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Ferroelectric biomaterials have been widely investigated and demonstrated to enhance osteogenesis by simulating
the inherent electrical properties of bone tissues. Nevertheless, the underlying biological processes are still not well-
understood. Hence, this study investigated the underlying biological processes by which bone piezoelectricity-mimicking
barium titanate/poly(vinylidene fluoride-trifluoroethylene) nanocomposite membranes (BTO nanocomposite membranes)
promote osteogenesis of Bone Marrow Mesenchymal Stem Cells (BMSCs). Our results revealed that the piezoelec-
tric coefficient (d33) of nanocomposite membranes after controlled corona poling was similar to that of native bone,
and exhibited highly-stable piezoelectrical properties and concentrated surface electrical potential. These nanocomposite
membranes significantly enhanced the adhesion and spreading of BMSCs, which was manifested as increased number
and area of mature focal adhesions. Furthermore, the nanocomposite membranes significantly promoted the expression
of integrin receptors genes (�1, �5 and �3), which in turn enhanced osteogenesis of BMSCs, as manifested by upreg-
ulated Alkaline Phosphatase (ALP) and Bone Morphogenetic Protein 2 (BMP2) expression levels. Further investigations
found that the Focal Adhesion Kinase (FAK)-Extracellular Signal-Regulated Kinase 1/2 (ERK 1/2) signaling axis may be
involved in the biological process of polarized nanocomposite membrane-induced osteogenesis. This study thus provides
useful insights for better understanding of the biological processes by which piezoelectric or ferroelectric biomaterials
promote osteogenesis.

KEYWORDS: Bone Piezoelectricity, Nanocomposite Membrane, Osteogenic Differentiation, FAK-ERK Signaling.

INTRODUCTION
Biomimetic design has been shown to be a promis-
ing strategy to enhance the osteoinductive capacities
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of a variety of materials [1–3]. The physical proper-
ties of natural bone, such as mechanics [4], electrical
charges [5] and structural properties [6], provide mean-
ingful cues for the design and improvement of implanted
biomaterials. Electroactive biomaterials have attracted
increasing attention in the biomaterial research field in
recent years [7–10]. In particular, ferroelectric materi-
als [11, 12] including polyvinylidene fluoride (PVDF),
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poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE))
and barium titanate (BaTiO3, BTO), have been investi-
gated as potential biomimetic materials that can simulate
the piezoelectric properties of natural bone tissue [13–16].

Stem cell function (e.g., cell adhesion, spreading, pro-
liferation and differentiation) can be directly regulated
by biomaterial properties [17–20]. Understanding the bio-
logical processes of stem cell responses to biomechani-
cal stimuli emanating from material physical properties,
is essential for optimizing scaffold implant design and
improving the biological functions of implant materi-
als [21–24]. In previous studies by other research groups, a
variety of electroactive materials have been demonstrated
to effectively promote the adhesion [25, 26], prolifera-
tion [27–29] and osteogenesis [30, 31] of mesenchymal
stem cells. In our previous study, biomimetic piezoelec-
tric nanocomposite membrane containing barium titanate
nanoparticles (BTO NPs) filler and P(VDF-TrFE) matrix
had been demonstrated to enhance the osteogenic differ-
entiation potential of BMSCs due to it’s inherent piezo-
electric properties that mimic natural bone tissue [15, 16].
However, the underlying biological processes by which
osteogenic differentiation of BMSCs is enhanced by sur-
face electrical stimuli are still not well-understood.

Cells exhibit changes in adhesion and morphology under
the influence of scaffold material properties [32–34]. Stud-
ies have shown that electrical stimuli can exert a profound
effect on cell adhesion and cytoskeletal reorganization, as
well as integrin expression [35, 36]. In our previous stud-
ies, the BMSCs spreading area, as well as individual focal
adhesion area were significantly enhanced upon culture on
the polarized BTO nanocomposite membrane surface [15].
Observed changes in cell spreading, skeletal reorganiza-
tion and focal adhesion formation are directly related to
cell mechanotransduction [37]. Previous studies have con-
firmed that the FAK-ERK signaling axis plays an impor-
tant role in mediating cell mechanotransduction [38, 39].
Therefore, we hypothesize that FAK-ERK signaling may
be implicated in the biological process by which sur-
face electrical stimuli from biomimetic ferroelectric BTO
nanocomposite membranes promote osteogenic differenti-
ation of BMSCs.

Therefore, this study sought to investigate the underly-
ing biological processes by which biomimetic ferroelec-
tric BTO nanocomposite membranes promote osteogenic
differentiation of BMSCs. The biological functions of
cultured BMSCs on the polarized composite mem-
brane was characterized, including cell adhesion, spread-
ing, cytoskeletal organization, integrin expression and
osteogenic differentiation, in comparison with unpolarized
nanocomposite membranes. Additionally, the biological
process by which mechanotransduction mediated by inte-
grin receptors lead to activation of intracellular signaling
pathways including FAK-ERK, was also explored.

EXPERIMENTAL DETAILS
Preparation of Biomimetic Piezoelectric BTO
Nanocomposite Membranes
BTO nanocomposite membranes were fabricated as doc-
umented in our previous research [15]. Briefly, the
dopamine-modified BTO NPs were mixed with P(VDF-
TrFE) solution, in which co-polymer powders were dis-
solved in N , N -dimethylformamide (DMF) at 5% vol.
After stirring, a stable suspension was formed which was
cast into membranes. The polarized BTO nanocompos-
ite membranes were fabricated by corona discharge under
a 1 kV/mm DC field at room temperature for 30 min
duration.

Characterization of the Biomimetic Piezoelectric
BTO Nanocomposite Membrane
Field Emission Scanning Electron Microscopy (FE-SEM,
HITACHI, S-4800) and Energy Dispersion Spectroscopy
(EDS, Japan) were used to evaluate the morphology and
elemental composition of unpolarized and polarized BTO
nanocomposite membrane respectively. The surface rough-
ness of BTO nanocomposite membranes was characterized
by Atomic Force Microscopy (AFM, Bruker) under con-
tact mode. Water contact angle measurement was used to
evaluate surface wettability of the membranes by using the
video contact angle instrument (JC2000C1, China). The
universal mechanical testing machine (INSTRON-1121)
was used to measure elastic moduli of the nanocomposite
membranes. The polarization-electric field loop (P-E) and
piezoelectric coefficient (d33) were measured by using the
ferroelectric analyzer (TF1000, aixACCT) and the piezo-
electric coefficient meter (ZJ-3AN, IACAS) respectively.
Scanning Kelvin Probe Microscopy (SKPM) (Multimode8,
Bruker Co, USA) was used to measure the surface electri-
cal potential.

BMSCs Adhesion on the Biomimetic
Piezoelectric Nanocomposite Membrane
Rat BMSCs (Cyagen, Guangzhou, China) were cultivated
in Dulbecco’s Modified Eagle’s Medium (DMEM) with
Fetal Bovine Serum (FBS) at 10% (v/v) and penicillin-
streptomycin at 1% (v/v). BMSCs (3×104 cells/well) were
cultured on the two types of composite membranes in a
12-well plate for 6 h. Subsequently, the samples were fixed
and permeabilized, then stained with either anti-vinculin
(ab129002, Abcam, diluted 1:250) or anti-integrin alpha
5 (ab150361, Abcam, diluted 1:250) primary antibody.
After washing and incubation with the secondary antibody
(ab150077, Abcam, diluted 1:1000), the samples were
stained for F-actin and nuclear DNA. The images were
then captured under confocal laser scanning microscopy
(SP8, Leica). Semi-quantitative analysis was performed by
using the LAS X software. The expression of Itg�1, Itg�5
and Itg�3 mRNA transcripts in BMSCs after 6 h of cul-
ture were detected by Quantitative Real-Time PCR. Each
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experiment had three replicates. The primer sequences of
integrin-related genes are listed in Table I.

Osteogenic Differentiation of BMSCs on
Biomimetic Piezoelectric Nanocomposite
Membranes
BMSCs (3× 104 cells/well) were cultured on unpolar-
ized and polarized biomimetic nanocomposite membranes
within a 12-well plate. After 3 days of culture, RUNX2
and BMP2 expression were detected through immuno-
cytochemistry. The samples were stained with primary
antibodies against RUNX2 (ab23981, Abcam, diluted
1:250) or BMP2 (ab214821, Abcam, diluted 1:250) at
4 �C. After removal of excess antibodies, the samples
were stained with secondary antibody (ab150077, Abcam,
diluted 1:1000) at room temperature. The fluorescently-
labeled samples were observed under SP8, and the mean
fluorescence intensities were analyzed using the LAS X
software, with at least 20 cells in each group.
BMSCs (4 × 104 cells/well) were seeded on BTO

nanocomposite membranes within 12-well plates and
cultured for 1, 3 and 7 days. The expression lev-
els of BMP2, ALP, Runt-related Transcription Factor 2
(RUNX2), Osteopontin (OPN) and Collagen Type 1 alpha
1 (Col1a1) were analyzed by RT-qPCR, based on man-
ufacturer’s recommended protocol. All experiments were
carried out with three replicates. The primer sequences of
osteogenic genes are listed in Table I.

Analyzing the Biological Process of BMSCs
Osteogenic Differentiation
The BMSCs (2× 105 cells/well) were cultured on unpo-
larized and polarized composite membranes within 6-well
plates for 6 h. Then the integrin �5�1 antagonist ANT-
161 trifluoroacetate salt was used to treat BMSCs at a
working concentration of 1 �M. The total cellular pro-
tein was resolved by electrophoresis and electrotransferred
to PVDF membranes, then the membranes were blocked
with 5% (w/v) Difco Skimmed Milk (BD, USA) at ambi-
ent temperature, prior to being incubated overnight at 4 �C
with Itg�5, Focal Adhesion Kinase (FAK), phospho-Focal
Adhesion Kinase (p-FAK), ERK 1/2, phospho-ERK 1/2

Table I. Primers sequences for cell adhesion and osteogenic differentiation in BMSCs on biomimetic piezoelectric BTO nanocom-
posite membranes.

Target gene Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′)

Itg�1 TGATGACGCTCTGCCAAACT CACCACTGTCCTGGTGTTGT
Itg�5 TACCTGGGTGACAAGAACGC CTGGTTCACCGCGAAGTAGT
Itg�3 CCACTGATGCCAAGACCCAT AGGCTGACGACATTTTCGGT
RUNX2 CAGTATGAGAGTAGGTGTCCCGC AAGAGGGGTAAGACTGGTCATAGG
BMP2 ACAAACGAGAAAAGCGTCAAGC CCCACATCACTGAAGTCCACATA
ALP AGTGGTATTGTAGGTGCTGTGGT AGAGTGACGGTGTCGTAGCCT
OPN GATGAACAGTATCCCGATGCC CCCTCTGCTTATACTCCTTGGAC
Col1a1 CAGATTGAGAACATCCGCAGC CGGAACCTTCGCTTCCATACTC
GAPDHA GTGCCAGCCTCGTCTCATA GATGGTGATGGGTTTCCCGT

(p-ERK 1/2), RUNX2, BMP2 and GAPDH primary anti-
bodies respectively. After thorough washing with TBST,
the horseradish peroxidase (HRP)-conjugated anti-rabbit
IgG and anti-mouse IgG(H+L) secondary antibodies were
used to detect the bound primary antibodies at room
temperature. The stained images of PVDF membranes
were visualized with an ECL chemiluminescence reagent
(CWBIO, Jiangsu, China).

Statistical Analysis
Quantitative results were depicted as mean±standard error
of mean (SEM). The SPSS 19.0 software (IBM) was used
to carry out statistical analysis and differences between
independent samples were analyzed with the Student’s t-
test. The threshold of statistical significance was assigned
at ∗p< 0�05, with ∗∗p< 0�01 being considered very signif-
icant and ∗∗∗p< 0�001 being considered highly significant.

RESULTS AND DISCUSSION
Physico-Chemical Properties of the BTO
Nanocomposite Membrane
It can be observed from FE-SEM images that surface
morphology of nanocomposite membranes remain unal-
tered by polarization treatment (Fig. 1(a)). The pres-
ence of BTO NPs within membrane matrix was detected
through EDS spectra (Fig. 1(a)). AFM analysis indicated
that all fabricated membranes, either the unpolarized or
polarized membranes displayed nanoscale surface rough-
ness (Fig. 1(b)). The quantitative data suggested that
there were no significant differences in surface rough-
ness (Fig. 1(f)), water contact angle (Fig. 1(d)) and elastic
moduli (Fig. 1(e)) between the unpolarized and polarized
membranes.
The electrical properties of the polarized BTO nanocom-

posite membranes were further characterized. Polarization-
electric field loops (P-E) (Fig. 1(g)) validated the ferro-
electric nature of BTO nanocomposite membranes. After
corona poling treatment, maximal polarization (Pm) and
residual polarization (Pr) were observed to increase. Due
to electrical polarization, there was substantially increased
surface electric potential with a high-potential pitting dis-
tribution on the polarized BTO composite membranes,
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Figure 1. Characterization of BTO nanocomposite membrane. (a) Representative SEM images of surface morphologies of the
nanocomposite membrane before and after corona poling treatment. Insets are the EDS spectras. (b) Representative AFM images
of composite membranes before and after corona poling treatment. (c) Surface potential images of unpolarized and polarized
composite membranes. (d) Water contact angles of the membranes before and after corona poling treatment. (e) Elastic mod-
uli of unpolarized and polarized composite membranes. (f) The quantitative analysis of the surface roughness of composite
membranes. (g) The hysteresis loops of unpolarized and polarized nanocomposite membranes. (h) The piezoelectric coefficient
(d33) values of the polarized membranes after immersing for different time durations in serum-free cell culture medium. NS: No
significant.
Abbreviations: P(VDF-TrFE), poly(vinylidene fluoride-trifluoroethylene); SEM, Scanning electron microscopy; EDS, Energy dis-
perse spectroscopy; AFM, Atomic force microscope.

while the unpolarized nanocomposite membrane surface
had a much lesser concentration of surface electric poten-
tial (Fig. 1(c)). The concentrated surface electric potential
on polarized BTO nanocomposite membranes is due to
enhanced interfacial polarization between BTO NPs and
P(VDF-TrFE) after polarization treatment [40].

Additionally, the piezoelectric coefficient of polarized
BTO composite membrane was analyzed to evaluate its
inverse piezoelectric effect. It was found that the piezo-
electric coefficient (d33) of the membrane (∼8.82 pC/N)
was similar to that of native bone and remained stable
at about 86% of it’s original value, even after 14 days
of simulated physiological conditions (Fig. 1(h)). The
high stability of the piezoelectric coefficient is likely
due to the high residual polarization of BTO composite
membranes, as explained by large interface polarization
between BTO nanoparticles with a high specific surface
area and P(VDF-TrFE) matrix [15–41]. Taken together,
the polarized nanocomposite membrane can be utilized
as a material model for studying the biological processes

by which polarized surface charge stimulation promote
osteogenic differentiation of BMSCs, excluding the influ-
ence of other physical and chemical properties [42].

Biomimetic Piezoelectric BTO Nanocomposite
Membrane Promotes BMSCs Adhesion and
Cytoskeletal Reorganization
Cell adhesion and morphological changes are the primary
manifestations of cellular response to material properties.
As shown in Figure 2, BMSCs prominently displayed
polygonal osteoblastic-like cell morphology with promi-
nent filopodia on polarized BTO nanocomposite mem-
branes after culturing for 6 h, whereas BMSCs cultured
on the unpolarized composite membranes displayed less
filopodia and lamellipodia formation (Fig. 2(a)). This
thus indicated that polarized nanocomposite membranes
enhanced BMSCs adhesion and spreading. Filopodia
is thought to act as guiding cues for cell elongation
and polygonal-like shape, with the focal adhesion (FA)
complex being formed right behind along the filopodia
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axis [43]. Therefore, we further investigated and con-
firmed that there was enhanced FA formation by BMSCs
cultured on the polarized nanocomposite membrane, as
demonstrated by immunostaining for vinculin expression
after 6 h of culture (Fig. 2(b)). Quantitative analysis
revealed that the cell spreading area, the number and
area of FAs on the polarized nanocomposite membrane
were significantly larger than those of the unpolarized

Figure 2. BMSCs morphology and adhesion on biomimetic piezoelectric BTO nanocomposite membranes. (a) Representative
SEM images showing the morphology and spreading of BMSCs on the polarized versus unpolarized membrane; (b) Represen-
tative immunofluorescence images to visualize the expression of Vinculin (green), F-actin (red) by BMSCs after 6 h of culture,
with cell nuclei being stained with DAPI (blue); (c) Representative immunofluorescence images to visualize the expression of
Itg�5 (green), F-actin (red), and nuclei (blue) by BMSCs after 6 h of culture on the nanocomposite membranes; (d) Quantifi-
cation of the cell spreading area of BMSCs. (e) Quantification of the focal adhesion count of BMSCs. (f) Quantification of the
focal adhesion area of BMSCs. (g) Quantification of the mean fluorescence intensity of Itg�5. (h) RT-qPCR analysis of the gene
expression levels of integrin subunits (Itg�1, Itg�5 and Itg�3) after 6 h of culture. (∗p < 0�05, ∗∗p < 0�01).
Abbreviations: RT-qPCR, Reverse transcription-quantitative polymerase chain reaction; Itg�1, Integrin alpha 1; Itg�5, Integrin
alpha 5; Itg�3, Integrin beta 3.

membrane (Figs. 2(d–f)). Consistent with previous related
studies, cells with increased spreading area and polygonal
shape suggested stronger adhesion [44, 45]. As described
in previous studies, cells react to biophysical signals
of the extracellular microenvironment via integrin-based
adhesion sites [46]. We hereby speculate that focal adhe-
sion complexes are involved in the transduction of polar-
ized surface charge stimulation signal into the F-actin
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cytoskeleton, thereby activating the expression of related
functional genes.

Focal adhesion assembly depends on the type of
engaged integrin. After culture for 6 h, Itg�5 expres-
sion was enriched on polarized membranes with the high-
est mean fluorescence intensity (Figs. 2(c and g)), as

Figure 3. Osteogenic differentiation of BMSCs on biomimetic piezoelectric BTO nanocomposite membranes. (a) Representa-
tive immunofluorescence images for visualizing the expression of RUNX2 (green), F-actin (red), and cell nuclei (blue) in BMSCs
after 3 days of culture. (b) Representative immunofluorescence images for visualizing the expression of BMP2 (green), F-actin
(red), and cell nuclei (blue) after 3 days of culture on the nanocomposite membranes. (c) Quantification of the mean fluores-
cence intensity of RUNX2. (d) Quantification of the mean fluorescence intensity of BMP2. Error bars represent standard error.
(∗∗p < 0�01, ∗∗∗p < 0�001).
Abbreviations: BMSCs, Bone marrow mesenchymal stem cells; RUNX2, Runt-related transcription factor 2; BMP2, Bone mor-
phogenetic protein 2; F-actin, actin cytoskeleton.

compared to unpolarized membranes. Furthermore, the
polarized membranes induced a higher gene expression
level of integrin subunits, such as Itg�1, Itg�5, and
Itg�3 in BMSCs after 6 h culture, in comparison to the
unpolarized samples (Fig. 2(h)). The upregulated expres-
sion of integrin subunits may be attributed to increased
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cytoskeletal organization, enhanced cell spreading and
increased focal adhesion formation induced by surface
charge stimuli emanating from the polarized membranes,
as previously mentioned. Integrin plays a crucial role dur-
ing the mechanotransduction process and transmission of
biomechanical stimuli across integrin-based focal adhe-
sions triggered changes in gene expression and induced
rapid responses via associated signaling cascades [46].
Overall, these results implied that biomimetic surface elec-
trical stimuli emanating from the polarized nanocomposite
membrane may activate integrin-dependent cell adhesion
to promote BMSCs activity and function.

Biomimetic Piezoelectric BTO Nanocomposite
Membrane Promotes BMSCs Osteogenic
Differentiation
There is increasing evidence that integrin-mediated cellular
processes play key roles in osteogenesis [47]. There-
fore, we further investigated the osteogenic differen-
tiation of BMSCs on the nanocomposites membranes
without osteogenic supplements. According to previous
studies, RUNX2 and BMP2 are usually selected as the
osteogenic markers of BMSCs [48, 49]. Immunocyto-
chemistry showed that BMSCs were markedly enriched in
RUNX2 (Fig. 3(a)) and BMP2 (Fig. 3(b)) expression after
culturing for 3 days on polarized composite membranes,
which was also validated by quantitative analysis (Figs. 3(c
and d)). Then, we analyzed the osteogenic-related gene
expression levels of BMSCs on the unpolarized and polar-
ized membranes. The osteogenic gene markers RUNX2
and BMP2 were obviously up-regulated after 1 day of
culture (Fig. 4(a)), RUNX2, BMP2 and ALP were up-
regulated after 3 days of culture (Fig. 4(b)), while OPN
and Col1a1 were upregulated after 7 days of culture on
the polarized nanocomposite membranes (Fig. 4(c)). These

Figure 4. Osteogenic differentiation-related gene expressions by BMSCs cultured on biomimetic piezoelectric BTO nanocom-
posite membranes. (a) RT-qPCR analysis of the gene expression levels of RUNX2 and BMP2 by BMSCs cultured for 1 day on the
nanocomposite membranes; (b) RT-qPCR analysis of the gene expression levels of RUNX2, BMP2 and ALP by BMSCs cultured
for 3 days on the nanocomposite membranes; (c) RT-qPCR analysis of the gene expression levels of OPN and Col1a1 by BMSCs
cultured for 7 days on the nanocomposite membranes. Results were standardized using GAPDH as the housekeeping gene,
and are presented as relative mRNA levels. (∗p < 0�05, ∗∗p < 0�01, ∗∗∗p < 0�001).
Abbreviations: ALP, alkaline phosphatase; OPN, osteopontin; Col11a1, collagen type 1 alpha 1.

results thus suggest that biomimetic piezoelectric mem-
branes possess good osteoinductivity, which is consistent
with our previous studies [15–50]. Additionally, the results
presented in this study were also consistent with the sci-
entific literature, in which charged materials promoted the
expression of osteogenic markers in bone marrow mes-
enchymal stem cells [51, 52]. The enhanced osteogenic
differentiation results were likely due to persistent polar-
ization arising from residual polarization of ferroelectric
biomaterials after corona poling treatment, as reported pre-
viously by our research group [15–54]. These results may
imply that the polarized surface charge stimuli emanat-
ing from the polarized BTO nanocomposite membrane
exhibits its potent osteoinductive function through the pro-
motion of integrin-mediated cell adhesion and focal adhe-
sion formation.

The Mechanotransduction Process of Biomimetic
Piezoelectric Nanocomposite Membrane-Induced
Osteogenesis
In order to elucidate how biomimetic piezoelectric stim-
uli are transduced into intracellular biological signals via
integrin receptors to activate osteogenesis of BMSCs, we
investigated the Itg-FAK-ERK signaling axis. As depicted
in Figure 5, after 6 hours of culture, the polarized BTO
nanocomposite membranes induced a significant increase
of phosphorylated ERK 1/2 (p-ERK1/2), which indicated
activation of ERK signaling (Fig. 5(a)). Meanwhile, the
relative staining intensities of Itg�5 and p-FAK expression
in BMSCs cultured on polarized membranes were higher
than those of the unpolarized membranes (Fig. 5(a)).
The expression of osteogenic-related markers RUNX2 and
BMP2 were enhanced on polarized membranes (Fig. 5(a)).
To investigate the roles of integrin receptors and Itg-FAK-
ERK signaling in mediating the transduction of electrical
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Figure 5. The mechanotransduction process of biomimetic piezoelectric BTO nanocomposite membrane-induced osteogenesis.
(a) Western Blot analysis of the expression of Itg�5, FAK, p-FAK, RUNX2, BMP2, ERK 1/2 and p-ERK 1/2 in BMSCs cultured for
6 h on nanocomposite membranes without and with inhibitor ANT-161. (b) Schematic illustration of the ERK signaling pathway
and it’s proposed involvement in biomimetic polarized surface charge-mediated osteogenic differentiation of BMSCs.
Abbreviations: FAK, Focal Adhesion Kinase; p-FAK, phospho-Focal Adhesion Kinase; ERK 1/2, Extracellular Signal-Regulated
Kinases 1/2; p-ERK 1/2, phospho-Extracellular Signal-Regulated Kinases 1/2.

stimuli into pro-osteogenic intracellular signaling cues
within BMSCs, the integrin �5�1 antagonist ANT-161
was added to inhibit expression of Itg�5 in BMSCs cul-
tured on polarized nanocomposite membranes, which was
accompanied with downregulated expression of RUNX2
and BMP2. Additionally, marked reduction of p-ERK1/2
and p-FAK expression levels were accompanied by inhibi-
tion of Itg�5 (Fig. 5(a)).

We thus confirmed the key role of Itg-FAK-ERK1/2 sig-
naling in transducing electrical stimuli from biomimetic
piezoelectric membranes into intracellular signaling cues
that activated osteogenesis of BMSCs. ERK1/2 is an
important transcription factor in the mechanotransduction
process, which upon phosphorylation triggered RUNX2
mediated osteogenesis [55, 56]. We hypothesized that
mechanosensing of electrical stimuli from the polarized
BTO nanocomposite membranes was transduced via the
Itg-FAK-ERK1/2 axis into pro-osteogenic signaling cues
within the nuclei of BMSCs, thereby regulating the
osteogenesis of BMSCs [57, 58]. The experimental obser-
vations were consistent with this hypothesis, with the
polarized membranes inducing a significant increase in
the protein expression levels of Itg�5, p-FAK and p-
ERK 1/2, as well as the osteogenic markers RUNX2 and
BMP2. Upon treatment with the integrin �5�1 antagonist
ANT-161 [59], attenuated expression of Itg�5 in BMSCs
cultured on polarized membranes was accompanied with
significantly decreased expression of p-FAK, RUNX2,
BMP2 and p-ERK 1/2 (Fig. 5(a)). A schematic depic-
tion of how Itg-FAK-ERK signaling mediate transduc-
tion of electrical stimuli from the biomimetic piezoelectric
membranes into intracellular signaling cues that activate
osteogenic differentiation of BMSCs is illustrated in
Figure 5(b). Our results thus explain the biological process

by which piezoelectric stimuli activates membrane-bound
integrin, such as Itg�5, which in turn leads to increased
cell adhesion, and initiation of downstream mechanotrans-
duction via FAK and ERK 1/2 signaling, subsequently
upregulating other transcription factors to promote osteo-
genesis of BMSCs.
In summary, these findings show that the biomimetic

piezoelectric BTO nanocomposite membrane has favorable
physico-chemical and mechanical properties that meet the
clinical application requirements for barrier membranes
developed to guide tissue regeneration. More impor-
tantly, this study delineates the biological process of how
osteogenic differentiation of BMSCs is enhanced by sur-
face charge generated by residual polarization of mate-
rials, which in turn lays the foundation for optimizing
the osteoinductive properties of conventional guided tissue
regeneration membranes.

CONCLUSIONS
This study demonstrates that biomimetic surface charge
stimuli emanating from polarized BTO nanocomposite
membranes could activate integrin-dependent cell adhe-
sion to promote BMSCs activity and function. Further
investigations found that FAK-ERK signaling may be
involved in the biological process of polarized nanocom-
posite membrane-induced osteogenesis. Consequently, we
infer that the enhancement of osteogenesis by polarized
BTO nanocomposite membranes is actually a process of
transforming physical signals from extracellular polarized
surface charge stimuli into intracellular mechanotransduc-
tion signaling cues. Our results thus provide useful infor-
mation that deepen our understanding of the underlying
biological processes by which surface electrical stimuli
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from electroactive materials are converted into biologi-
cal signals that regulate osteogenic differentiation of stem
cells.
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