKa values of the amino groups of chitosan and
the carboxyl groups of PGA are approximately 6.5 and 2.9, respec-
tively. In this range chitosan and PGA are ionized and consequently
capable to form polyelectrolyte complexes, which result in a matrix
structure with a spherical shape (Sonaje et al., 2010).

In Table 1 are demonstrated the nanoparticle samples that were
produced. In the first column is demonstrated the name used for
each sample (where the numbers 0.5, 1.0, 1.5 and 2.0 correspond to
the final concentration mg/ml  of the grafted chitosan to the sample)
while in the second column is demonstrated the weight ratio of the
grafted material to the crosslinking agent in the final sample. Also
in Table 1 are summarized the results of the nanoparticle yield, the
size of the prepared nanoparticles, the loading capacity and associa-
tion efficiency of the grafted copolymers of chitosan. The “± values”
denote the standard deviation between the measurements of the
same sample (i.e. measurements error). These parameters mainly
depend on the polymer nature and physicochemical characteristics
of the model drug used as well as from the probable interactions
between the polymer matrices, the crosslinking agent and the drug.

From Table 1 and the nanoparticle sizes that were measured
by dynamic light scattering (DLS) many different and quite inter-
esting results may  arise. The mean diameter varied from 170 to
640 nm.  All nanoparticle samples show a unimodal size distribu-
tion. It is observed that in all samples as the ratio of grafted polymer
to crosslinking agent increases, which means the less crosslinking
agent is used, the nanoparticle size seems to increase. Consequently
it may  be stated that the crosslinking agent, regardless of its nature
small molecule like TPP or macromolecule like PGA, creates ionic
interactions with the amino groups of chitosan which leads to a
more compact and stable conformation for CS-g-PEG nanoparti-
cles. In case of the samples A and B where TPP is used as the
crosslinking agent, seems that the ratio of CS-g-PEG:TPP 2:1 gives
the smaller nanoparticle sizes. On the contrary when PGA is used
as crosslinking agent the nanoparticle size seems to increase with
a decrease of the degree of crosslinking without any exceptions.
Also the molecular weight of PEG seems to play an important role
on the nanoparticle size. Thus, in the samples with the same kind
and amount of crosslinking agent but with a different length of PEG
chain grafted on chitosan (samples A with B and C with D) it can
be stated that the nanoparticles created with a shorter PEG chain
give smaller nanoparticle size. This is reasonable and expected as
it is attributed to the core-shell structure that the grafted chitosan
materials are able to create during the nanoparticles’ preparation.
It is likely that PEG covers the chitosan core to form a shell, since
the PEG end-group migrates to the surface of nanoparticles during
procedure, particularly because of the hydrophilicity of PEG (Zhang
et al., 2008a).  The higher molecular weight of PEG leads to longer
PEG grafted chains resulting in bigger outer shell and hence size
of the nanoparticles. This observation is reinforced by the fact that
DS of CS-g-PEG 5000 is 75% unlike DS of CS-g-PEG 2000 which is
43%, giving to CS-g-PEG 5000 a bigger size and a more “stealth”
character. Also it is observed that nanoparticle yield for all samples
lies in a quite satisfactory level, 64–80%. Moreover, use of TPP as
crosslinking agent results in high yield but with no significant and
definite correlation in terms of the yield sequence values and the
degree of crosslinking. When PGA is used, it can clearly be stated
that there is an increase in nanoparticle yield despite the decrease
of the degree of crosslinking. If the above mentioned results are

combined with the values of loading capacity and association effi-
ciency, it can be stated that the decrease of crosslinking degree
with the use of PGA gives space to BSA in order to be encapsu-
lated more efficiently in CS-g-PEG nanoparticles. BSA (Ip = 4.7) is
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Table 1
Concentration and characteristics of BSA-loaded CS-g-PEG nanoparticles.

Sample code CS-g-PEG2000/TPP (w/w) Yield Diameter (nm) Loading capacity (%) Association efficiency (%)

A2000 0.5 1:1 82.2 ± 2.5 382 ± 3 6.20 79.0
A2000  1.0 2:1 74.5 ± 2.9 177 ± 7 3.39 55.5
A2000  1.5 3:1 79.2 ± 2.6 309 ± 8 2.73 57.5
A2000  2.0 4:1 82.1 ± 0.4 328 ± 5 2.93 74.5

CS-g-PEG5000/TPP (w/w)
B5000 0.5 1:1 79.5 ± 2.4 554 ± 7 2.61 64.5
B5000  1.0 2:1 77.6 ± 1.4 497 ± 9 4.49 44.0
B5000  1.5 3:1 79.8 ± 1.5 541 ± 5 4.36 62.0
B5000  2.0 4:1 84.0 ± 3.8 609 ± 4 2.45 92.0

CS-g-PEG2000/PGA (w/w)
C2000 0.5 1:1 54.8 ± 2.9 304 ± 6 8.77 51.0
C2000  1.0 2:1 63.4 ± 0.8 456 ± 8 8.52 69.5
C2000  1.5 3:1 68.4 ± 2.5 562 ± 8 5.92 64.0
C2000  2.0 4:1 67.8 ± 6.3 643 ± 9 6.46 84.0

CS-g-PEG5000/PGA (w/w)
D5000 0.5 1:1 60.0 ± 5.8 400 ± 6 8.75 56.5
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D5000  1.0 2:1 64.2 ± 1.5 

D5000  1.5 3:1 65.5 ± 3.2 

D5000  2.0 4:1 71.7 ± 1.7 

egatively charged at the pH that the experiment of nanoparticle
anufacture takes place (pH = 3.5) which favors its electrostatic

nteraction with the positively charged amino groups of chitosan.
f the Ip of protein is different, e.g. the protein is positively charged
t the crosslinking reaction condition, the LC, AE and consequently
elease profiles should be quite different. In this case it is expected

 lower value for LC and AE as the possible electrostatic interaction
ill appear weak (or even no interaction will be possible between

hitosan and BSA) and unable to form strong interactions with
he polymer matrix and eventually create well defined nanopar-
icles capable of protecting the active agent (BSA). At the same
ime release profile would be also quite different as it would be
xpected to give a significant burst effect at pH value 7.4 for drug
elease.

Scanning electron microscopy (SEM) and transmission electron
icroscopy (TEM) photographs from different nanoparticle sam-

les are shown in Figs. 6 and 7. These images are also representative
or the rest of the samples. SEM micrographs established that the
SA-loaded nanoparticles of CS-g-PEG copolymers had a discrete
pherical shape with sizes ranging from 200 up to 300 nm,  a fact that
s not in agreement with the measurements of dynamic light scat-
ering shown in Table 1. The size of the nanoparticles based on the
EM micrographs was about 100 nm or more, smaller than the size
etermined by DLS. This was mainly due to the process involved

n the preparation of the sample and it could have been expected

ince the nanoparticles were dispersed in an aqueous phase for the
LS experiments, and chitosan has the ability to swell in contact
ith water, PEG is water soluble polymer and CS-g-PEG materi-

ls are also soluble in water, while the TEM experiments were

Fig. 6. SEM micrographs of CS-g-PEG nanopa
± 6 7.60 63.5
 ± 5 8.39 90.0
 ± 5 7.21 92.0

performed in dry samples (Aktas et al., 2005; Papadimitriou et al.,
2008). Therefore the size determined by laser light scattering was a
hydrodynamic diameter and was  larger than the size measured by
TEM because of solvent effect as previously reported (Yang et al.,
2008)

In Fig. 8 XRD patterns of the prepared BSA loaded nanoparticles
are presented. As can be seen, BSA is completely amorphous due
to the absence of any characteristic peaks. In CS-g-PEG/BSA loaded
samples the characteristic peaks of CS-g-PEG are recorded, which
however in all samples are broadened, in comparison with the pat-
terns of the neat materials. Furthermore, these peaks have lower
intensity, a fact that justifies that the crystal structure of grafted
materials is disrupted probably due to the electrostatic interactions
that have been developed between the positively charged amino
group of CS-g-PEG materials and the negative charged groups of
the crosslinking agents TPP and PGA as previously reported (Lin
et al., 2007). Also is obvious that when PGA is used as crosslink-
ing agent (samples D and C) the intensity of the two  characteristic
peaks of CS-g-PEG materials is decreased even more in compar-
ison with the samples where TPP is used as crosslinking agent
(samples A and B). This may  indicate that the intermolecular inter-
actions between PGA–COO− groups and –NH2

+ or –NH+ groups
of grafted chitosan may  be stronger leading to a greater disrupt
of the crystalline structure. At the same time the XRD patterns of
BSA nanoparticles prepared with the grafted polymers, where the

molecular weight of PEG is 5000 g/mol, show that the crystallinity
is not affected as much as in case of the nanoparticle samples of CS-
g-PEG where PEG molecular weight is 2000 g/mol. This may  come
as a result of the different degree of substitute of the two  grafted

rticles (A) A2000 1.0 and (B) C2000 0.5.
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Fig. 9. The in vitro release profile of BSA from CS-g-PEG nanoparticles with PEG MW
2000 and TPP as ionic crosslinker (sample A).
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ig. 7. TEM image of CS-g-PEG loaded BSA nanoparticles of the sample A2000 1.0.

aterials and as it was calculated above is lower in PEG2000 (43%)
ompared with PEG5000 (75%).

In Figs. 9–12 is demonstrated the in vitro release profile of BSA
rotein from nanoparticles. In all cases the overall release process
an be characterized as a biphasic procedure.

The initial burst effect, for all samples, in the first almost 5 h,
aries between 10 and 30% of the encapsulated BSA. This burst
ffect may  be attributed to the desorption of the protein close to
he surface during preparation of the nanoparticles, which then
iffused rapidly when the nanoparticles came into contact with
he release medium, as previously reported (Zhang et al., 2008a).
lso the surface of nanoparticles is consisted of PEG, which is water
oluble and this contributes to the observed initial burst effect. Fur-
hermore the rate of BSA release is affected by the PEG molecular
eight. After the burst release period, the rate of release fell as

he dominant release mechanism was changed to drug diffusion
hrough chitosan matrix as previously reported (Papadimitriou
t al., 2008). Furthermore BSA was released slowly due to swelling
r degradation of the polymer. The remaining BSA in nanoparticles

as not completely released until the particles were completely

roded or dissolved in release medium, which might have been
ue to the interaction between the remaining BSA and the few free
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ig. 8. X-ray powder diffraction patterns of BSA and CS-g-PEG loaded nanoparticles
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Fig. 10. The in vitro release profile of BSA from CS-g-PEG nanoparticles with PEG
MW  5000 and TPP as ionic crosslinker (sample B).
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Fig. 11. The in vitro release profile of BSA from CS-g-PEG nanoparticles with PEG
MW  2000 and PGA as ionic crosslinker (sample C).
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Fig. 12. The in vitro release profile of BSA from CS-g-PEG nanoparticles with PEG
M

a
i
F
t
i
w
7
c
t
2

els could be used in order to elucidate the exact drug release
mechanism, though this probably would require additional exper-
W  5000 and PGA as ionic crosslinker (sample D).

mino groups on the chitosan segments (Zhang et al., 2008a,b) as it
s previously established from the shift of the characteristic peaks in
T-IR spectra, mentioned above. At this point we  have to point out
hat the different DS of CS-g-PEG 2000 and 5000 plays also its role
n drug release of BSA. It is logically expected that CS-g-PEG 5000

ould give a more intense burst effect as the DS of this material is
5%. Moreover, it is important to be stated that it is not possible to
ontrol the DS for these materials, as previously reported, in order

o have exactly the same materials, with the same DS (Muslim et al.,
001; Gorochovceva et al., 2005; Sugimoto et al., 1998).
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Fig. 13. Plots of Mt/M∞ versus time for the samples A2000, B50
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Except molecular weight of PEG the crosslinking agents play also
an important role to the release behavior of BSA. When TPP is used
as ionic crosslinker the release of BSA from nanoparticles seems
to be slower (samples A and B, Figs. 9 and 10)  toward the results
obtained when PGA is used as crosslinking agent (samples C and D,
Figs. 11 and 12).  Probably this occurs because of the smaller molec-
ular size of TPP, in comparison with PGA. Thus TPP has the ability to
penetrate easily through the macromolecular chains of CS-g-PEG,
during the nanoparticle formation, creating a more stable network
of ionic interactions among the polymer matrix and the crosslink-
ing agent. The aforementioned behavior may also be attributed to
the low loading capacity of nanoparticles with TPP as it is shown in
Table 1, which means that a lower amount of BSA exists to the outer
surface of the nanoparticles and thus the release mainly occurs as
a procedure of diffusion from the inner part of the nanoparticles
rather than from the surface. Due to these differences it can be said
that TPP may  has higher efficiency as crosslinking agent, compared
with PGA.

Another characteristic of these release profiles is that as the
ratio of crosslinking agent is increased, independently TPP or PGA
is used; the release rate seems to increase. This may be attributed
to the fact that the less extent the ionic crosslinking of CS-g-PEG
is, the more are the free amino groups of chitosan that can interact
with the negative charged groups of BSA. As has been previously
reported the reason for the slow drug release form the polyion com-
plex micelles might be the strong ion complex between the amino
group of chitosan and the carboxyl group of drug (Jeong et al., 2006).

Furthermore, the kinetics of drug delivery was investigated
using semi-empirical models. More detailed mathematical mod-
imental data. In order to identify the kinetic parameters, data
reported in Figs. 9–12 were re-evaluated in order to be presented
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Table 2
Kinetic rate constants and release exponent according to Eq. (4) for all formulations.

Sample code Initial drug
released
(%)

Linear region (h) k n R2

A2000 0.5 10 2–72 3.63 0.75 0.998
A2000 1.0 4 4–72 1.05 1.05 0.997
A2000 1.5 5.5 4–72 1.67 0.91 0.999
A2000 2.0 9 4–72 1.87 0.81 0.998
B5000 0.5 2 2–72 2.14 1.02 0.989
B5000 1.0 11 2–72 7.76 0.60 0.987
B5000 1.5 5.5 2–72 5.89 0.67 0.992
B5000 2.0 5 1–72 10.8 0.46 0.996
C2000 0.5 8.5 2–72 6.4 0.66 0.991
C2000 1.0 12 2–72 9.12 0.54 0.989
C2000 1.5 8.5 2–72 8.32 0.56 0.985
C2000 2.0 1.0 2–72 3.24 1.14 0.994
D5000 0.5 6 2–72 9.0 0.61 0.967
D5000 1.0 4.5 2–72 11.2 0.54 0.958
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D5000 1.5 4 0.5–12 20.4 0.67 0.978
D5000 2.0 10 2–72 20.9 0.42 0.979

n the usual form of Mt/M∞ versus time. The symbols Mt and M∞
enote cumulative amount of drug released at time t and infinite
ime, respectively. These data are plotted in Fig. 13a–d. For kinetic
easons in all different experimental conditions three distinctive
egions were identified. The first, where the amount presents an
nitial high and rather constant value is attributed to the initial
urst effect described previously. This period, as it can be clearly
een in these figures, lasts for approximately 2 h in most formu-
ations, except for A2000 1, A2000 1.5 and A2000 2 where it lasts
or 4 h (Table 2). The initial amount released is at most 10–11%.
n the second stage lasting almost until 72 h in most samples, a
inear dependence of Mt/M∞ versus time appears when plotted
n a log–log scale. In this interval, the well-known, so-called Pep-
as equation, or power law (Siepmann and Siepmann, 2008) was
pplied according to Eq. (4):

Mt

M∞
= k × tn (4)

Here, k is a constant incorporating structural and geometric
haracteristics of the system and n is the release exponent, which
ight be indicative of the mechanism of drug release. This is a very

requently used and easy-to-apply model to describe drug release
hich is a short time approximation of the exact solution of Fick’s

econd law. A release exponent of 0.5 in Eq. (4) for thin films or 0.43
or spheres, as those used in this investigation, can serve as an indi-
ation for diffusion-controlled drug release. If polymer swelling is
he solely release rate controlling mechanism and in the case of a
elivery system with film geometry, zero order drug release kinet-

cs are observed corresponding to a release exponent of n = 1. The
orresponding value of n for spheres is equal to 0.85 (Siepmann and
iepmann, 2008). Then according to the values obtained from sim-
lation to experimental data, only B5000 2 and D5000 2 seem to
bey Fickian diffusion. Polymer swelling seems to be the main drug
elease mechanism in A2000 1, A2000 1.5, B5000 0.5 and C2000 2,
hile in all the rest samples a so-called ‘anomalous’ transport was

bserved with release exponent ranging in between 0.43 and 0.85.
his is an indication of overlapping of different types of phenomena,
otentially including drug diffusion and polymer swelling.

Finally, for time periods higher than 72 h a plateau is reached
ith the amount of drug released reaching its final constant value.

. Conclusions
PEG grafted into chitosan backbone was easefully prepared
sing Borch reduction process, as was verified by NMR and FTIR
pectroscopy. The grafted percent is 43% for PEG2000 and 75% for
l of Pharmaceutics 430 (2012) 318– 327

PEG5000. These materials are able to prepare nanoparticles via ion-
ically crosslinking procedure, using TPP and PGA as crosslinking
agents, in the presence of BSA, as macromolecular model drug. TPP
due to its high reactivity produces nanoparticles with lower parti-
cle sizes, compared to PGA. The release profiles of BSA from grafted
chitosan nanoparticles reveal that the PEG content as well as the
crosslinking agent used and the crosslinking ratio determines the
rate of release. Longer PEG chain as well as greater degree of substi-
tution leads to faster drug release from nanoparticles. TPP seems to
have the ability to create a more stable network leading to a slower
burst effect regardless the nanoparticle size, which is smaller in
comparison with the nanoparticles prepared with the use of PGA,
while increasing degree of ionic crosslinking, regardless the agent
used, eventually increases the release rate of BSA.

References

Aktas, Y., Andrieux, K., Alonso, M.J., Calvo, P., Gürsoy, R.N., Couvreur, P., Ç apana, Y.,
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