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Bioresorbable nanocomposites made from PLLA/PBSL blended with varying contents of carbon nanotubes
(CNTs) and titanium dioxide (TiO2) nanotubes were prepared through melt compounding followed by
compression molding. The resulting flexural properties were investigated by flexural test and the bioac-
tive behavior was assessed by FESEM and EDX. A higher flexural modulus value was obtained with the
addition of nanofillers. The formation of a bone-like apatite layer was observed on the surface of the
nanocomposite containing TiO2 nanotubes after soaking in simulated body fluid (SBF) for 7 days. An
increase in the water uptake of the PLLA/PBSL/TiO2 nanocomposite occurred with increased filler loading.
The nanocomposite containing CNT exhibited an increasing trend of water absorption similar to the
PLLA/PBSL blend. With prolonged immersion in SBF, the pH value of the SBF reduced slightly and weight
loss of the samples increased.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, environmental friendly biodegradable polymers
have become substitutes for petroleum-based plastics, owing to
their biodegradability that could reduce plastic waste pollution.
Apart from that, limited fossil resources and increasing oil price
have accelerated the development of biodegradable polymers de-
rived from renewable resources. In this context, poly(L-lactic acid)
(PLLA) is considered as one of the most attractive biodegradable
polymer of strength and stiffness comparable to those of commod-
ity plastics [1]. PLLA is a linear aliphatic thermoplastic polyester
produced from agricultural resources such as wheat, corn, and
sugar beets [2]. It has been extensively applied in biomedical appli-
cations such as bone fixation devices, sutures, scaffolds, and drug
delivery systems due to its biodegradability, biocompatibility,
and nontoxic degradation products [3]. However, its low tough-
ness, low crystallization rate, and heat distortion temperature are
major drawbacks that limit its applications [4]. One of the most
common and versatile methods to improve these is blending PLLA
with other flexible polymers such as poly(butylene succinate)
(PBS) [5], poly(butylene succinate-co-L-lactate) (PBSL) [6], and
poly(e-caprolactone) (PCL) [7]. Vilay et al. [6] reports that the elon-
gation at break and toughness of the blends were improved upon
addition of PBSL. Furthermore, a previous study has shown that
blending PLLA with 25 wt.% PBSL results in an increment of about
284% elongation at break compared with neat PLLA [8]. Although
ll rights reserved.
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these PLLA blends have improved elongation at break or toughness,
almost all blends were accompanied by a remarkable decrease in
modulus value. In addition, the lack of bioactivity hinders PLLA
from being used as a biomaterial which is able to induce the
desired bone cell regeneration [9]. The incorporation of bioactive
fillers has been reported to improve the mechanical properties as
well as the bioactivity of PLLA [10–12].

Over the past decade, nanocomposites comprising bioresorb-
able polymers and nanoparticles of grain size less than 100 nm
have gained attention for their use in the biomedical field owing
to their novel functional and size-dependent properties [13]. Previ-
ous investigations have confirmed that nanoscale bioceramics such
as alumina (Al2O3), titania (TiO2), and zirconia (ZrO2) exhibit better
cell adhesion and enhanced cellular behavior than conventional
micro-sized bioceramics [14,15]. TiO2 has been extensively studied
due to its excellent mechanical properties, photocatalytic effects,
as well as anti-bacterial and anti-corrosive properties [16]. In addi-
tion, several studies have proven that TiO2 is bioactive because
some forms of TiO2 exhibit strong interfacial bonding to living tis-
sue through the formation of a biologically active hydroxyapatite
layer on the material surface [17,18]. Numerous studies have
confirmed that TiO2 is a promising reinforcement widely used in
biodegradable polymer matrices [19,20]. On the other hand, carbon
nanotubes (CNTs) have become one of the most promising rein-
forcements for multifunctional nanocomposites because of unique
characteristics such as extremely high tensile strength and elastic
modulus, as well as excellent thermal and electrical conductivity
[21,22]. Furthermore, the excellent biocompatibility of CNT with
various cells has been proven by in vivo studies [23,24].

http://dx.doi.org/10.1016/j.compositesb.2011.11.023
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Although it was mentioned that TiO2 nanoparticles impart bio-
activity on PLLA [25,26], a study of CNT and TiO2 nanotube addition
to the PLLA/PBSL binary blend is yet to be reported. This study uses
CNT and TiO2 nanotubes as reinforcements in the binary blend of
PLLA and PBSL. The PLLA/PBSL blending ratio of 75/25 achieves
the optimum properties. The objective of this study is to investi-
gate the mechanical properties of the prepared nanocomposites
and to determine the effect of CNT and TiO2 nanotubes on PLLA/
PBSL blend system bioactivity, characterized by the formation of
a bone-like apatite upon simulated body fluid (SBF) immersion.
2. Experimental

2.1. Materials

PLLA pellets (Lacty 5000) with a weight-average molecular
weight of 1.45 � 105 were supplied by Shimadzu Co. Ltd. and the
PBSL pellets with a weight-average molecular weight of
1.47 � 105 were obtained from Mitsubishi Chemical Corp. Both
the PLLA and PBSL pellets were used as-received. For the fillers,
short multi-walled carbon nanotubes (S-MWCNT-4060) of external
diameter 40–60 nm were purchased from Shenzhen Nanotech Port
Co. Ltd. The nanotubes are more than 98 vol.% pure with a specific
surface area of �300 m2/g. Titanium dioxide (TiO2) nanopowders
containing 99.7% anatase were supplied by Sigma–Aldrich. The
TiO2 nanopowders have a mean particle size of 25 nm and a
specific surface area of �200 m2/g. The TiO2 nanopowders were
further processed to obtain nanotube structures using a hydrother-
mal method. The details of the nanotube synthesis are reported by
Sreekantan and Lai [27].
2.2. Preparation of nanocomposite

The PLLA/PBSL/CNT and PLLA/PBSL/TiO2 nanocomposites were
fabricated by melt-mixing using a Haake internal mixer. Filler
loadings varying from 0 to 0.75 per hundreds weight of the blend
resin (phr) were applied in this study. Prior to melt-mixing, PLLA
and PBSL pellets were dried in a vacuum oven for 24 h at 80 �C
to minimize hydrolytic degradation of the polymers due to mois-
ture. The dried PLLA and PBSL pellets of weight ratio 75/25 were
melt-mixed in an internal mixer set at 180 �C and a twin screw
rotor speed of 50 rpm. After 3 min of mixing, the nanofillers were
added into the mixing chamber for further compounding. The
melt-mixing process completes when the recorded torque value
becomes constant. The nanocomposite compounds were then
taken out of the mixing chamber. Subsequently, compression
molding was carried out using an electrically heated hydraulic
press model GT-7014-A30C. The compounds were put into a
3 mm thick stainless steel mold and were preheated for 7 min at
180 �C. Subsequently, the compounds were hot pressed for 5 min
under a pressure of 10 MPa at the same temperature. This was fol-
lowed by 3 min of cooling to room temperature. The hot pressed
samples were then sealed in plastic bags and kept in desiccators
for subsequent characterization.
2.3. Flexural test

The three-point bending test was carried out using an Instron
Universal Testing Machine Model 3366 at a cross-head speed of
10 mm/min and a span length of 50 mm. The specimens were cut
into bars of rectangular cross-sections with dimensions of
100 � 12.7 � 3 mm, as recommended by ASTM D790-03 [28]. The
flexural strength and modulus were computed based on the aver-
age of results for tests run on five specimens.
2.4. In vitro bioactivity test

The in vitro bioactivity test was conducted on the nanocompos-
ites with filler loading 0.25 and 0.75 phr using SBF with ion
concentrations nearly equal to those of human blood plasma. SBF
was prepared using nine types of reagents in the sequence de-
scribed by Kokubo and Takadama [29].

The specimens were cut into 10 � 10 mm squares and specimen
weight was measured in triplicates before and after soaking in SBF
for 7, 14, 21, and 28 days at 37 �C. The pH value of SBF was mea-
sured every week. Used SBF was replaced by fresh SBF at the end
of each week to ensure a constant liquid composition. After the
particular immersion time, the specimens were removed from
the SBF and gently wiped with a dry cloth. The wet weight of the
specimens was then recorded. The wet specimens were put in a
vacuum oven for drying overnight at room temperature. After
24 h of drying, the dry weight was measured. The water uptake
(WU) and weight change (WC) of the in vitro bioactivity test spec-
imens were computed using Eqs. (1) and (2), respectively.

WU ¼ ðWw �WdÞ
Wd

� 100 ð1Þ

where WU is the water uptake by the specimen, %; Ww , the wet
weight of the specimen after removal from SBF, g; and Wd is the
dry weight of the specimen after drying for 24 h, g.

WC ¼Wd �Wo

Wo
� 100 ð2Þ

where WC is the weight change of the specimen, %; Wd , the dry
weight of the specimen after drying for 24 h, g; and Wo is the origi-
nal weight of the specimen before SBF immersion, g.

2.5. Energy dispersive X-ray spectroscopy (EDX)

The chemical compositions of selected specimens after soaking
in SBF for a certain period of time were characterized by EDX. Any
apatite layer formed on the surface of the nanocomposites was
determined from the EDX analysis.

2.6. Morphology observations

The nanofiller distribution in the polymer blend matrix and the
nanocomposite phase morphology were examined using a Supra
35 VP Zeiss field emission scanning electron microscope (FESEM).
Cryofractured surface specimens were prepared by immersing
the flexural test specimens in liquid nitrogen for about 30 min.
FESEM was also employed to inspect the possible formation of a
bone-like apatite layer on the surface of the specimens soaked in
SBF. All specimens were mounted on stubs using adhesive carbon
tapes before FESEM observation. Since the specimens do not have
adequate inherent electrical conductivity, gold sputtering was car-
ried out to prevent the accumulation of electrostatic charge during
electron irradiation [30].

3. Results and discussion

3.1. Flexural properties

The variation in flexural strength and modulus of the PLLA/PBSL-
based nanocomposites as a function of filler content is displayed in
Fig. 1. Flexural strength of the PLLA/PBSL/CNT nanocomposite in-
creased slightly with the addition of up to 0.5 phr CNT. Further
increasing the CNT filler loading resulted in a slight decrease of
about 1% in flexural strength compared with the unmodified PLLA/
PBSL blend. On the other hand, a gradual decrease in the flexural



Fig. 1. Change in flexural strength and modulus of the PLLA/PBSL based nanocom-
posites as a function of filler loading.
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strength of PLLA/PBSL/TiO2 with increasing filler loading was ob-
served. The increase in flexural strength with small amounts of
CNT is attributed to its high aspect ratio which increased the contact
surface between CNT and the PLLA/PBSL matrix, thus improving the
load transfer between the PLLA and the PBSL phases. The reduction
in flexural strength of the nanocomposites may have been caused by
poor nanofiller dispersion in the polymer matrix. Nano-sized fillers
possess high surface energies that lead to agglomeration in the poly-
mer matrix. At higher filler loading, the agglomerated fillers possibly
acted as stress concentrators, causing the premature failure and the
decrease in nanocomposite flexural strength [31]. Another factor
that may have contributed to the reduction of tensile strength at
high filler loading is the weak interfacial adhesion between the
two polymer phases. A similar finding has been reported by Wu
et al. [32] for the PCL/PLA blend containing MWCNT. The flexural
strength result is corroborated by the FESEM micrographs of the
cryofractured surface of PLLA/PBSL/CNT and PLLA/PBSL/TiO2

nanocomposites with various filler loading (Fig. 2). It is observed
that the entire compositions consist of two phases, namely the con-
tinuous PLLA phase and the dispersed spherical PBSL phase. This
indicates that PLLA is not miscible with PBSL [6]. Comparing the
phase morphology between the PLLA/PBSL/CNT and PLLA/PBSL/
TiO2 nanocomposites with filler loading up to 0.5 phr reveals that
the fractured surface of PLLA/PBSL/CNT is smoother than that of
PLLA/PBSL/TiO2. In addition, detachment of the PBSL domains from
the PLLA matrix is more apparently in the PLLA/PBSL/TiO2 nanocom-
posite. In consequence, poor interfacial bonding between PLLA and
PBSL phases leads to the decrease in flexural strength of the
nanocomposites.

The flexural modulus of both nanocomposites exhibited an
increase as the filler loading increased up to 0.5 phr. The improve-
ment in flexural modulus upon addition of a small amount of
either CNT or TiO2 is attributed to the higher stiffness value of
the rigid fillers compared to the polymer blend. However, there
was a slight decrease in flexural modulus upon further addition
of filler loading until 0.75 phr. This is probably caused by the
agglomeration of nanofillers in the polymer matrix. This observa-
tion is in agreement with the previous study conducted by Hasook
et al. [33]. Overall, the flexural modulus of PLLA/PBSL/CNT is higher
than that of PLLA/PBSL/TiO2 at the same filler loading. This is due to
the fact that CNT possesses a higher value of flexural modulus than
TiO2.

3.2. In vitro bioactivity

The in vitro bioactivity test is commonly conducted to investi-
gate the ability of a material to form apatite crystals on the surface
exposed to SBF. The apatite crystals which possess a chemical com-
position similar to the human bone are able to stimulate bone
regeneration [34]. The bone-like apatite growth on the PLLA/
PBSL-based nanocomposites was determined by EDX elemental
analysis. Figs. 3 and 4 present the EDX spectra of the PLLA/PBSL/
CNT and PLLA/PBSL/TiO2 nanocomposites associated with their
respective chemical compositions after soaking in SBF at 37 �C
for 7 days. Only two elements, namely carbon (C) and oxygen
(O), are present in the unmodified PLLA/PBSL blend in Fig. 3a. This
indicates no apatite growth on the polymer blend after immersion
in SBF. As observed in Fig. 3b and c, the compositions of PLLA/PBSL/
CNT nanocomposites are similar to the unmodified PLLA/PBSL
blend. Sodium (Na) and chlorine (Cl) found in the nanocomposite
containing 0.75 phr of CNT is probably from SBF residue due to im-
proper washing of the specimen after soaking. In contrast, the
PLLA/PBSL/TiO2 nanocomposites contain phosphorus and calcium.
This implies that the addition of TiO2 to the blend induced bone-
like apatite formation after SBF immersion for 7 days. This is in
agreement with a previous study carried out by Song et al. [35]
and Nakayama and Hayashi [36]. Upon immersion in SBF, the
TiO2 filler of the nanocomposite tends to adsorb water at its
surface, leading to the formation of basic titanium hydroxide (Ti-
OH) groups, components suggested to induce the nucleation of
apatite. Eq. (3) shows the selective interaction between the nega-
tively charged units on titania and the positively charged calcium
ions (Ca2+) in SBF which contributes to the formation of bone-like
apatite [37].

10Ca2þ þ 6PO3�
4 þ 2OH� ! Ca10ðPO4Þ6ðOHÞ2 ð3Þ

The EDX result is consistent with the FESEM micrographs of the
PLLA/PBSL/CNT and PLLA/PBSL/TiO2 nanocomposite surfaces after
7 days of SBF immersion (Fig. 5). For the PLLA/PBSL blend and
the PLLA/PBSL/CNT nanocomposite, no inorganic deposition was
observed on the surface of the samples immersed in SBF for 7 days.
On the contrary, a small amount of apatite crystals deposited on
the surface of PLLA/PBSL/TiO2 nanocomposite containing 0.25 phr
of TiO2 nanofillers is revealed in Fig. 5. The surface of PLLA/PBSL/
TiO2 containing 0.75 phr of TiO2 nanofillers is completely covered
with the compact spheroids, which represent apatite deposits,
judging from the EDX analysis. This suggests that the amount of
apatite crystals formed is directly proportional to the amount of
TiO2 present in the nanocomposite.

3.3. Water uptake

Effects of filler loading and filler type on the water uptake of the
nanocomposites as a function of soaking time is presented in Fig. 6.
All samples exhibited an increase in water uptake with increasing
soaking time in SBF. This is attributed to the accumulation of the
hydrolytic degradation products of PLLA. A similar trend of water
uptake has been reported by Mohn et al. [38]. However, water up-
take of the binary blend reached a plateau beyond 21 days; insig-
nificant change is observed in the water uptake of PLLA/PBSL/
CNT compared with the unmodified PLLA/PBSL blend. On the other
hand, PLLA/PBSL/TiO2 water uptake is higher than that of the
unmodified PLLA/PBSL blend. The water uptake of the PLLA/PBSL/
TiO2 nanocomposites increased with increasing filler loading. This
is due to the hydrophilic nature of TiO2 that tends to adsorb water
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Fig. 2. FESEM micrographs of the cryofractured surface of PLLA/PBSL/CNT and PLLA/PBSL/TiO2 nanocomposites with various filler loadings (500� magnification).

P.M. Chou et al. / Composites: Part B 43 (2012) 1374–1381 1377
at the surface [39]. Thus, the addition of TiO2 to the polymer blend
results in an increase of water uptake. In contrast, CNT is hydro-
phobic in nature. Therefore, the water uptake of the PLLA/PBSL/
CNT nanocomposites remains almost unchanged.

3.4. pH measurement

Fig. 7 shows the change in pH of the SBF solutions with im-
mersed PLLA/PBSL/CNT and PLLA/PBSL/TiO2 nanocomposites of dif-
ferent filler loading throughout 28 days. The pH value of SBF
decreased gradually with increasing soaking time. The decrease
is caused by the release of the acidic degradation products of PLLA.
Apart from that, nanocomposites with higher filler loading result in
higher pH values of the SBF. The pH value of SBF with PLLA/PBSL/
TiO2 is higher than that with PLLA/PBSL/CNT. This is attributed to
the release of alkaline ions from the alkaline titanate layer into
SBF and the ion exchange with H3O+ ions in SBF which increases
the pH of the surroundings [40].
3.5. Weight change

Weight change of the nanocomposites as a function of soaking
time in SBF at 37 �C is depicted in Fig. 8. For the PLLA/PBSL blend,
the weight loss of the sample increased with increasing soaking
time in SBF. A similar trend was observed in the PLLA/PBSL/CNT
nanocomposites. However, weight loss in the nanocomposites is
lower than that in the polymer blend. This result is consistent with



Fig. 3. EDX spectra of (a) PLLA/PBSL blend, (b) PLLA/PBSL/0.25 phr CNT nanocomposite and (c) PLLA/PBSL/0.75 phr CNT nanocomposite after soaking in SBF at 37 �C for 7 days.

Fig. 4. EDX spectra of (a) PLLA/PBSL/0.25 phr TiO2 nanocomposite and (b) PLLA/PBSL/0.75 phr TiO2 nanocomposite after soaking in SBF at 37 �C for 7 days.
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the pH measurement of the fluid. The weight loss of the samples
resulted from the hydrolytic degradation of PLLA [3].

An increment in weight gain with increasing soaking time in
SBF up to 14 days was found in the PLLA/PBSL/TiO2 nanocompos-
ites. In addition, the percentage of weight gain is higher in the
PLLA/PBSL/TiO2 nanocomposites with higher filler loading. This is
attributed to the greater amount of apatite deposited on the
nanocomposite containing a higher amount of TiO2 fillers. How-
ever, weight gain reduced after soaking in SBF for 21 days or more.
This is probably due to the increase in the biodegradation of PLLA
with soaking time, consequently increasing the weight loss of the
samples. According to Pitt [41], PLLA undergoes hydrolytic
degradation upon incubation in an aqueous medium, leading to
hydrolytic cleavage of ester bonds. The cleavage of an ester bond



Fig. 5. FESEM micrographs of the PLLA/PBSL/CNT and PLLA/PBSL/TiO2 nanocomposites’ surfaces after soaking in SBF for 7 days.

Fig. 6. Variation in water uptake of the nanocomposites as a function of soaking
time in SBF.

Fig. 7. Effect of filler type and loading on the pH value of the SBF as a function of
soaking time.
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Fig. 8. Weight change of the PLLA/PBSL blends containing different filler loading of
CNT and TiO2 as a function of soaking time in SBF at 37 �C.
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yields a carboxyl end group that is capable of catalyzing hydrolysis
of the other ester bonds. As a result, the hydrolytic reaction of the
remaining ester bonds is accelerated.

4. Conclusion

PLLA/PBSL-based nanocomposites containing different filler
loadings of CNT and TiO2 nanotubes were developed by melt com-
pounding. The PLLA/PBSL/CNT nanocomposites exhibit higher flex-
ural strength and modulus compared to the PLLA/PBSL/TiO2

nanocomposites at the same filler loading. However, the addition
of TiO2 nanofillers improves the bioactivity of the PLLA/PBSL blend
by forming bone-like apatite particles on the surface of the nano-
composite after 7 days of SBF immersion. On the contrary, the
addition of CNT did not give any positive effect on the in vitro
bioactivity of PLLA/PBSL. Water uptake of the nanocomposites con-
taining TiO2 nanotubes increased with increasing filler loading,
whereas the incorporation of CNT showed no significant change
in the water uptake of the binary blend. A slight decrease in the
pH value of SBF and a rise in the weight loss of the samples with
prolonged immersion time in SBF were also observed.
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