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ABSTRACT One type of electroactive shape memory nanocomposite was fabricated, including cross-linked poly(ε-caprolactone) (cPCL)
and conductive multiwalled carbon nanotubes (MWNTs). The cross-linking reaction of the pristine poly(ε-caprolactone) (PCL) was
realized by using benzoyl peroxide (BPO) as an initiator. The raw MWNTs (Raw-M) were prefunctionalized by acid-oxidation process
and covalent grafting with poly (ethylene glycol) (PEG), respectively. Three kinds of nanocomposites containing cPCL/Raw-M, cPCL/
acid-oxidation MWNTs (AO-M) and cPCL/PEG grafted MWNTs (PEG-M) were obtained, and the mechanical, electrical and shape memory
properties were further investigated. The influence of in vitro degradation on their shape memory and mechanical properties was
also evaluated. The methyl thiazolyl tetrazolium (MTT) assay was performed to estimate their biocompatibility. The results displayed
that these nanocomposites could perform favorable shape memory recovery both in hot water at 55 °C and in electric field with 50
V applied voltage. In addition, compared with cPCL/Raw-M and cPCL/AO-M, cPCL/PEG-M composite possessed more favorable
properties such as mechanical, biocompatible, and electroactive shape memory functions. Therefore, the nanocomposite may be
potential for application as smart bioactuators in biomedical field.
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INTRODUCTION

Shape memory polymers (SMPs), as a family of smart
materials that can be deformed into temporary shape
and soon recover their original shape under a certain

external stimulus, have been drawing more and more at-
tention because of their novel properties (1-4). However,
there still exist some problems such as poor mechanical
property that largely restrict the SMPs to achieve their
scientific and technological significance in biomedical field
(5, 6). Moreover, conventionally, the deformation and re-
covery process of SMPs are usually induced by direct thermal
stimulus, and the temperature with this triggering method
must be above the transition temperature of SMPs such as
melting temperature or glass transition temperature (7, 8).
However, the temperature is always far from the normal
body’s temperature and sometimes even does harm to
human body. Therefore, a key challenge is that a safer and
more effective stimulus is necessary when SMPs are used
as in vivo medical devices (9, 10).

Nowadays, some other stimulus method such as electric
field (11, 12), magnetic field (13-15), water/solvent (16, 17),
and light (18, 19) are discovered by many researchers.
Among those triggering stimuli, electric-field stimulation
plays a more and more important role in view of its
convenient manipulation, high reliability, and wide applica-
tion (9). To date, some researchers have prepared various

kinds of electro-active SMPs. These SMPs are always filled
with electrical conductive fillers such as carbon nanotubes,
carbon particles, carbon fibers, nickel zinc ferrite ferromag-
netic particles, etc. (20-31). For example, an electroactive
shape-memory polyurethane with 5 wt % multiwalled car-
bon nanotubes (MWNTs) was synthesized by Cho and his
co-workers, and they proved that the shape of these SMPs
can easily recover under 40 V supplied voltage within 10 s
(25). Although a lot of similar research has been performed,
few researchers have paid attention to the biocompatibility
of these electroactive SMPs, the biodegradability, and smart
function. In fact, these properties are quite vital if SMPs are
to be considered as temporary implant materials.

A series of nanocomposites composed of polylactide
(PLA) and hydroxyapatite (HA) were successfully synthesized
in our group, which have a perfect combination with shape
memory properties and biodegradability (5, 32). The cross-
linked poly(ε-caprolactone) (cPCL)/Fe3O4 nanocomposites
were also fabricated and they possess not only fantastic
magnetism sensitivity shape memory properties but also
good biocompatibility and biodegradability (13, 33).

In this study, we will demonstrate a new kind of electro-
active SMPs composed of conductive multiwalled carbon
nanotubes (MWNTs) as filler and cPCL as polymer matrix.
As we know, MWNTs are arousing more and more interests
because of their exceptional combination of mechanical,
electrical, thermal, chemical, and optical properties (34, 35).
Here, MWNTs were also selected as inductive heat source
to stimulate the shape recovery of cPCL matrix. However,
there are still some drawbacks for MWNTs such as high
toxicity and hydrophobicity, which limit their wide applica-
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tion in biomedical field. For example, Porter’s report related
MWNTs’ internalization into living cells indicated that carbon
nanotubes can be toxic (36). Currently, MWNTs must be
functionalized or modified to improve the hydrophilicity and
biocompatibility before their use in biomedical field.

Herein, raw MWNTs (Raw-M) were first prefunctionalized
through acid-oxidation process and covalent grafting with
poly(ethylene glycol) (PEG). Thus, three kinds of MWNTs
including Raw-M, acid-oxidation MWNTs (AO-M) and PEG
grafted MWNTs (PEG-M) could be obtained. Later, the nano-
composites composed of cPCL and these MWNTs were
fabricated. After that, a series of tests were carried out to
characterize these nanocomposites’ properties including
mechanical properties, electrical conductivity, in vitro deg-
radation and cytotoxicity evaluation. Significantly, their
shape memory effects were investigated in electric field with
50 V applied voltage and in hot water at 55 °C, respectively,
and the shape memory recovery ratio and speed under the
two stimuli were further compared (37, 38).

EXPERIMENTAL SECTION
Materials. Linear PCL was synthesized as our previous report

(39). The molecular weight (Mw) determined by gel permeation
chromatograph (GPC) is 121 000 Da. Benzoyl peroxide (BPO)
and poly (ethylene glycol) (PEG, Mw ) 2000 Da) were purchased
from Chengdu Kelong Chemical Reagent Company (Sichuan,
Chengdu, China). MWNTs (>95+% purity) with 10-20 nm
outer diameters and 10-20 um lengths were purchased from
ChengduOrganicChemistryLimitedCompany(Sichuan,Chengdu,
China). All other chemicals and solvents were of reagent grade
or better. The cells which were used in the methyl thiazolyl
tetrazolium (MTT) assay were got from the neonatal rat’s
mandibular osteoblasts.

Fabrication of cPCL and cPCL/MWNT Nanocomposites.
Preweighed linear PCL with 3 wt % of BPO was first dissolved
in methylene chloride (CH2Cl2) under stirring. Then, the solution
was cast on a mold, and the solvent was evaporated in aerator
overnight and dried at 30 °C under vacuum. Later, the com-
pletely dried PCL was kept in an oven at 130 °C for 10 min
(because BPO enables cross-linked reaction to occur at 130 °C
(40).) As a result, the required slices made up of cPCL with
thickness of about 2 mm were obtained.

The prefunctionalized process of raw-M was similar as previ-
ous report (41). Briefly, preweighed raw-M were initially added
into 70 mL HCl (36.5 wt %) companying with slightly stirring
for 2 h, then diluted in water, filtered, washed with deionized
water and dried in vacuum at 40 °C overnight. After that, the
pretreated MWNTs were put into 50 mL of HNO3 (65 wt %)
under 140 °C heating for 4 h, and then cooled to the room
temperature and followed by repeating clean procedures men-
tioned above. Thus, the acid-oxidation MWNTs (AO-M) were
achieved.

PEG-grafted MWNTs (PEG-M) were obtained by a simple
esterification method. First, AO-M were put into the CH2Cl2
solvent companying with slightly stirring. Then, preweighed
N,N-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopy-
ridine (DMAP) were added to the AO-M suspension in order to
accelerate the reaction speed and restrict the forming of side
reaction. The specific process of this reaction can be found in
previous report (42).

According to the method reported by Ma et al. (43), each kind
of MWNT mentioned above was first dispersed in water with
the aid of sodium lauryl sulfate (SLS) under stirring for 30 min
in this study. Subsequently, the MWNTs aqueous solution was
centrifuged at 20 000 rpm for 10 min to deposit the MWNTs

and the MWNTs were dried overnight under vacuum at 40 °C.
After that, the mixed solution containing the pretreated MWNTs,
pristine PCL and BPO in 20 mL CH2Cl2 solvent was achieved
companying with the high-energy sonication for 2 h. The
followed procedures were similar with the preparation of cPCL
as mentioned above. Thus, the cPCL/MWNTs composites were
obtained.

Characterization. The surface morphology of MWNTs and
polymeric phase in the composites were observed using a
Quanta200 Scanning Electron Microscope (SEM, FEI, America).
The accelerating voltage was 20 kV.

Static tensile test was accomplished at the crosshead speed
of 5 mm/min at room temperature using a universal testing
machine Instron 5567 (Instron Co., Massachusetts). Prior to the
test the specimens should be cut to dumbbell shape. Of all the
mechanical properties, elasticity modulus E, tensile strength δb

and elongation at break L were tested. Each measurement was
repeated 5 times and an average value reported.

Dynamic mechanical analysis (DMA) was carried out on a
DMA983 analyzer (Du Pont, America), using a tensile resonant
mode at a heating rate of 3 °C/min from 25 to 80 °C and at a
frequency of 1 Hz. The storage modulus E′ for specimen size
50 × 10 × 2 mm (length × width × thickness) was tested.

Gel fraction estimate was performed by the following method:
all the preweighted specimens,m0, are subjected to swell in
CH2Cl2 in an attempt to gather gel, which needs 24 h to ensure
steady gel fraction values, and then a high speed (15 000 r/min)
centrifuge was employed to detach gel from sol. During the
process, an observable phenomenon may be noted that some
agglomerate of gel floats on the surface of transparent gel
solution in the centrifuge tube. Afterward a dried gel mass, m1,
is noted, and the gel fraction can be calculated as follows

A digital four-point probe machine (SZ-82, Hangzhou, China)
was employed to evaluate the electrical conductivity of the
composites. The electroactive shape memory effect was ob-
served with a kind of self-made equipment which can apply
constant voltages to samples. A noncontact thermometer (STPro
Manual, Raytek. Co Ltd., China) was used to monitor the
temperature change of the samples.

In vitro Degradation. In vitro degradation of all samples was
carried out as follows. Preweighed samples were placed indi-
vidually in test tubes containing 10 mL of 0.1 M phosphate
buffered saline (PBS) at pH 7.4. The tubes were kept in a
thermostated incubator (Haerbin Dongming Medical Equipment
Company) which was maintained at 37 °C and 107 cycles per
minute. The degradation process was evaluated from these
changes of the molecular weight, gel fraction, shape memory
properties and mechanical properties of polymer matrix at
predetermined intervals.

Methyl Thiazolyl Tetrazolium (MTT) Assay. The cytotoxicity
of all the samples was further evaluated based on the methyl
thiazolyl tetrazolium (MTT) assay. The osteoblasts were grown
in RPMI medium 1640 (Gibcos) with 10% fetal bovine serum
(FBS). The cells with a density of 1.0 × 104 cells/well were
cultured in 24 well plates in the above medium and maintained
at 37 °C in a humidified incubator with 5% CO2 and 95% air.
After culturing for 1 day, each well was added 0.5 mL MTT (the
concentration of MTT is 1 mg/mL). After that the cultures were
incubated for 4 h at 37 °C and the supernatants were removed
from the wells. Then, 0.5 mL per well of dimethylsulfoxide
(DMSO) was added in isopropanol and mixed with the content
of the wells thoroughly, and 0.2 mL mixed liquid from each well
was transferred to a 96-well plate. Finally, the plate was read
in an automated microplate spectrophotometer at 570 nm as

Gel fraction (%) ) m1/m0 × 100%.
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reference. Every 48 h, the same test was performed as men-
tioned above until 168 h.

RESULTS AND DISCUSSIONS
Optimization of the Fabrication of Nanocom-

posites. Currently, how to obtain a composite with
expected properties is an important issue. In this study,
a series of parameters including the mass fraction of
MWNTs and ratio of MWNTs/BPO were first studied to
determine the optimized conditions of the composites

fabrication. The strain-stress curves and correlative me-
chanical properties of the composites with different weight
ratios of cPCL/AO-M were shown in Figure 1A and inserted
Table, respectively (The BPO content was settled at 3 wt %).
From the image, we can definitely find two crucial pheno-
menon: the elasticity modulus E and the tensile strength δb

undergo a gradual increase when the MWNTs content ranges
from 0 to 5 wt %, followed by an immediately decline from
5 to 10 wt %. Simultaneously, a rapid monotonic decrease

FIGURE 1. Stress-strain curves and inserted table summarized the (A) mechanical properties of the MWNTs/cPCL nanocomposites with MWNTs
content of (a) 0.5, (b) 1.0, (c) 2.0, (d) 3.0, (e) 4.0, (f) 5.0, and (g) 7.0. (B) Recovery ratio and gel fraction versus mass fraction of MWNTs; the
elasticity modulus and elongation at break (C) and Recovery ratio and gel fraction (D) with different ratios of BPO and MWNTs and the
conductivity of the composites versus mass fraction of MWNTs (E).
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in the elongation at break is observed with the increasing
content of MWNTs. These results may be attributed to three
factors including crystallization of cPCL, cross-linked degree
and the properties of additional MWNTs. In general, as
previous reports the crystallization of polymer matrix played
a positive role on improving the E and δb of composites (44).
In our system, the additional MWNTs and the cross-linking
points engendered in the cross-linking reaction can ex-
tremely enhance the cPCL’s crystallization because of their
role as crystallization nuclei. Furthermore, the additional
MWNTs can exhibit a nanoreinforcing effect because of their
specific surface area (45, 46). Therefore, the improvement
of the nanocomposites could be observed. However, there
are also some negative effects when the MWNT content got
to a high level. A reasonable explanation may be located on
two aspects: on the one hand, the MWNTs are typically rigid
fillers that can largely restrict the cPCL molecular chains’
movement; on the other hand, higher mass fraction of
MWNTs leads to more unfavorable distribution, which will
extremely do harm to the mechanical properties of the
composites based on previous reports (47-49). Therefore,
considered these elements mentioned above, we could
draw a conclusion that the optimized mass fraction of
MWNTs is 5 wt %.

To evaluate the shape memory properties of these samples
we focused on their changes of shape recovery ratio (Rr) and
gel fraction of polymer matrix. Gel fraction is an important
factor, which has close contact to the composite’s cross-
linked structure. In other words, it is related to the shape
memory properties of those cross-linked polymers (13, 50).
Panels A and B in Figure 1 show gel fraction and the shape
memory recovery ratio of the samples, respectively. From
this image, we can find that with the increasing of MWNTs
content, Rr presented an obvious decrease from 95.6 to
57.8%. Moreover, from the gel-fraction curve, a clear decline
was also observed. The results indicated that the cross-
linking degree of the cPCL fell off when the mass fraction of
MWNTs reached a higher level even though the initiator BPO
maintained the same level. Therefore, this result suggested
that some amount of BPO should also have been depleted
during the cross-linking reaction. In view of strong oxidizing
ability of BPO and weak reducibility of MWNTs, we could
speculate that the MWNTs may be oxidized by BPO. Simi-
larly, Fan and his co-workers reported that there would be
an additional reaction of alkenes between BPO and MWNTs
when the temperature was above 120 °C (51). Therefore, if
we want to get an optimized composite, the weight ratio of
MWNTs and BPO should be evaluated at first.

Panels C and D in Figure 1 show the mechanical proper-
ties and shape memory properties of composites with
variable weight ratios of MWNTs and BPO, respectively.
Herein, to carry on a convenient investigation, the content
of MWNTs was settled at 5 wt % according to the result from
Figure 1A, whereas the content of BPO was changed. After
a comprehensive comparison, MWNTs/BPO ratio of 0.6
could be achieved in view of its best combination property.

Because we expect to prepare the electroactive SMPs, it
is very necessary to study the composites’ electrical con-
ductivity. Figure 1E shows the electrical conductivity (σ) of
composites with different mass fraction of MWNTs. From
this image,a slight increase was observed with MWNTs
original content from 0 to 3 wt % followed by a rapid rising
with the weight content from 3 to 7 wt %, and the curve
became steady when the content exceeded 7 wt %. It
demonstrated that this kind of composites really had electri-
cal conductivity and the percolation threshold was nearly at
the weight ratio of 3 wt %.

Herein, a simple model can be utilized to explain why the
conductivity exists. First, we can take the MWNTs as con-
ductive microdomains. Later, in view of the strong aggrega-
tions effect of the MWNTs, these microdomains were further
connected to form a conductive network embedded in the
cPCL matrix. When the content of MWNTs exceeded the
percolation threshold, more and more microdomains were
brought out and the network became interconnected. Fi-
nally, an external circuit throughout the composites could
be observed. Therefore, the conductivity of the composites
depends on a series of factors including the conductivity of
MWNTs, the contact between the MWNTs microdomains
and the size of the conductive network. A similar model was
also reported by Shi and his co-workers to describe the
conductivity of polypyrrole (PPy) and polylactide (PLA)
nanocomposites (52).

Investigation on the Properties of the Nano-
composites. Figure 2 shows SEM images of the cross
sections morphology of cPCL/Raw-M, cPCL/AO-M and cPCL/
PEG-M. It was evident that nearly all the MWNTs tightly
embedded in the cPCL matrix and a majority of MWNTs
were uniformly distributed in the cPCL matrix with the aid
of SLS. This phenomenon suggests that there should be a
strong interfacial effect between cPCL and MWNTs. This
effect can be helpful for the composites’ shape memory and
electric conductivity properties. However, through further
comparison, we could find that the PEG grafted MWNTs
displayed much better distribution. The reasonable explana-

FIGURE 2. SEM images of the (a) cPCL/Raw-M, (b) cPCL/AO-M, and (c) cPCL/PEG-M with 5 wt % MWNTs and 3 wt % BPO.
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tion can be attributed to the increasing hydrophilic property
and closer contact between MWNTs and the polymer matrix
in view of the help of PEG (53).

Figure 3 shows the change in storage modulus (E′) among
cPCL/Raw-M, cPCL/AO-M, and cPCL/PEG-M from DMA be-
haviors. All three specimens have a transition temperature
range where E’ suddenly decreases with the increasing
temperature of about 35 °C and the dramatic change in E′
can be employed to define the melting temperature (Tm) area
of cPCL according to previous literatures (5, 13). On the other
hand, from the cPCL/Raw-M sample curve we can observe
that it first experienced a plateau (>200 MPa) below 30 °C,
then a fall up to 3 orders of magnitude in the temperature
range of 30-65 °C, and the E came to a low modulus plane
of about 0.09 MPa. As previous reports, the tremendous
change of E′ usually means a large transition temperature
state resulted in a great shape memory effect (54). The other
specimens have similar behaviors with the cPCL/Raw-M,

which also led to the shape memory properties. However,
the disparity in E′ values within the melting temperature
range became smaller after the surface-modification of
MWNTs. Smaller E′ values range was mainly related to a
decrease in elasticity for the specimens, which may bring a
decreasing gel fraction (13). Therefore, we can infer that the
surface-modification process brought some negative impacts
on the mechanical and shape memory properties of the
composites.

The static tensile tests and shape memory effect evalu-
ation were carried out to confirm our results from the DMA
test. As shown in panels A and B in Figure 4, both of the
mechanical properties and shape memory effect of all
the samples present a similar result with the DMA images.
The reason is mainly attributed to the fact that acid-oxidation
process can easily damage the MWNTs’ structure and pro-
duce a number of defects due to the strong oxidation ability
of HNO3 (55). The defects will obviously influence the
mechanical performance of the MWNTs. Moreover, more
favorable performance in mechanical properties and shape
memory effects were observed from the cPCL/PEG-M nano-
composite than the cPCL/AO-M sample. The reason can be
summarized from two aspects: on the one hand when PEG
was grafted on the surface of MWNTs through esterification
method, the reactive sites may locate at defects of MWNTs
in view of their higher reaction energy (56). Therefore, PEG
may ameliorate or even ‘repair’ some defects, which caused
an improvement in the mechanical and shape memory
properties of the composites as shown in panels A and B in
Figure 4. On the other hand, the ether bonds in PEG
molecular chains could lead the composite to stronger
interfacial effect and lower degree of phase separation
between PEG and cPCL matrix, which could largely enhance
the mechanical and shape memory property (57-60). There-
fore, the introducing of the covalent PEGylation MWNTs into
cPCL matrix is a more favorable choice.

FIGURE 3. DMA curves of flex storage modulus of cPCL/Raw-M, cPCL/
AO-M, and cPCL/PEG-M with 5 wt % MWNTs and 3 wt % BPO versus
temperature.

FIGURE 4. (A) Mechanical performance and (B) recovery ratio and gel fraction of cPCL/Raw-M, cPCL/AO-M, and cPCL/PEG-M with 5 wt %
MWNTs and 3 wt % BPO.
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Evaluation of Shape Memory Effect. Figure 5
shows the surface temperature change of the cPCL/PEG-M
nanocomposite with MWNTs of 5 wt % under three constant
voltages: 30, 40 and 50 V, respectively. From this image we
could observe that when a 50 V voltage was applied, the
sample was soon heated above 55 °C within 100 s and
finally kept a steady state at nearly 70 °C. This temperature
is well-above the shape recovery temperature of cPCL (nearly
55 °C). However, this phenomenon was difficult to be
observed when the applied voltage was lower than 40 V. This
result strongly proves that our composite enables to conduct
the electrical current through the additional MWNTs and its
electrical conductivity can also be utilized to stimulate the
shape of composite deformed and recovered.

Figure 6 gives the photos of the shape-recovery process
both in hot water at 55 °C and in 50 V applied voltage in
order to obtain an intuitive comparison. It can be observed
that both hot water and voltage stimuli can successfully
induce shape recovery of the folded samples. However, the
speed of shape recovery induced by direct thermal stimulus
is much faster than that induced by electric field. This
demonstrated that our composite had better reactivity in hot
water than in an electric field. The less recovery time might

be explained by slow heat loss and faster thermal transfer.
Therefore, if we want to obtain better recovery performance
in the electric field, we should achieve a higher electrical
conductivity of the composite and a heat shield might be also
necessary for samples in order to prevent the heat loss.

Influence of In vitro Biodegradation on Proper-
ties of the Nanocomposites. In recent years, many
researchers pay much attention to the shape memory
properties of SMPs before they are used in medicine.
However, they always ignore a key point that some biologi-
cal and physical properties of SMPs must be changed gradu-
ally due to the aging or degradation of polymers after they
were applied in vivo or in vitro. So, the in vitro biodegrada-
tion evaluation is essential. Figure 7 gives changes of shape
memory recovery ratio (in 55 °C hot water and 50 V
supplied voltage), electrical conductivity, gel fraction, mo-
lecular weight, and mechanical properties of cPCL/Raw-M,
cPCL/AO-M, and cPCL/PEG-M during 16 weeks’ degradation,
respectively. From the images we could observe that the
cPCL/Raw-M and cPCL/PEG-M samples show more favorable
biodegradability than the cPCL/AO-M. In addition, from
Figure 7A, an obvious decline in shape memory recovery
ratio was observed with the increasing of degradation time.
It implies that the degradation process will bring a negative
influence to the shape memory property. Figure 7B shows
the same trend when the shape recovery is stimulated by
supplied electric field. However, some evident differences,
especially the decrease rate, should be noted. For example,
the recovery ratio of cPCL/Raw-M samples only fell nearly
22% after 4 weeks’ degradation when we used the hot water
to stimulate the recovery, but nearly 90% decline could be
observed when we took the electro-active method. There is
one reasonable explanation that the electrical conductivity
of these samples fell sharply during the biodegradation
process. The results of electrical conductivity evaluation also
proved our speculation (Figure 7B). Figure 7E displays a
visual comparison of the cPCL/PEG-M composite’s shape
recovery effect after 4 weeks’ degradation under an applied
50 V voltage. From these images we can intuitively find that
the shape memory effect underwent a rapid decrease after
the biodegradation process. The reason can be illustrated as
follows. The SMPs exhibited shape memory properties
depending on the interactions between two phases: the

FIGURE 5. Temperature changes of the composites used as a
function of decayed time when a constant voltage was applied to
the samples.

FIGURE 6. Series of digital photograph showing shape memory recovery process of the cPCL/PEG-M samples with 5 × 3 cm (length × width)
(A) in the hot water at 55 °C and (B) in the supplied voltage 60 V.
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reversible phases which could memory the polymers’ tem-
porary shape and the fixable phases which could memory
the polymers’ initial shape. In connection with the compos-
ites, a perfect chemical network engendered from the cross-
linked process is considered as the shape memory fixable
phase according to the previous report (5, 13). This kind of
network includes plenty of cross-linked chains and points,
a great many ester-bonds are also kept in it. Therefore,
during the degradation process the PBS medium entered
into the inner of composites, which brought great damage
to the cPCL molecular chains. More and more ester bonds
would be gradually cleaved. In other words, the biodegrada-
tion process will do harm to the fixable phases. Therefore,
it will cause a decrease of shape memory effect. Moreover,
the disruption of cPCL’s structure will largely reduce the

interactions between polymer matrix and fillers, easily make
the MWNTs divorce from the cPCL molecular chains, and
further cause a decline in electrical conductivity.

Panels C and D in Figure 7 show the changes of gel
fraction, molecular weight, and mechanical properties dur-
ing the degradation process, respectively. Similarly, these
results displayed a descending trend, and the reason was
the same as mentioned above. The fact that the shape
memory effect of biodegradable polymers decreased with
the degradation time is very important, which gives us some
signals on how to reserve them or how to use them as
temporary implant materials.

Cytotoxicity Analysis. The cytotoxicity of cPCL/Raw-
M, cPCL/AO-M and cPCL/PEG-M composites was assessed

FIGURE 7. Shape memory recovery ratio (A) in the hot water at 55 °C and (B) in the supplied voltage 50 V; (C) gel fraction and molecular
weight and (D) mechanical performance of cPCL/Raw-M, and cPCL/PEG-M composites versus in vitro degradation time, and (E) photographs
showing the process of shape memory recovery of cPCL/PEG-M samples with 8 × 1.5 cm (length × width) after 4 weeks’ degradation.

A
R
T
IC

LE

3512 VOL. 2 • NO. 12 • 3506–3514 • 2010 Xiao et al. www.acsami.org



by MTT assay as shown in Figure 8A. We could find that all
samples exhibited a certain extent cytotoxicity to restrain
the cell viability in the first day’s incubation. In addition,
through further comparison cPCL/PEG-M sample exhibited
higher cell viability, indicating its better biocompatibility. The
following results also presented the same trend. The reason
may be attributed to two aspects: first, the PEGylated sample
possessed better dispersion (as shown in Figure 2C), which
prevented the presence of sectional toxicity; second, the
favorable biocompatibility of PEG could be a positive factor.
Moreover, it should be noted that the OD values at day 7
are lower than that at day 5 because of the lack of air, space,
and nutrition supplies for the cells.

Figure 8B displays the cytotoxicity of the composites
evaluated by SEM. The images strongly proved those results
obtained from the MTT assay. From these images, we can
see that in the first day incubation, the number of the cells

on the materials was far less than the control group and the
morphology of the cells was also unfavorable. Through
further comparison with the cPCL/Raw-M and cPCL/PEG-M
samples, we could observe that the cells growing on the
latter materials exhibited a better situation, and these cells
displayed significantly fusiform shape and began to stretch
in all directions. After 5 days’ cultivation, the amount of the
cells became much larger than before and the shape was
completely spread out. Therefore, we could draw a conclu-
sion that cPCL/PEG-M sample holds the better biocompat-
ibility, which may be suitable for the biomedical application.

CONCLUSIONS
In this study, we first optimized the fabrication para-

meters of cPCL/MWNTs nanocomposites, mainly including
the mass fraction of MWNTs and the ratio of MWNTs and
BPO. A suitable parameter was achieved: the content of

FIGURE 8. (A) MTT results of the cPCL/Raw-M, cPCL/AO-M, and cPCL/PEG-M with 5 wt % MWNTs and control group; (B) SEM image of the (a,
e) cPCL/Raw-M, (b, f) cPCL/AO-M, (c, g) cPCL/PEG-M, and (d, h) control group at day 1 and day 5, respectively.
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MWNTs is 5 wt % and the ratio between MWNTs and BPO
is 0.6. Later, the properties of all the samples including
mechanical behaviors, electrical conductivity and shape
memory effect were investigated and compared. The influ-
ence of the in vitro degradation of polymer matrix on its
shape memory effect and mechanical properties was also
studied. The changes in shape recovery and mechanical
performance during the degradation process revealed a
decreasing tendency for all the specimen. Finally, the bio-
logical evaluation to the composites was carried out. Two
conclusions can be drawn: (1) all the samples exhibited
excellent shape memory properties under the direct thermal
and electrical stimulations; (2) the cPCL/PEG-M sample
possessed more favorable combination properties. There-
fore, the nanocomposite may be promising prospect for
biomedical application.
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