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A new method of surface modification of TiO2 nanoparticles by surface-grafting L-lactic
acid oligomer was developed. The surface-grafting reaction was evaluated by Fourier trans-
formation infrared (FTIR) and thermal gravimetric analysis (TGA). The results showed that
L-lactic acid oligomer could be easily grafted onto the TiO2 nanoparticles surface in the
presence of stannous octanoate and the highest amount of grafted polymer was about
8.5% in weight. Transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) results showed that grafted TiO2 (g-TiO2) in chloroform or PLLA matrix approxi-
mated to uniform, while unmodified TiO2 nanoparticles tended to aggregate. The tensile
strength of this material was greatly improved by the addition of g-TiO2 nanoparticles in
poly(L-lactide) (PLLA) matrix. The tensile strength of the g-TiO2/PLLA nanocomposite con-
taining 5 wt.% of g-TiO2 was 72 MPa, which was 23.1% higher than that of pure PLLA. Even
though the incorporation of the TiO2 nanoparticles into PLLA led to the deterioration of its
elongation at break, the g-TiO2/PLLA nanocomposite also exhibited better ductility than
that of TiO2/PLLA nanocomposite.

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

Poly(L-lactide) (PLLA) has attracted increasing attention
due to the combination of its bioresorbable, biodegradable,
biocompatible and mechanical properties. It has been
widely applied to biomedical fields such as bone screws,
surgical sutures, tissue engineering and controlled drug
delivery [1,2]. For bone substitute material, it’s necessary
to have high mechanical property for achieving strong
internal fixation. However, the mechanical strength of
PLLA is lower than those of natural cortical bones. Besides,
the cell attachment ability and bioactivity of PLLA are weak
due to its hydrophobic properties. In order to overcome
these disadvantages, many methods have already been ap-
plied to modify the properties of PLLA. The prevalent meth-
od is to introduce the inorganic fillers into PLLA to fabricate
. All rights reserved.

173; fax: +86 451
filler/polymer composites, such as hydroxyapatite, b-trical-
cium phosphate, bioglass, silica and so on [3–6].

Recently, TiO2 nanoparticles have been proposed as
attractive filler materials for biodegradable polymer matri-
ces as they enhance cell attachment and proliferation on
the composite surfaces [7]. It has been reported that poly-
mer matrix composite films containing nanosized titania
exhibit enhanced cell adhesion and a tendency to in-
creased Ca-containing mineral deposition. Several recent
studies suggested that TiO2 nanoparticles might act as bio-
active material in the sense that the material leads to an
interfacial bonding to tissue by means of the formation of
a biologically active hydroxyapatite layer on the implant
surface [8]. Boccaccini fabricated PDLLA films containing
TiO2 nanoparticles. The results show that these films dem-
onstrate enhanced bioactivity and biocompatibility [9].
Thus, if TiO2 nanoparticles are introduced into the PLLA
matrix, the above mentioned disadvantages are expected
to be improved. However, one of the most problematic is-
sues for manufacturing this nanocomposite is the agglom-
eration of the TiO2 nanoparticles in the PLLA matrix,
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because the aggregated TiO2 nanoparticles in the compos-
ite tend to decrease the mechanical properties and limit its
load-bearing applications. Therefore, hunting for an appro-
priate method to modify the TiO2 nanoparticles has been
becoming the key of research work.

In the present work, we adopt a new method to modify
the surface of TiO2 nanoparticles in order to improve their
dispersibility in PLLA matrix. L-lactic acid oligomer is
grafted onto the surface of TiO2 nanoparticles by polymer-
ization of L-lactic acid using stannous octanoate as catalyst.
The surface grafted TiO2 nanoparticles are characterized by
FTIR, TGA, TEM and SEM. Moreover, the effects of surface
treatment on the mechanical properties of TiO2/PLLA nano-
composites are also investigated.

2. Experimental

2.1. Materials

L-lactic acid was purchased from Purac. TiO2 nanoparti-
cles with an average size of 20 nm were supplied by De-
gussa, Frankfurt a. M., Germany. PLLA were prepared
according to the literature [10]. The molecular weight
(Mw) of the PLLA was about 280,000. Stannous octanoate
was obtained from Sigma and other agents were all of ana-
lytical grade and used as received.

2.2. Surface grafted by L-lactic acid oligomer

The L-lactic acid oligomer was grafted onto the surface
of TiO2 nanoparticles through condensation reaction of L-
lactic acid using stannous octanoate as catalyst. First, 5 g
of TiO2 nanoparticles was dispersed in 50 ml of tetrahydro-
furan by ultrasound (15 min). 20 g L-lactic acid was slowly
dropped into this solution. Then the mixture was stirred by
ultrasound (15 min) and the stannous octanoate with cal-
culated amount (stannous octanoate/L-lactic acid) was
added as a catalyst. After that, the mixture was slowly
heated to 160 �C within 1.5 h under vacuum with stirring
and then the reaction was maintained at this temperature
for 7 h. The L-lactic acid oligomer grafted TiO2 nanoparti-
cles were separated by centrifugation at 20,000 rpm and
washed with excessive amount of chloroform for five times
to remove the free L-lactic acid oligomer completely. Final-
ly the separated precipitate named as g-TiO2 was dried in a
vacuum oven at 60 �C for 24 h to remove the residual
chloroform.

2.3. Preparation of g-TiO2/PLLA and TiO2/PLLA composites

Grafted TiO2/PLLA and TiO2/PLLA composites were pre-
pared by solvent casting using chloroform. The neat PLLA
was dissolved in chloroform to produce an initial polymer
weight to solvent ratio of 4% (w/v). The polymer suspen-
sion was then magnetically stirred until complete dissolu-
tion. For the composites, an appropriate amount of g-TiO2

and TiO2 nanoparticles previously calculated were added.
Subsequently, the mixture was sonicated for 15 min by
ultrawaving in a water bath to improve the dispersion of
TiO2 nanoparticles in the polymer solution. The mixture
was then casted onto the mold. After solvent evaporation
at room temperature, the films were removed from the
mold and dried under vacuum to optimize solvent re-
moval. The composites with various amounts (5, 10 and
20 wt.%) of g-TiO2 and TiO2 nanoparticles were prepared.

2.4. Characterization

FTIR spectra were recorded on a Perkin–Elmer Spec-
trum One spectrophotometer from 4000 to 400 cm�1 at a
resolution of 2 cm�1. The grafted and non-grafted TiO2

nanoparticles were mixed with KBr powders and pressed
into flakes for FTIR measurements.

TGA (Perkin–Elmer 7 series thermal analysis system)
was used to determine the amount of grafted organic
materials. The measurements were performed at 5 �C/
min from room temperature up to 700 �C under nitrogen
flow. Both grafted and non-grafted TiO2 nanoparticles were
measured for comparison.

Differential scanning calorimeter (DSC) measurements
were made on a Perkin–Elmer Diamond DSC at a heating
rate of 10 �C/min. The glass transition temperature (Tg),
melting temperature (Tm) and melting enthalpy (DHm)
were measured. Crystallinity of the PLLA in the composites
was calculated by considering a melting enthalpy of 93.7
J/g for 100% crystalline PLLA [11].

TEM investigations were taken using a TECNAI G2 S-
twin microscope, which has a field emission electron gun
and operates at 200 kV acceleration voltage. The TEM spec-
imens were prepared by dripping a drop of 0.1 wt.% parti-
cle/chloroform suspension onto a TEM grid covered with
carbon film and evaporating the solvent completely at
room temperature.

Microstructure homogeneity as well as uniformity of
TiO2 nanoparticles distribution in the composites were
characterized by means of CamScan MX2600FE SEM. Spec-
imens were mounted onto stubs using adhesive tapes and
sputtered with a gold layer. Accelerating voltages in the
range of 5–15 kV were used for the observation.

The tensile tests were performed with a WDS-5 tensile
tester (Changchun Chaoyang, China) at a crosshead speed
of 10 mm/min. All the composites films were cut into
dumbbell specimens with effective dimensions of
16 � 4 � 0.3 mm3 and the values were averaged three
measurements.

3. Results and discussion

3.1. Characterization of surface modified TiO2 nanoparticles

The FTIR spectra of PLLA, TiO2 nanoparticles before and
after grafting with different stannous octanoate amounts
are shown in Fig. 1. The spectroscopic band is observed
around the 3500 cm�1, which is described to the stretching
vibration of the hydroxyl group (Ti–OH) of the TiO2 nano-
particles. A broad absorption band between 500 and
1000 cm�1 are ascribed to the vibration absorption of the
Ti–O–Ti linkages in TiO2 nanoparticles [12]. The peak at
1648 cm�1 is attributed to adsorbed water. After surface
grafting, a new absorption band appears at 1743 cm�1
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Fig. 1. FTIR spectra of PLLA and surface modified TiO2 nanoparticles
obtained in different stannous octanoate amounts.

Table 1
The weight loss and grafting ratio of modified TiO2 nanoparticles

Sample Catalyst dosage (wt.%) Weight loss (%) Grafting ratio (%)

TiO2 – 7.7 0
0.1 8.7 1.0
0.3 11.6 3.9

g-TiO2 0.5 13.5 5.8
0.7 16.2 8.5
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 belonging to the carbonyl group (C@O) of PLLA [13], which
could be originated by the polymerization of L-lactic acid
oligomer onto the surface of TiO2 nanoparticles. The IR
peak cannot arise from the PLLA physically adsorbed on
the surface of TiO2 nanoparticles which can be washed
away by excessive chloroform during the treatment. The
g-TiO2 nanoparticles obtained for 0.7 wt.% stannous octa-
noate amount exhibit the stronger absorption, thus indi-
cating a maximum grafting rate of L-lactic oligomer at
this condition. In this paper, we characterized the g-TiO2

nanoparticles and their nanocomposites with the maxi-
mum grafting rate.

The amounts of grafted L-lactic acid were measured by
TGA, as shown in Fig. 2. The non-grafted TiO2 displays little
weight loss while the grafted one shows appreciable
weight loss. It is attributed to the decomposition of the
grafted L-lactic acid oligomer and thus the amounts of sur-
face-grafted L-lactic acid oligomer on the TiO2 nanoparti-
cles were calculated as follows:
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Fig. 2. TGA curves of (a) non-grafted TiO2 and g-TiO2 prepared with
different catalyst dosages, (b) 0.1 wt.%, (c) 0.3 wt.%, (d) 0.5 wt.% and (e)
0.7 wt.%.
The grafting ratios ¼Weight loss% ðg-TiO2Þ
�Weight loss% ðTiO2Þ

The weight loss and grafted ratios of modified TiO2 are
list in Table 1. The results show that the grafting ratio de-
pends on the catalysis amount and there appears a maxi-
mum grafting ratio 8.5% when the amount of stannous
octanoate is 0.7 wt.%.

Fig. 3 represents the TEM images of the TiO2 and g-TiO2

nanoparticles dispersed in chloroform. It can be seen from
Fig. 3a that the bare TiO2 nanoparticles aggregate seriously
and it is difficult to distinguish one particle from the other.
After being surface modification, g-TiO2 nanoparticles ex-
hibit greatly improved dispersibility, as shown in Fig. 3b.
Therefore, it is possible to prepare a uniform g-TiO2/PLLA
composite by solution mixing. The g-TiO2 nanoparticles
with core-shell structure can be observed in Fig. 3c, which
further proves that L-lactic acid oligomer surrounds the
TiO2 nanoparticles surface. Therefore, good compatibility
Fig. 3. TEM micrographs of TiO2 nanoparticles dispersed in chloroform:
(a) before, (b) after surface grafting upon low magnification and (c) upon
high magnification.



Table 2
Thermal and crystalline properties of g-TiO2/PLLA nanocomposites

g-TiO2 content
(wt.%)

Tg (�C) Tm

(�C)
DHm

(J/g)
Crystallinity of PLLA
(%)

0 63.3 176.5 37.0 39.5
5 62.7 176.6 29.3 31.3
10 62.8 178.1 27.2 29.0
20 62.3 178.0 24.9 26.6

The grafting ratio is 8.5% in weight.

Fig. 4. SEM micrographs of the fracture surface of (a) TiO2 (5 wt.%)/PLLA
and (b) g-TiO2 (5 wt.%)/PLLA nanocomposites.
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is expected between the g-TiO2 nanoparticles and PLLA
matrix.

3.2. Characterization of g-TiO2/PLLA composites

The thermal and crystalline properties of pure PLLA and
the g-TiO2/PLLA nanocomposites with different g-TiO2 con-
tents are listed in Table 2. It is clear that the crystallinity of
the PLLA matrix decreases with increasing amount of the
g-TiO2, while the glass transition temperature (Tg) and
the melting temperature (Tm) seem to be independent of
loading of g-TiO2 particles. The g-TiO2 nanoparticles dis-
turb the chain regularity and the chemical bond between
the g-TiO2 and PLLA chain also restricts the crystallization
of PLLA. Moreover, this behavior can be also thought as the
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Fig. 5. Dependence of tensile properties on filler content for g-TiO2/PLLA and Ti
reflection of the drop of the mobility of the polymer chains
as well as its crystallization ability resulting from the
incorporation of TiO2 nanoparticles.

With the aim of assessing particles dispersion and par-
ticle/polymer interfacial adhesion, composite fractured
surfaces have been observed by SEM. Fig. 4 shows the
SEM micrographs of the fracture surface of TiO2 (5 wt.%)/
PLLA, g-TiO2 (5 wt.%)/PLLA composites. In Fig. 4a, it can
be seen that non-grafted TiO2 nanoparticles tend to aggre-
gate and it is difficult to disperse them homogeneously in
PLLA matrix. Fig. 4b reveals fairly uniform dispersion of
g-TiO2 nanoparticles in the PLLA matrix. The SEM micro-
graph shows that the initial TiO2 nanoparticles aggregates
were effectively broken down to several hundred
nanometers.

3.3. Mechanical properties of g-TiO2/PLLA and TiO2/PLLA
composites

The relationship between the particle contents and the
tensile properties of the composites are illustrated in Fig. 5.
Compared with the pure PLLA, the g-TiO2/PLLA and TiO2/
PLLA nanocomposites exhibit a higher tensile strength
but lower ductility. From Fig. 5a it can be seen that the ten-
sile strength of g-TiO2/PLLA and TiO2/PLLA nanocomposites
increases with particle content and shows a maximum at
5 wt.% particle loading. The maximum value of g-TiO2/PLLA
and TiO2/PLLA nanocomposites are 23.1% and 11.0% higher
than that of pure PLLA, respectively. Further increasing the
particle content leads to reduction in the tensile strength.
The g-TiO2/PLLA composites always show higher tensile
strength than the corresponding TiO2/PLLA composites.
The improvement in tensile strength could be attributed
to the enhancement of the interaction and adhesion be-
tween the TiO2 fillers and the PLLA matrix as a result of
the surface grafting of the TiO2 nanoparticles. The L-lactic
acid oligomer grafted onto the TiO2 nanoparticles surfaces
results in core–shell structure. It is assumed that the
grafted L-lactic acid oligomer shell serves as the stabilizing
component, which prevents the particles from agglomerat-
ing and thus improves the dispersibility of the nanoparti-
cles in the PLLA matrix. Meanwhile, the L-lactic acid
oligomer grafted onto the TiO2 nanoparticles surfaces pen-
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Fig. 6. SEM micrographs of the tensile fracture surface of: (a) pure PLLA, (b) TiO2 (5 wt.%)/PLLA and (c) g-TiO2 (5 wt.%)/PLLA nanocomposites.
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etrates into the PLLA matrix, mixing and entangling with
the PLLA chains in the matrix [14]. Thus, the interfacial
combination between grafted TiO2 nanoparticles and PLLA
matrix is enhanced greatly. As shown in Fig. 5b, the elonga-
tion at break of composites decreases with the increase of
particle content. The g-TiO2/PLLA composites exhibit high-
er elongation at break than the corresponding TiO2/PLLA
composites. The addition of TiO2 nanoparticles decreases
the mobility of PLLA chain, as a result, the ductility of
nanocomposites decreases.

3.4. Morphologies of the fracture surfaces for the g-TiO2/PLLA
and TiO2/PLLA composites

In order to further investigate the fracture of material,
the SEM analysis has been performed on the tensile frac-
ture surface. Fig. 6 shows the SEM micrographs of the
fracture surfaces of the PLLA, TiO2 (5 wt.%)/PLLA and g-
TiO2 (5 wt.%)/PLLA nanocomposites. For PLLA sample,
there are a lot of parallel fracture lines in the direction
of stress. For the TiO2 (5 wt.%)/PLLA nanocomposites, the
fracture surface is relative smooth and there are a few ex-
posed particles that can be seen on the fracture surface,
which indicates that weak adhesion existed between the
matrix and filler. The tensile behavior of the TiO2

(5 wt.%)/PLLA nanocomposite should be ascribed to the
Fig. 7. SEM micrographs of the tensile fracture surface of g-TiO2

(20 wt.%)/PLLA nanocomposites: (a) low magnification and (b) high
magnification.
brittle failure. But for the g-TiO2 (5 wt.%)/PLLA nanocom-
posite, the fracture surface is relatively rough, as shown
in Fig. 6c. There exist a few cavities which can consume
certain of fracture energy [6]. Therefore, the decrease de-
gree of the elongation at break for the g-TiO2 (5 wt.%)
/PLLA nanocomposite is less than that for the TiO2

(5 wt.%)/PLLA nanocomposite.
When the g-TiO2 particles content increase to the

20 wt.% (Fig. 7a), a typical morphology of brittle failure
with a smooth fracture surface and agglomerated g-TiO2

particles with several micrometer (as indicated by the ar-
row in Fig. 7b) can be observed. The deterioration of
mechanical properties of g-TiO2 (>5 wt.%)/PLLA nanocom-
posites is ascribed to the strong tendency of TiO2 to aggre-
gate, as shown in Fig. 7b.

4. Conclusions

In the study, grafting with L-lactic acid oligomer suc-
cessfully modified the surface of TiO2 nanoparticles. There
were chemical linkages formed between the TiO2 particles
and the PLLA. The grafting rate was dependent on the cat-
alyst content and the highest grafting rate obtained was
about 8.5% in weight. The modified TiO2 nanoparticles
could be comparatively homogeneously dispersed in chlo-
roform, in contrast to the severe aggregation of the non-
grafted one.

Uniformed g-TiO2/PLLA nanocomposites were success-
fully prepared and exhibited improved mechanical proper-
ties compared to the corresponding TiO2/PLLA
nanocomposite. These improvements could be ascribed to
the grafted TiO2 nanoparticles, which could be uniformly
dispersed in the PLLA matrix and showed enhanced inter-
facial combination between grafted TiO2 nanoparticles
with PLLA matrix. Therefore, the g-TiO2/PLLA nanocompos-
ites exhibited better mechanical properties than that of the
TiO2/PLLA nanocomposites.
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