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ABSTRACT: Multifunctional fibrous scaffolds, which com-
bine the capabilities of biomimicry to the native tissue
architecture and shape memory effect (SME), are highly
promising for the realization of functional tissue-engineered
products with minimally invasive surgical implantation
possibility. In this study, fibrous scaffolds of biodegradable
poly(D,L-lactide-co-trimethylene carbonate) (denoted as
PDLLA-co-TMC, or PLMC) with shape memory properties
were fabricated by electrospinning. Morphology, thermal and
mechanical properties as well as SME of the resultant fibrous structure were characterized using different techniques. And rat
calvarial osteoblasts were cultured on the fibrous PLMC scaffolds to assess their suitability for bone tissue engineering. It is found
that by varying the monomer ratio of DLLA:TMC from 5:5 to 9:1, fineness of the resultant PLMC fibers was attenuated from ca.
1500 down to 680 nm. This also allowed for readily modulating the glass transition temperature Tg (i.e., the switching
temperature for actuating shape recovery) of the fibrous PLMC to fall between 19.2 and 44.2 °C, a temperature range relevant
for biomedical applications in the human body. The PLMC fibers exhibited excellent shape memory properties with shape
recovery ratios of Rr > 94% and shape fixity ratios of Rf > 98%, and macroscopically demonstrated a fast shape recovery (∼10 s at
39 °C) in the pre-deformed configurations. Biological assay results corroborated that the fibrous PLMC scaffolds were
cytocompatible by supporting osteoblast adhesion and proliferation, and functionally promoted biomineralization-relevant
alkaline phosphatase expression and mineral deposition. We envision the wide applicability of using the SME-capable biomimetic
scaffolds for achieving enhanced efficacy in repairing various bone defects (e.g., as implants for healing bone screw holes or as
barrier membranes for guided bone regeneration).

KEYWORDS: Shape memory polymer, electrospun fibrous scaffold, bone tissue engineering, biomineralization, osteoblasts,
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1. INTRODUCTION

Shape memory polymers (SMPs),1 a class of stimuli-responsive
smart materials, are of tremendous potential for application in
medical implants that need to be delivered through minimal
invasive surgery. This is owing to their intrinsic shape recovery
capability,2,3 which enables a bulky device packed in a small-
sized temporary shape to go through narrow passages for
deployment in the body, and then return to its original shape
upon being actuated by a stimulus or trigger (e.g., temperature,4

moisture,5 magnetism,6 and ultrasound7,8). In the past decade,
while several SMP-based medical devices (or prototypes) have
been explored for application in conventional biomedical
engineering scenarios, such as cardiovascular stents,4,9 self-
tightening sutures,10 dialysis needle adapters,11 cold hibernated
elastic memory foams for treating aneurysms12 and thrombec-
tomy device for clot removal,13 shape memory properties have
also gained interest in the field of tissue engineering and
regenerative medicine (TERM) as an emerging strategy for
creating intelligent tissue-engineered scaffolds/products to
promote regeneration of functional tissues and organs in
vivo.14,15 In the context of SMPs for TERM, apart from their

basic capability of permitting minimally invasive surgical
implantation for structural support, a biodegradable SMP for
a particular tissue scaffolding can also be designed to allow for
exerting appropriate stresses between the scaffolding constructs
and surrounding tissues (beneficial for mechanotransduction-
mediated tissue remodeling), regulating cell behavior by
changing substrate topography,16 and eluting therapeutical
agents in a precisely controllable manner.17 Undoubtedly, such
an SMP-enabled intelligent scaffold integrated with multiple
functionalities is highly promising towards ultimately enhancing
the tissue repair and regeneration efficacy in the physiological
environment upon implantation.
Electrospinning has been widely recognized as one of the

most attractive enabling nanotechnologies to produce nano-
scaled fibers that are suitable for a multitude of biomedical
applications.18 In particular, the use of electrospun nanofibers
to construct biomimetic scaffolds for engineering diversified
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tissues has been well-documented as they closely mimic the
nanofibrillar components (e.g., collagen) of the extracellular
matrix (ECM), which naturally surrounds the cells of any
biological tissue.19,20 Such nanofiber-based scaffolds with high
porosity and specific surface area and nanotopography make
them ideal candidates for engineering ECM to promote the
cells functioning naturally. However, although a broad
spectrum of SMPs based on synthetic polymers (e.g.,
polyurethanes),21−26 natural biopolymers such as lignin,27 or
blend/composite systems28,29 have recently been electrospun
into nanofibers, which were also demonstrated to be
distinctively advantageous in attaining rapid and efficient
restoration of the predesigned structures in response to
external stimuli,23,26 hitherto very little work has been
published on the design and performance of nanofibrous
scaffolds with shape memory effect (SME) for defect repair or
tissue regeneration applications.6,30 In line with this, it also
appears critically important to perform biocompatibility tests
and functionality evaluation in vitro and in vivo using cells in
contact with the nanofibrous SMP-based scaffolds as well as to
examine the potential impact of SME on cell behavior.14

Here we present a thermoresponsive and biomimetic tissue
engineering scaffold prepared by electrospinning a shape
memory copolymer of poly(D,L-lactide-co-trimethylene carbo-
nate) (PDLLA-co-TMC). In comparison with poly(D,L-lactide),
one of the most studied homopolymers with shape memory
properties for biomedical application, PDLLA-co-TMC from
copolymerization of the D,L-lactide (DLLA) monomer and the
trimethylene carbonate (TMC) monomer, is advantageous in
tuning the recovery temperature of the material to suit for
shape memory applications in human body. And also, both
mechanical and degradation properties can be regulated by
varying the molar ratio of DLLA and TMC.31−35 In the past
years, these copoly(estercarbonates) with outstanding tensile
strength and flexibility have been investigated for applications
as heart constructs and nerve regeneration guides,33 cartilage
implants and wound dressings, sustained drug release carriers,35

annulus fibrosus closure devices36 and stent covers.33 However,
to the best of our knowledge, no study on using the SME-
capable nanofibrous scaffold for bone tissue engineering has
been reported so far. Given the noted advantages in electrospun
fibers and SMPs, an integration of shape memory properties
(e.g., PDLLA-co-TMC and other different shape memory
materials37,38) into nanofibrous structure is expected to achieve
enhanced efficacy in repairing bone defects.
This work was designed to perform a sequential investigation

of the followings: (i) electrospinning of PDLLA-co-TMC into
ultrafine fibers in micro-/nanosized diameters; (ii) character-
ization of the morphology, thermal and mechanical properties
as well as the shape memory properties of the fibrous PDLLA-
co-TMC scaffolds, and (iii) examination of bone formation
ability by culturing osteoblasts with the electrospun fibrous
PDLLA-co-TMC scaffolds in vitro, so as to assess cytocompat-
ibility in supporting cell adhesion and proliferation as well as
biomineralization relevant outcomes including alkaline phos-
phatase expression and mineral deposition.

2. MATERIALS AND METHODS
2.1. Materials. PDLLA-co-TMC copolymers with varied

DLLA:TMC feed ratios of 90:10, 80:20, 70:30 and 50:50 denoted,
respectively, as PLMC (9:1), PLMC (8:2), PLMC (7:3) and PLMC
(5:5) were purchased from Daigang Biomaterials (Jinan, China). Table
1 presents the molecular characteristics of these copolymers. N,N-

dimethylformamide (DMF) and dichloromethane (DCM) were
commercial products from the Changshu Yang-Park Chemicals
(Changshu, China). These materials and chemicals were used as
received without further purification.

2.2. Electrospinning of PLMC Fibers. PLMC solution at a
concentration of 20% w/v was prepared at room temperature by
dissolving the polymer in DCM:DMF = 70:30 (v/v) for 12 h. The
solution viscosity was determined by a viscometer (Thermosel,
Brookfield, USA). Electrospinning was then performed using a set of
variables as follows: an applied voltage of 16−18 kV, solution
dispensing rate of 1.5 mL/h, collecting distance of 20 cm, ambient
conditions of 45−50% humidity at 25−28 °C. To prepare fibrous
PLMC scaffolds for cell culture, cover glasses with a diameter of 14
mm were placed on the aluminum foil to deposit fibrous membranes
(thickness: ∼0.15 mm) onto coverslips. After electrospinning, all the
electrospun samples were dried in a vacuum oven for over 2 days to
remove any potential residual solvents.

2.3. Characterization. The electrospun fibers of PLMC were
sputter-coated with gold and visualized by scanning electron
microscopy (SEM) (Hitachi TM-1000, Tokyo, Japan) operated at
an accelerating voltage of 10 kV. Fiber diameters were measured using
ImageJ 1.40G software. At least 100 filaments of each sample from
different SEM images were analyzed. The pore size and porosity of the
electrospun fibrous PLMC membranes were measured on the basis of
the previously reported methods.39,40

Differential scanning calorimetry (DSC) was employed to measure
the thermal properties of the electrospun fibers of PLMC on a TA
Instruments (204 F1 Netzsch, Germany) differential scanning
calorimeter. Nitrogen was used as a purge gas with a flow rate of 20
mL/min. During the first heating run, the samples were heated from 0
to 70 °C with a heating rate of 10 °C/min, maintained at this
temperature for 2 min, and then cooled down to 0 °C with a cooling
rate of 10 °C/min. The second heating run was subsequently operated
to generate DSC curves. The glass transition temperature (Tg) taken
at the midpoint of the stepwise specific heat increment was determined
from the second heating run.

Tensile mechanical properties of the electrospun fibrous mem-
branes of PLMC were determined using a tabletop uniaxial material
testing machine (H5K−S, Hounsfield, United Kingdom) equipped
with a 10 N load cell. Rectangular-shaped specimens (50 × 10 × 0.10−
0.15 mm) were stretched at a constant cross-head speed of 10 mm/
min.

2.4. Shape Memory Effect. Dynamic mechanical analysis (DMA)
(TA Instruments Q800, USA) was carried out to assess the shape
memory properties of the fibrous PLMC membranes.6,41,42 Briefly,
samples with a dimension of 20 × 8 × 0.07 mm were thermally
equilibrated at the temperature slightly above the Tg of the sample for
3 min to obtain a beginning strain (εbegin) before the data were
recorded. Stress was then increased from 0 to 0.9 MPa at a stress rate
of 0.05 MPa s−1 to obtain a deformed strain (εdeform) and fixed at 0.9
MPa while temperature was cooled down to 0 °C at a cooling rate of 2
°C min−1. The temperature was equilibrated at 0 °C for 1 min, and
then stress was isothermally unloaded back to 0 MPa to obtain a fixed
strain (εfix). Finally, free-strain recovery was measured as the
temperature was increased to the temperature slightly above the Tg
of the sample at a heating rate of 2 °C min−1 to obtain a recovery

Table 1. Composition and Inherent Viscosity (IV) of PLMC
Copolymers

samples
feed ratio

(DLLA:TMC)
molar ratioa

(DLLA:TMC)
IVb (dL
g−1)

PLMC (9:1) 90:10 85:15 0.79
PLMC (8:2) 80:20 82:18 0.81
PLMC (7:3) 70:30 69:31 0.80
PLMC (5:5) 50:50 50:50 0.80
aCalculated from 1H NMR (Avance 400, Bruker). bDetermined by
ubbelohde viscometers using chloroform as the dissolving solvent.
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strain (εfinal). The shape recovery ratio (Rr) and shape fixed ratio (Rf)
were defined as follows:

ε ε
ε ε

=
−
−

×R (%) 100%r
deform final

deform begin (1)

ε
ε

= ×R (%) 100%f
fix

deform (2)

2.5. Biological Assays. 2.5.1. Isolation of the Primary
Osteoblasts. Calvarial fragments from newborn mice (Shanghai
Laboratory Animal Center, Shanghai, China) were dissected and
prepared as previously described.43−45 In brief, the periosteum was
removed and 1 mm2 sized bone pieces were explanted into a 60 mm
plate with PBS (Corning, CA, USA). For adherent culture, fragments
were attached in the bottom of a 6-well tissue culture dish (Corning)
containing 2 mL of low glucose Dulbecco’s Modified Eagle’s medium
(DMEM) (Gibco, CA, USA) supplemented with 10% (v/v) fetal
bovine serum (FBS, Gibco), 2 mmol/L glutamine (Gibco), 50 I.U./
mL penicillin (Gibco), and 50 μg/mL streptomycin (Gibco). Cultures
were maintained in a humidified atmosphere containing 5% CO2 at 37
°C with medium changing twice a week. After 7 days of culture,
outgrowth of osteoblast cells were harvested and trypsinized as
primary osteoblast cells for uses in all biological experiments.
2.5.2. MTT Assay. The osteoblasts were seeded on the fibrous

PLMC scaffolds and coverslips (as control) at a density of 5 × 104 cells
per well in 24-well plates. Prior to cell seeding, all fibrous scaffolds
were placed in a 24-well tissue culture plate (TCP) (JET-BIOFIL) and
fixed with stainless steel rings, sterilized with ethanol for 2 h, and then
soaked with medium overnight. Cell proliferation was monitored by
MTT assay at the predetermined culturing time points of 1, 4 and 7
days. Briefly, the cells were washed with PBS and a 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) solu-
tion; 40 μL (5 mg/mL) was added to each well, followed by
incubation for another 4 h. Then, 400 μL of DMSO (Sigma) was
added to each well to dissolve the purple MTT formazan crystal for 15
min on an oscillator and 100 μL of the dissolved formazan solution of
each sample was transferred into separate wells of a 96-well plate to
test the optical density (OD) value at 570 nm using a microplate
reader (MK3, Thermo, USA). Mean and standard deviation from the
triplicate wells for each sample were reported. As a complementary
test, the area of cell attachment was quantitatively measured by NIS-
Elements imaging software for three randomly selected fields.
2.5.3. Cell Morphology Observation. To observe the cell

morphology, cell-scaffold constructs were washed with PBS to remove
the nonadherent cells and fixed with 4% paraformaldehyde for 3 h at
room temperature. The constructs were further dehydrated through a
series of graded alcohol solutions and finally dried overnight. After
coating with gold, the dried cellular constructs were observed by SEM
(Hitachi TM-1000, Tokyo, Japan) at an accelerating voltage of 10 kV.
Fluorescence staining was performed to assess the cytoskeletal

organization of osteoblasts after 4 and 7 days of culture. Briefly, the
harvested cell-scaffold constructs were fixed with 4.0% paraformalde-
hyde followed by washing for three times in PBS, and permeabilized

with 1 mL of 0.1% (v/v) Triton X-100 followed by washing for three
times in PBS. Thereafter, the constructs were incubated with 150 μL
of rhodamine−phalloidin (1:40 dilution in PBS, Sigma) for 30 min at
room temperature in the dark followed by washing and incubating
with 0.8 mg/mL 4′,6-diamidino-2-phenylindole (DAPI) (Sigma) in
PBS for 15 min at 37 °C. The samples were then visualized with a
fluorescent microscope (Nikon Eclipse TE 2000-U, AVON, MA).

2.5.4. Biomineralization Assays. Osteoblasts were seeded onto
PLMC scaffolds and coverslips (as a control) at a density of 5 × 104

cells/well in 24-well plates (Corning, NY, USA) with 1 mL of
DMEM/F12 medium (1:1) (Gibco, CA, USA) containing 10% FBS, 2
mmol/L glutamine (Gibco), 50 I.U./mL penicillin (Gibco), and 50
μg/mL streptomycin (Gibco). The medium was replaced every 3 days
and incubated at 37 °C in a humidified atmosphere with 5% CO2.
Biomineralization assays including alkaline phosphatase (ALP)
expression and mineral deposition were performed after 4 and 7
days of culture.

ALP activity was assayed using a BCIP/NBT alkaline phosphatase
color development kit (Nanjing Jiancheng Bioengineering Institute),
according to the manufacturer’s specification. Briefly, cell-scaffold
constructs were washed three times with PBS and 50 mL of cold 10
mM Tris/HCl buffer (pH 7.4) containing 0.1% Triton X-100 added
prior to incubation at 4 °C overnight. A 100 μL volume of ALP
substrate solution (2 mM MgCl2 and 16 mM p-nitrophenyl
phosphate) was then mixed with each sample. After incubation at 37
°C for 30 min, the reaction was stopped by the addition of 50 mL of
0.2 M NaOH and the liberated p-nitrophenol was measured
spectrophotometrically at 405 nm.

To determine mineral deposits, cell-scaffold constructs were washed
with PBS to remove the nonadherent cells and fixed in 4%
paraformaldehyde for 3 h at room temperature. The morphology
and elemental composition of mineral deposits were investigated by
using SEM (JSM-5600 LV, Japan) and an energy-dispersive X-ray
spectroscopy (EDXS) probe (IE 300 X) attached to the scanning
electron microscope. Instrument aperture and probe current were
adjusted to give a dead time of 15−20%. Surfaces were analyzed for 5
min at 5−15 kV and a magnification of 2000× to provide a complete
profile of the different elements present. To further confirm the
composition and crystalline structure of mineral deposits, the
cellularized scaffolds before and after 7 days of culture were cut into
pieces and XRD analysis was performed with the D/max-2550 PC
(Japan) diffractometer. The operating voltage and current were kept at
40 kV and 300 mA, respectively. The samples were examined between
0 and 70° (2θ) at scanning rate of 1° (2θ) per min.

2.6. Statistical Analysis. Data were expressed as mean ± standard
deviation and checked by normality tests. Statistical analysis was
performed using Origin software. All the data was analyzed using one
way analysis of variance (ANOVA) with Tukey’s test to determine
differences between groups. A value of p < 0.05 was considered to be
statistically significant.

Figure 1. (a) SEM micrographs of electrospun fibers of PLMC with different DLLA:TMC molar ratios. Scale bars for the images represent 10 μm.
(b) Effect of the TMC content on viscosity of the solutions and average diameter of the electrospun PLMC fibers.
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3. RESULTS AND DISCUSSION
3.1. Characterization of the Electrospun PLMC Fibers.

Fibrous PLMC mats with microscale interstitial pores and
random orientation of the ultrafine fibers were obtained via
electrospinning, as revealed by SEM images shown in Figure 1a.
Diameters of the electrospun fibers of PLMC with varied
DLLA:TMC ratios of 5:5, 7:3, 8:2 and 9:1 were measured to be
1526 ± 120, 1073 ± 201, 790 ± 204 and 682 ± 146 nm,
respectively (Figure 1b). Clearly, the less molar ratio of TMC
in the PLMC copolymer, the smaller diameter of the PLMC
nanofibers resulted. This is most likely related to the change of
solution viscosity in electrospinning. As shown in Figure 1b, the
solution viscosity decreases from 2735 to 879 cPs with reducing
the content of TMC from 5:5 to 9:1. It was reported that the
solution viscosity, dictated mainly by polymer molecular
weight46 and concentration,47 is one of the most important
parameters influencing the morphology of electrospun nano-
fibers.48 Higher solution viscosity usually gives rise to the
increase of fiber diameter. Interestingly, even though we used
nearly the same molecular weight of PLMC copolymer and
solution concentration, it is found that variation of copoly-
merization ratio of the chemical composition DLLA and TMC
also significantly affected the diameter of the resultant
electrospun fibers, revealing that compositional ratio in
copolymers is another determining factor affecting the fineness
of electrospun fibers. Quantitative measurements indicate that
these fibrous PLMC membranes possess an interfiber distance
(pore size) in the range of 12.4−19.7 μm and porosity 71.8−
79.3% (Table S1).
Figure 2 shows the thermal properties of the fibrous PLMC,

which were determined by the second DSC heating scan. All

the copolymers of PLMC appear to be amorphous, as only the
single glass transition is detected in their DSC curves. The Tg
of PLMC (5:5) fibers is detected at 19.2 °C, indicating that it is
a rubbery polymer at room temperature. Increasing the content
of hard segment DLLA in PLMC (7:3, 8:2, and 9:1) resulted in
sequential increase of Tg values of PLMC to 31.8, 36.7, and
44.2 °C, respectively. According to various application
strategies, the transformation temperature Ttrans of shape
memory polymer may be suitably in different temperature
ranges.49 Consequently, a Tg, as the Ttrans of PLMC in current
study, between room temperature and body temperature may
result in an automatically induced shape change after
implantation. A Tg slightly above body temperature allows
for on-demand control of the shape change (and synchronized
with delivery of various biological agents, if any) by applying

heating either directly14,16 or indirectly (e.g., ultrasound-
irradiation,7,8 magnetic field6). The present results demon-
strated the feasibility of modulating the transformation
temperature Ttrans of the electrospun PLMC fibers by readily
varying the ratio of DLLA:TMC upon constructing an
implantable medical device for specific in vivo uses.
Mechanical performance is one of the essential requirements

for a biomaterial to be used for a structure-supportive tissue
scaffold. Figure 3 shows representative tensile stress−strain

curves and derived tensile properties of the fibrous PLMC
membranes with different DLLA:TMC compositions. It
appears that the mechanical behavior of these fibers is markedly
different, in particular governed by the DLLA:TMC ratio-
correlated Tg values (Figure 2b). When the DLLA is dominant
in PLMC, it gives rise to mechanical properties of materials in a
stiff state. For instance, the specimen of PLMC (9:1) is
characterized by a high Young’s modulus (199.88 MPa) and a
very low strain at break (< 30%). And PLMC (7:3) with a Tg
slightly above room temperature also shows a higher Young’s
modulus of 52 MPa, although remarkably lower than that of the
PLMC (9:1) fibers. In contrast, PLMC (5:5) fibers exhibit high
tensile strength (10.16 MPa) and elongation (417.88%) as Tg
of the PLMC (5:5) fibers is lower than room temperature,
allowing for exhibiting rubbery behavior under the applied
tensile testing conditions. Consequently, mechanical properties
of the electrospun PLMC fibers varying from rigid and glassy
state to flexible and rubber-like elastomer, can be readily tuned
as well by varying the DLLA:TMC ratio. The mechanical
properties are also comparable with other types of electrospun
fibrous scaffolds for bone tissue engineering as reported in
literature.50−52

3.2. SME of the Electrospun Fibrous PLMC Scaffolds.
It is known that the activation temperature Ttrans of SMPs
between room temperature and body temperature results in an
automatically induced shape change after implantation, and
Ttrans slightly above the body temperature enables on-demand
control of the shape recovery process by applying direct heating
or thermal stimuli externally.49 Therefore, we purposefully
selected PLMC (8:2) (Tg = 36.7 °C) and PLMC (9:1) (Tg =
44.2 °C) fibers to investigate their shape memory effects by

Figure 2. (a) DSC curves of the electrospun fibers of PLMC with
varied DLLA:TMC ratios (5:5, 7:3, 8:2 and 9:1). These curves were
recorded on the second heating run. (b) The derived Tg values of the
electrospun PLMC fibers from panel a.

Figure 3. Mechanical properties of the electrospun fibrous PLMC
membranes (n > 6 for each type of PLMC) tested at room
temperature. (a) Typical stress−strain curves, (b) tensile strength, (c)
Young’s modulus, and (d) strain at break. (*p < 0.05, **p < 0.01).
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DMA. A schematic representation of a cyclic shape memory
test is illustrated in Figure 4a. Figure 4b,c shows the typical
strain−stress−temperature curves of PLMC (8:2) and PLMC
(9:1) nanofibers, respectively. Taking the PLMC (8:2) as an
example to elaborate, the cyclic curve includes four steps
(Figure 4b): (1) at 39 °C (slightly above the phase-transition
temperature Tg (36.7 °C) of the PLMC (8:2) sample), PLMC
was deformed as stress was increased from 0 to 0.9 MPa; (2) at
the same stress level (i.e., 0.9 MPa) the temperature was
decreased gradually to 0 °C for PLMC with the deformed
shape; (3) at 0 °C the stress was removed; (4) the shape
memory recovery was realized with the temperature increased
to 39 °C.
Furthermore, a cyclic tensile test repeated up to eight times

was carried out (Figure 4d). After the 8th cyclic shape memory
test, the Rf and Rr of the electrospun PLMC (8:2) fibers were as
high as 99.60% and 99.96%, respectively (Table 2). This
demonstrated an excellent shape memory effect of the
electrospun fibrous PLMC (8:2). The improved Rr values
throughout the cyclic tests may be attributed to chain
orientation after the previous cycle tests.42 It is of note that
with increases in the repeated times, the εdeform becomes larger
(from 91.39% at 1st cyclic to 173.38% at 8th cyclic), indicative of

a creep effect. Likewise, the electrospun fibrous PLMC (9:1)
also demonstrated impressive shape memory effect although
the shape recovery ratio (94.00%) of PLMC (9:1) in a cyclic
thermomechanical experiment is slightly lower than that of
PLMC (8:2) (97.66% at 1st cycle). This is because of higher
content of the elastomeric TMC in PLMC (8:2), which may

Figure 4. (a) Schematic representation of a cyclic shape memory test. (b, c) Three-dimensional shape memory stress−strain−temperature data, and
two-dimensional illustration of strain, stress, and temperature versus time of (b) PLMC (8:2) and (c) PLMC (9:1) fibers. (d) Shape memory tests of
PLMC (8:2) fibers repeated for eight times. Data plotted in (b, c, d) is from DMA testing.

Table 2. Some of the Measured SME Parameters of the
Electrospun Nanofibrous PLMC (8:2) Repeated for Eight
Cycles and PLMC (9:1) for One Cycle

sample cycle
εbegin
(%)

εdeform
(%) εfix (%)

εfinal
(%) Rf (%) Rr (%)

PLMC
(8:2)

1st 0.10 91.39 90.59 2.23 99.12 97.66

2nd 2.23 120.51 119.86 3.09 99.46 99.27
3rd 3.09 137.77 135.18 3.45 98.12 99.73
4th 3.45 137.79 135.22 3.62 98.13 99.87
5th 3.62 155.29 153.32 3.73 98.73 99.92
6th 3.73 161.96 160.66 3.78 99.19 99.96
7th 3.78 168.01 167.33 3.82 99.59 99.94
8th 3.82 173.38 172.70 3.89 99.60 99.96

PLMC
(9:1)

1st 0.03 60.88 59.76 3.68 98.16 94.00
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contribute to enhanced driving force for shape recovery due to
the entropy elasticity during phase transition.53 A further
examination on the fiber morphology after one cycle of shape
deformation and recovery test indicates that the orientation of
electrospun PLMC fibers (deformed state) could return to the
initial random state (Figure S1, Supporting Information) after
shape recovery process. And there is no significant change in
mechanical properties except for a slight increase in the strain at
break (Figure S2, Supporting Information).
Then, the fibrous PLMC (8:2) was again employed to

demonstrate the macroscopic shape memory effect of fibrous
structures in the forms of spiral and cylindrical bar, respectively.
When the permanent (initial) shape of the membrane is a spiral
(Figure 5a), the shape recovery from a temporary shape of
straight strip can complete in a time scale of few seconds (∼6 s)
upon the deformed strip is dipped in the water bath at 39 °C,
which is in the acceptable range of shape recovery temper-
ature.54−56 Likewise, a 3-D shaped structure also exhibited a
good shape memory effect. As shown in Figure 5b, heat-
triggered shape recovery processes of samples in the shapes of
“S”, “M”, and “P” were all complete within 12 s. However, it
took a little longer time to recover to their respective final
shapes than the 2-D fibrous membrane. The microstructural
variance between them is considered to be responsible for the
difference. The 3-D shaped cylindrical bar had a densely packed
and partially fused fibrous structure, which could have a
detrimental effect on fibers in contact with the surrounding hot
medium as the response rate is strongly governed by the
transfer rate of the stimulus into the SMP. But current
demonstrations, in accordance with previous reports,26

generally indicate that SMPs made of electrospun ultrafine

fibers show a rapid shape recovery effect in a time frame of <1
min thanks to their high specific surface area. Thus, electrospun
fibrous structure could be well-suited for situations requiring
more immediate control of the activation or constructing
devices where a particular triggering mechanism with a slow
activation time (e.g., water uptake driving the SME)5 is to be
obviated.
Thermally activated SMPs display at least two phases,

characterized by two distinct thermal transitions. The phase
showing the higher transition temperature (associated with
either a glass transition or a melting) acts as a physical cross-
linker of the polymer chains and is responsible for the
permanent shape. The second phase, with lower transition
temperature, plays the role of a molecular switch. Then, when a
stimulus is applied to facilitate molecular motion, shape
recovery activation is induced and realized. Zini et al. reported
that the linear PLLA-PGA-PTMC terpolymers exhibit shape
memory behavior by chain entanglements.57 It is also the case
of PLMC copolymer.58 The ability to deform the PLMC
networks and to fix the deformed networks is determined by
the mobility of the amorphous phase. The chains of PLMC
networks go through a process from an oriented network in
their deformed state to their random coil conformations when
reheating to a temperature above Tg. This results in the
macroscopic recovery of the original shape.36

As demonstrated in Figure 5, preparation of biodegradable
nanofibers into either 2-D or 3-D structures from shape
memory polymers enables such kind of biomimicking scaffolds
to actively change their shape in a complex and predefined
manner upon stimulation. With excellent shape changing
tailorability, these biodegradable nanofibrous structures could

Figure 5. Macroscopic demonstration of the shape memory effect for electrospun fibrous PLMC (8:2). (a) Shape recovery process of a spiral in
membranous form (2-D), obtained by rendering the sample strip wrapped around a rod (10 mm in diameter) in an oven at 39 °C for 20 s. Inset is an
SEM image showing the fibrous morphology; (b) shape recovery process of the cylindrical bars made of electrospun fibers (inset image), in
transition from the temporary shape (“SMP”) to the permanent straight bars. In this experiment, these straight bars prepared by rolling-up of
electrospun mats, were deformed at a temperature slightly above the Tg of PLMC (8:2) in a cylindrical mold (5 mm in diameter) for 30 s and then
cooled to room temperature for fixing the deformed shapes. Shape recovery process was performed after re-immersion of the sample in the water
bath at 39 °C. Pictures were taken by a digital camera after the samples were taken out from water bath at the predetermined time points.
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be well-suited for use as self-deploying tissue-engineered
scaffolds. For instances, although the 2-D nanofibrous
membranes could be designed for constructing self-expandable
vascular grafts,9 the 3-D shaped cylindrical bar holds promise
for utilization as resorbable screw-hole filler to reduce the
likelihood of bone refracture after removal of repairing plates
and screws.59

3.3. Bone Formation Ability. In bone tissue, it is the
osteoblasts that are responsible for bone formation by secreting
and mineralizing the bone matrix, which is composed mainly of
type I collagen and the inorganic mineral hydroxyapatite
(HAp). To test the efficacy of the nanofibrous PLMC scaffolds

on supporting osteoblast differentiation and bone formation, it
is rational to examine the mineralization process of osteoblasts
through in vitro culture, which is typically characterized by three
stages, i.e., osteoblast proliferation, matrix maturation and
matrix mineralization.60

3.3.1. Nanofibrous PLMC Scaffolds Promoted Osteoblast
Proliferation. Cell adhesion, spreading and proliferation are
important initial parameters in evaluating the cytocompatibility
and suitability of a biomaterial for a specific application. A high
degree of proliferation of cells is generally required as the
proliferation degree determines the rate of extracellular matrix
formation.

Figure 6. Proliferation and morphology observation of osteoblasts cultured onto the electrospun nanofibrous scaffolds of PLMC (8:2) and PLMC
(9:1), and the coverslip control for up to 7 days. (a) Histogram of osteoblast proliferation by MTT assay; (b) histogram of area of osteoblasts; (c)
SEM micrographs; (d) fluorescence staining of osteoblasts. F-actin filaments (red) and nucleus (blue) were stained by Phalloidin and DAPI,
respectively. (*p < 0.05, compared to respective substrates at day 7, **p < 0.01).
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Nanofibrous scaffolds of PLMC (8:2) (Tg = 36.7 °C) and
PLMC (9:1) (Tg = 44.2 °C) were selected to investigate their
cytocompatibility. And in order to closely mimic the in vivo
environment, osteoblasts isolated from newborn mice were
utilized instead of a secondary-derived immortalized cell line
(Figure S3, Supporting Information). The MTT assay data
(Figure 6a) indicates that the attachment ability of osteoblasts
cultured onto PLMC nanofibers and coverslips are comparable
(p > 0.05) at day 1. At the time point of 7 days, the
proliferation of cells cultured onto all nanofibrous scaffolds of
PLMC (8:2 and 9:1) is significantly higher than that onto
coverslips (p < 0.05). Interestingly, the proliferation of cells
cultured onto PLMC (8:2) is slightly lower than other substrate
at day 4. This subtle difference is likely associated with substrate
stiffness.61 Osteoblasts showed increased proliferation, motility
and deposition of mineral on hard surfaces compared to soft
substrates.62 In addition, quantitative analysis of the area of cells
(Figure 6b), which reflects the cellular spreading, adhesion and
growth abilities demonstrated similar tendency as that of the
cell proliferation results in Figure 6a. Of note, the cell area on
both PLMC (8:2) and PLMC (9:1) scaffolds was nearly 2-fold
larger than that on coverslips.
Morphology of osteoblasts attached and proliferated on the

nanofibrous PLMC scaffolds was observed by scanning electron
microscopy (Figure 6c). After 4 days of culture, there were
more cells attached on nanofibrous scaffolds as compared to
those grown on coverslips. After 7 days of culture, apart from
increased cell numbers, there was an extensive network of cell
lamellopodia and filopodia woven into and integrated well with
the PLMC nanofibers, whereas the overall cell population was
still noticeably less dense on coverslip than on nanofibrous
scaffolds. These observations are in good agreement with the

MTT and cell area data. To monitor the cell morphology of
proliferating osteoblasts on the fibers, we also stained the cells
after 4 and 7 days of culture (Figure 6d). Fluorescence images
reveal an excellent adherence and spreading of the osteoblasts
on the nanofibrous mats, in which the cells with well-shaped
actin fibers and filopodia are visible. This is because actin-rich
cell extensions are involved in cell adhesion, spreading,
migration and intracellular communication.63 Cells grown
onto cover clips also display visible actin filaments on day 4,
but their shapes become relatively thin and narrow on day 7.
Moreover, an additional test at the cellular level examinations
indicates that shape recovery process of the fibrous PLMC
membranes did not exert an impact on cell viability (Figure S4,
Supporting Information). Interestingly, SME of the fibrous
PLMC scaffolds could be used to regulate cellular behavior
(e.g., morphological change), which is in good accordance with
a very recent report.64

Overall, the results shown in Figure 6 indicate that
osteoblasts seeded on nanofibrous surfaces spread, migrate,
adhere, and communicate much faster compared with that
seeded on smooth surface of coverslips. This can be attributed
to high specific surface area with these biomimetic nanofibers.
Because osteoblasts are anchorage-dependent cells, the high
specific surface area and porosity of electrospun fabrics could
aid attachment and proliferation of cells on the scaffold. Our
results thus demonstrated that the PLMC nanofibrous scaffolds
have a good capability to prompt cell proliferation in vitro.

3.3.2. Nanofibrous PLMC Scaffolds Improved Total ALP
Expression. ALP is a key component of bone matrix vesicles
because of its role in mediating the formation of apatitic
calcium phosphate on extracellular matrix proteins.65 Proliferat-
ing osteoblasts show alkaline phosphatase activity, which is

Figure 7. (a) ALP staining of osteoblasts attached onto electrospun fibrous PLMC (8:2, 9:1) and coverslips after 4 and 7 days of culture. Insets show
macroscopic appearance. The stained cells via histochemical staining are in blue-violet color when ALP is present. (b) Quantitatively measured ALP
activity, and (c) ALP activity normalized to osteoblast numbers. *p < 0.05 is from comparison to respective substrates at 4 days.
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greatly enhanced during in vitro bone formation. Elevated levels
of ALP expression are typically observed several days prior to
neo-mineralization and during the initial phase of bone matrix
deposition. Therefore, ALP is a feasible marker for character-
izing the matrix maturation stage. A successful bone scaffold
must demonstrate support for enhanced ALP expression.
Results of the ALP staining of osteoblasts cultured on

nanofibrous PLMC scaffolds and coverslips monitored after 4
and 7 days of cell seeding are shown in Figure 7a. There
appears to be a positive influence of the nanofibrous PLMC
scaffold on osteogenic differentiation. Osteoblasts cultured on
the PLMC nanofibers exhibited significantly more ALP activity
than those on the coverslips. Quantitative measurements of the
ALP activity (Figure 7b) indicate that ALP produced by cells
cultured on all substrates increased with increase in culture time
from day 4 to day 7. The colorimetric ALP assay results at 4
days of culture showed no statistical difference between
nanofibrous scaffolds and coverslips. However, the ALP activity
of osteoblasts on PLMC nanofibers after 7 days of cell culture
was 198% higher than that of those on coverslips. The result of
ALP activities normalized to cell number according to previous
study66 is shown in Figure 7c. It can be seen that the osteogenic
differentiation of osteoblasts grown on all the substrates used in
this study is comparable and significantly enhanced when
cultured up to 7 days (p < 0.05). Although substrate stiffness
has been known to enhance the ALP expression,61,67 the data
suggests that these soft fibrous PLMC scaffolds still support
higher amounts of total ALP expression, likely through
enhancing the ability of cell proliferation. Taken together,
these results demonstrate that the nanofibrous PLMC scaffolds
possess a greater ability to support osteogenic differentiation.
3.3.3. Nanofibrous PLMC Scaffolds Supported Mineraliza-

tion of Osteoblasts. Matrix mineralization stage involves a
process that osteoblasts are induced to produce vast
extracellular calcium deposits in vitro. Presence of calcium
deposits is a remarkable indication of successful in vitro bone
formation, in which the morphology and ultrastructure of the
deposited minerals could be examined, respectively, by
scanning electron microscopy, X-ray diffraction, and/or Alizarin
Red S in bright orange-red.62,68−71

Figure 8a−d shows representative SEM images of the
mineral deposition of osteoblasts on nanofibrous PLMC (8:2
and 9:1) scaffolds after 4 and 7 days of culture. The well-spread
osteoblasts with good interaction with these nanofibrous
scaffolds are clearly observed. Minerals in the form of globular
accretions were deposited and aggregated on the basal surface
of cells. Globular mineral deposits with the osteoblasts
increased with increasing culture time from 4 to 7 days.
These morphological observations are in good accordance with
previous reports.50,71

The biologically mineralized constructs were also confirmed
by performing the element analysis via EDXS imaging (Figure
8e). The amount of elemental Ca and P was measured from the
surfaces of cells grown on nanofibrous scaffolds; it is known
that Ca and P serve as the nucleating agent for HAp formation
of bone. By EDXS, the Ca/P ratio of the mineral deposits on
PLMC 9:1 and 8:2 was 1.76 ± 0.25 and 2.01 ± 0.07,
respectively. Both these values are slightly higher than the
stoichiometrical value of Ca/P in pure hydroxyapatite (1.67),72

thus suggesting some degree of ionic substitution in the mineral
formed in the cultures, such substitutions are also known to
occur in bone.73,74

To confirm the biophysical structure of the deposited
minerals, XRD analysis on the cell-scaffold constructs was
performed after 7 days of cell culture (Figure 8f). As HAp is the
main inorganic component in natural bone, it is essential to
corroborate the crystalline nature of the mineral deposits to be
the same as that of the HAp. For the PLMC (8:2 and 9:1)
nanofibrous scaffolds, before cell culture it shows a broadening
hump at 2θ between 10° and 40°. After being cultivated with
osteoblasts, presence of the characteristic (002) and (211)
crystallographic planes, particularly at 26° and 32° of HAp, is
observed. Results in Figure 8 thus solidly demonstrate the HAp
nature of the deposited minerals. The formation of a
mineralized matrix in a period of merely 7 days of osteoblast-
scaffold cultivation is a significant result and indicates that the
nanofibrous PLMC scaffolds, irrespective of the absence of the
inorganic component of HAp, are still able to induce osteogenic
differentiation and suitable for bone regeneration applica-
tions.75

This study reports on the electrospinning fabrication for the
production of fibrous PLMC with shape memory effect and
assesses the cellular responsive behavior pertaining to bone
tissue engineering. A biomimetic and shape memory capable
scaffold could ultimately enhance the bone regeneration
efficacy upon transplantation. On the one hand, the overall
topographical resemblance of electrospun nanofibrous scaffolds
to the ECM architecture could provide a favorable milieu to
naturally regulate cell adhesion, proliferation, differentiation
and ECM production. On the other hand, an integration of

Figure 8. SEM micrographs of osteoblast interaction with PLMC
(8:2) (a, c) and PLMC (9:1) (b, d) fibrous substrate after 4 and 7 days
of culture. (Scale bars for the images are 20 μm.) (e) EDXS analysis
for the detection of mineral deposits after culturing osteoblasts for 7
days with PLMC (8:2) fibers. (f) XRD patterns of fibrous scaffolds
after 7 days of culturing with osteoblasts, where PLMC (8:2, 9:1) with
the symbols of ' and '' represent the scaffolds before and after cell
culture, respectively.
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SME functionality into the biomimetic scaffold would enable
not only the possibility of implanting the scaffold in a
compacted temporary shape through a small incision, but also
offering biomechanics effect to allow for tissue remodeling
upon activation of shape memory effect in a well-controlled
manner. Our results here provide strong evidence that the
SME-capable nanofibrous architecture of PLMC for osteoblasts
scaffolding is beneficial for promoting bone formation relevant
cell adhesion, proliferation, and mineralization in vitro. These
preliminary results on cytocompatibility and bone formation
ability warrant future work aimed at in vivo performance
evaluation, encapsulation with therapeutic biomolecules and
controllable shape recovery triggered by external stimulus such
as high intensity focused ultrasound for the case of fibrous
PLMC (9:1) with a relatively higher shape switching
temperature or Tg.7,8

4. CONCLUSIONS

Preparation of biodegradable nanofibrous structures from
SMPs can combine the biomimicking attribute of the
nanofibers with the shape memory effects of the SMPs for
minimally invasive surgical implantation and enhanced efficacy
in tissue repair and regeneration. For the first time this study
demonstrated that SME-capable nanofibrous PLMC copolymer
can be successfully prepared via electrospinning. Varying
compositional ratios of the building blocks DLLA and MTC
in the PLMC copolymer allows for tuning of fiber fineness, Tg,
and SMP mechanical properties over a wide range. Nanofibrous
scaffolds of PLMC in 2-D and 3-D forms both exhibited
excellent shape memory properties with impressive shape
recovery ratios of Rr > 94% and shape fixity ratios of Rf > 98%.
The SME-capable nanofibrous scaffolds supported outstanding
osteoblast attachement, proliferation and bone formation
relevant outcomes such as ALP expression and hydroxyapa-
tite-like mineral deposition. Taken together, current biomimetic
nanofibrous PLMC scaffold integrated with desired function-
alities including biodegradability, bone forming ability, and
shape memory effect may be of great potential for achieving
optimal outcomes in the course of scaffold-assisted bone repair
and regeneration applications.
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