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ABSTRACT: Physiological electric potential is well-known
for its indispensable role in maintaining bone volume and
quality. Although implanted biomaterials simulating struc-
tural, morphological, mechanical, and chemical properties of
natural tissue or organ has been introduced in the field
of bone regeneration, the concept of restoring physiological
electric microenvironment remains ignored in biomaterials
design. In this work, a flexible nanocomposite membrane
mimicking the endogenous electric potential is fabricated to
explore its bone defect repair efficiency. BaTiO3 nanoparticles
(BTO NPs) were first coated with polydopamine. Then the
composite membranes are fabricated with homogeneous distribution of Dopa@BTO NPs in poly(vinylidene fluoridetrifluoro-
ethylene) (P(VDF-TrFE)) matrix. The surface potential of the nanocomposite membranes could be tuned up to −76.8 mV by
optimizing the composition ratio and corona poling treatment, which conform to the level of endogenous biopotential.
Remarkably, the surface potential of polarized nanocomposite membranes exhibited a dramatic stability with more than half
of original surface potential remained up to 12 weeks in the condition of bone defect. In vitro, the membranes encouraged
bone marrow mesenchymal stem cells (BM-MSCs) activity and osteogenic differentiation. In vivo, the membranes sustainably
maintained the electric microenvironment giving rise to rapid bone regeneration and complete mature bone-structure
formation. Our findings evidence that physiological electric potential repair should be paid sufficient attention in biomaterials
design, and this concept might provide an innovative and well-suited strategy for bone regenerative therapies.
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Nature might give us inspiration for designing and
fabricating biomimetic materials to obtain the desired
tissue regeneration outcome. Electrical signals are

present in all functions of living cells and organisms.1,2

Physiological endogenous electric fields or electric potential
exist in the injured tissue and have been proposed to be
important in wound healing.3,4 Electrical current or electric

potential of native bone and periosteum exists and plays an
indispensable role in maintaining bone volume and quality.5−7

In small bone defects, spontaneous fast bone regeneration and
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complete biological repair can be expected,8 while in large bone
defects, for example, critical-sized bone defect, delayed and
compromised healing often occurs.9 Spontaneous fast bone
regeneration might be due to rapid formation of periosteum-like
tissue, which can give rise to quick rehabilitation of the electric
microenvironment in small bone defect, while in large bone
defects, it takes more time for the periosteum-like tissue to
migrate across the defect, which will lead to delayed rehabil-
itation of the local electrical environment. Fibrous and epithelial
tissue then migrates into the defect area, which might com-
promise the rate, quality, and efficacy of bone healing.10 It has
been proposed that wound electric microenvironment repair
should be a prime directional cue for improved bone regen-
eration. These considerations should shed light on designing
innovative implant biomembranes with inherent electrical activ-
ity mimicking physiological electrical properties. More effective
strategies might be achieved for bone regeneration through
recovering destroyed physiological potential microenviron-
ment.11

Therefore, in this work, the conceptual proof research on bone
defect repair mediated by ferroelectric composite membranes
with biomimetic electric microenvironment is presented. The
nanocomposite membranes were fabricated with homogeneous
distribution of ferroelectric BaTiO3 nanoparticles (BTONPs) in
poly(vinylidene fluoridetrifluoroethylene) (P(VDF-TrFE)) ma-
trix. As described in Figure 1, electrical dipoles of BTO NPs are

reoriented in the direction of poling electric field after corona
poling treatment, and consequently opposite charges are
generated in the inner sides of membranes. In order to maintain
electric balance of the material system, corresponding offset
charges will present on the outer surface of the membranes.
When the nanocomposite membranes are implanted like native
periosteum covering the bone defect area, endogenous bone
marrow mesenchymal stem cells (BM-MSCs) can be recruited
by galvanotaxis and induced to differentiate into osteoblasts

by the biopotential mimicking microenvironment created by
nanocomposite membranes. The surface potential of polarized
nanocomposite membranes exhibited dramatic stability with
more than half of the original surface potential remained up to
12 weeks when implanted in bone defects. Consequently, the
membranes sustainably maintained electric microenvironment
giving rise to rapid bone regeneration and complete defect repair
with mature bone-structure formation integrated with original
bone.

RESULTS AND DISCUSSION
We utilized a solution casting method to fabricate BTO NP/
P(VDF-TrFE) composite membranes (Figure 2a). The pure
phase of BTO NPs was evidenced by the X-ray diffraction
patterns (Figure S1a). The surfaces of BTO NPs were modified
with polydopamine to prevent aggregation in the polymermatrix.
The thin amorphous coating of ∼5 nm could be observed on the
surface of BTO NPs (Figure S1b). The amorphous coating was
further identified as polydopamine layers by the much increased
signal from N 1s electrons in dopamine in the XPS spectra
(Figure S1c). Due to the shielding by the polydopamine coatings
on the surfaces of BTO NPs, XPS signals of Ba 3d and Ti 2p
electrons from BTO NPs were much reduced (Figure S1c).
By introducing polydopamine surface layers on BTONPs, better
interface compatibility between the BTONPs fillers and P(VDF-
TrFE)matrix was achieved, resulting in homogeneous dispersion
of polydopamine@BTO NPs in the membranes (Figure 2b and
Figure S2d). The presence of BTO NPs in the P(VDF-TrFE)
matrix was further confirmed by EDS spectra (Figure S2e).
The polydopamine coating on the BTO NPs not only acts as
surfactant but also has been found to be an extremely versatile
platform for secondary reactions with organic species, giving
rise to organic ad-layers or matrix covalently bonded with the
nanofillers.12

By tuning the content of BTO NPs, we fabricated a set of
membranes (0, 1, 3, and 5 vol % BTO) with average thickness
of 50−60 μm (Figure S2a,c). When the concentration of BTO
NP fillers was increased to 10 vol %, microcracks appeared
between the fillers and polymer matrix (data not shown). Taking
advantage of the inherent elastic property of P(VDF-TrFE) and
the excellent compatibility between the nanofillers and the
polymer matrix, these nanocomposite membranes exhibited
excellent flexibility (Figure 2c), which makes them adaptable to
clinical manipulation.
The surface properties of BTO NP/P(VDF-TrFE) mem-

branes were investigated. The surface morphology and homog-
eneous dispersion of BTO NPs in membranes were not under-
mined by corona poling treatment at room temperature
(Figure S2b). AFM analysis showed that all membranes had
nanoscale surface roughness with slight BTO NP-content
dependence (Figure S3a,b). The surface wettability showed
that the contact angles of all the membrane samples were below
100° and independent of BTO NP content. There was no
significant difference between unpolarized and polarized samples
(Figure S3c). These results suggest that corona poling treatment
does not affect the surface properties of membranes.
Hysteresis loops were observed in the electric field-polar-

ization curves (Figure 2d), indicating the ferroelectric behavior of
the nanocomposite membranes. Both maximal polarization (Pm)
and residual polarization (Pr) increase with increasing volume
fraction of BTO NPs. As a result of the enhanced electric polar-
ization, the BTONP/P(VDF-TrFE) composite membranes also
exhibit substantially increased surface potential with increasing

Figure 1. Illustration of biomimetic electric microenvironment
created by BTO NP/P(VDF-TrFE) composite membranes en-
couraging bone defect repair. Electrical dipoles of BTO NPs are
reoriented in the direction of poling electric field after corona poling
treatment, and consequently induced charges are generated on the
outer surface of the membrane. When the composite membranes
are implanted like native periosteum covering the bone defect,
endogenous bone marrow mesenchymal stem cells (BM-MSCs) can
be recruited by galvanotaxis and induced to differentiate into
osteoblasts. Consequently, the membranes sustainably maintained
electric microenvironment giving rise to rapid bone regeneration
and complete mature bone-structure formation integrated with
original bone. The short black arrows denote the direction of
electrical dipole in BTO NPs. The blue thick arrows denote the
direction of new bone growth. The orange thin arrows denote the
recruitment and osteogenic differentiation of BM-MSCs.
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amount of BTO NPs (Figure 2e). Interestingly, the highest
surface potential of approximately −76.8 mV was obtained for
nanocomposite membranes with 5 vol % BTO NPs, which is at
the same level as the endogenous potential, which is in the range
of −60 to −100 mV.13 These results imply that 5 vol % BTO
nanocomposite membranes might has the ability to provide the
biopotential mimicking microenvironment for cell function and
tissue repair.
We note that the high surface potential of the nanocomposite

membranes is induced by the synergistic infusion of BTO NPs
and P(VDF-TrFE) and the much enhanced interfacial polar-
ization. With a high content of polar β-phase (as indicated by
XRD patterns presented in Figure S4), P(VDF-TrFE) exhibits
high electrical polarization. Further incorporation of the ferro-
electric BTO NPs in the P(VDF-TrFE) matrix induces even
higher electrical polarization.14 More importantly, given the
nanometer size of the BTO NPs, the interfaces between
BTO NPs and P(VDF-TrFE) take a large volume fraction of
the nanocomposites, meaning that the interfacial area is also
significantly increased.15 As the primary electrical polarization
mechanism in polymer composites, interfacial polarization,
which is proportional to the interfacial area, is greatly enhanced,
leading to even higher electrical polarization.16,17 So, the surface
potential of BTO NP/P(VDF-TrFE) membranes shows
markedly increasing tendency with increasing BTO content.
Considering future clinical application, we then examined

the mechanical performance of membranes. Corona poling
treatment obviously attenuated the tensile strength of neat
P(VDF-TrFE) (Figure 2f), because the electric poling turned

the high-mechanical-performance α-phase to low-mechanical-
performance β-phase.18 The introduction of BTO NPs could
help to improve the tensile strength, because the BTO NPs
toughen the composite membranes through preventing cracks
from propagating. With the combined effects, the membranes
with 5 vol % BTO NPs showed a tensile strength of about
25 MPa, which is even higher than that of the unpolarized
counterpart. The elastic modulus of all the membrane sam-
ples had a moderate reduction after corona poling treatment
(Figure 2g). The phenomenon is mainly attributed to the corona
poling increasing the degree of crystallinity and the regularity of
polymer chain segments in P(VDF-TrFE),19 which was
confirmed by more intense XRD peaks of crystalline phases in
polarized samples (Figure S4). But in the BTO NP containing
samples, the interface charges derived from corona poling might
destroy the molecular link of interface between BTO NP filler
and P(VDF-TrFE) matrix, to which is attributed the retention of
tensile strength in composite membranes after corona poling
treatment.15 Even so, from the clinical point of view, BTO
NP/P(VDF-TrFE) membranes with 5 vol % BTO NP content
still have suitable mechanical performance and might be suitable
for surgical procedures.
Due to the ability of BTO NP/P(VDF-TrFE) membranes

with 5 vol % BTO content to provide artificial microenvironment
mimicking physiological biopotential, as well as suitable physi-
cochemical properties, in following work, we focus on the
electrical stability and biological function of this kind of nano-
composite membranes.

Figure 2. Fabrication and characterizations of BTO NP/P(VDF-TrFE) composite membranes. (a) Schematic diagram of nanocomposite
membrane fabrication process. (b) Representative SEM image of nanocomposite membranes. The black arrows denote the BTO NPs.
(c) Photograph of the fabricated nanocomposite membrane in bent state, exhibiting flexibility of the membrane. (d) The hysteresis loops of
nanocomposite membranes loaded with different BTO NP content of 0, 1, 3, and 5 vol %. (e) The surface potential of polarized nanocomposite
membranes after corona poling treatment. (f) Tensile strength and (g) elastic modulus of BTONP/P(VDF-TrFE) composite membranes before
and after corona poling treatment.
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The electrical stability of polarized BTO NP/P(VDF-TrFE)
membranes with 5 vol % BTO content was explored, which might
have very important effects on their function realization, especially
for tissue defect repair. After immersion in culture medium, the
surface potential of polarized nanocomposite membranes
exhibited a stable status with more than 60% of original surface
potential remaining up to 22 days (Figure 3a). Excellent stability of
surface potential of nanocomposite membranes was also present
after implantation in vivo (Figure 3b). After implantation in a bone

defect region for 12 weeks, the surface potential of polarized
nanocomposite membranes still remained at 56%, that is, more
than half of the original surface potential.
The dramatic stability of surface potential could be attributed to

the high residual polarization of the nanocomposite membranes. In
principle, the highly disorder interfacial regions between nanometer
size BTO NPs and P(VDF-TrFE) matrix are effective traps for
space charges, such as ions or free electrons.14,20,21 Upon the
application of poling electric field, these space charges migrate
along the directions of the poling electric field and form large
dipoles, giving rise to much enhanced electrical polarization.22

These dipoles switch at a slow rate when the external electric field
reverses in direction, resulting in high remnant polarization at the
removal of poling electric field. The high remnant polarization
renders nanocomposite membranes with sustained retention of
surface potential. Sustainable physicochemical properties and
surface potential of BTO NP/P(VDF-TrFE) membranes can
play a continuous role in maintaining local electric environment
and exert long-lasting effects on enhancing bone regeneration.
The biological performance of polarized nanocomposite

membranes with 5 vol % BTO content was further investigated.
The cytoskeleton observation after 6 h cultivation showed that
BM-MSCs on polarized nanocomposite membranes generate
most abundant cytoskeleton organization (Figure 4a) and largest
cell spreading area (Figure 4g). BM-MSCs were also most
enriched in focal adhesion (FA) formation (Figure 4b, g), and

Figure 3. Surface potential change of polarized nanocomposite
membranes with 5 vol % BTO NPs during different time periods
in vitro and in vivo: (a) The surface potential of the polarized
composite membranes after immersion in serum-free cell cul-
ture medium. (b) The surface potential of the polarized nano-
composite membranes after they are implanted into rat calvarial
defect region.

Figure 4. Behavior of BM-MSCs on polarized nanocomposite membranes with 5 vol % BTO content and polarized neat P(VDF-TrFE)
membranes. (a) Representative background-subtracted fluorescence images (pseudocolored heat maps) of actin filament organization after
6 h of culture. The fluorescence intensities are scaled by the arbitrary fluorescent unit (AFU). (b) Representative immunofluorescence images of
focal adhesions (FAs, green), actin network (phalloidin, red), and nucleus (DAPI, blue) in BM-MSCs cultured for 24 h. (c) Representative SEM
images of cell spreading of BM-MSCs cultured for 24 h. (d) Alkaline phosphatase (ALP) activity of BM-MSCs cultured for 7 days. Insets show
macroscopic images. (e) Representative Alizarin Red S staining images of BM-MSCs cultured for 21 days. Insets show macroscopic images. (f)
Representative images of BM-MSCsmigration driven by polarized membranes after coculture for 24 h. (g) Quantitative analysis of cell spreading
area, number of focal adhesions per cell, and ALP activity of BM-MSCs onmembranes. (h) mRNA expression levels of representative osteogenic
genes in BM-MSCs after culture for 4 and 10 days. Error bars represent one standard deviation. (*p < 0.05 and **p < 0.01).
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exhibited polygonal osteoblastic-like shape with most obvious
filopodia (Figure 4c) after 24 h of cultivation on polarized BTO
NP/P(VDF-TrFE) membranes with 5 vol % BTO content.
Over all, cells on polarized nanocomposite membranes showed
increased cell attachment, spreading, and growth in comparison
with those on polarized neat P(VDF-TrFE) membranes. These
results indicate that polarized nanocomposite membranes in-
duce BM-MSCs behavior improvement. It has been reported
that abundant cytoskeleton organization, large cell spreading
area, enriched FA formation, and polygonal cell shape with much
filopodia are in close relationship with MSCs osteogenic
activity.23−28

The osteogenic differentiation of BM-MSCs on membranes
was evaluated in terms of ALP activity and mineral deposition
in the absence of osteogenic supplements (Figure 4d,e). After
incubation for 7 days, apparent ALP positive areas and high ALP
activity were detected on polarized 5 vol % BTO nanocomposite
membranes (Figure 4d,e and Figure S5a, b). Alizarin Red staining
showed that abundant mineralization nodules were induced
on polarized 5 vol % BTO nanocomposite membranes and only
small mineralization dots were observed on unpolarized 5 vol %
BTO NP/P(VDF-TrFE) composite membranes and neat
polarized or unpolarized P(VDF-TrFE) samples (Figure 4e,
Figure S5a). The quantitative analysis demonstrated highest
values of ECM mineralization on polarized 5 vol % BTO nano-
composite membranes (Figure S5c). Osteogenic gene expres-
sions including RUNX-2, BSP, and OCN were further evaluated
to investigate osteogenic differentiation of BM-MSCs. Obviously
up-regulated gene expression of all the selected genes after
10 days of culture was induced on polarized nanocomposite
membranes in the absence of osteogenic supplements (Figure 4h).
All these results imply that biopotential mimicking membranes

display excellent osteoinductivity. It could be inferred that har-
monious interaction exists between cells and artificial potential
microenvironment generated by polarized BTO NP/P(VDF-
TrFE) nanocomposite membranes.
To further explore whether the polarized BTO NP/P(VDF-

TrFE) membranes with 5 vol % BTO content have direct effect
on the recruitment of BM-MSCs, a transwell migration assay
in vitro was performed. The migration ability of BM-MSCs in
polarized nanocomposite membranes was significantly enhanced
(Figure 4f). It is considered that MSCs recruitment plays a key
role in bone tissue regeneration.29−32 MSCs can be recruited by
electric microenvironment through galvanotaxis to the defect
area and take part in the healing procedure.33−35 Our results
indicate that the surface potential of polarized 5 vol % BTO
NP/P(VDF-TrFE) membranes has a direct recruitment effect on
BM-MSCs, which might play an active role in bone defect
healing.
To confirm the benefits of artificial physiological electric

potential microenvironment on bone defect repair, polarized
BTO NP/P(VDF-TrFE) membranes with 5 vol % BTO were
implanted covering freshly formed critical-sized calvarial defects
in mature rats. Bone growth was evaluated 4 weeks and 12 weeks
after implantation. Gross observation displayed conspicuous
nascent bone in the defect site after 4 weeks and absolute bone
defect healing after 12 weeks for sites covered with polarized
nanocomposite membranes, compared with those with either
unpolarized nanocomposite membranes (Figure S6a) or
polarized P(VDF-TrFE) membranes (Figure S6b). As evidenced
by micro-CT detection, the defect was filled with homogeneous
and consecutive regenerated mature bone when covered with
polarized nanocomposite membranes for 12 weeks (Figure 5a).
As expected, micro-CT analysis showed that the polarized

Figure 5. Bone defect repair in rat calvarial models after implantation of polarized nanomembranes with 5 vol % BTO content and polarized neat
P(VDF-TrFE) membranes. (a) Representative micro-CT images and sagittal view images of critical-sized rat calvarial full-thickness defects at
12 weeks postimplantation. Blue arrows denote the residual membranematerials. Yellow arrows denote the regenerated new bone. Yellow dotted
lines denote the boundary between nascent bone and host bone. (b) Quantitative analysis of bone volume and bone mineral density (BMD)
(*p < 0.05). (c) H&E staining of histological sections at 4 and 12 weeks after implantation. Black arrows denote the implanted membrane
materials. (d) Masson’s trichrome staining of histological sections at 12 weeks after implantation (NB, nascent bone; MC, medullary cavity; V,
blood vessel; OT, osteoid tissue; MT, mineralized tissue).
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nanocomposite membranes lead to exciting increase in the
amount of regenerated bone volume and bone mineral den-
sity (BMD) (Figure 5b). As evidenced by X-ray detection, the
nascent bone is indistinguishable from the surrounding host
bone after 12 weeks implantation of polarized nanocomposite
membranes (Figure S7). It is worth noted that the polarized
nanocomposite membranes can keep their structure integrity
in the period of implantation (Figure S6c). Furthermore, the
membrane was not sticky to regenerated new bone tissue. This
will be not only beneficial to sustainable maintenance of local
electric environment but also convenient for subsequent removal
after bone defects heal completely, avoiding inflammation and
other side effects resulting from material residual.
Histological analysis revealed that polarized 5 vol % BTO

nanocomposite membranes facilitated improved new bone
formation within 4 weeks, and newly formed medullary cavity
could be observed. After 12 weeks implantation, polarized nano-
composite membranes led to complete healing with flat and
consecutive bone-structure formation of full bone maturity.
In contrast, in polarized neat P(VDF-TrFE) membranes groups,
a small amount of newly formed bone near the margin of the
original defect at 4 weeks was observed, and no complete and
continuous healing with host tissues appeared when observation
time was extended to 12 weeks (Figure 5c). Analysis of Masson’s
trichrome staining revealed that after 12 weeks implantation of
polarized nanocomposite membranes, mature osteoid tissue was
present in the top center region of the defect, which is consistent
with the assumption that the artificial electric microenvironment
encourages new bone formation (Figure 5d). A similar result was
also reported that electrostatic fields generated on the surface of
Ti implants could promote osteogenesis.36 These results indicate
that polarized BTO NP/P(VDF-TrFE) composite membranes
can trigger fast bone repair process through sustainable main-
tenance of electric microenvironment.

CONCLUSION
In this work, the flexible BTO NP/P(VDF-TrFE) nano-
composite membranes were fabricated by utilizing a solution
casting method. The introduction of BTO NPs could help to
improve the tensile strength of polarized nanocomposite mem-
branes. It is evidenced here that the surface potential of polarized
nanocomposite membranes with 5 vol % BTO NPs content
reaches to−76.8 mV, which is in the range of natural endogenous
biopotential. The surface potential of polarized nanocomposite
membranes exhibited a dramatic stability with more than half
of original surface potential remained up to 12 weeks when
implanted in bone defects. The polarized nanocomposite mem-
branes encouraged osteogenic behavior of BM-MSCs in vitro and
enhanced fast and extensive bone defect healing through
sustainably maintained electric microenvironment in vivo.
These results suggest that repairing the physiological electric
microenvironment contributes to improved bone regeneration
outcomes. This might provide an innovative and well-suited
strategy for bone regenerative therapies. Taken together with the
advantages of excellent flexibility, good applicability and simple
fabrication techniques, these nanocomposite membranes would
have promising potential for application in bone reconstruction
and regeneration.

EXPERIMENTAL PROCEDURES
Fabrication of BTO NP/P(VDF-TrFE) Composite Membranes.

Before BTO NPs were embedded into P(VDF-TrFE) matrix, surface
modification of BTO NPs was performed as described in a previous

study.37 Briefly, BTO NPs (99.9%, average particle size of 100 nm,
Alfa Aesar) were dispersed by ultrasonic treatment in 0.01 mol/L of
dopamine hydrochloride (99%, Alfa Aesar) aqueous solution and stirred
for 12 h at 60 °C. For the fabrication of composites, the dopamine-
modified BTO NPs and P(VDF-TrFE) (65/35 mol % VDF/TrFE)
copolymer powders were proportionally dispersed in N,N-dimethylfor-
mamide (DMF) by ultrasonication for 2 h, followed by stirring for 12 h,
to form a stable suspension. The suspension was then cast into mem-
branes on a special glass substrate and dried at 50 °C for 10 h for solvent
volatilizing.

Characterization of Composite Membranes. The surface
coatings of BTO NPs were characterized by high-resolution trans-
mission electron microscopy (HR-TEM, JEOL2011) and XPS
(PerkinElmer). The morphologies and interstructures of the mem-
branes with different BTONP content were examined by field emission-
scanning electronmicroscopy (FE-SEM, S-4800, HITACHI, Japan) and
X-ray diffraction spectroscopy (XRD, Rigaku D/max 2500 VB2t/PC,
Japan). The surface roughness of the membranes was examined
by atomic force microscopy (AFM; Auto-Probe CP, Park Scientific
Instruments) in the contact mode, and the surface wettability of the
samples was assessed by water contact angle measurements performed
on a video contact angle instrument (JC2000C1, Shanghai Glory
Numeral Technique & Device Co., Ltd., China). The mechanical prop-
erties were assessed using a universal mechanical machine (INSTRON-
1121, USA).

Electrical Properties Measurement. For the ferroelectric
property measurements of the membranes before corona poling, the
top copper electrodes with a size of 4 mm diameter were prepared by
thermal evaporation. The polarization−electric field (P−E) loops were
measured using a commercial ferroelectric analyzer test setup (TF1000,
aix ACCT Systems GmbH, Germany) with maximum field amplitude
of 4 kV/mm at a frequency of 0.5 Hz. For surface ζ-potential
measurements, the membrane samples were first treated by corona
poling under DC field of 13 kV at room temperature for 30 min. The
surface potential of the polarized membranes was measured using a
special surface ζ potential device from Zeta Sizer Nano-ZS Instrument
(Malvern Instruments, Worcestershire WR, UK) in an aqueous envi-
ronment at room temperature. The polarized membrane sample was cut
into a rectangle with length of 4 mm and width of 3 mm and glued onto
the special bracket. The surface ζ potential measurement was performed
according to the manufacturer instructions. For in vitro surface potential
stability evaluation, the polarized nanocomposite membranes with
5 vol % BTO NPs after immersion in serum-free cell culture medium
for 3, 5, 15, and 22 days were rinsed with ddH2O to evaluate the surface
ζ potential. The surface ζ potential value in every kind of membrane was
obtained from three samples.

Cell Culture. Rat BM-MSCs (Cyagen Bioscience Inc., Guangzhou,
China) were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 100 IU/mL
penicillin−streptomycin. The medium was changed every 2−3 days.
At 80−90% confluence, BM-MSCs were detached with 0.25% trypsin/
Ethylenediaminetetraacetic acid (EDTA) (Gibco). The cells from 3 to 5
passages were used in the following studies.

Attachment and Spreading of BM-MSCs. BM-MSCs (5 × 104

cells/well) were seeded onto experimental membranes in 12-well plates
and incubated at 37 °C in a humidified atmosphere with 5% CO2. After
6 h of culture, attached cells were fixed with 4% paraformaldehyde,
incubated with Alexa Fluor 546-phalloidin (50 μg/mL) for 1 h and then
stained with DAPI for 10 min based on manufacturer’s directions. The
images were captured by a confocal laser scanning microscopy (Zeiss,
CLSM 780, Germany). After 24 h of culture, the samples were fixed in
2.5% glutaraldehyde and serially dehydrated with an increasing ethanol
gradient, air-dried in a hood, and sputtered with gold prior to imaging
under FE-SEM (S-3000N, Hitachi, Japan) at 20 kV. The cell spreading
areas were measured using ImageJ software (National Institutes of
Health, Bethesda, MD, USA) employing a random sampling method.
For vinculin assay, BM-MSCs were cultured on the membranes in the
basic medium, and the samples were harvested after 24 h. Cells were
then fixed in 4.0% paraformaldehyde for 15 min at room temperature
and washed three times with PBS. Then the cells were permeabilized
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with 0.1% Triton X-100 in PBS for 5 min, washed 3 times with PBS, and
blocked with 5% bovine serum albumin (BSA) for 1 h. Subsequently, the
cells were then incubated with the primary antibody of vinculin
(ab18058; Abcam, Inc., diluted 1:200) overnight at 4 °C. After thorough
rinsing to remove excess primary antibody, cells were further incubated
with the secondary antibody (goat anti-mouse IgG; ab6785; Abcam Inc.,
diluted 1:1000) for 2 h at ambient temperature. Finally, cells were
treated with Alexa Fluor 546-phalloidin (50 μg/mL) for 1 h at room
temperature, and then cell nuclei were stained with DAPI for 10 min.
Figures of the stained cells were then acquired using CLSM (Carl Zeiss,
Jena, Germany). From the fluorescence vinculin staining, the number
per cell of the vinculin-positive focal adhesions was measured using
MetaMorph software. The measurement was performed for a minimum
of 50 cells on each surface.
Cell Migration Assay. BM-MSCs (5 ×104) from passage 4 were

loaded into the upper chamber of a 24-well transwell plate (pore size,
8 μm; Corning, Corning, NY, USA), and 600 μL of DMEM containing
2% FBS was added to the lower chamber where the composite
membranes with 10 mm × 10 mm were plated. After 24 h of coculture,
cells on the upper surface of the chamber were removed with a cotton
swab. Cells that had migrated to the lower surface of the chamber were
fixed with 4% paraformaldehyde, stained for 15 min with 0.5% crystal
violet and observed by light microscope (CX21, Olympus, Japan).
Alkaline Phosphatase (ALP) Activity Assay. BM-MSCs/

membranes (n = 3) were continually cultured in wells. At 7 days, the
ALP activity of the adherent cells was assessed using an Alkaline
Phosphatase assay kit (Abcam, Cambridge, MA) according to the manu-
facturer’s instructions. The absorbance was measured at a wavelength of
405 nm, and values of ALP activity were read off a standard curve based
on standard samples provided by the kit itself.
Alizarin Red S Staining for Mineralization. BM-MSCs/

membranes (n = 3) were continually cultured in wells. On day 21, the
cells grown on the membranes were fixed in 4% paraformaldehyde for
15 min, and then stained in 1% (w/v) Alizarin Red S (pH 4.1−4.5,
Sigma-Aldrich) for 2 h at room temperature. After the cells were washed
in distilled water three times, images were taken. In the quantitative
analysis, the Alizarin Red stain on the specimen was dissolved in 10%
cetylpyridinum chloride (Sigma-Aldrich) in 10 mM sodium phosphate
to measure the absorbance values at 620 nm.
Quantitative Real-Time PCR Analysis. Total RNA was extracted

from each sample using TRIZOL reagent (Gibco-BRL, Gaithersburg,
MD) following the manufacturer’s instructions. The concentrations of
the isolated RNA were determined spectrophotometrically at 260 nm
using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE). The RNA was then reverse transcribed to
generate cDNA using the Reverse Transcription system (Promega,
Madison, WI). Real-time (RT)-PCR was performed by using SYBR
Green detection system with an ABI PRISM 7500 Real-Time PCR
system (Applied Biosystems, Foster City, CA). All reactions were
carried out in triplicate. The primer sequences of osteogenic genes are
listed in Table S1.
Animals and Surgical Procedures.Thirty-six 8-week-old male SD

rats were used in this study. The experimental protocol was approved
by the Animal Care and Use Committee of Peking University. For
establishing the calvarial defect model, the rats were intraperitoneally
anesthetized with phenobarbitol sodium (100 mg/kg) and the dorsal
cranium was exposed. Two critical sized full thickness bone defects
(5 mm diameter) were prepared in each rat at the center of each parietal
bone using a saline-cooled trephine drill. Each defect was flushed with
saline to remove bone debris. The right defects were covered with
polarized 5 vol % BTO NPs nanocomposite membranes and the left
defects were covered with polarized neat P(VDF-TrFE) membranes or
unpolarized 5 vol % BTO NP composite membranes or left empty as
control. The whole calvarias were harvested for evaluation after 4 and
12 weeks implantation. For in vivo surface potential stability evaluation,
the polarized nanocomposite membranes with 5 vol % BTO NPs were
taken out from the implantation area after 2, 4, and 12 weeks and rinsed
with ddH2O to remove blood and body fluid. Then the membranes were
cut into rectangles with length of 4 mm and width of 3 mm to evaluate

the surface ζ potential with same method as that of membranes soaked
in serum-free media.

Micro-CT Scanning Evaluation. At 4 and 12 weeks post-
implantation, calvaria samples were harvested and fixed in 4% para-
formaldehyde for 24 h at 4 °C, and the specimens were examined using
micro-CT scanning as previously described.38 Files were reconstructed
using a modified Feldkamp algorithm, which was created using a
microtomographic analysis software (Tomo NT; Skyscan, Belgium).
After three-dimensional (3D) visualization, bone morphometric ana-
lyses, including calculation of bone volume and bone mineral density
(BMD)measurements, were carried out on the region of interest (ROI).

Histological Analysis. Tissue processing and sectioning were
carried out as our previously described.39 Briefly, tissue samples
were fixed in 10% neutral buffered formalin for 7 days, decalcified and
dehydrated according to standard protocols, embedded in paraffin, and
sectioned at 5 μm thickness. H&E staining and Masson’s trichrome
staining were performed separately on tissue sections, according to the
manufacturer’s protocols, and images were captured under light
microscope (CX21, Olympus, Japan).

Statistical Analysis. All quantitative data were expressed as mean±
standard deviation (SD). Statistical analyses were performed using the
SPSS 19.0 software (Chicago, IL). Statistical differences were
determined using Student’s t test for independent samples. Differences
between groups of *p < 0.05 were considered statistically significant and
**p < 0.01 was considered highly significant.
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