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a b s t r a c t

Chitosan-based copolymers with binary grafts of hydrophobic polycaprolactone and hydrophilic
poly(ethylene glycol) (CS-g-PCL&PEG) were prepared by a homogeneous coupling reaction of phthal-
oyl-protected chitosan with functional PCL-COOH and PEG-COOH, following deprotection to regenerate
free amino groups back to chitosan backbone. They were characterized by 1H NMR, Fourier transform
infrared and X-ray diffraction analysis. These CS-g-PCL&PEG copolymers could form nano-size self-aggre-
gates in acidic aqueous solution without a specific processing technique, which were investigated using
dynamic light scattering and transmission electron microscopy. The formed self-aggregates become
smaller with weakened stability upon pH increasing. Moreover, the aggregates of copolymer with higher
content of PEG and PCL grafts could remain stable for over 30 days in both acid and neutral condition. A
possible mechanism was proposed for the formation of self-aggregates from CS-g-PCL&PEG and their
structural changes as pH. It is warranted to find promising application of these self-aggregates based
on chitosan as drug carriers.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Research and development on a variety of amphiphilic copoly-
mers containing hydrophobic and hydrophilic segments, have been
very active owing to concerns related to their spontaneous self-
assembly behaviors in aqueous media (Forster & Plantenberg,
2002). These smart transitions often leads to diverse functional
compartment structures like micelles, vesicles and gels, which rep-
resent promising applications in the filed of biotechnology and
pharmaceutics. So far, most of polymeric self-assembly systems
are formed from amphiphilic block copolymers or hydrophobically
modified water-soluble polymers. In particular, there has been a
growing interest in the self-assemblies of natural polysacchrides
and their derivatives, such as cellulose, starch and chitosan. For
example, Jiang and their co-works (Dou, Jiang, Peng, Chen, & Hong,
2003; Wan, Jiang, & Zhang, 2007) have intensively studied
poly(acrylic acid) grafted hydroxyethylcellulose, which displayed
reversible pH-dependent micellization and the resultant micelles
exhibited a reversible micelle-hollow sphere transition after partial
crosslinking. Besheer, Hause, Kressler, and Mader (2007) reported
synthesis of hydrophobically modified hydroxyethyl starch with
fatty acid, which formed monodisperse self-aggregates by intra-
and/or intermolecular association in a dilute aqueous solution.
ll rights reserved.

3.
Chitosan (CS), next to cellulose, is the second most plentiful bio-
mass, with a repeated structure of b-(1,4)-linked 2-amino-2-
deoxy-D-glucose. Significantly, much attention has been paid to
utilize chitosan as drug or gene carriers because of its relatively
good biocompatibility, biodegradability, low immunogenicity and
biological activities. The extended applications of chitosan, how-
ever, are frequently limited by its poor solubility due to its highly
crystallized structure. In order to overcome the problem above,
chemical modification of chitosan has been carried out. Recently,
Kwon’s group (Kim et al., 2005; Lee, Kwon, Jo, & Jeong, 2005; Park
et al., 2006; Yoo, Lee, Chung, Kwon, & Jeong, 2005) prepared
hydrophobically modified chitosan derivates with deoxycholic acid
and investigated physicochemical characteristics and applications
of their self-aggregates, which possessed a promising potential in
drug delivery.

In addition, graft modification of aminopolysaccharide with syn-
thetic polymers has been used as an interesting alternative method
to develop novel hybrid materials (Jenkins & Hudson, 2001). In re-
cent years, we have made much effort to synthesize chitosan-based
graft copolymers with well-defined structures, like chitosan-g-
polycaprolactone, chitosan-g-poly(ethylene glycol) and so on,
though a protection-grafting-deprotection route. (Liu, Chen, & Fang,
2006a; Liu, Li, Fang, & Guo, 2006b; Liu, Li, Liu, & Fang, 2004,) Polyc-
aprolactone (PCL) is one of presented biodegradable polyesters
with excellent mechanical strength, biocompatibility and non-
toxicity. PCL grafted chitosan could also be used to prepare
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nanoparticles of core/shell structure due to the hydrophobicity of
PCL (Yu, Wang, Chen, Deng, & Jing, 2006). Nevertheless, there may
exist a problem on the stability of self-aggregates from CS-g-PCL in
biological solution (pH = 7.4), since the strong hydrophobicity of
PCL and insoluble nature of chitosan. Poly(ethylene glycol) (PEG)
is a highly water-soluble polymer and is one of the most useful
hydrophilic blocks in amphiphilic block polymers. Ouchi, Nishizawa,
& Ohya, 1998 ever reported the aggregation phenomenon of poly
(ethylene glycol) (PEG) grafted chitosan in aqueous solution. The
aggregates formed spontaneously by strong intermolecular hydrogen
bonds between chitosan moieties in water, while the water-soluble
PEG chains served as a hydrophilic shell stabilizing the nanoparticles.

In this paper, we develop a new binary graft copolymer, chito-
san-graft- PCL&PEG (CS-g-PCL&PEG), which is composed of amino
polysaccharide (chitosan) as the backbone and a pair of comple-
mentary amphiphilic polymers, hydrophobic PCL and hydrophilic
PEG, as two grafts. It is worthy noting that few reports about such
dual system of chitosan-based graft copolymers are present as far
as we know. This graft copolymer is expected to forms self-aggre-
gates in aqueous solution. Herein, we investigated in detail their
self-aggregation behavior in aqueous media and the stability of
self-aggregates.
2. Materials and methods

2.1. Materials and reagents

Chitosan (degree of deacetylation = 99.6%, determined by 1H
NMR spectra and Element analyses; average molecular
weight = 6.0 � 105, determined by the intrinsic viscosity assay)
was purchased from JinKe Biochemical Co. Ltd. (Zhejiang, China).
Monomethoxy-poly(ethylene glocol) (MPEG, Mn 5000) was pur-
chased from Fluka. Well-defined PCL terminated with hydroxyl
group (Mn NMR = 3000) was synthesized from ring-opening poly-
merization of e-caprolactone (from Aldrich) using benzyl alcohol
as an initiator and stannous octoate as a catalyst in bulk at
130 �C in the lab according to our previous paper (Lu et al.,
2006). 4-Dimethylaminopyridine (DMAP), 1-hydroxybenzotrizole
(HOBt), 1-ethyl-3-(3-dimethyllaminopropyl)carbodiimide hydro-
chloride (EDC�HCL) were from the Shanghai Yanchang biotech
developmental Co. Ltd. (China). Phthalic anhydride, succinic anhy-
dride, maleic anhydride and hydrazine monohydrate were all from
the Reagent Factory of Shanghai (China) and were used as received.

2.2. Preparation of carboxyl-capped MPEG precursors (MPEG-COOH)
and carboxyl-capped PCL precursors (PCL-COOH)

Monohydroxy-terminated PEG and PCL macromonomers were
transferred to carboxyl-capped precursors by reacting with anhy-
dride, respectively.

For example, monomethoxy-poly(ethylene glocol) (MPEG,
1 mmol), succinic anhydride (1.2 mmol), DMAP (1 mmol) and tri-
ethylamine (1 mmol) were dissolved in dry dioxane (15 ml). The
mixture was stirred at room temperature for 48 h under a dry
nitrogen atmosphere. The dioxane was evaporated in vacuum,
and the residue taken up in CCl4, filtered, and precipitated by ether
to produce MPEG-COOH.

PCL-COOH was obtained by the reaction of monohydroxy-ter-
minated PCL (1 mmol) with maleic anhydride (2 mmol) in dry tol-
uene (30 ml) at room temperature for 48 h, in the presence of
DMAP (2 mmol) as a catalyst. Crude polymer obtained by precipi-
tation into hexane was redissolved in DCM. Then the solution was
washed with aqueous hydrochloric acid (10% in v/v) for three times
and then four times with a saturated NaCl solution. Then the or-
ganic phase was isolated, and filtered. PCL-COOH recovered by pre-
cipitation into hexane was vacuum-dried to a constant weight at
40 �C.

2.3. Preparation of graft copolymers

Firstly, Chitosan was heated with excess phthalic anhydride in
dried DMF to give phthaloylchitosan (PHCS) according to the
previously reported procedure (Kurita, Ikeda, Yoshida, Shimojoh,
& Harata, 2002; Nishimura, Kohgo, & Kurita, 1991). It was obtained
as a brown–yellow powdery material and the degree of substitution
(DS) of phthaloyl groups was determined to be about 1.05 by ele-
mental analysis. Calculated for PHCS (DS = 1.05) (%): C, 53.68; H,
4.43; and N, 4.70. Found (%): C, 53.44; H, 4.80; and N, 4.33.

Then vacuum-dried PHCS and monocarboxy-capped macromo-
nomers (MPEG-COOH and PCL-COOH) with different ratios were
dissolved in DMF (PHCS 1 g with DMF 10 ml) containing HOBt, fol-
lowed by EDC�HCL added (HOBt and EDC�HCL, each three moles
equivalent to the macromonomers, according to the reference
(Yoksan, Matsusaki, Akashi, & Chirachanchai, 2004). The reaction
was continued at room temperature for 24 h under stirring. The
mixture was poured into water, and the precipitate was separated
by centrifuging and was washed by DCM to eliminate the free
macromonomers. Then the product was vacuum-dried to a con-
stant weight at 40 �C.

The obtained phthaloyl-protected graft copolymer (1 g) was
stirred in 10 ml of DMF and heated to 100 �C under nitrogen.
Hydrazine monohydrate was added and the reaction was contin-
ued for 2 h to deprotect the phthaloyl group. The mixture was dia-
lyzed in water and alcohol for purification and freezing-dried to
obtain powdery graft copolymers.

2.4. Chatacterization

All infrared spectra were obtained from samples in KBr pellets
using a Perkin Elmer Paragon 1000 FT-IR spectrophotometer. 1H
NMR spectra were taken by a Varian MERCURY plus 400 at 25 �C.
X-ray powder diffraction diagrams were recorded with Bruker
AXS X-ray diffractometer. Elemental analyses were performed
using a Perkin Elmer PE 2400 II el elemental analyzer.

2.5. Determination of the primary amines in graft copolymers by
ninhydrin assay

The suspension of CS-g-PCL/PEG with a concentration of 1.0 mg/
ml was obtained by dispersing 10 mg graft copolymers to 10 ml
deionized water. For the assay, 0.5 ml of the ninhydrin reagent
(which was freshly prepared according to the previous references
(Leane, Nankervis, Smith, & Illum, 2004; Prochazkova, Varum, &
Ostgaard, 1999) was added to 0.5 ml of the suspension in a glass
vial. The vial was immediately capped, briefly shaken by hand
and heated in boiling water for 30 min to accelerate the reaction
between ninhydrin and amino groups. After cooling, the content
in each vial was diluted by adding 15 ml of a 50:50 mixture of eth-
anol and water. The absorbance of each mixture was measured on
a Spectrumlab 54 UV–vis spectrophotometer (Lengguang Tech) at
570 nm, zero-set against a similarly treated blank of water. The
concentration of amino group in the sample was obtained from a
standard calibration curve, using glycine as standard.

2.6. Fabrication of aggregates from the graft copolymers

Generally, 10 mg of the graft copolymer (CS-g-PCL&PEG) was
dispersed in 10.0 ml of 1% acetic acid (pH 2.8) aqueous solution un-
der gentle shaking for 24 h to obtain the aggregates with a concen-
tration of 1.0 mg/ml. All samples were prepared at room
temperature and filtered using disposable 0.8 lm filters before size
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measurements. For stability test, the aggregates solution at pH 2.8
was dialyzed against Milli-Q water for 24 h to produce a stock sus-
pension at pH 7.0.

2.7. Dynamic light scattering (DLS) measurement

The effective diameters of chitosan self-aggregates were mea-
sured by DLS using a Malvern Instrument Zetasizer Nano S laser
scattering system with a 632 nm laser source. The intensity of
the scattered light was detected at 173� to minimize the effect of
multiple scattering. Mean diameter (d) was evaluated by the fol-
lowing Stokes-Einstein relationship.

d ¼ kBT
3pg0D

Where D is the diffusion constant; kB is the Boltzmann constant;
T is the absolute temperature; g0 is the solvent viscosity. The
copolymer solutions were put in 12 mm diameter polystyrene cuv-
ettes and the minimum sample volume required for the experi-
ment was 1 mL. All analyses were run at 25 �C in six times, and
the results are reported as the average values.

2.8. Transmission electron microscopy (TEM)

TEM observations were performed on a JEM-2010 Analytical
Transmission Electron Microscope (JEOL, JAPAN) at an accelerating
voltage of 200 kV. A small drop from the aggregates solutions was
placed onto a carbon-coated copper grid. About 2 min after depo-
sition, the grid was tapped with filter paper to remove surface
water, followed by air drying. Staining was performed using a
droplet of a 0.1 wt.% phosphotungstic acid aqueous solution.

3. Results and discussion

3.1. Synthesis and characterization of the chitosan-graft-PCL&PEG
copolymers

Generally, in graft modification program of chitosan, it is
important to maintain the primary amino groups in the polysac-
Fig. 1. Synthetic route of the C
charide backbone for biomedical use. These amino groups can
produce positively charges in a biological fluid, thus make chito-
san derivates possess the ability to encapsulate various macromo-
lecular drugs containing negatively charged ones (e.g., peptides,
proteins and genes). In the previous researches, a successful pro-
tection-graft-deprotection route has been reported to prepare
graft copolymers of chitosan with PCL (Liu et al., 2004) or with
PEG (Liu et al., 2006b) using phthaloylchitosan as an intermediate.
This strategy was also explored in this work to conjugate two
kinds of graft, hydrophobic PCL and hydrophilic PEG, onto chito-
san. Since PCL and PEG are polymers having conflicting affinity
with water, it is necessary to find an appropriate solvent for both
chitosan and the reactants to carry out a homogeneous reaction.
Fortunately, phthaloylchitosan is known as a derivative with im-
proved solubility in some polar organic solvents like DMF and
DMSO, which are also good solvents for PCL and PEG. Accordingly,
phthaloylchitosan was introduced not only to protect the amino
group but also enable the graft reaction proceed in a homoge-
neous system.

The synthesis route of CS-g-PCL&PEG was presented in Fig. 1.
PCL and PEG macromonomers were functionalized to the corre-
sponding carboxyl-capped prepolymers, followed by the esterifi-
cation with hydroxyl group of PHCS in the presence of EDC�HCl
in DMSO at room temperature. Then, phthaloyl was deprotected
by incubation with hydrazine to regenerate active amino groups
in the backbone of final graft copolymer. Fig. 2 presented a typ-
ical 1H NMR spectrum of CS-g-PCL&PEG copolymer. Peak assign-
ment for the PCL and PEG segments was straightforward, where
the sharp multiply peaks at 1.0, 1.2, 2.0 and 3.3 ppm respectively
belonged to the c-, (d + b)-, a-, and e-methylene protons next to
the carbonyl group of PCL branch, the strong signal at 3.4 ppm
was related to the methylene protons of PEG, and the weak sig-
nals of terminated methyl protons of MPEG was also detected at
3.1 ppm. Meanwhile, the proton signals of chitosan backbone
were assigned at 4.6 ppm for H1, at 2.8 ppm for H2 and at
3.2–3.8 ppm for H3-H6 overlapped with e-methylene protons of
PCL. The characteristic signals of both PCL and PEG indicated
the coexistence of two grafts with chitosan in the graft
copolymer.
S-g-PCL&PEG copolymers.



Fig. 2. 1H NMR spectra of chitosan (a) and graft copolymer of CS-g-PCL4.0&PEG3.0 (b)
in D2O/CF3COOD 95:5 v/v.

Fig. 3. FT-IR spectra of chitosan (a), CS-g-PCL4.0&PEG3.0 (b), CS-g-PCL2.1&PEG0.3 (c),
PEG (d) and PCL (e).
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1H NMR was also used to calculate degree of grafting (DG) of the
PCL branches and the PEG branches, where DG was assumed as the
number of grafting branches per 100 chitosan units. Thus,

DGPEG ¼
I3:0ppm

3I2:8ppm
� 100

DGPCL ¼
I1:2�1:5ppm

6I2:8ppm
� 114

3000
� 100

Where 114 is the molecular weight of CL unit and 3000 is the
average molecular weight of PCL prepolymer.

The hydrophilicity or hydrophobicity of graft copolymers could
be controlled well by adjusting the feed ratio of PCL/PEG prepoly-
mers to PHCS. Results in Table 1 showed two kinds of graft copoly-
mers, CS-g-PCL4.0&PEG3.0 with the comparative content of PEG and
PCL, while CS-g-PCL2.1&PEG0.3 with a relative lower content of PEG,
which would be speculated to own the decreased hydrophilicity.

In addition, the graft conjugation was further confirmed by Fou-
rier transform infrared (FT-IR) spectra. Fig. 3 presented the FT-IR
Table 1
Compositions of the CS-g-PCL&PEG copolymers and average particle sizes of CS-g-
PCLPEG copolymers in different aqueous solutions

Copolymers CS (wt.%) Grafting
content of
PEGa

Grafting
content of
PCLa

Diameters by
intensity (nm)b

wt.% DG wt.% DG pH = 2.8 pH = 7.0

Chitosan 100% / / / / / /
CS-g-PCL4.0&PEG3.0 37.6 35.1 3.0 27.3 4.0 269 248
CS-g-PCL2.1&PEG0.3 67.2 6.3 0.3 26.5 2.1 354 346

a Determined by NMR. Graft content of PEG (wt.%) = weight of PEG segment/
weight of graft copolymer. Graft content of PCL (wt.%) = weight of PCL segment/
weight of graft copolymer.

b Determined by DLS.
spectra of chitosan, two CS-g-PCL&PEG copolymers, PEG and PCL
homopolymers. Compared with original chitosan, the obtained
CS-g-PCL4.0&PEG3.0 showed a characteristic sharp peak at around
1724 cm�1 belonging to ester carbonyl stretching band (C@O),
stronger absorbance at about 1150 cm�1 for CAO and at 2800–
3000 cm�1 for CAH (of CH2). This indicated the successful conjuga-
tion of both PCL and PEG branches with chitosan. Nevertheless, in
the FT-IR spectra of CS-g-PCL2.1&PEG0.3, besides the sharp peak of
ester carbonyl, the peaks at 2800–3000 cm�1 and 1150 cm�1 pre-
sented equal absorbance with chitosan, which may imply the
low content of PEG segments.

It should be noted that free amino group would be regenerated
to chitosan backbone in the final graft copolymers. By ninhydrin as-
say, the amount of –NH2 was evaluated to be 1.91 � 10�3 mol/g in
CS-g-PCL4.0&PEG3.0., which is equivalent to the calculated value
(2.29 � 10�3 mol/g) resulted from the assumption that all –NH2

were regenerated. This case confirms the presence of free amino
groups in the graft copolymers.

X-ray powder diffraction analysis (XRD) is another useful meth-
od to demonstrate the structure of graft copolymers in solid state.
The XRD patterns of chitosan, CS-g-PCL&PEG copolymers, PCL and
PEG were detected as illustrated in Fig. 4. It was known that homo-
polymers of PCL and PEG were all easy to crystallize, and chitosan
Fig. 4. X-ray diffraction of chitosan (a), CS-g-PCL4.0&PEG3.0 (b), CS-g-PCL2.1&PEG0.3

(c), PCL (d) and PEG (e).



Fig. 5. Sizes of self-aggregates in water at various concentrations.
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showed two broad diffraction peaks at 2h = 12� and 21�. In XRD
curve of CS-g-PCL&PEG copolymers, there existed three sharp sig-
Fig. 6. Typical TEM images of the self-aggregates from CS-g-PCL&PEG copolymers: (a) fro
aggregation of CS-g-PCL&PEG copolymers.
nals at 2h = 19.0�, 21.4�and 23.7� besides the weak and broad peak
in the 2h = 15–25� region. The disappearance of signal at 2h = 12�
belonging to polysaccharide sequences of chitosan indicated that
the introduction of PEG or PCL branches suppressed the crystalliza-
tion of chitosan. Meanwhile, the new sharp signals coincided with
the diffraction peaks of PCL crystals and PEG crystals, respectively,
which demonstrated crystalline phases of PCL and PEG in the graft
copolymers. Thus the CS-g-PCL&PEG copolymer was formed as
micophase-separated crystalline materials.
3.2. Self-aggregation properties

Graft copolymers CS-g-PCL&PEG comprising natural polysac-
charide as the backbone and a pair of amphiphilic branches, PCL
and PEG, as the grafts, are speculated to aggregate spontaneously
in water. It was observed that when graft copolymers were dis-
persed in the acid water (good solvent for CS and MPEG block,
but poor solvent for PCL block), a colloidal solution was obtained
without any specific processing technique. This course was moni-
tored by DLS. As shown in Table 1, the distribution of aggregates
diameters were unimodal, and the hydrodynamic diameters of
aggregates were in the range of 200–400 nm. It is speculated that
m CS-g-PCL4.0&PEG3.0; (b) from CS-g-PCL2.1&PEG0.3. (c) The proposed scheme of self-



Fig. 7. Time course of changes in the diameter and PDI for self-aggregates from
CS-g-PCL&PEG copolymers (1.0 mg/mL): (a) from CS-g-PCL4.0&PEG3.0; (b) from
CS-g-PCL2.1&PEG0.3.
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the self-aggregation of CS-g-PCL&PEG is induced by the hydropho-
bicity of PCL branches and by the interaction of chitosan backbone
and hydrophilic PEG branches with water molecules. Specifically,
the size of aggregates decreased as the grafting content increased,
indicating formation of more dense hydrophobic cores. This phe-
nomenon resembles the self-aggregation of hydrophobically mod-
ified glycol chitosan-deoxycholic acid conjugates, reported by Kim
et al. (2005). On the other hand, the resulted aggregates are almost
at the same sizes in graft copolymer solutions at various concen-
trations, as shown in Fig. 5. It implies that the aggregates are in-
deed self-assembly of CS-g-PCL&PEG graft copolymer.

The morphology of these aggregates was examined by TEM
using negative staining. As shown in Fig. 6a, CS-g-PCL4.0&PEG3.0

gave the normally spherical aggregates with sizes around 150–
300 nm in an acidic medium, a little smaller than the particle size
measured by DLS analysis, which indicates that the particles col-
lapse during drying. Note that the aggregates of CS-g-PCL2.1&PEG0.3

showed mainly irregular shapes and a few of spheres (Fig. 6b). This
may be related to the lack of PEG branches compared with CS-g-
PCL4.0&PEG3.0, where the interactions of both hydrophilic PEG
and chitosan backbone with water molecules may offer a hydrated
corona around the core, resulting in the formation of good spheri-
cal aggregates. This case could demonstrate the aggregates with
core-corona structure where PEG and chitosan referred to the
corona.

Then, the self-aggregates obtained in acid solution were dia-
lyzed against ultra-pure water, to perform an increase in the pH
value to 7. DLS analysis showed that the aggregates sizes shrank
slightly after dialysis, which may be attributed to the conforma-
tional change of chitosan backbone from an extended state to a
hypercoil depending on the pH increasing. The proposed process
of self-aggregation of graft copolymer and their pH-induced transi-
tions could be illustrated by the scheme shown in Fig. 6c. It is in-
ferred that nano aggregates are formed with core-corona
structure in acidic medium, in which the aggregation of hydropho-
bic PCL branches built up core, while the PEG branches and proton-
ated chitosan backbones extend as corona. Nevertheless, the
self-aggregates in neutral condition are expected to have a three-
layer structure: the hydrophobic PCL chains form the core, and
the insoluble complexes chitosan/PCL chains form the inner shell
and hydrated PEG chains form the outer corona.

3.3. Stability of self-aggregates

The stability of self-aggregates is very important in their clinical
application as drug delivery carriers. And it is more desirable to get
stable self-aggregates from chitosan derivates, since the insoluble
nature of chitosan in aqueous solution often led to aggregation
and precipitation of self-aggregates within a few days. The stability
of CS-g-PCL&PEG self-aggregates was investigated by measuring
the mean diameter and the corresponding polydispersing index
(PDI) of self-aggregates, both in acidic solution (pH = 2.8) and in
neutral condition (pH = 7.0) (Fig. 7). In acidic condition, the diam-
eter and PDI showed no significant changes for both CS-g-
PCL4.0&PEG3.0 and CS-g-PCL2.1&PEG0.3, indicating their stability
maintained over 30 days. Nevertheless, in neutral condition, the
diameter and PDI of CS-g-PCL4.0&PEG3.0 self-aggregates increased
with respect to the incubation time during the first 10 days, then
showed no fluctuation in the following days. The initial data sug-
gest some aggregation happened with the nanopaticles, resulting
in a broad size distribution. Fortunately, their diameters could
maintain with bigger sizes later, which may be attributed to the
stabilizing of hydrated PEG corona. Moreover, the enhanced hydro-
phobicity of inner core may also counteract the further aggregation
of self-aggregates. But for CS-g-PCL2.1&PEG0.3 with a rather low
content of PEG, its self-aggregates would not remain stable in the
neutral condition, which resulted in precipitation in three days.
We can conclude that PEG plays an important role in the stability
of self-aggregate.

4. Conclusion

Graft copolymers of CS-g-PCL&PEG, with chitosan as backbone
and a pair of hydrophobic polycaprolactone and hydrophilic
poly(ethylene glycol) as two grafts, were successful synthesized
via a protection-graft-deprotection procedure. After deprotection,
the amino group was regenerated in the final copolymer. The
amphiphilic hybrid copolymers generated self-aggregates of about
300 nm in aqueous solution without a specific processing tech-
nique. The size, morphology and stability of self-aggregate could
be controlled by adjusting the contents of hydrophobic PCL or/
and hydrophilic PEG. And PEG played a crucial role in the stability
of self-aggregates. It is worthy noting that the materials used here
including chitosan, PCL and PEG are environmental-friendly poly-
mers, thus, the resultant aggregates have great potential in appli-
cations as drug delivery carriers.
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