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Abstract: The preparation of TiO2/poly(L-lactide-co-ε-caprolactone) (PLCL) nanocomposites and their properties were reported. 
TiO2 nanoparticles were surface modified by ring-opening polymerization of ε-caprolactone (ε-CL). The resulting 
poly(ε-caprolactone)-grafted TiO2 (g-TiO2) was characterized by Fourier transform infrared spectroscopy (FTIR), thermogravimetric 
analysis (TGA) and transmission electron microscopy (TEM). The g-TiO2 can be uniformly dispersed in chloroform and the 
g-TiO2/PLCL nanocomposites were successfully fabricated through solvent-casting method. The effects of the content of g-TiO2 
nanoparticles on tensile properties and shape memory properties were investigated. A significant improvement in the tensile 
properties of the 5% g-TiO2/PLCL mass fraction nanocomposite is obtained: an increase of 113% in the tensile strength and an 
increase of 11% in the elongation at break over pure PLCL polymer. The g-TiO2/PLCL nanocomposites with a certain amount of 
g-TiO2 content have better shape memory properties than pure PLCL polymer. The g-TiO2 nanoparticles play an additional physical 
crosslinks which are contributed to improvement of the shape memory properties. 
Key words: poly(L-lactide-co-ε-caprolactone); nanocomposites; TiO2 nanoparticles; surface grafting; shape memory properties; 
mechanical properties 
                                                                                                             
 
 
1 Introduction 
 

Thermal-responsive shape memory polymers 
(SMPs) are thermal-sensitive materials which can 
recover their original shape when they are heated to a 
temperature higher than a switching temperature. They 
have attracted an increasing attention in many fields, 
such as industry, aerospace field and biomedical field.  
For biomedical applications, the SMPs should be the 
biocompatible polymers and in many cases the SMPs 
also need to be biodegradable polymers. During the past 
years, biodegradable SMPs are of great importance in 
medical applications. Some successful applications, 
including intelligent sutures[1], smart cardiovascular 
implants [2] and drug release system [3], have been 
reported. 

Poly(L-lactide) (PLLA) is a well-known 
biodegradable and biocompatible semi-crystalline 
polymer with a wide variety of biomedical applications 
[4,5]. Recently, it has been found that the PLLA has 
shape memory effect [6]. However, its high glass 

transition temperature and crystallinity lead to high shape 
recovery temperature and low shape recovery ratio. 
Copolymerization of L-lactide with ε-CL can be an 
appropriate method for the control of shape-memory 
behavior and other properties, thereby, widening the 
potential for biomedical applications of PLLA. In our 
previous report, the shape memory properties of PLCL 
copolymers with different compositions have been 
investigated systematically [7]. Although a relatively 
high recovery stress can be obtained in PLCL copolymer, 
the mechanical properties and recovery stress need to be 
enhanced to be suitable for use in various medical 
applications. The common method is to introduce the 
inorganic filler into polymer matrix to fabricate the 
composites. Various inorganic fillers such as 
hydroxyapatite, carbon nanotubes, Fe3O4 nanoparticles 
have been studied in previous reports on biodegradable 
shape memory composites in order to improve the 
mechanical properties or to derive the multiple 
functionalities [8−10]. Recently, TiO2 nanoparticles have 
been extensively studied due to their excellent 
mechanical properties, photocatalytic effects, as well as 
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bioactive behavior [11−13]. In biomedical field, TiO2 
nanoparticles are promising fillers used in biodegradable 
polymer matrices. Several authors have reported the 
effects of the addition of TiO2 nanoparticles on the 
mechanical properties and biodegradable properties 
[14−17]. However, to our knowledge, no reports about 
the effect of TiO2 nanoparticles on the shape memory 
properties can be found. 

In this work, the nanocomposites based on PLCL 
and g-TiO2 nanoparticles were prepared. It is considered 
that the dispersion of nanofillers has a significant 
influence on the properties of nanocomposites. In order 
to improve the dispersion of the nanofiller, a novel 
approach was adopted to modify the TiO2 nanoparticles. 
The poly(ε-caprolactone) (PCL) was grafted onto the 
surface of TiO2 nanoparticles by ring-opening 
polymerization of ε-CL. The modified TiO2 nanoparticles 
were characterized by FTIR, TGA and TEM. The 
dependency of mechanical and shape memory properties 
of TiO2/PLCL nanocomposites on the content of g-TiO2 
nanoparticles was investigated. 
 
2 Experimental 
 
2.1 Materials 

ε-CL (99%, Aldrich) was distilled prior to use. TiO2 
nanoparticles with an average size of 20 nm were 
purchased from Shanghai Huijinya Nanomaterials 
Company (China). The silane coupling agent 
NH2(CH2)3Si(OC2H5)3 (KH550) was purchased from  
Nanjing Jingtianwei Chemical Co., Ltd. PLCL 
copolymers were prepared in our own laboratory 
according to our previous work [7]. The relative 
molecular mass (Mr) of the PLCL was 210000, 
approximately. Stannous octanoate was obtained from 
Sigma and other agents were all of analytical grade and 
used as-received. 
 
2.2 Preparation of surface-modified TiO2 

nanoparticles 
2.2.1 Pretreatment of TiO2 nanoparticles by silane 

coupling agent 
Firstly, 3.2 g KH550 was dissolved in the mixture 

solution containing 160 mL ethnol and 7 mL deionized 
water by ultrasound for 30 min. Then 8.0 g TiO2 
nanoparticles were added slowly into the mixture with 
stirring. And, the mixtures were ultrasound for additional 
1 h. After that, the mixtures were stirred for 2 h at room 
temperature and 80 °C in water, respectively. Later, the 
pretreatment TiO2 (p-TiO2) nanoparticles were separated 
by centrifugation at 6000 r/min and washed with 
excessive amount of ethanol five times to completely 
remove the KH550. Finally, the p-TiO2 nanoparticles 

were dried in a vacuum oven at 60 °C for 24 h. 
2.2.2 Grafting PCL onto surface of p-TiO2 nanoparticles 

3 g p-TiO2 nanoparticles were dispersed in 100 mL 
toluene and 50 g freshly distilled ε-CL was slowly added 
under agitation. Stannous octanoate was then added as 
catalyst (the mole ratio of catalyst to ε-CL=1:2000) and 
the reaction mixture was stirred at 140 °C for 8 h under 
nitrogen protect. The reaction product was separated by 
centrifugation and washed with excessive amount of 
chloroform five times to remove the free PCL from the 
particles to obtain the surface-grafted TiO2 (g-TiO2). The 
g-TiO2 nanoparticles were dried in vacuum at 50 °C for 
24 h to remove the residual chloroform. 
 
2.3 Preparation of g-TiO2/PLCL nanocomposites 

The g-TiO2/PLCL nanocomposites with 5%, 10% 
and 20% (mass fraction, the same below) g-TiO2 were 
prepared by solution casting method. The detailed 
procedure can be seen in our previous report [16]. 
 
2.4 Characterization 

FTIR analysis was performed on a Perkin-Elmer 
100 spectrophotometer. The samples were prepared by 
mixing the nanoparticles with KBr powders and pressing 
the mixture into disks. The samples of g-TiO2/PLCL 
nanocomposite films were examined by attenuated total 
reflectance (ATR) accessory. 

Thermogravimetric analysis (TGA) was carried out 
on a thermogravimetric analyzer (Perkin-Elmer 7 series 
thermal analysis system) at a heating rate of 5 °C/min 
from room temperature to 700 °C under nitrogen 
atmosphere. 

Transmission electron microscopy (TEM) 
investigations were taken using a Philips CM120 
microscope at 200 kV acceleration voltages. The TEM 
specimens were prepared by dripping a drop of dispersed 
particle/CHCl3 suspension onto a TEM grid covered with 
carbon film and evaporating the solvent completely at 
room temperature. 
 
2.5 Tensile properties 

Tensile properties were determined by Instron 3365 
electromechanical universal testing machine with a 
stretching rate of 10 mm/min. The dumbbell shaped 
samples with effective dimensions of 16 mm×4 mm×0.3 
mm were cut from the nanocomposite films.  All the 
experimental data were reported from the average values 
of three samples. 
 
2.6 Shape memory behaviors 

Shape memory behaviors of the nanocomposites 
were investigated by the tensile test. First, the sample 
was heated to 60 °C and then stretched to εm with a 
stretching rate of 10 mm/min. After that, the sample was 
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cooled to 20 °C and maintained at this temperature for 5 
min. Subsequently, the sample was unloaded and the 
retention strain at room temperature was εu. Finally, the 
stretched sample was heated again to 60 °C and the 
residual strain was εp. The shape retention rate (Rf) and 
the shape recovery rate (Rr) are defined as follows [7]: 
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For the measurement of the recovery stress, the 

stretched sample was clamped with its length fixed and 
then was heated to 60 °C and the tensile stress was 
recorded as the recovery stress. 
 
3 Results and discussion 
 
3.1 Characterization of g-TiO2 nanoparticles 

Figure 1 shows the FTIR spectra of non-grafted 
TiO2, p-TiO2 and g-TiO2 nanoparticles. It can be seen 
from Fig. 1(a) that the absorption peak at 3430 cm−1 is 
ascribed to the vibration of hydroxyl group (—OH) at the 
surface of TiO2 nanoparticles. A broad absorption band 
between 500 and 1000 cm−1 is corresponding to the 
vibration absorption of the Ti—O—Ti linkages for TiO2 
nanoparticles [12]. Because the TiO2 nanoparticles 
surface can absorb water in the air, the absorption peak at 
1630 cm−1 is attributed to the vibration of hydrogen bond. 
From Fig. 1(b), it is clearly observed that the intensities 
of the absorption peaks at 3430 and 1630 cm−1 are 
relatively strong compared with the non-grafted TiO2, 
which may be attributed to the interaction of hydroxyl 
group of the surface of TiO2 nanoparticles with the 
KH550. In addition, the absorption peaks at 2930 and 
2850 cm−1 are assigned to the stretching vibration of   
C—H and (—CH2—) in KH550, respectively. In Fig. 
1(c), a new carbonyl stretching band at 1745 cm−1 occurs, 
which indicates that the PCL polymer chains have been 
 

 
Fig. 1 FTIR spectra of non-grafted TiO2 (a), p-TiO2 (b) and 
g-TiO2 (c) nanoparticles 

successfully grafted onto the surface of TiO2 

nanoparticles. 
TGA is used to evaluate the content of the PCL 

polymer chains grafted onto the surface of TiO2 
nanoparticles. Figure 2 shows the TGA curves of 
non-grafted TiO2 and g-TiO2 nanoparticles. It can be seen 
that non-grafted TiO2 nanoparticles display a little mass 
loss and the total mass loss of non-grfted TiO2 
nanoparticles is about 4.0% when heated from room 
temperature to 700 °C. However, the g-TiO2 
nanoparticles show appreciable mass loss from 200 to 
600 °C, which is attributed to the decomposition of the 
grafted PCL polymer chains. Thus, the amount of PCL 
polymer chains grafted on the TiO2 nanoparticles surface 
was calculated as R=Δm1−Δm2, where R is the grafting 
ratio, Δm1 is mass loss rate of g-TiO2 and Δm2 is mass 
loss rate of non-grafted TiO2. The result shows that the 
grafting ratio of g-TiO2 nanoparticles is 19.4%.  

 
Fig. 2 TGA curves of non-grafted TiO2 (a) and g-TiO2 (b) 
nanoparticles 
 

The TEM images of TiO2 and g-TiO2 nanoparticles 
dispersed in chloroform are shown in Fig. 3. It can be 
seen from Fig. 3(a) that the non-grafted TiO2 
nanoparticles aggregate seriously and cannot be 
distinguished each other. However, in Fig. 3(b), the 
g-TiO2 nanoparticles display obviously improved 
dispersibility, which can be attributed to the PCL 
polymer chains surrounding on the surface of TiO2 

nanoparticles. 
For purpose of assessing nanoparticles dispersion, 

the non-grafted TiO2 and g-TiO2 nanoparticles are 
dispersed in chloroform with the same concentration of 5 
g/L to prepare the suspension. The photographs of the 
dispersed suspension holding for 24 h are shown in   
Fig. 4. It can be seen that the suspension with the g-TiO2 
nanoparticles exhibits homogeneous mixed solution after 
holding for 24 h (Fig. 4, right). However, the suspension 
with the non-grafted TiO2 nanoparticles is almost 
transparent and the large number of non-grafted TiO2 
nanoparticles stay on the bottom of the bottle (Fig. 4, 
left), which shows that the non-grafted TiO2 
nanoparticles cannot be well dispersed in chloroform. 
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Fig. 3 TEM images of non-grafted TiO2 (a) and g-TiO2 (b) 
nanoparticles dispersed in chloroform 
 

 
Fig. 4 Photographs of suspension for non-grafted TiO2 (left) 
and g-TiO2 nanoparticles dispersed in chloroform after holding 
for 24 h 
 
3.2 Characterization of g-TiO2/PLCL nanocomposite 

FTIR spectra of the nanocomposites were measured 
to evaluate the correlation between the g-TiO2 
nanoparticles and the PLCL matrix. The FTIR spectra of 
pure PLCL and g-TiO2/PLCL nanocomposites with 
different g-TiO2 contents are exhibited in Fig. 5. It can be 
seen that the characteristic peaks of pure PLCL are 
observed in the FTIR spectra of g-TiO2/PLCL 

nanocomposites. There are no apparent changes in the 
characteristic absorption peaks, which indicates that 
there is almost no chemical reaction between the g-TiO2 
nanoparticles and the PLCL matrix. 
 

 
Fig. 5 FTIR spectra of pure PLCL (a), 5% g-TiO2/PLCL (b), 
10% g-TiO2/PLCL (c) and 20% g-TiO2/PLCL (d) nano- 
composites 
 

The DSC curves of pure PLCL and g-TiO2/PLCL 
nanocomposites are shown in Fig. 6. From these curves, 
no endothermic peaks can be observed, which means that 
the pure PLCL and PLCL in the composites are 
amorphous. The glass transition temperature (Tg) of the 
pure PLCL and the nanocomposites with 5%, 10% and 
20% g-TiO2 nanoparticles are 45.4, 44.6, 43.2 and 42.5 
°C, respectively. It is seen that the Tg of the 
nanocomposites slightly decreases with the addition of 
g-TiO2 nanoparticles. The g-TiO2 nanoparticles may 
transfer the heat during the glass transition of the 
polymer, which leads to the change of Tg. 
 

 

Fig. 6 DSC curves of pure PLCL (a), 5% g-TiO2/PLCL (b), 10% 
g-TiO2/PLCL (c) and 20% g-TiO2/PLCL (d) nanocomposites 
 
3.3 Tensile properties of g-TiO2/PLCL nanocomposite 

Figure 7(a) shows the stress—strain curves of the 
samples of pure PLCL and g-TiO2/PLCL 
nanocomposites at room temperature. It is seen that the 
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yielding phenomenon is observed in all specimens. The 
tensile properties of the samples are summarized in   
Fig. 7 (b). It is observed that the ultimate tensile strength 
and the elongation at break of the nanocomposites 
increase with an increase of the g-TiO2 content and 
possess the maximum value of 5% for the g-TiO2 loading. 
With further increasing the g-TiO2 content, the ultimate 
tensile strength and the elongation at break of the 
nanocomposites start to decrease. For 5% g-TiO2 
nanocomposites, the ultimate tensile strength and the 
elongation at break increase to 35.4 MPa and 444.6%, 
which are 113% and 11% higher than that of pure PLCL, 
respectively. 
 

 
Fig. 7 Stress—strain curves of pure PLCL and g-TiO2/PLCL 
nanocomposites with different compositions (a) and effect of 
g-TiO2 content on tensile strength and elongation at break (b) 
 

It is recognized that the tensile properties of 
nanocomposites mainly depend on the degree of 
dispersion and the adhesion between the filler and the 
matrix [11]. Under a lower nanoparticles loading, the 
dispersion of g-TiO2 nanoparticles in PLCL matrix is 
fairly uniform, thus the g-TiO2 nanoparticles exhibit the 
nanoreinforcing effect due to their large specific surface 
area. In addition, even though there is no chemical 
bonding between g-TiO2 nanoparticles and PLCL matrix, 

the adhesion between the g-TiO2 nanoparticles and 
PLCL matrix is still enhanced because the PCL polymer 
chains grafted onto the surface of TiO2 nanoparticles can 
penetrate into the PLCL matrix and entangle with the 
PLCL chains. Therefore, the load can be transferred 
more effectively between the particles and the matrix. 
This can explain the improvement of tensile properties 
with a small amount of g-TiO2 nanoparticles. Under a 
higher nanoparticles loading, the g-TiO2 nanoparticles 
have a tendency to agglomerate in the PLCL matrix. The 
agglomerated nanoparticles act as stress concentration 
causing the decrease in the tensile strength. Moreover, 
the mobility of PLCL chain can be obstructed by the 
agglomerated nanoparticles, as a result the elongation at 
break of the nanocomposites decreases. 

 
3.4 Shape memory properties of g-TiO2/PLCL 

nanocomposite 
In order to demonstrate the shape memory property, 

the recovery process of a circular specimen of the 5% 
g-TiO2/PLCL was investigated. A circular specimen was 
heated at 60 °C and gave a temporary folded shape by 
bending and then cooled to fix the shape. When the 
sample is heated again, it starts to recover its original 
shape which is photographed at different times, as shown 
in Fig. 8. Figure 8 clearly shows the shape memory 
composites with almost a completely shape recovery. 

Figure 9(a) shows the effects of the content of 
g-TiO2 nanoparticles on the shape recovery rate and 
shape retention rate of the nanocomposites at a prestrain 
of 100%. It is seen that pure PLCL and g-TiO2/PLCL 
nanocomposites show both good shape recovery and 
shape fixing performance. The shape recovery rate and 
shape retention rate of all samples exceed 90%. 
Furthermore, by comparing with the pure PLCL, the 
shape recovery rate and shape retention rate of the 
g-TiO2/PLCL nanocomposites are improved even the 
g-TiO2 content is as high as 10%. The improvement of 
shape memory properties of the nanocomposites is 
ascribed to the addition of g-TiO2 nanoparticles. 
Regarding the mechanism of shape memory effect for 
polymer, the polymer must include the reversible phase 
and the fixed phase. According to the DSC results 
mentioned in section 3.1, the PLCL and the 
g-TiO2/PLCL nanocomposites are amorphous. Therefore, 
the entanglements of molecular chain are expected to 
serve as the fixing phase, while the flexible amorphous 
PLCL polymer is selected as a reversible phase. However, 
for g-TiO2/PLCL nanocomposites, an appropriate amount 
of g-TiO2 nanoparticles play a positive role in shape 
memory. First, the g-TiO2 nanoparticles obstruct the 
movement of PLCL molecular chains, which contributes 
to the shape fixing. Second, the PCL polymer chains  
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Fig. 8 Shape recovery process of circular shape of 5% g-TiO2/PLCL nanocomposites at 60 °C at different times: (a) Original shape; 
(b) Deformed shape; (c) 2 s; (d) 6 s; (e) 10 s 
 

 
Fig. 9 Effect of content of g-TiO2 nanoparticles on shape recovery rate and shape retention rate (a) and recovery stress of 
nanocomposites (prestrain=100%) (b) 
 
grafted onto the surface of TiO2 nanoparticles can mix 
and entangle with the PLCL matrix chains, thus the 
g-TiO2 nanoparticles act as physical crosslink points that 

prevent the relative slippage between the polymer chains. 
However, if there are too many g-TiO2 nanoparticles, the 
movements of chain segments of amorphous PLCL 
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polymer are greatly restricted during shape recovery, 
which results in the decrease of shape recovery 
performance. 

The effect of the content of g-TiO2 nanoparticles on 
the recovery stress of the nanocomposites at a prestrain 
of 100% is shown in Fig. 9(b). It is noted that the 
recovery stress initially increases with the increase of 
g-TiO2 content and then decreases as g-TiO2 content 
increases further. The highest recovery stress of 6.5 MPa 
is seen for the 5% g-TiO2 nanocomposite. This value is 
43% higher than that of pure PLCL. 

The increase of the recovery stress is thought to be 
related to the mechanical reinforcement effects of the 
filler. As mentioned in section 3.2, the tensile test results 
show that the addition of g-TiO2 enhances the tensile 
strength. Thus, the generated stress during the motion of 
polymer chains will increase, which may cause a rise in 
recovery stress of nanocomposites. Moreover, according 
to the rubber elasticity theory, the recovery stress is 
proportional to the number of crosslinks existing in the 
polymeric matrix. The addition of g-TiO2 nanoparticles 
provides the additional physical crosslinks, which can 
cause the recovery stress to increase. Additional physical 
crosslinks can be formed by the entanglements between 
the PCL polymer chains grafted onto the surface of TiO2 
and the chains of PLCL polymer matrix. An appropriate 
amount of g-TiO2 can make a good distributed system, 
thus the possibility of entanglements mentioned above is 
high. 
 
4 Conclusions 
 

1) PCL polymer chains were successfully grafted 
onto the surface of the TiO2 nanoparticles by ring- 
opening polymerization of ε-CL. The g-TiO2 
nanoparticles have a better distribution in chloroform 
than the non-grafted TiO2 nanoparticles. Thus, the 
uniformed g-TiO2/PLCL biodegradable shape memory 
nanocomposites were prepared. 

2) The introduction of the g-TiO2 nanoparticles into 
PLCL matrix can improve the mechanical properties. 
The g-TiO2/PLCL nanocomposites have excellent shape 
memory properties. When the content of g-TiO2 
nanoparticles is 5%, the nanocomposite possesses the 
highest shape recovery rate and the recovery stress. It is 
found that the g-TiO2 nanoparticles play an important 
role in enhancement of mechanical properties and shape 
memory properties. 

3) These g-TiO2/PLCL nanocomposites have a 
potential for application in minimally invasive surgery 
due to their good mechanical properties, excellent shape 
memory properties as well as bioactive behavior of TiO2 
nanoparticles. 
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TiO2/PLCL 可降解聚合物纳米复合材料的 
制备及形状记忆性能 

 
鲁玺丽，吕秀乾，王建永，孙志洁，佟运祥 

 
哈尔滨工程大学 生物医学材料与工程研究中心，哈尔滨 150001 

 
摘  要：制备 TiO2/聚(L-丙交酯-ε-己内酯) (PLCL)纳米复合材料并研究其性能。采用 ε-己内酯开环聚合法对 TiO2

纳米粒子进行表面改性，通过傅立叶变换红外光谱(FTIR)、热重分析(TGA)和透射电子显微分析(TEM)对聚己内酯

(PCL)接枝改性后的 TiO2纳米粒子(g-TiO2)进行表征。g-TiO2纳米粒子能均匀地分散在三氯甲烷溶液中。采用溶液

浇铸的方法成功地制备了 TiO2/PLCL 复合材料。研究 g-TiO2纳米粒子的含量对材料力学性能和形状记忆性能的影

响。结果表明，5% g-TiO2/PLCL 复合材料的力学性能有显著的提高，与纯 PLCL 相比，抗拉强度提高了 113%，

伸长率提高了 11%。含有 g-TiO2纳米粒子的复合材料的形状记忆性能优于纯 PLCL。g-TiO2纳米粒子具有物理交

联作用，有助于形状记忆效应的提高。 

关键词：聚(L-丙交酯-ε-己内酯)；纳米复合材料；TiO2纳米粒子；表面接枝；形状记忆性能；力学性能 
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