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ABSTRACT: In this study, we developed a thermoresponsive
and water-responsive shape-memory polymer nanocomposite
network by chemically cross-linking cellulose nanocrystals
(CNCs) with polycaprolactone (PCL) and polyethylene glycol
(PEG). The nanocomposite network was fully characterized,
including the microstructure, cross-link density, water contact
angle, water uptake, crystallinity, thermal properties, and static
and dynamic mechanical properties. We found that the
PEG[60]−PCL[40]−CNC[10] nanocomposite exhibited ex-
cellent thermo-induced and water-induced shape-memory
effects in water at 37 °C (close to body temperature), and
the introduction of CNC clearly improved the mechanical properties of the mixture of both PEG and PCL polymers with low
molecular weights. In addition, Alamar blue assays based on osteoblasts indicated that the nanocomposites possessed good
cytocompatibility. Therefore, this thermoresponsive and water-responsive shape-memory nanocomposite could be potentially
developed into a new smart biomaterial.
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■ INTRODUCTION

Shape-memory polymers (SMPs) have the ability to recover
their original shape from a temporary shape1 when they are
exposed to an appropriate stimulus such as heat,2−4 light,5,6

electric field,7−9 magnetic field,10,11 or moisture.12−14 In recent
years, SMPs have gained an increasing amount of attention for
their medical applications, such as smart sutures,15 vascular
stents,16 esophageal stents,17 and tissue engineering scaffolds,18

and in drug delivery.19,20 However, a major drawback of SMPs is
their low tensile strength and stiffness in contrast with metals and
ceramics, which limit their applications.21 One of the ways to
overcome this drawback is to prepare composites by introducing
inorganic nanofillers into polymers such as SiO2,

22 POSS,23 and
carbon nanotubes.24 However, the improvement is limited
because of the reinforcement with particles or short fibers.25

Currently, cellulose nanocrystals (CNCs) have been devel-
oped to be an ideal candidate for improving the mechanical
properties of a targeted host material because of the nanoscale
dimensions and extremely attractive mechanical properties of
CNCs.26 Furthermore, CNCs are the most abundant biopol-
ymers and offer many advantages, such as low cost, low density,
availability, renewability, biodegradability, and unsurpassed
quintessential physical and chemical properties.27,28 CNCs
have attracted a great deal of interest and have been utilized as
a nanofiller for polymer matrices in the field of nano-
composites.29−33 However, to the best of our knowledge, most
of these nanocomposites were obtained by physical incorpo-
ration of CNCs into the polymeric matrix. Consequently, the
interaction between the nanofillers and the polymer molecular

chains was not strong, subsequently leading to an inapparent
increase in or even failure to improve the mechanical properties
of the polymer. In particular, in most cases, the reported
molecular weights of the polymer matrices are sufficiently high to
meet the property requirements. Low-molecular weight
polymers are seldom employed as the matrix of polymer
composites because of their poor mechanical strength. Addi-
tionally, for shape-memory polymer composites, the introduc-
tion of nanoparticles into the polymer matrix by physical
blending can affect the shape-memory performance and broaden
the transition temperature.34 Water-induced shape-memory
polymer composites have received increasing amounts of
attention in recent years because this stimulus is mild and
friendly.32,35 Therefore, the water-induced shape-memory
composites developed in this study are especially attractive for
potential biomedical applications, such as self-tightening sutures
and self-retractable and removable stents.
In this study, a thermoresponsive and water-responsive shape-

memory polymer nanocomposite network was synthesized by
chemically cross-linking cellulose nanocrystals with polycapro-
lactone (PCL) and polyethylene glycol (PEG). Both PCL and
PEG have been widely applied as biomaterials in medicine
because of their good biocompatibility. The end hydroxyl groups
of both PCL and PEG were first functionalized with 4,4-
diphenylmethane diisocyanate (MDI), and this step was
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followed by chemical cross-linking with the hydroxyl groups of
CNCs. Both the PCL and PEGmolecular weights (Mw) were low
(4000 Da), and their mechanical strengths were very poor.
However, after the chemical cross-linking with CNCs, the
nanocomposite network displayed high tensile strength and
stain-to-failure. This strategy could provide a potential platform
for enhancing the mechanical strength of low-molecular weight
polymers. Furthermore, the nanocomposite network exhibited
thermoresponsive and water-responsive shape-memory func-
tions. The advantages of this nanocomposite, including good
hydrophilicity from the CNC and PEG components, bio-
compatibility, and controllable biodegradability, make it an
attractive candidate for potential applications as biomaterials and
environmentally friendly materials.

■ MATERIALS AND METHODS
Materials. PCL [number-average molecular weight (Mn) = 4 kDa;

PDI = 1.65] was synthesized by ring-opening polymerization of ε-CL, as
previously described.36 Stannous octoate and ε-CLwere purchased from
Aldrich. PEG [weight-average molecular weight (Mw) = 4 kDa; PDI =
1.26] was purchased from Sigma. CNCs were prepared from
microcrystalline cellulose (MCC) (Chengdu Reagent Factory) by
hydrolysis treatment (64 wt % sulfuric acid in water for 1.5 h at 44 °C),
according to a previously published method.37 The average size and the
size dispersity of CNC determined with a laser scattering particle size
diffraction analyzer (Nano-ZS90, MALVERN) were 200 nm and 0.228,
respectively. 4,4-Diphenylmethane diisocyanate (MDI) was purchased
from Tokyo Chemical Industry Co. Ltd. and used without further
treatment. All other chemicals and solvents were of reagent grade or
better and purchased from Kelong chemical reagent factory (Chengdu,
China).
Preparation of PEG−PCL−CNC Nanocomposites. Cellulose

nanocrystal acetone gels were first prepared from aqueous dispersions
using a solvent-exchange sol−gel process with a reported protocol.38

Subsequently, the cellulose nanocrystal acetone gels, which contained 2
g of CNC, were dissolved in 50 mL of N-dimethylformamide (DMF),
and a stable solution was obtained through a 10 min ultrasonic
treatment. Later, the solution was dried over activated 4 Å molecular
sieves for 7 days. The molecular sieves were changed once or twice daily.
Finally, a stable solution in DMF was achieved with a solid content of 20
mg/mL. As a representative example, we describe the detailed procedure
for preparing the PEG[60]−PCL[40]−CNC[10] nanocomposite. PEG
(1.2 g, 0.3 mmol) and PCL (0.8 g, 0.2 mmol) were added to a 100 mL
three-neck round flask, and this device was placed in an oil bath at 90 °C
for 2 h under vacuum to remove the moisture. Subsequently, MDI (0.25
g, 1 mmol) was quickly added to this three-neck round flask, which was
connected to a backflow device and Ar gas protection device and
equipped with a magnetic stirrer. The reaction was conducted at 80 °C
for 3 h. Then, 12.5 mL of the stable cellulose nanocrystal solution in
DMF and stannous octoate were added to the system. After the reaction
mixture had been vigorously stirred for 1 h, the mixture was poured into
a Teflon dish, which was kept at 85 °C for 24 h under a constant nitrogen
flow. Finally, the obtained products were dried under vacuum for 24 h at
80 °C. Three different nanocompositions of the PEG−PCL−CNC
nanocomposites were prepared (PEG[50]−PCL[50]−CNC[10],
PEG[60]−PCL[40]−CNC[10], and PEG[70]−PCL[30]−
CNC[10]), in which the numerical values after the PEG and PCL
indicate the feed weight percent ratio of the PEG and PCL and the
numerical values after the CNC indicate the weight percent of CNC in
the nanocomposites.
Characterization. Fourier transform infrared spectroscopy (FT-IR)

of all of the samples was conducted on a Nicolet 5700 IR spectrometer
using the single-reflection attenuated total reflectance (ATR) system,
and the number of scans was 64. XPS measurements were performed by
ESCALAB Mark II X-ray photoelectron spectroscopy (XPS, VG
Scientific) using monochromatic Mg Kα radiation from a Mg anode
source. The high-resolution scans of core level spectra were set to a pass
energy of 15 eV and recorded with an energy step of 0.05 eV. All of the

obtained experimental data were deconvolved by Gaussian−Lorentzian
mixture peak-fitting software. The gel fraction was evaluated as
described in our previous report.39 All of the preweighed specimens
were immersed in dichloromethane for 24 h at room temperature. Then,
the insoluble gel was separated by a high-speed centrifuge. Later, the gel
was dried under vacuum until the mass remained unchanged.
Consequently, the gel fraction was calculated according to the formula
M1/M0, where M0 is the weight of the specimen before immersion in
dichloromethane and theM1 is the weight of the dried insoluble gel. The
fracture surfaces of the composites were investigated using an S-3500
scanning electron microscope. The samples were sputter-coated with
gold prior to SEM observation. The accelerating voltage and
magnification level were 10.0 kV and 10000×, respectively. Contact
angle equipment (DSA 100, KRUSS) was used to measure the water
contact angle by the sessile drop method at room temperature. All of the
contact angle data were the averages of five measurements obtained at
different locations on the sample surfaces. The water uptake of the
samples was calculated by measuring the samples’ weights before and
after immersion in deionized water at 37 °C. The weight ratio of
absorbed water was calculated by the formula (M1−M0)/M0, whereM1
refers to the weight of the sample after immersion in water at 37 °C and
M0 refers to the weight of the sample before immersion in water.
Differential scanning calorimetry (DSC)measurements were performed
on a TA DSC-Q100 under a continuous nitrogen purge. All of the
samples were heated from −50 to 160 °C at a heating rate of 10 °C
min−1. Three heating cycles were conducted to measure all of the
samples, and each sample was cooled to −50 °C. Samples immersed in
water at 37 °C for 2 min were dried gently using tissue paper and
characterized from 0 to 80 °C at a heating rate of 10 °C min−1. X-ray
diffractometry (XRD) (Philips, X’Pert PRO) was used to determine the
crystallization property of the composites. After being immersed in
water at 37 °C for 2 min, the samples were gently dried using tissue
paper. The samples were scanned from 2θ values of 5° to 60°. The
tensile properties of the samples at room temperature were measured on
an Instron 5567 (Instron Co.) instrument. The extension rate was 1 mm
min−1. After being immersed in water at 37 °C for 30 min, the samples
were gently dried using tissue paper. The measurements were taken at
37 °C, with an extension rate of 1 mm min−1. The dynamic mechanical
properties of the composites were measured by a TA DMA-Q 800
instrument using the tensile resonant mode from 0 to 80 °C at a heating
rate of 3 °C min−1 and a constant frequency of 1 Hz. The test specimen
dimensions were 30 mm × 4 mm × 0.15 mm (length × width ×
thickness). The thermoresponsive shape-memory effect was inves-
tigated as follows. First, the rectangular strip sample was folded by
deformation at 60 °C, and the temperature was reduced to −10 °C
under constant stress to fix the temporary shape. Then, the sample with
a deformed shape was placed in an oven at 60 °C. The shape recovery
process was recorded using a video camera. The shape-memory fixity
ratio (Rf) and recovery ratio (Rr) were investigated using a rectangular
strip sample and conducted on a DMA (TA DMA-Q 800) instrument
using the controlled force mode. First, the specimen was strained at a
stress rate of 0.5 MPa/min to 1.5 MPa at 60 °C; a temporary shape was
obtained, and the strain was marked as εm. Second, the temperature was
decreased to −10 °C under constant stress; the stress was released, and
the strain was marked as ε1. Finally, the fixed temporary shape was
heated at 60 °C for 15 min, and the final strain was marked as ε2. Rf and
Rr were calculated according to the following equations:
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The water-responsive shape-memory effect was investigated as
described in our previous report.40 First, the rectangular strip samples
were folded by deformation at 60 °C, and the temperature was decreased
to −10 °C under constant stress to fix the temporary shape. Second, the
fixed sample was immersed in water at 37 °C. Then, images of the shape
recovery were recorded using a video camera. The recovery ratio was
defined as [(θ − θ0)/(180 − θ0)] × 100%, where θ refers to the angle of
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the folded specimen at a given time at 37 °C and θ0 indicates the angle at
0 min. The results represent the averages of at least three specimens.
Cytotoxicity Analysis.The cytotoxicity was evaluated by an Alamar

blue assay as described in our previous report.41 Briefly, all of the small
round flake samples with an average diameter of approximately 15 mm
were sterilized by being immersed in ethanol (75%) for 2 h and
remained in sterilized PBS overnight. Subsequently, the samples were

used for osteoblast culturing in vitro. The cell viability ratio (R) for each

sample was calculated using the equation R = (cell viability in the

experiment)/(cell viability in the negative control). The cell

morphology was investigated by fluorescence microscopy (DMIL,

Leica). The live osteoblast cells grown on the samples for 3 and 7 days

were stained with a 5% (v/v) calcein solution (diluted in PBS) for

Scheme 1. Synthetic Route of the PEG−PCL−CNC Nanocomposite Network

Figure 1. (a) FTIR spectrum of the PEG[60]−PCL[40]−CNC[10] nanocomposite. (b) XPS wide scans of the PEG[60]−PCL[40]−CNC[10]
physically cross-linked nanocomposite. (c) XPS wide scans of the PEG[60]−PCL[40]−CNC[10] chemically cross-linked nanocomposite (insets show
high-resolution carbon spectra). (d) Gel fractions of the PEG[60]−PCL[40]−CNC[10] nanocomposite.
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approximately 5 min and immediately observed by fluorescence
microscopy.

■ RESULTS AND DISCUSSION

Characterization of the PEG−PCL−CNC Nanocompo-
sites. The synthetic route of the PEG−PCL−CNC nano-
composite network is shown in Scheme 1. Urethane linkages
formed between CNC and the molecular chains of the
isocyanate-terminated PEG and PCL. By varying the weight
ratio of PCL and PEG, we could successfully prepare PEG−
PCL−CNC nanocomposites with different compositions.
Fourier transform infrared spectroscopy (FT-IR) was

employed to confirm the chemical structure of the nano-
composite network. From the spectra of the PEG[60]−
PCL[40]−CNC[10] nanocomposites in Figure 1a, we observed
two clear peaks at 1646 and 1510 cm−1 that corresponded to the
absorption of carbonyl groups (CO) and N−H bending
deformation combined with C−N asymmetric stretching,
respectively.31 Furthermore, a clear peak at 2270 cm−1 was
observed, which corresponds to the absorption of unreacted
isocyanate,42 indicating that the hydroxyl group of CNC
successfully reacted with MDI.
To evaluate whether PEG and PCL were cross-linked

chemically or physically with CNC fillers, X-ray photoelectron
spectroscopy (XPS) was used to determine the main elements
and the carbon-based bonds of this nanocomposite network. As
shown in panels b and c of Figure 1, the low-resolution spectra of
all of the nanocomposites showed that carbon and oxygen atoms
were the main components, whereas less nitrogen was also
present. In the high-resolution carbon spectra, the carbon signal
could be resolved into several component peaks, which reflected
the local environments of the carbon atoms (C−C and C−H or
C−O−C or O−CO). We also found that the relative amount
of O−CO in the PEG[60]−PCL[40]−CNC[10] chemically
cross-linked nanocomposite was greater than that in the
PEG[60]−PCL[40]−CNC[10] physically cross-linked nano-
composite, although the feed ratio was the same. These results
also indicated that the hydroxyl groups of CNC successfully
reacted with MDI.
Figure 1d displays the gel fractions of all of the nano-

composites. It can be observed that the gel fraction of the
PEG[50]−PCL[50]−CNC[10] nanocomposite was the largest
in all of the nanocomposites. In addition, the gel fraction of the
composites decreased as the PEG component increased.
However, the gel fractions of all of the nanocomposites were
approximately 60%. The results also indicate that the chemical
cross-linking reaction occurred, which was mainly ascribed to the
fact that the hydroxyl groups of CNC reacted with the
diisocyanate. Because CNC has a large number of hydroxyl
groups, it can be used as a cross-linker to cross-link the molecular
chains of PCL and PEG whose ends were blocked by
diisocyanate.
Morphology of the PEG−PCL−CNC Nanocomposites.

The fracture surfaces of samples, including the PEG[60]−
PCL[40]−CNC[10] and PEG[70]−PCL[30]−CNC[10] nano-
composites, were observed by scanning electron microscopy
(SEM). From Figure 2, white dots could be clearly identified in
the matrix of the nanocomposites, which corresponded to the
CNC in the perpendicular plane of the nanocomposite.43,44 The
inset displays the greater magnification of the fractured surface of
the nanocomposite, and it could be clearly observed that the
CNC fillers inserted into the PCL−PEG matrix. In addition, as
shown in Figure 2, these CNC fillers were well dispersed in the

PCL−PEG matrix, implying that a good compatibility between
the nanofillers and polymer matrix was achieved, which may be
ascribed to the covalent bonding between CNC and the
molecular chains of the PEG and PCL.45

Thermal and Crystalline Properties. Figure 3a shows the
DSC results of the nanocomposites. The glass transition
temperatures of all of the nanocomposites were approximately
42 °C, which is close to body temperature. The transition
temperature of the nanocomposite was significantly lower than
those of the pure PEG and PCL, which could be attributed to
decreased crystallinity of the PEG and PCL after cross-linking by
the CNC. We calculated the crystallinity from DSC, which was
determined using the heat of fusion of 100% crystalline PCL and
PEG. The crystallinity of the PEG[50]−PCL[50]−CNC[10]
nanocomposite was 21.2%, the crystallinity of the PEG[60]−
PCL[40]−CNC[10] nanocomposite 29.1%, and the crystallinity
of the PEG[70]−PCL[30]−CNC[10] nanocomposite 39.8%.
Furthermore, the PEG[50]−PCL[50]−CNC[10] nanocompo-
site had two melting points, which may be because the PEG and
PCL possessed the same weight ratio, and the two components
competitively crystallized in the nanocomposite. However, when
the PEG component was dominant in the nanocomposites, the
PEG component crystallized first, which tended to suppress the
growth of PCL crystallites.46 The microphase morphologies of
the nanocomposites were further characterized using X-ray
diffractometry (XRD), and there were three clear diffraction
peaks (Figure 3b). The crystalline peaks at 2θ = 19.3° were
attributed to the 120 planes of the PEG monoclinic unit cell; the
crystalline peaks located at 2θ = 21.5° were indexed as the (110)
planes of the PCL crystallites, and the crystalline peaks located at
2θ = 23.5°were the superposition of the (200) planes of the PCL
crystallites and diverse PEG reflections.47,48 Furthermore, as the
PEG component increased, the intensity of the diffraction peaks
of the PCL crystallites decreased, whereas the diffraction peaks of
the PEG crystallites became stronger. This result was mainly
ascribed to the fact that the PEG component was dominant in the
nanocomposites; therefore, the PEG component crystallized first
and suppressed the growth of the PCL crystallites. These results
were in accordance with the DSC results.

Mechanical Properties. Figure 4a shows typical stress−
strain curves for the nanocomposites. As the PEG component
increased, the tensile stress increased, whereas the elongation to
break clearly decreased, which may be attributed to the high
crystallinity of the nanocomposites with a high PEG component.
It can also be observed that the PEG[60]−PCL[40]−CNC[10]
nanocomposite had better mechanical properties. The tensile
stress was 6.28 MPa, and the elongation to break was 161.28%.
This result demonstrated that the introduction of 10% CNC into
the PEG and PCL matrix could improve the mechanical

Figure 2.Cross-sectional SEM image showing the fracture surface of the
PEG−PCL−CNC nanocomposites: (a) PEG[60]−PCL[40]−
CNC[10] and (b) PEG[70]−PCL[30]−CNC[10]. The inset is
magnified (scale bar of 100 nm).
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properties. However, for the nanocomposite composed of low
molecular weights of both PEG and PCL physically mixed with
CNC fillers, its mechanical properties were very poor. Therefore,
the chemical cross-linking of CNC with PEG and PCL plays a
crucial role in achieving a high mechanical strength for low-
molecular weight polymers.
Figure 4b shows a typical stress−strain curve of the PEG[60]−

PCL[40]−CNC[10] nanocomposite after immersion in water at
37 °C for 30 min. In comparison with the mechanical properties
of the PEG[60]−PCL[40]−CNC[10] nanocomposite in the dry
state, we found that both the tensile stress and elongation to
break decreased in the wet state. This result could be ascribed to
the fact that the hydrophilic PEG component was dissolved after
the water molecules penetrated into the nanocomposite.
Dynamic Mechanical Properties. Figure 5 shows the

storage modulus and tan δ curves of the nanocomposites as a
function of temperature. As the PEG component increased, the
storage modulus of the nanocomposites significantly increased.
For example, the storage modulus of the PEG[60]−PCL[40]−

CNC[10] nanocomposite was 630 MPa at 0 °C in the glassy
state, whereas the storage modulus decreased to approximately 0
MPa at 70 °C in the rubbery state. A decrease of up to 2 orders of
magnitude occurred at temperatures ranging from 0 to 70 °C.
Such a large difference in the storage modulus was proven to
make an immense contribution to a good shape-memory effect.
As the PEG component increased, a slight decrease in the tan δ
value could be observed in Figure 5b, indicating that the mobility
of the molecular chains also decreased.49,50 The decrease in tan δ
may better contribute to the shape-memory property.

Thermoresponsive Shape-Memory Properties. Figure
6a displays the thermoresponsive shape recovery behavior of the
nanocomposites. The rectangular strip nanocomposites were
folded by deformation at 60 °C, and the temperature was
immediately decreased to−10 °C under constant stress to fix the
temporary shape. Next, the deformed sample was placed in an
oven at 60 °C. As shown in Figure 6a, the Rf of the PEG[50]−
PCL[50]−CNC[10] nanocomposite and the Rr of the
PEG[70]−PCL[30]−CNC[10] nanocomposite were lower

Figure 3. DSC and XRD results of the PEG−PCL−CNC nanocomposites: (a) DSC and (b) XRD.

Figure 4. Typical stress−strain curves of the PEG−PCL−CNC nanocomposites: (a) in the dry state and (b) in the wet state.

Figure 5. DMA analysis of the PEG−PCL−CNC nanocomposites: (a) storage modulus and (b) tan δ curves.
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than those of the other nanocomposites. These results were
mainly ascribed to the fact that the PEG[50]−PCL[50]−
CNC[10] nanocomposite had a lower crystallinity and the
PEG[70]−PCL[30]−CNC[10] nanocomposite had a lower
cross-linking degree, respectively. However, the PEG[60]−
PCL[40]−CNC[10] nanocomposite possessed a better shape-
memory property. Rf and Rr were approximately 100 and 90%,
respectively.
The quantitative results of the shape-memory properties for

the PEG[60]−PCL[40]−CNC[10] nanocomposite are shown
in Figure 6b, in which the stress−strain−temperature curves
were obtained in controlled force mode from DMA testing. The
sample was elongated to a certain length at 60 °C, and then the
temperature was decreased to−10 °C under constant stress to fix
the temporary shape. Next, the fixed temporary shape was heated
at 60 °C for 15 min. Rf and Rr were calculated according to eqs 1
and 2. Rf and Rr reached 100 and 85%, respectively. Rr was slightly
decreased, which may be because the deformation in the cyclic
tensile test was too large and the cross-linking degree of the
PEG[60]−PCL[40]−CNC[10] nanocomposite was too low.
Thus, in the cyclic tensile test, irreversible deformation occurred.
Water-Responsive Shape-Memory Properties. Through

the analysis described above, we found that the PEG[60]−
PCL[40]−CNC[10] nanocomposite had the best thermores-
ponsive shape recovery effect. Therefore, only the PEG[60]−
PCL[40]−CNC[10] nanocomposite was employed to inves-
tigate the water-responsive shape recovery behavior. The
rectangular strip nanocomposite was folded by deformation at
60 °C, and the temporary shape was fixed at −10 °C under
constant stress. Next, the sample with a deformed shape was
immersed in water at 37 °C. As shown in Figure 7, the PEG[60]−
PCL[40]−CNC[10] nanocomposite reached the maximal
shape-memory recovery ratio, and the Rr value was 86%. It can
also be observed that the sample had a certain degree of swelling.

These results were mainly ascribed to the fact that the PEG[50]−
PCL[50]−CNC[10] nanocomposite absorbed a certain amount
of water.

Mechanism of the Water-Responsive Shape-Memory
Effect. Figure 8a shows the adsorbed water fraction in weight
percent of the PEG[60]−PCL[40]−CNC[10] nanocomposite
versus immersion time at 37 °C, and the inset shows the water
contact angle analysis. It can be observed that the PEG[60]−
PCL[40]−CNC[10] nanocomposite held a contact angle of
82.6°, indicating that it was hydrophilic. The hydrophilic surface
could be useful for biomaterials to favor cell attachment.51 In
addition, the PEG[60]−PCL[40]−CNC[10] nanocomposite
absorbed a 41% weight percentage of water after immersion in
water for 2min, and themaximal absorbed water content reached
100% after immersion for 20 min.
Figure 8b displays the DSC curves of the PEG[60]−

PCL[40]−CNC[10] nanocomposite before and after immersion
in water at 37 °C for 2min. The transition temperature decreased
to <40 °C, and a wide transition temperature occurred after the
absorption of a certain amount of water. These results were
mainly ascribed to the fact that the H2O molecules in the
nanocomposite acted as a plasticizer and improved the mobility
of the polymer molecular chains, which was consistent with
previous reports.52,53

Figure 8c displays the XRD results of the PEG[60]−
PCL[40]−CNC[10] nanocomposite before and after immersion
in water at 37 °C for 2 min. The diffraction peaks of the PEG
crystallites disappeared because of the dissolution of the
hydrophilic PEG component,54 whereas the diffraction peaks
of the PCL crystallites remained because of the strong
hydrophobicity after the absorption of a certain amount of water.
Therefore, the proposed water-responsive shape-memory

mechanism for the PEG[60]−PCL[40]−CNC[10] nanocom-
posite is shown in Figure 8d. On one hand, in the wet state, some
water diffused into the PEG[60]−PCL[40]−CNC[10] nano-
composite matrix and in turn acted as a plasticizer, which led to a
decrease in the transition temperature of the composites and
broadened the transition temperature until shape recovery
occurred. On the other hand, the PEG component dissolved
upon immersion in water, resulting in the disappearance of the
melting point and subsequent recovery of the permanent
shape.55,56

Cytotoxicity Analysis. Each component, among PCL, PEG,
and CNC, has good biocompatibility, as reported in the
literature.27,28,36 Additionally, in our previous report, we
investigated the effect of the amount ratio of cellulose crystals
and polylactide on the cytocompatibility, and the result showed
that the amount ratio of the composites did not influence the
biocompatibility.40 Therefore, here we only evaluated the
biocompatibility of one amount ratio. The in vitro cytotoxicity
of the PEG[60]−PCL[40]−CNC[10] nanocomposite was
assessed by measuring the viability of osteoblast cells. From
Figure 9a, it can be observed that the cell viability remained
greater than 88% after the cells had been cultured for both 3 and
7 days. This result indicated that the PEG[60]−PCL[40]−
CNC[10] nanocomposite showed low cytotoxicity to normal

Figure 6. (a) Thermoresponsive shape-memory process of the PEG−
PCL−CNC nanocomposites and (b) DMA curves of the PEG[60]−
PCL[40]−CNC[10] nanocomposite.

Figure 7.Water-responsive shape-memory process of the PEG−PCL−
CNC nanocomposites in water at 37 °C.
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cells. Furthermore, the morphologies of the osteoblast cells

cultured on the PEG[60]−PCL[40]−CNC[10] nanocomposite
were observed by fluorescence microscopy after they had been

stained with calcein. As shown in Figure 9b, it can be observed

that the osteoblast cells established healthy cell morphologies.

These results suggested that the PEG[60]−PCL[40]−CNC[10]
nanocomposite held good cytocompatibility.

■ CONCLUSIONS
In summary, we successfully prepared one type of thermores-
ponsive and water-responsive shape-memory nanocomposite
network with PCL and PEG as soft segments and CNC
nanofillers as cross-linkers. The chemical cross-linking of 10%
CNC with both PCL and PEG with low molecular weights could
significantly improve the mechanical strength of the nano-
composite network. Simultaneously, the PEG[60]−PCL[40]−
CNC[10] nanocomposite exhibited an excellent thermores-
ponsive and water-responsive shape-memory effect. Further-
more, good cytocompatibility was maintained upon the
introduction of CNC into the biocompatible PCL and PEG
polymer. Therefore, the multi-stimulus-responsive shape-mem-
ory polymer network could be potentially applied in the
biomedical field, in applications such as self-tightening sutures
and self-retractable smart stents.
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Figure 8. (a) Ratio of absorbed water to sample weight vs immersion time. The inset shows the water contact angle of the nanocomposite. (b) DSC
results of the PEG−PCL−CNC nanocomposite before and after immersion in water at 37 °C for 2 min. (c) XRD results of the PEG−PCL−CNC
nanocomposite before and after immersion in water at 37 °C for 2 min. (d) Water-responsive shape-memory mechanism of the PEG−PCL−CNC
nanocomposite.

Figure 9. (a) Cytotoxicity of osteoblast cells cultured on the PEG−
PCL−CNC nanocomposite. (b) Fluorescence microscope images of
osteoblast cells cultured on the PEG−PCL−CNC nanocomposite for 3
and 7 days. Each scale bar represents 100 μm.
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