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Abstract We blended films of acrylic acid grafted poly-
caprolactone (PCLgAA) and citosan (CS) with different
compositions from aqueous acetic acid solution. DSC
measurements showed that the melting temperatures and
enthalpies of the blends decreased with increasing CS
content. From FTIR results, we observe that the amino
groups of CS form covalent bonds with the carboxylic
groups of PCLgAA in addition to hydrogen bonds between
the constituents in the blends. Though the crystal structure
of the PCLgAA component was not changed, as proved by
WAXD results, blending CS suppressed the crystallinity of
the blends. Furthermore, the ductility of CS was increased
during tensile testing in PCLgAA/CS blends due to
enhanced affinity between the two components. However,
PCLgAA/CS blends show greater resistance than PCL/CS
blends to biodegradation in an enzymatic environment.
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Introduction

Chitosan (CS) is a natural polymer, derived by N-
deacetylation of chitin, the second most abundant biopoly-
mer in nature after cellulose [1]. In general, chitin is present
in crustaceans such as shrimps, crabs and lobsters, as well
as certain fungal cell walls. Chitosan has received growing
attention, since it is biodegradable, biocompatible and
relatively inexpensive. Besides its availability from renewable

resources, chitosan offers unique physical, chemical, and
biological properties, which have been studied for various
applications [2]. In recent decades, the application of CS
has reached vascular surgery, tissue culture, and tissue
regeneration as a hemostatic agent [3]. However, CS has a
high modulus of elasticity, owing to the high glass
transition temperature and crystallinity [4]. The film
brittleness and great sensitivity to moisture of CS limit its
broader application as a biomaterial.

In order to overcome these issues, various methods are
applied to associate CS with hydrophobic polymers to
improve its morphology and ductility. Many CS copoly-
mers have been chemically synthesized. Since the molec-
ular chains of CS hold functional groups, novel
polysaccharide derivatives containing poly(ethylene glycol)
(PEG) [5], poly(vinyl alcohol)(PVA) [6], and poly(methyl
methacrylate) (PMMA) [7] have been synthesized by
copolymerization. Depending on chemical structure and
composition, the properties of these copolymers vary
widely. When CS is grafted with PEG, the modulus of
elasticity and the elongation at break are improved by the
suppression of crystallinity of each component [5]. More-
over, the drug release behavior of copolymers based on CS
can be adjusted by changing the kinds of grafted polymers
and their graft degree [8]. The other method is to prepare
blends consisting of CS and other polymers, for example
PVA [9], poly(ethylene oxide) (PEO) [10,11] and polylactide
[12]. Taking advantage of amino and hydroxyl groups on the
molecular chains, CS is very useful in the development of
composite materials such as blends or alloys with other
materials. The blending of CS with other polymers not only
changes its morphology but also improves its toughness.
Compared with chemical copolymerization, blending is still
a relatively simple, cost effective, and convenient way to
improve the properties of CS.
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Currently, there is considerable interest in the blending of
CS with biodegradable polyesters because it is an effective
approach to reduce environmental pollution from plastic
wastes. Among many linear polyesters, poly(ε-caprolactone)
(PCL) has attracted the most attention. PCL is one of the
commercially available non-toxic biodegradable thermoplas-
tics. It has suitable mechanical properties with a low glass
transition, which translates into rubber-like toughness. Fur-
thermore, PCL is a polymer which demonstrates biocompat-
ibility and the capacity for drug transport. It is relatively
hydrophobic and has a slow degradation rate, ideal for use as
bone substitutes and sustained release drug carriers. However,
on its own, PCL cannot be prepared for bone substitute due to
its low modulus, typically 350–450 MPa.

Inoue’s group [13–15] reported blending films of PCL/
chitin and PCL/CS by solution-casting technique using
1,1,1,3,3,3-hexa-fluoro-2-propanol (HFIP) as the common
solvent, then investigated their thermal properties and
crystallization behavior. The results showed that chitin
and CS components suppressed the crystallization of PCL
component, resulting in decreasing crystallinity of PCL. In
fact, there are few common solvents for CS and linear
polyesters except HFIP, which is very expensive and
difficult to dry. Olabarrieta et al. [16] studied the transport
properties of PCL/CS blend with the co-solvent of acetic
acid and chloroform, which showed reduction of water
vapor permeability. The SEM micrograph of the composite
membrane indicated phase separation of the two compo-
nents. Sarasam and Madihally [17] prepared the PCL/CS
blends by solution-casting in a common solvent of aqueous
acetic acid. They reported that the 50 wt% oven-dried blend
membrane showed significant improvement in mechanical
properties as well as support for cellular activity relative to
CS. In all cases, the choice of common solvent is closely
related to morphology properties of the blends.

Adhesion of the two polymers can be facilitated by using
a compatibilizer to improve the compatibility between the
two immiscible phases, thereby improving the mechanical
properties of the composite [18]. Avella et al. [19] showed
that by using pyromellitic anhydride as a compatibilizer,
modification of PCL on its terminal groups increased its
compatibility with plasticized starch. Wu [20] used acrylic
acid grafted PCL to prepare the PCLgAA and CS
composites by melt blending with CS as the minor
component. The PCLgAA properties were improved more
than that of PCL due to the enhanced compatibility with
CS. This suggests that grafting a reactive functional group
onto PCL in a PCL/CS blend is likely to produce a blend
that offers the best combination of low cost and practical
mechanical properties. However, the melt-blended compo-
sites would not be suitable for medical use with the phase-
separated morphology, where the coarse CS particles were
dispersed in the PCL matrix.

In this study, the effect of grafting acrylic acid onto PCL in
the PCLgAA/CS blends on the structure and thermal
properties of the solution-casting membranes was investigat-
ed. The composite films of various compositions were
characterized using differential scanning calorimetry (DSC),
FTIR spectroscopy, WAXD, and scanning electron micro-
scope to identify the structural changes caused by the grafting
of acrylic acid. Tensile properties were measured with a
universal tensile tester. Additionally, weight loss of blends
exposed to an enzymatic environment was determined in
order to assess the biodegradability of the blend membranes.

Materials and methods

PCL with molar mass of 57 kD by SEC (size exclusion
chromatography) measurement from Solvay was used as
received. Acrylic acid (AA) of regent grade was supplied
by Acros. PCLgAA was synthesized from these constitu-
ents in our laboratory. Benzoyl peroxide (BPO by Acros),
initiator in the grafting reaction, was purified by dissolving
in chloroform and reprecipitating with methanol. Chitosan
with molar mass of 422 kD (SEC measurement) and degree
of deacetylation (DD) at 86% (colloidal titration) was
supplied by Qingdao Golden Garden Biological Products
Co., China. For the enzymatic exposure test, lysozyme of
hen egg white was purchased from Bionovas, USA. It was
reported by the manufacturer to have a specific activity of
50000 U/mg. All other chemicals used were of reagent
grade.

Grafting reaction of PCLgAA

A mixture of AA and BPO was added with PCL pellets to
allow grafting to take place in an internal mixer, a
Brabender PL 2000 plasticorder. . The BPO loading and
AA loading were maintained at 0.3 and 10 wt%, respec-
tively. The reactions were carried out at 85°C. Preliminary
experiments of torque and temperature measurements
showed that reaction equilibrium was attained in 6 h, and
reactions were, therefore, allowed to progress for 6 h, at a
rotor speed of 60 rpm. About 2 g of grafted PCL was
heated for 2 h in 200 ml of refluxing xylene. This solution
was then titrated immediately with a 0.03 N ethanolic KOH
solution, which had been standardized against a solution of
potassium hydrogen phthalate, with phenolphthalein used
as an indicator. The degree of grafting were calculated
using the following equations [21]:

Degree of grafting% ¼ CKOH ðNÞ � VKOH mlð Þ � 72

polymerðgÞ
� 100% ð1Þ
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With BPO loading and AA loading at 0.3 and 10 wt%,
respectively, the degree of grafting was then determined at
8.75 wt%. Moreover, the molar mass of PCLgAA was
55 kD measured by SEC, indicating that the base PCL was
slightly degraded during grafting reaction.

Formation of solutions and blends

Chitosan was dissolved in 0.5 M acetic acid and PCL or
PCLgAA in glacial acetic acid in a laminar flow hood.
Three milliliters of 1% chitosan solutions were slowly
added to 10 mL of 0.1%, 0.3% and 0.9% PCL and
PCLgAA solutions to obtain blends of 25%, 50% and
75% PCL and PCLgAA, respectively. The mixtures were
stirred at room temperature for 2 min to obtain homoge-
neous solutions. In all the blends, the solvent composition
was kept constant. Blend membranes were prepared by
pouring homogeneous solutions into teflon coated dishes
and oven dried overnight at 55°C, and then vacuum dried at
55°C for two days when no weight change was detected.

Differential scanning calorimetry

Thermal properties of various blend membranes were
characterized using a Perkin-Elmer DSC Pyris 1 (Perkin
Elmer, Boston, MA). Nitrogen at the rate of 20 mL/min was
used as purge gas. Five to ten mg of samples were sealed in
aluminum pans and heated up to 100°C and maintained at
that temperature for about 5 min in order to erase the
thermal history of the samples. They were cooled to 25°C
from where they were ramped from room temperature to
100°C at a heating rate of 10°C/min. The melting
temperature of PCL was taken as the temperature at which
the endothermic peak occurred during the second heating
run.

FTIR measurement

The samples used for FTIR measurements were cut to be
thin enough to ensure that the observed absorption was
within the linearity range of the detector. The FTIR spectra
were recorded on an IR Prestige-21 instrument (Shimadzu
Co, Ltd, Tokyo) by the transmission method at room
temperature in the range from 3500–1000 cm−1 at a
resolution of 4 cm−1 and with an accumulation of 16 scans.

Wide-angle X-ray diffraction

Wide-angle X-ray diffraction (WAXD) patterns of blend
samples were recorded on a Schimadzu XRD-6000 (40 kV/
40 mA). The nickel-filtered Cu Kα X-ray beam with a
pinhole graphite monochromator (λ=0.15418 nm) was
used as the source. WAXD patterns were measured in a

2θ range of 5o–35o at a scanning rate of 1◦ min–1 at equal
increment of 0.02o.

Tensile testing of membranes

Rectangular strips of 40×7.5 mm size were cut from each
membrane and strained to break at a constant crosshead
speed of 10 mm/min using INSTRON 5842 (INSTRON
Inc., Canton, MA). The thickness of the membranes was
measured with a thickness gauge. Using the associated
software Merlin (INSTRON Inc), break stress and strain
were determined. The elastic modulus was calculated from
the slope of the linear portion of the stress–strain curve.
Samples were tested in dry state.

Field emission scanning electron microscopy

The morphologies of the surfaces of the films, before and
after enzymatic degradation, were observed with a field-
emission scanning electron microscope (FESEM) JSM-
5200 (JEOL, Japan), after being metallized using an ion
coater IB-3 (Giko, Japan).

Enzymatic degradation

Each film with dimension of 10×10×0.05 mm was put into
a flask, which was filled with 100 ml phosphate buffer
silane (PBS, PH 7.4) that contained 100 mg/L lysozyme.
The flask was kept in a shaking bath at 37 . After
incubation for a predetermined time, the films were washed
well with deionized water, dehydrated using absolute
alcohol, and dried to constant weight in a vacuum
desiccator at ambient before analysis. The weight losses
of the films were calculated and averaged over three
specimens.

Results and discussion

Differential scanning calorimetry

Because the temperature in the heating range during DSC
scans is lower than the Tg of CS estimated at 203°C [22],
DSC has not detected any melting temperatures of CS, and
only the thermal properties of PCL and PCLgAA are
available. Figure 1a, b show the DSC curves of both PCL
and PCLgAA, and their blends with CS with different
compositions in the heating run. Both PCL and PCLgAA
are observed as a crystalline polymer with single melting
temperatures of about 67°C and 63°C, respectively (as seen
in Table 1). No obvious glass transition is observed in the
DSC heating curve, presumably owing to their low Tg ( ca.
–60°C) that are lower than the DSC low temperature limit.
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Both the PCL and PCLgAA/CS blends with the
composition up to 50 wt% of CS clearly showed a single
melting peak during heating. As the CS content further
increased, the melting peaks of the blends gradually shift to

lower temperatures, and their intensities obviously became
weaker. Table 1 lists the DSC data of PCL and PCLgAA,
and their CS blends with different compositions during
heating. For PCL/CS blends, when CS content increased
from 25% to 50%, the Tms of the blend decrease from 62.7
to 58.6°C, and the melting enthalpy also declined from 47
to 28 J/g. However, at 50 wt% of CS, a broad hump
preceded the melting peak at 58.6°C. As the CS content
reached 75 wt%, a double melting transition was displayed
with peak temperatures at 49.0 and 54.7°C, respectively
(Fig. 1a)., This indicated that blending PCL with CS affected
its crystallization due to specific interaction between PCL and
CS, which will also be investigated by FTIR spectrum later.
Overall PCLgAA/CS blends behaved similarly (Fig. 1b) with
their Tms and melting enthalpies decreasing with increasing
CS content. However, there seemed no broad hump in the
DSC curve at 50 wt% of PCLgAA/CS blend. And the
double melting peaks at 49.5 and 55.4°C also appeared at
75 wt% of CS. They were even broader than that of the PCL
blend, indicating strong interaction between PCLgAA and
CS due to the grafted carboxylic groups.

The melting enthalpy of the polymer is closely related to
its crystallinity. Taking the component effect into account,
the crystallinity (Xc) of PCL phase can be calculated using
the following relation.

Xc;PCL ¼ ΔHm= w�ΔHoð Þ ð2Þ
where ΔHo is the thermodynamic enthalpy of fusion per
gram of a fully crystalline PCL. Its value is taken as 142 J/g
[23]; ΔHm is the apparent enthalpy of fusion per gram of
the blends; and w is the weight fraction of PCL in the
blend.

The values of the melting temperature (Tm), melting
enthalpy (ΔHm) and the degree of crystallinity (Xc,PCL) of
all samples were listed in Table 1. With increasing CS
content in the blend film, the values of ΔHm and Xc,PCL
became smaller, and Tm shifted to lower temperatures. The
changes in Tm, ΔHm and Xc,PCL were due to the formation
of intermolecular hydrogen bonds between the carbonyl
groups of PCL or PCLgAA and hydrogen-donating groups
of chitosan, ie hydroxyl, amide and amine groups, as
proposed in a previous report [13]. The formation of
intermolecular hydrogen bonds should occur in the amor-

(a) PCL/CS

(b) PCLgAA/CS

Fig. 1 DSC curves of PCL, PCLgAA and their CS blends with
different compositions. (a) PCL and PCL/CS blends; (b) PCLgAA
and PCLgAA/CS blends

Sample composition Melting temp. Tm( ) Heat of fusion △Hm(J/g) Xc(%)

PCL PCL-g-AA PCL PCL-g-AA PCL PCL-g-AA

100/0 65.3 63.3 63.1 61.3 44.4 43.2

75/25 62.7 61.6 46.8 45.7 44.0 42.9

50/50 58.6 60.6 28.3 26.6 39.9 37.4

25/75 54.7 55.4 12.4 9.0 34.9 25.4

Table 1 DSC data and crystal-
linity of PCL, PCLgAA and
their CS blends
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phous phase, so that the crystallization of polymers waas
suppressed. The main reason for the decrease in Tm was that
CS was distributed on a very fine scale, and interfered with
the growth of crystalline lamella. Note that the PCLgAA
blends showed a lower Xc,PCL than corresponding PCL
blends. CS is a rigid polymer with strong intramolecular
hydrogen bonds on the backbone. When CS was blended
with PCL or PCLgAA, molecular chains of the polyester
components were trapped in the glassy environment because
the heating range is lower than Tg of CS. The mobility of
polymer segments was hindered by CS rigid molecular
chains, and the perfection of the crystals became worse.
Thus Tms of the PCLgAA blends decreased faster with CS
content than that of the PCL blends due to stronger
intermolecular interactions between PCLgAA and CS.

FTIR analysis

FTIR spectroscopy is especially valuable in analyzing the
phase structure and the miscibility in the blends of PCL and

PCLgAA with CS. The IR spectrum of both PCL and
PCLgAA (see Fig. 2a, b) showed a prominent characteristic
absorption centered about 1725 cm-1, attributable to
carbonyl stretching absorption. There exists an obvious
extra peak at 1710 cm-1 for the grafted PCL. This extra
peak is characteristic of –C=O representing the free acid in
the modified polymer. This peak at 1710 cm-1, as well as a
broad –OH stretching absorbance at 3000–3400 cm-1, also
reported elsewhere [24,25], demonstrated that AA had been
grafted onto PCL. In addition, the FTIR spectra in these
figures also showed the overlapped bands in the region of
3200–3700 cm-1, which are assigned to the –NH and –OH
stretching bands of CS [26], and became weaker with
decreasing CS content. These bands, which were mainly
caused by the –NH group of CS [27] representing over-
lapped intramolecular and intermolecular hydrogen bonds,
were much more intense than the –OH stretching absor-
bance observed in the absence of CS. Next in the blends of
PCL/CS (Fig. 2a), the peak intensities of the two bands
associated with amide linkage in CS, 1644 cm-1 (symmetric

(a) PCL/CS blends (b) PCLgAA/CS blends

Fig. 2 FTIR spectra of PCL, PCLgAA, CS and their blends with different compositions. (a) PCL, CS, and PCL/CS blends; (b) PCLgAA, CS and
PCLgAA/CS blends
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stretch of C=O in the amide group), and around 1560 cm-1

(stretch of C-N and bend of N-H in the amide), also
weakened with decreasing CS content. Moreover, the
amino band of CS component at 1644 cm-1 was slightly
shifted to a lower frequency as the CS content decreased.
When CS content was at 25 wt%, the wavenumber of the
amino band decreased about 10 cm-1 relative to that of pure
CS. From this result it can be said that the intermolecular
hydrogen bonds were mainly formed between the carbonyl
groups of PCL and the amide groups of CS. However, it is
difficult to elucidate from the FTIR spectra alone that other
hydrogen-donating groups, i.e., the hydroxyl groups of CS,
would contribute to the hydrogen-bonding interaction with
PCL carbonyls (12,14).

Furthermore, the peak absorbance of the two bands (at
1650 and 1580 cm-1) of amide group in the PCL/CS blends
seemed to decrease proportionally with the decrease in the
CS content (Fig. 2a), and nearly vanish at 25 wt% CS.
However, the decrease in the same peak intensities in the
PCLgAA/CS blends appeared to be less obvious (Fig. 2b),
and even at 25 wt% CS, the peak intensity was still
significant relative to its PCL/CS counterpart. In short, the
peak absorbance of the amide group of PCLgAA/CS blends
was significantly stronger than that of PCL/CS blends at the
same CS content. This result, similar to that obtained by
Nge et al. [28], indicated that in the blending of PCLgAA

with chitosan, part of the primary amide of CS may react
with the carboxyl group of PCLgAA.

In addition, in all FTIR spectra of the blends, the band at
1294 cm−1 was assigned to the backbone C–C and C–O
stretching modes in the crystalline PCL according to
Coleman and Zarian [29]. Moreover, the CH2 rocking band
at 726 cm-1 may also be assigned to the crystalline-sensitive
band of PCL [30]. Thus, taking into account the 45%
degree of crystallinity of neat PCL, we can justify the
presence of the strong bands at both 1294 and 726 cm−1 in
the IR spectrum of both blends. Both bands became weaker
as CS content increases, and they nearly disappear at 75 wt
% of CS. These results indicated that hydrogen bonds exist
between the two components in the blends, and the
crystallization of PCL and PCLgAA components was
suppressed by the addition of CS. The change in the
crystallinity of these blends was in accordance with above
DSC results.

We then investigated the FTIR spectra of PCL and the
PCL/CS blends with different compositions in carbonyl
region shown in Fig. 3a. For neat PCL, its carbonyl band
generally consisted of two parts: crystalline and amorphous
(13,14), which were difficult to resolve. After blending with
CS, the carbonyl stretching bands of PCL component
became remarkably weak, and the IR absorbance obviously
declined with increasing CS content. Fig. 3b presents the

(a) PCL/CS blends (b) PCLgAA/CS

Wavelength (cm-1)
15001600170018001900

PCL

75/25

50/50

25/75

CS

1725

1644

1634

1560

100/0

0/100

Fig. 3 FTIR spectra of the blends in carbonyl regions. (a) PCL and PCL/CS blends; (b) PCLgAA and PCLgAA/CS blends
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spectra of PCLgAA/CS blends showing additional unique
absorption peaks at 1717 and 1745 cm-1. The peak at
1717 cm-1 was assigned to –C=O in the imide linkage (N
(COR)2) while the peak at 1745 cm-1 was assigned to
absorption of –C=O in the ester linkage (OCOR) (20).
These new bands further justified the formation of ester and
imide functional groups via the reaction between the
carboxyl groups of PCLgAA and the hydroxyl and the
amide groups of chitosan, when the two polymers were
blended. Zong et al. [31] studied acylated chitosan copoly-
mers with similar results.

In order to further ascertain the covalent bond forma-
tion, we also carried out the experiments to see whether
the blend can be separated. The PCLgAA/CS blend
membrane with 50 wt% of each component was washed
with dichloromethane, a good solvent for PCLgAA, and
0.2 M aqueous acetic acid for CS, then rinsed with water,
filtered, and finally dried overnight. The weight loss of
PCLgAA after washing with dichloromethane was about
59 wt%, and the weight loss of CS after washing with
aqueous acetic acid was about 84 wt%. In contrast, there
was almost nothing left after washing the PCL/CS blends.
Apparently, the residuals from PCLgAA/CS blend dem-
onstrated the formation of covalent bonds which could not
be affected by both solvents. In any case, more quantita-
tive analysis such as NMR spectroscopy shall be pursued
in the future.

Wide-angle X-ray diffraction

The effect of intermolecular interaction on the crystalliza-
tion structure of the PCL and PCLgAA/CS blends were
studied using WAXD. The diffraction patterns of the blends
with different compositions are shown in Fig. 4a, b. If there
were no interactions between those components, the
diffraction peaks should remain sharp and well defined.
However, as shown in both figures, the reflection of CS at
9o disappeared in nearly all the blends, and the strong
reflection at 19o was only observed in the spectrum of the
blend with 75 wt% CS owing to high CS content. This
indicated that the crystallization of CS molecules was
almost impeded after blending with PCL or PCLgAA due
to intermolecular interactions between these components, as
also seen in FTIR analysis.

The diffraction peaks at 21 and 23o were ascribed to the
PCL crystals [13–15]. As CS content in the blends
increased, both reflections of PCL and PCLgAA compo-
nents became weaker, implying that the crystallinity of PCL
and PCLgAA components in the blends declined, which
was also supported by above DSC and IR results. However,
PCLgAA/CS blends showed a difference to the PCL/CS
blends. As shown in Fig. 4b, the areas of the diffraction
centered at 21 and 23o decreased drastically when a small
amount of CS is blended with PCLgAA. It seemed that a
small amount of CS will greatly suppressd the crystalliza-

(a) PCL/CS (b) PCLgAA/CS

22
5 10 15 20 25 30 5 10 15 20 25 30

PCL-g-AA

75/25

50/50

25/75

CS

21o

23o

19o

9o

100/0

0/100

PCL

75/25

50/50

25/75

CS

23o

21o

19o

9o

100/0

0/100

Fig. 4 WAXD diffractograms of PCL, PCLgAA, CS and their blends with different compositions. (a) PCL, CS, and PCL/CS blends; (b)
PCLgAA, CS and PCLgAA/CS blends
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tion of PCLgAA. Although both PCL and PCLgAA
molecules can form intermolecular hydrogen bonds with
CS molecules, CS molecules have the capacity to form
covalent bonds with the PCLgAA molecules [20,31]. As a
result, CS showed greater miscibility with PCLgAA than
with PCL. When CS blends with PCLgAA, the CS
molecules dispersed very well into the PCLgAA matrix
and form both intermolecular hydrogen bonds and covalent
bonds with the PCLgAA molecules, resulting in the
significant suppression of the PCLgAA crystallization.
Further, comparing the spectrum of pure PCL and PCLgAA
with those of the blends, it can be seen that the d-spacing
values were constant for all crystallographic planes, which
indicated that the PCL or PCLgAA unit cell was not
changed after blending with CS. During the crystallization
of the blends, CS segments were excluded from the crystal
lattice of PCL and PCLgAA. Although the crystal structure
of the blends was not changed when CS is blended, the
existence of hydrogen bonds and chemical covalent bonds
affected the crystallization of the blends. In a previous
study on the blends of CS and PEG [3], crystallinity and
intermolecular interaction played an important role in
improving the mechanical properties of CS. Hence, in the
present study with similar crystallization behavior and
intermolecular interaction, we can predict that the ductility
of CS will be improved after blending with PCL or
PCLgAA.

Mechanical tensile test

All membranes had a uniform thickness of 50–60μm in the
dry state measured with a thickness gauge, and they were
tested for tensile properties at room temperature. Typical
stress–strain curves obtained from the PCL/CS blends were
shown in Fig. 5a, whereas those from the PCLgAA/CS blends
were shown in Fig. 5b. In both figures, it clearly showed that
the pure CS membrane was very brittle, exhibiting a break
strain as low as 8–12%, very high tensile strength (22–
30 MPa), and a tensile modulus of 1200–1400 MPa (see
Table 2). On the other hand, PCL membrane cast after
dissolving in glacial acetic acid have a tensile modulus of
360 MPa, a tensile strength of 13 MPa, and very high tensile
strain of 420–480% (see Table 2). The high ductility is the
targeted property for the blends, and in blending with CS
would provide materials with wide range of tensile properties.
For pure PCLgAA membrane, both tensile modulus and
elongation at break are only slightly lower than that of PCL.
But the elongation at break is much smaller in PCLgAA
membrane. It may be caused by the inhomogeneous
dispersion of PCLgAA in glacial acetic acid, as will be seen
from the morphological observation in the next section.

We next investigate the tensile behaviors of the blend
membranes. In Fig. 5a, b, the PCL and PCLgAA/CS blends

with 75/25 composition had undergone brittle fracture at
less than 1% strain. This indicated phase-separated blends
because of the poor miscibility of both PCL and PCLgAA
in aqueous acetic acid. In fact, the pure PCL and PCLgAA
polymers can only be dissolved in aqueous acid solution at
high temperatures, and they cannot form uniform mem-
branes even drying at 55°C. On the contrary, the 25/75
blends displayed ductile behavior with a prominent yield
peak before necking and cold drawing with an ultimate
nominal strain above 13%. This is an indication of
reinforcement, given that the individual components be-
haved cohesively in the blends. When comparing PCLgAA/
CS blends with PCL/CS blends (see Table 2), it was
obvious that the tensile properties of the former were
significantly greater than that of the latter except at 25 wt%

(a) PCL/CS 

(b) PCLgAA/CS 
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PCL-g-AA/CS (75/25)
PCL-g-AA/CS (50/50)
PCL-g-AA/CS (25/75)
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Fig. 5 Tensile stress-strain curves of PCL, PCLgAA, CS and their
blends with different compositions. (a) PCL, CS, and PCL/CS blends;
(b) PCLgAA, CS and PCLgAA/CS blends
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of CS. The grafted carboxylic groups certainly enhanced
the affinity between PCLgAA and CS through the covalent
bond formation as seen in FTIR results. The degree of
phase separation also significantly reduced in PCLgAA/CS
blends as will be revealed in SEM micrographs. The above
results confirmed the synergism in tensile properties of
PCLgAA/CS blends, which was an indication that
PCLgAA was an effective modifier for brittle CS. It could
therefore be inferred that the contrast in tensile properties
resulted from the differences in the internal structures of the
blends, which were consequences of the enhanced inter-
molecular interactions between PCLgAA and CS.

Enzymatic degradation and morphological characterization

Since the blend membranes with 25 wt% CS exhibited poor
tensile properties, we only consider the enzymatic degra-
dation of membranes with higher CS content. The results of
the enzymatic degradation of the neat PCL, PCLgAA, and
their CS blends in the presence of lysozyme are shown in
Fig. 6. As can be seen from the weight loss curve of pure

CS, the degradation of CS was not very fast, which was
comparable to the 25/75 blend of PCL/CS, despite a very
high concentration of lysozyme relative to physiological
levels. This was attributed to the 85% DD chitosan used in
this study as previous research has shown that highly
deacetylated chitosan was less susceptible to the attack of
lysozyme [32]. On the other hand, the weight of the neat
PCL and PCLgAA appeared nearly unchanged throughout
the test, indicating only the CS, which is a polysaccharide,
would be subjected to the attack of lysozyme. Note that the
weight of PCLgAA membrane seemed to increase slightly
more than the initial weight due to the high water intake in
the PCLgAA membrane (20).

The slopes of the weight loss-time curves can be viewed
as the enzymatic degradation rates. Therefore, the neat PCL
and PCLgAA samples showed the vanishing degradation
rate, since it was much easier for lysozyme to degrade a
polysaccharide chain of CS consisting of N-acetyl glucos-
amine in the blend [33], while PCL is an aliphatic polyester.
Moreover, the degradation rates of the homogeneous blend
membranes were increasing with increasing CS content as
seen in Fig. 6. However, the degradation of the CS blends
also nearly stopped after ca. 10 days, which further
demonstrated that the lysozyme-mediated degradation
would degrade only the CS component. Note that the
weight loss of the PCL/CS blends was also greater than the
PCLgAA/CS blends.

The surface morphologies of the neat samples and the
blends before and after enzymatic degradation were shown
in Figs. 7 and 8. Figure 7a, b showed the surface
morphologies of the neat PCL before and after degradation,
respectively; and similarly, Fig. 7c, d were the images of
the neat PCLgAA before and after degradation. Both
samples did not exhibit any change after incubated in the
PBS solution of lysozyme for 12 days. Note that there were
some obvious defects between spherulites on the surface of
the PCLgAA membrane in Fig. 7c due to irregular
arrangement of grafted acrylic acid, which would be the
major cause for the low tensile strain of neat PCLgAA.
Moreover, while the surface was featureless for the neat CS
membrane before degradation (see Fig. 7e), there was
obvious surface erosion after degradation in Fig. 7f, where
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Fig. 6 Enzymatic degradation of PCL, PCLgAA, CS and their blends
with different compositions

Sample composition Tensile Modulus(MPa) Tensile Strength (MPa) Strain at break (%)

PCL PCL-g-AA PCL PCL-g-AA PCL PCL-g-AA

100/0 358.9±36 284.0±12 13.0±0.46 10.5±2.2 453.0±29 7.0±2.3

75/25 403.1±74 802.8±109 3.3±0.95 4.5±1.2 0.97±0.08 0.61±0.098

50/50 559.5±11 911.0±55 7.9±1.90 16.3±1.7 5.27±1.3 11.8±1.8

25/75 940.9±76 1235±179 14.6±2.1 26.2±0.67 13.1±1.05 22.6±0.98

CS 1392±120 26.0±4.87 9.75±2.48

Table 2 Tensile properties of
PCL, PCLgAA, CS and their
blends
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the membrane surface was littered with small chips of CS
residuals.

Next, Fig. 8a, b showed the surface morphologies of 25/
75 PCL/CS blend before and after degradation, respective-
ly. While the surface of the blend membrane before
degradation was seemingly smooth, there were some nearly
spherical droplets embedded in the CS matrix (see Fig. 8a).
After degradation, the homogeneous erosion of the blend
surface was clearly seen (see Fig. 8b). Since only the CS
molecules were eroded, the PCL molecules emerged as
spherical droplets on the membrane surface, suggesting that
PCL and CS were only partially miscible and the blends are

phase-separated. Figure 8c, d showed the surface morphol-
ogies of 25/75 PCLgAA/CS blend before and after
degradation, respectively. It can be seen that the surface
morphology of PCLgAA/CS blend (see Fig. 8c) was more
homogeneous than that of the PC/CS blend, which
confirmed the improved miscibility between PCLgAA and
CS. After the degradation of CS component at the surface
of the blend membrane, the PCLgAA molecules also
appeared as spherical droplets on the membrane surface
(see Fig. 8d), and the droplet size appeared more uniform
than the PCL droplet. It may be concluded that PCLgAA
was dispersed more uniformly in the CS matrix. Further-

Fig. 7 SEM micrographs of
neat polymer membranes. (a)
PCL before degradation; (b)
PCL after degradation for 12 d;
(c) PCLgAA before
degradation; (d) PCLgAA after
degradation for 12 d; (e) CS
before degradation; (f) CS after
degradation for 12 d
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more, when comparing Fig 8b, d, it is apparent that the
extent of the surface erosion of the PCL/CS blend was far
greater than that of the PCLgAA/CS blend. We then may
want to know why the PCL/CS and PCLgAA/CS samples
showed different enzymatic degradation rates. Note that
chitosan is a crystallizable polymer, and the addition of
PCL or PCLgAA aspparently influenced the crystallization
of CS in these blends as seen from the WAXD results. Even
though the suppression of the CS crystallization in the
PCLgAA/CS blends was found to be more severe than in
the PCL/CS blends, the resistance to the biodegradation of
PCLgAA/CS membranes was more pronounced due to the
enhanced affinity through covalent bond formation mainly
in the amorphous phase between PCLgAA and CS
molecules.

Conclusions

In this work, PCL and PCLgAA/CS biodegradable polyes-
ter/polysaccharide blends were prepared by the solvent
casting method in a homogeneous solution of aqueous
acetic acid. However, morphological observation with
FESEM revealed a phase-separated structure of the blend
membranes. The spherical droplets of the PCL and

PCLgAA components were clearly seen on the membrane
surfaces after lysozyme-mediated biodegradation. The
extent of crystallization of these components in the blends
was investigated by DSC, FTIR and WAXD spectroscopy.
The degree of crystallinity of PCL and PCLgAA, deter-
mined by DSC, decreased upon blending with CS. This
result was confirmed by FTIR spectroscopy. FTIR spectra
showed that the PCL carbonyls formed intermolecular
hydrogen bonds with CS. However, the PCLgAA mole-
cules have the capacity to form covalent bonds with the CS
molecules through the grafted carboxlic acid in PCLgAA,
which suppressed the crystallization of CS more severely.
In addition, the resulting crystalline structure of the PCL
and PCLgAA components was not affected as seen in
WAXD diffractogram. Analysis of tensile properties of the
blend membranes showed the possibility of altering the
mechanical properties of CS. In particular, blends with 50
and 75 wt% CS were superior to individual polymers.
Overall, 25/75 ratio blend membranes of PCLgAA/CS
composites showed improved tensile behaviors with the
greatest ductility of all samples. Finally, it was found that
the degradation rates of PCLgAA/CS membranes were
lower than that of the PCL/CS ones, whereas the
degradation rate of PCL/CS membrane with 75 wt% CS
was close to that of the neat CS. The strong intermolecular

Fig. 8 SEM micrographs of
blend membranes with compo-
sition at 25/75
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interaction between PCLgAA and CS in the amorphous
phase slows down the enzymatic degradation despite the
significant suppression of the CS crystallization in the
blends. Furthermore, the cellular activity of the formed
blends will be investigated in the future to explore the
significant potential of the blend membranes for various
tissue engineering applications.
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