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Manipulation of Heterogeneous Surface Electric Potential
Promotes Osteogenesis by Strengthening RGD Peptide
Binding and Cellular Mechanosensing

Yunyang Bai, Xiaona Zheng, Xianwei Zhong, Qun Cui, Shuan Zhang, Xiufang Wen,
Boon Chin Heng, Shan He, Yang Shen, Jinxing Zhang, Yan Wei,* Xuliang Deng,*
and Xuehui Zhang*

The heterogeneity of extracellular matrix (ECM) topology, stiffness, and
architecture is a key factor modulating cellular behavior and osteogenesis.
However, the effects of heterogeneous ECM electric potential at the micro-
and nanoscale on osteogenesis remain to be elucidated. Here, the
heterogeneous distribution of surface potential is established by incorporating
ferroelectric BaTiO3 nanofibers (BTNF) into poly(vinylidene
fluoridetrifluoroethylene) (P(VDF-TrFE)) matrix based on phase-field and
first-principles simulation. By optimizing the aspect ratios of BTNF fillers, the
anisotropic distribution of surface potential on BTNF/P(VDF-TrFE)
nanocomposite membranes can be achieved by strong spontaneous electric
polarization of BTNF fillers. These results indicate that heterogeneous surface
potential distribution leads to a meshwork pattern of fibronectin (FN)
aggregation, which increased FN-III7-10 (FN fragment) focal flexibility and
anchor points as predicted by molecular dynamics simulation. Furthermore,
integrin clustering, focal adhesion formation, cell spreading, and adhesion are
enhanced sequentially. Increased traction of actin fibers amplifies
mechanotransduction by promoting nuclear translocation of YAP/Runx2,
which enhances osteogenesis in vitro and bone regeneration in vivo. The work
thus provides fundamental insights into the biological effects of surface
potential heterogeneity at the micro- and nanoscale on osteogenesis, and also
develops a new strategy to optimize the performance of electroactive
biomaterials for tissue regenerative therapies.
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1. Introduction

Physical properties of biomaterials, such as
stiffness, topological structure, and electric-
ity, play critical roles in regulating cell be-
havior and tissue function.[1] At the micro-
and nanoscale levels, biological tissues are
composed of heterogeneous distributions
of cells and various architectural elements
of the extracellular matrix (ECM). Specifi-
cally, mesenchymal stem cells (MSCs) re-
side in an ECM niche microenvironment
in the form of an anisotropic fibrous
scaffold.[2] Heterogeneity is considered a
basic feature of ECM, and numerous stud-
ies have demonstrated that cell behavior
and stem cell fate are strongly influenced
by the physical heterogeneity of matrix
materials.[3]

Charged biomaterials have received in-
creasing attention in the biomaterial re-
search field in recent years.[4] In par-
ticular, ferroelectric materials, including
polyvinylidene fluoride (PVDF) and its
copolymer P(VDF-TrFE),[5] barium titanate
(BaTiO3, BTO),[6] lithium niobate (LN),[7]

and sodium potassium citrate (KNN),[8]

etc., have been widely investigated as
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Scheme 1. Illustration of manipulating surface electric potential heterogeneity on BTO/P(VDF-TrFE) ferroelectric nanocomposites to promote bone
regeneration. By turning the dimension and aspect ratios of BTO nanofillers, a line-like anisotropic distribution of surface electric potential is observed
on the BTO nanofibers/P(VDF-TrFE) (BTNF) nanocomposite membrane after poling polarization, in contrast to the high-potential homogeneous pit-
ting distribution on the BTO nanoparticles/P(VDF-TrFE) (BTNP) composite membrane. After implantation to cover supercritical-sized calvarial defects
(8 mm) in mature rats, the polarized BTNF composite membrane facilitated improved new bone formation that led to almost complete healing with full
bone maturity after 12 weeks post-implantation, which is mediated by the heterogeneous surface electric potential microenvironment. By contrast, for
the control covered with polarized BTNP membranes, there was a lack of complete and continuous nascent bone formation within the defect site after
12 weeks post-implantation.

biomimetic materials that simulate the electric microenviron-
ment at the macroscale for bone tissue engineering applications,
due to their spontaneous electric polarization properties. Never-
theless, the effects of heterogeneous electric potential of matrix
materials at the micro- and nanoscale scales on cellular behav-
ior and osteogenesis remain to be elucidated. This represents a
dire gap in scientific knowledge, as under natural physiological
conditions, electrical heterogeneity is considered to more closely
resemble the electrical microenvironment of ECM.[9] Hence, it
is imperative to explore the effects of biomaterials with hetero-
geneous electrical charge distribution on cell or tissue behavior
at the micro- and nanoscale levels. These results might provide
essential information for optimizing the electrical properties of
implant materials to improve the efficacy of bone regeneration.

Hence, this study attempted a proof-of-concept validation of
osteogenesis being enhanced by heterogeneous surface elec-
tric potential distribution of ferroelectric nanocomposite mem-
branes. The heterogeneous distributions of surface electrical
potential was established by incorporating ferroelectric BaTiO3
nanofibers (BTNF) into poly(vinylidene fluoride trifluoroethy-
lene) (P(VDF-TrFE)) matrix. By optimizing the aspect ratios
of BTNF fillers, the anisotropic distribution of surface poten-
tial on BTNF/P(VDF-TrFE) nanocomposite membrane could be
achieved by the strong spontaneous electric polarization of BTNF
fillers (Scheme 1). More fibronectin (FN) anchor points are con-
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centrated on the areas occupied by BTNF fillers, as evidenced by
molecular dynamic (MD) simulation, thereby contributing to a
meshwork pattern of fibronectin adsorption on the membrane
surface with heterogeneous electrical potential distribution. This
protein adsorption pattern not only enhanced the adhesion and
spreading of bone marrow mesenchymal stem cells (BM-MSCs),
but also increased the traction force on actin fibers connected
to focal adhesions, which amplified mechanotransduction by
promoting nuclear translocation of yes-associated protein/runt-
related transcription factor 2 (YAP/Runx2). This in turn promoted
osteogenic differentiation of BM-MSCs in vitro and bone regen-
eration in vivo.

2. Results and Discussion

2.1. Theoretical Simulation of Surface Potential Distribution on
Ferroelectric Nanocomposite Membranes

To predict the heterogeneous surface potential distribution
on ferroelectric nanocomposite membranes, theoretical models
based on phase-field simulation were constructed. The ferroelec-
tric BTO/P(VDF-TrFE) nanocomposite membranes with a va-
riety of different nanofillers, including nanofibers with differ-
ent aspect ratios (ARs, BTNF-20, BTNF-12, and BTNF-8, respec-
tively) or nanoparticles with diameter of 100 nm were designed
for phase-field simulation. Within the simulation models (Fig-
ure 1a), the surface electrical potential of the polymer matrix is
consistently higher than that of the BTO nanofillers. The con-
centration of surface electrical potential on the polymer matrix
could be attributed to large differences in the dielectric constants
of BaTiO3 and P(VDF-TrFE).[10] BTNFs induce a more substan-
tial concentration of local electric field in their vicinity compared
to their spherical counterparts, because the surface area of BT-
NFs is far larger than BTNPs. Another reason for the concen-
trated surface electrical potential on the fiber-filled composites
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Figure 1. The theoretical simulation and establishment of heterogeneous surface potential distribution on ferroelectric nanocomposite membranes.
a) The theoretical models of surface potential distribution on ferroelectric nanocomposite membranes incorporated with nanofibers with different
aspect ratios or nanoparticle fillers based on phase-field simulitions. b) First-principles calculation of the charge density difference between BTNF (left)
and BTNP (right). The blue and yellow are charge depletion and accumulation, respectively. The red squares denote that the charge density change of
Ti atoms and O atoms in BTO nanoparticles is much greater than that in the BTO nanofibers. The insets show the electrostatic potentials of BTNF and
BTNP. The orange and blue dashed lines are the fermi and vacuum energy level, respectively. c) Schematic diagram of the BTNF/P(VDF-TrFE) composite
membrane fabrication process. d) Representative SEM images of the nanocomposite membranes. The insets showed the cross-sectional observation.
The white arrows denote the BTO nanofibers or BTO nanoparticles. e) Representative SKPM images of nanocomposite membranes with BTNF-20,
BTNF-12, BTNF-8, or BTNP fillers. The white arrows denote the BTO nanofibers.
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may lie in the large aspect ratio of BTNFs. Overall, the simulation
results show that a high local surface potential distribution can
be obtained by increasing the aspect ratio of BTNFs fillers. The
fibers with favorable properties constitute a network of specific
surface electrical potential. Results of our previous phase-field
simulations indicate that fibers with large aspect ratios exhibit
substantial dielectric anisotropy along their longitudinal or radial
directions.[11] When oriented with their longitudinal directions
aligned to the in-plane directions of the composite membranes,
the BTNFs induce substantially concentrated local electric fields
at their corners. Spherical particles, on the other hand, result in
much less concentration of the local electric field.

To further predict and analyze the difference in surface po-
tential between BTNF and BTNP, first-principles simulation was
performed to clarify the charge density difference between BTO
nanofibers and BTO nanoparticles. As shown in the red square of
Figure 1b, the charge density difference between Ti atoms and O
atoms in BTO particles is much greater than that in BTO fibers,
indicating that more charge transfer of BTO particles will occur
after the heterojunction with P(VDF-TrFE). The calculated Hirsh-
feld charge of BTNF and BTNP is 0.65 and 0.09 e, respectively, in-
dicating that the P(VDF-TrFE) layer potential is positive with the
addition of BTO fiber and BTO particle, and that the surface po-
tential of BTNF is higher than that of BTNP (Figure S3, Support-
ing Information). Furthermore, the work function ɸ was quan-
tified to characterize the electron transfer between P(VDF-TrFE)
and BTO nanofibers or BTO nanoparticles. Electrons will flow
from the lower work function to the higher work function when
two substances with different work functions contact each other,
resulting in different electron concentrations and potentials on
both sides.[12] In this study, the work function ɸ of P(VDF-TrFE)
(Figure S1, Supporting Information), BTNF and BTNP (the insets
in Figure 1b) were 7.274, 2.942, and 3.189 eV, respectively. This
clearly shows that the work function of BTNF is lower than that
of BTNP, after the formation of heterojunction between P(VDF-
TrFE) and BTO nanofibers or BTO nanoparticles, indicating that
the electron generating capacity of BTNF is lower than that of
BTNP. These simulation results predicted that the surface po-
tential at the interface between the BTO nanofiber fillers and the
P(VDF-TrFE) matrix will be higher than that of the BTO nanopar-
ticle fillers. These simulation results thus suggest that transform-
ing the dimension of the BTO nanofiller, while retaining the
same material composition can not only achieve a heterogeneous
distribution of surface potential, but can also achieve an optimal
electric potential level on the material surface.

2.2. Designing and Establishing Heterogeneous Surface Electric
Potential Distribution on Ferroelectric Nanocomposite
Membranes

Based on the theoretical simulations, we utilized a strategy to
manipulate the filler dimensions from 0D BaTiO3 nanoparti-
cles (BTNP, Figure S4a, Supporting Information) to 1D BaTiO3
nanofibers (BTNF, Figure S4b, Supporting Information) within
the P(VDF-TrFE) matrix, utilizing the same filler material con-
tent. First, BTNF was prepared by electrospinning (Figure 1c)
and an optimal pure cubic phase structure similar to BTNP was
achieved by tailing the sintering temperature, as confirmed by

X-ray diffraction (XRD) patterns (Figure S4g, Supporting Infor-
mation). Surface modification of the nanofillers by polydopamine
was confirmed by HR-TEM images (Figure S4c–f, Supporting In-
formation) and XPS patterns (Figure S4h–j, Supporting Informa-
tion), which could improve compatibility at the filler/matrix inter-
face and also facilitate covalent bonding between ceramics fillers
and the polymer matrix.[13]

We utilized ultrasonication treatment as a universal strat-
egy to control the aspect ratios of BTO nanofiber fillers. The
BTO nanofiber fillers with different aspect ratios (ARs, BTNF-20,
BTNF-12, and BTNF-8, respectively) (Figure S6, Supporting In-
formation) were obtained by adjusting the ultrasonication time
(for 1, 5, and 15 min, respectively), and were used to optimize the
heterogeneous distribution of surface potential on the nanocom-
posite membrane. From the results of the FE-SEM images
(Figure 1d), the orientation of BTO nanofibers along the in-plane
direction of the polymer matrix can be readily distinguished,
whereas BTNP is dispersed within the polymer matrix isotropi-
cally. We further investigated the distribution of BTNF-20, BTNF-
12, and BTNF-8 nanofillers within the polymer matrix through
cross-sectional observation (the insets in Figure 1d; Figure S5a,
Supporting Information). It was found that the fibers are stacked
in parallel within the matrix when the fibers are too long (i.e.,
BTNF-20), while the filler did not exhibit obvious heterogeneous
distribution within the matrix when the fibers are too short (i.e.,
BTNF-8), which is similar to the distribution of BTNPs. Inter-
estingly, the BTNF fillers exhibited optimal dispersion and the
expected anisotropic distribution in BTNF-12 (Figure 1d), and
formed a tight bond with the polymer matrix (Figure S5a, Sup-
porting Information), which provided a topological basis for the
establishment of surface potential heterogeneity. The presence
of BTO nanofibers and nanoparticles in the P(VDF-TrFE) matrix
was further confirmed by EDS spectra (Figure S5b,c, Support-
ing Information), XRD patterns (Figure S5d, Supporting Infor-
mation) and ATR-FTIR spectra (Figure S5e, Supporting Informa-
tion).

The phase-field simulations are confirmed by testing of sur-
face electric potential based on scanning Kelvin probe mi-
croscopy (SKPM) imaging (Figure 1e). Interestingly, a line-like
anisotropic distribution of surface electric potential is clearly
observed on BTNF-12, while BTNF-20 and BTNF-8 composite
membrane surfaces exhibited no obvious surface potential het-
erogeneity distribution. This is directly related to differences in
the distribution of fiber fillers with different aspect ratios in the
polymer matrix. We have also observed that the BTNP compos-
ite membrane surface has a high-potential homogeneous pit-
ting distribution, which is in sharp contrast to the heterogeneous
surface potential distribution on the BTNF-12 composite mem-
brane. This difference may be due to the local surface potential
increase being caused by different shapes of the BTO filler af-
ter polarization treatment,[11b,14] which fully confirmed the first-
principles simulation results.

Furthermore, the effects of other physico-chemical properties,
including surface roughness, surface wettability, surface energy,
and mechanical performance (elastic modulus, tensile strength,
and hardness) of the composites were also characterized, with
no significant differences among the four types of composite
membranes being observed (Table S2, Supporting Information).
This thus enabled us to focus exclusively on the effects of surface
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electrical potential distribution on the biological properties of the
composites, excluding interference from other general physico-
chemical properties.

2.3. Heterogeneous Surface Potential Distribution Actuates
Heterogeneous Meshwork Pattern of Fibronectin Adsorption

Subsequently, we investigated how the amount and distribution
patterns of protein adsorption is affected by the heterogeneous
surface potential. As shown in Figure 2a, the adsorption of FN
on the BTNF-12 composite membrane surface exhibits a het-
erogeneous meshwork pattern after 6 h of immersion, whereas
the other two types of BTNF membranes and BTNP membranes
yielded dense and uniform FN absorption. Quantitatively, the
BTNF-12 composite membranes exhibited the largest amount of
FN adsorption, as compared to the other membranes after 6 h
of immersion (Figure 2d), which was also confirmed by micro-
BCA analysis of the total FN adsorption contents (Figure 2e).
This difference is closely related to the uniformity of the elec-
tric field distribution on the surface of the composite membrane.
As explained by our previous studies,[11] the BTNFs induce more
substantial heterogeneous electric potential distribution in their
vicinity compared to their spherical counterparts. The concen-
trated local electric potential at the corners of BTNFs will lead
to more protein adsorption,[15] which enables the heterogeneous
surface potential distribution of nanocomposite membranes to
have a much higher protein adsorption capacity compared to
BTNP membranes. Given the larger specific surface area of BT-
NFs compared to BTNPs, the BTNFs are capable of inducing
more substantial interfacial polarization at the same volume frac-
tion of the polymer matrix.[11] The enhanced interfacial polariza-
tion causes the protein to be adsorbed in a meshwork-like pattern,
as well as led to significantly higher levels of adsorption due to
higher electrical charge density that results in stronger attraction
to charged amino acid residues on the protein.[15a]

To gain an in-depth understanding of the initial stereoselec-
tivity between the nanocomposite membrane and adhesive lig-
ands, classical molecular dynamic (MD) simulations modeled
on FN-III7-10, as the key cell-binding domains of fibronectin
(FN) were performed.[16] Within the simulation models, the
BTNF nanocomposite membrane exhibited greater numbers of
absorbed residues than that of the BTNP nanocomposite mem-
brane (Table S3, Supporting Information), which indicates that
FN adsorbed on the surface of the BTNF composite membrane
with stronger affinity. Interestingly, the BTNF-12 nanocompos-
ite membrane exhibited minimal distance between the FN-III7-
10 protein and nanocomposite membrane in the first 2000 ps of
MD simulation (Figure S7, Supporting Information), thus indi-
cating that the FN-III7-10 protein was initially stably adsorped
on the surface of the BTNF-12 nanocomposite membrane. The
enhanced FN-III7-10 protein adsorption by BTNF-12 nanocom-
posite membrane was also supported by the highest value of in-
teraction energy (Figure S8, Supporting Information). It was also
found that the electrostatic interaction was the main driving force
of the protein adsorption process.

The ARG-Gly-ASP (RGD) sequence in FN plays a pivotal role
in mediating cell adhesion due to its specific recognition of the
extracellular domain of the integrin receptor.[17] As reported, a

35 Å distance between RGD and PHSRN is most suitable for
the binding of integrin to FN.[18] The distance between RGD and
PHSRN residues on the BTNF-12 membrane surface is 37.24Å
(Figure 2c), which is close to 35 Å, indicating that the BTNF-12
membrane surface can promote FN adsorption and that its RGD
sequence affinity can facilitate cell recognition and subsequent
functions. Furthermore, we observed most FN anchor points and
optimal FN conformation on the BTNF-12 membrane from the
3D view of molecular dynamic simulations (Figure 2b). From the
experimental and MD simulation results, we can surmise that
the BTNF-12 nanocomposite membrane provides a favorable mi-
croenvironment for protein adsorption, resulting in positive cell
recognition, adhesion and functional differentiation.

In the following studies, we will thus focus on the BTNF-12
composite membrane as a material model of heterogeneous sur-
face potential distribution. The macroscopic electrical properties
of the BTNF nanocomposite membrane was also evaluated and
it was found that the piezoelectric coefficient (d33) of the BTNF
membrane (≈7.91 pC N−1) is similar to that of natural bone,[19]

which remained stable at >90% of its original value for up to 21
days under simulated physiological conditions (Figure S5f, Sup-
porting Information). This outstanding electrical stability could
enable BTNF nanocomposite membranes to maintain a local het-
erogeneous electric microenvironment and may exert a positive
effect in promoting osteogenesis.

2.4. Heterogeneous Surface Potential Distribution Promotes
Initial Cell Response

We next evaluated differences in the initial cell response to sur-
faces with different electric potential distribution. Representative
SEM images show that BM-MSCs exhibited a polygonal shape
with numerous lamellipodia extending onto the BTNF mem-
branes at 6 h post-seeding (Figure S9, Supporting Information).
By contrast, only a few obvious lamellipodia extended from the
cell onto the BTNP membrane surfaces. Cells possess large-sized
protrusions, such as lamellipodia, that are driven by a network
of dynamic contractile machinery, which are essential for cel-
lular adhesion, polarization, and spreading.[20] Interestingly, ad-
herent cells appear to possess more sub-micrometer or even
nanometer-sized filopodia on the BTNF substrates, as compared
to the BTNP substrates (Figure S9, Supporting Information).
This phenomenon may be explained by the fact that cells respond
more strongly to special stimuli from the heterogeneous surface
electric domains, inducing them to actively perceive and respond
to this novel microenvironmental feature, thereby continuously
stretching the cell bodies, which would in turn exert a positive ef-
fect on the functional differentiation of stem cells.[21] Hence, we
hypothesize that charged substrate surfaces with different elec-
tric potential distribution induce differential organization of cell
adhesion and remodeling of cytoskeletal structures.

After 6 h of co-culture, confocal microscopy showed that
the BM-MSCs cultured on the BTNF substrates exhibited more
abundant cytoskeletal organization (Figure 3a) and significantly
larger cell spreading area (Figure 3b), as compared to the BTNP
substrates (3219.74 ± 1188.24 μm2 on BTNF and 1995.95 ±
609.00 μm2 on BTNP, respectively). The quantitative analysis of
cell aspect ratio (Figure 3c) showed that the elongation of cells
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Figure 2. Manipulation of heterogeneous surface potential distribution actuates fibronectin (FN) adsorption. a) Immunofluorescence staining images of
FN adsorption after 6 h of incubation. b) 3D view of molecular dynamic simulations of FN-III7-10 adsorbed on the different nanocomposite membranes
surfaces after 20 ns. c) The conformational change of FN-III7-10 adsorbed on the different nanocomposite membranes surfaces after 20 ns molecu-
lar dynamic simulation. The distance between RGD and PHSRN on BTNF-12 nanocomposite membrane is more close to 35 Å, which is considered
the most suitable for binding of integrin 𝛼5𝛽1 to FN. d) Quantitative analysis of the fluorescence intensity of FN adsorption at 6 h after incubation.
e) Micro-BCA analysis of FN adsorption after 6 h of incubation. (NS, not significant; *p < 0.05; **p < 0.01 and ***p < 0.001).
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Figure 3. Heterogeneous surface potential distribution promotes cell-scaffold interaction. a) Representative immunofluorescence images of focal adhe-
sions (FAs, green), actin network (Phalloidin, red), and cell nuclei (DAPI, blue) in rBM-MSCs cultured on the two types of nanocomposite membranes
for 3 and 6 h. b) Quantitative analysis of the averaged cytoskeleton area per cell after 3 and 6 h of culture. c) Quantitative analysis of the cell aspect ratio
after 3 and 6 h of culture. d) Quantitative analysis of the whole FA area per cell after 3 and 6 h of culture. e) Quantitative analysis of the single mature FA
area after 3 and 6 h of culture. f) Correlative analysis of total FA area/cell spreading area after 3 and 6 h of culture. Data trends are plotted and compared
with the linear least squares fitting (light blue and dark yellow lines, slope values are indicated). (NS, not significant; **p < 0.01 and ***p < 0.001)
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Figure 4. Heterogeneous surface potential enhances osteogenic differentiation and mineralization of BM-MSCs. a) Representative immunofluorescence
staining images of the osteogenic protein markers BMP-2 and OPN (green) in rBM-MSCs cultured on the BTO/P(VDF-TrFE) membranes for 3 and
7 days, respectively. DAPI and phalloidin were used to stain cell nuclei (blue) and F-actin (red), respectively. b) Quantitative analysis of the fluorescence
intensities of BMP-2 and OPN expression in rBM-MSCs cultured on the BTO/P(VDF-TrFE) membranes for 3 and 10 days, respectively. c) Hierarchical
cluster analysis of key differentially-expressed osteogenesis-related genes at the 3 and 7days timepoints. d) mRNA expression levels of representative
osteogenic genes (BMP-2, TNC, OCN) in BM-MSCs after culture for 3 and 7 days. e) Representative Alizarin Red S staining images of rBM-MSCs cultured
on the BTO/P(VDF-TrFE) membranes for 21 days. The insets showed the macroscopic images. f) The quantitative analysis of Alizarin Red S staining.
(*p < 0.05 and **p < 0.01 and ***p < 0.001)

on the BTNF substrates is significantly lower than that on the
BTNP substrate surfaces at both 3 and 6 h, which was also con-
sistent with the cell morphology observation. Furthermore, cells
cultured on the BTNF substrates developed significantly larger-
sized focal adhesions (FAs) (3.65 ± 2.56 μm2 on BTNF vs 2.16 ±
0.55 μm2 on BTNP) that displayed more intense staining against
vinculin, a key adaptor protein of FAs (Figure 3a,e). This dif-
ference was also confirmed by quantitative analysis of the total
FA area (Figure 3d) and correlative analysis of total FA area/cell
spreading area (Figure 3f). The size of the FAs has been shown
to be proportional to the magnitude of the traction force applied
to the FAs by the cells.[22] Therefore, we can calculate that the
tensile stress associated with a single mature FA on the BTNF
and BTNP substrates after 6 h are ≈20.07 and 11.88 nN, respec-
tively, based on the constant stress force applied at the FA of 5.5
± 2 nN μm−2.[23] This indicates that the heterogeneous surface
potential microenvironment mediated by BTNF membranes ex-
erts a strong traction force on BM-MSCs and causes the cells
to produce a distinct tensile response, which may trigger sub-
sequent functional differentiation through mechanical transduc-
tion. These findings thus further confirm the role of heteroge-
neous surface potential in modulating BM-MSCs behavior. We

hypothesize that the BTNF substrates can essentially serve as
an artificial heterogeneous surface potential microenvironment
platform to regulate the adhesion, spreading and functional ac-
tivity of BM-MSCs.

2.5. Heterogeneous Surface Potential Enhances Osteogenic
Differentiation and Mineralization of BM-MSCs In Vitro

We next examined the effects of heterogeneous surface electric
potential of the BTNF substrates on the osteogenic differentiation
of BM-MSCs without chemical-inducing agents, after excluding
the interference of unpolarized BTNF membrane surface struc-
ture (Figure S10, Supporting Information). Compared to the con-
trol BTNP substrates, BTNF substrates with heterogeneous sur-
face potential exhibited significantly higher expression of BMP-2
on day 3 and OPN on day 7, as seen from the immunofluores-
cence analysis data (Figure 4a,b), which indicated that stem cell
osteogenesis is enhanced by heterogeneous distribution of sur-
face potential on the artificial ECM microenvironment mediated
by BTNF substrates.

Adv. Mater. 2023, 35, 2209769 © 2023 Wiley-VCH GmbH2209769 (8 of 13)
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To further investigate differential gene expression of BM-
MSCs elicited by varying surface electric potential distribution,
we performed a global microarray gene analysis. The principal
component analysis (PCA) results confirmed the presence of sub-
populations with distinct transcriptomes (Figure S11a, Support-
ing Information). Based on the differentially expressed genes
(p<0.05), heat maps generated by hierarchical clustering revealed
that there was a significant difference in the mRNAs expression
profiles between the BTNF and BTNP group, and the number
of upregulated genes in BM-MSCs cultured on BTNF, increased
from day 3 to day 7 (Figure S11b,c, Supporting Information). Hi-
erarchical clustering analysis showed that a panel of gene tran-
scripts associated with osteogenic differentiation, particularly the
intermediate and late-stage osteogenic markers (BMP-2, SPP1,
ANKH, and TNC) were upregulated in the BTNF matrix, as com-
pared with the BTNP matrix on both day 3 and day 7 (Figure 4c).
The RT-qPCR results of representative osteogenic genes also
confirmed this trend (Figure 4d). Subsequently, we examined
whether heterogeneous surface potential can induce high levels
of mineralization in BM-MSCs. As shown in Figure 4e, abundant
mineralization nodules were induced on BTNF substrates after
21 days of co-culture, as detected by alizarin red staining, which
was also confirmed by quantitative analysis of ECM mineraliza-
tion (Figure 4f). All these findings thus suggest that heteroge-
neous surface potential distribution on BTNF substrates strongly
promotes osteogenic differentiation of BM-MSCs in vitro. We hy-
pothesize that this heterogeneous surface potential pattern pro-
duces a special stimulus to enhance the osteogenic differentia-
tion of BM-MSCs.

2.6. Heterogeneous Surface Potential Promotes Osteogenesis by
Amplifying Cellular Mechanosensing

In view of the superiority of heterogeneous surface potential
distribution in promoting cytoskeletal organization, focal adhe-
sion maturation, cytoskeletal traction force enhancement and os-
teogenic differentiation of BM-MSCs, we further explored the
underlying mechanisms by which physical cues associated with
surface potential heterogeneity are transduced into intracellu-
lar chemical signals. To the best of our knowledge, the exact
sequence of signaling events and molecular mechanisms asso-
ciated with surface potential heterogeneity-mediated osteogene-
sis have not yet been investigated. Accumulated evidence in the
scientific literature has pointed to 𝛼5𝛽1 integrin signaling play-
ing an important role during the osteogenic differentiation of
MSCs mediated by substrate physical properties, such as stiff-
ness and surface topology structure.[24] In this study, we ob-
served more intense immunofluorescence staining (Figure 5a)
and more abundant protein synthesis (Figure 5c) of integrin
𝛼5 (Itg𝛼5) on the BTNF versus BTNP substrate, after 6 h of
culture. The qPCR results showed significantly upregulated ex-
pression of integrin genes (Itg 𝛼2, 𝛼5, and 𝛽1) on the BTNF
membranes after 6 h of culture, which was also positively cor-
related with expression of the upstream osteogenic differentia-
tion transcription factor Runx2 (Figure 5b). These results may be
attributed to increased cytoskeletal organization and enhanced
cell spreading on the BTNF versus BTNP substrate surface as
mentioned above. Previous studies showed that integrins 𝛼5 and

𝛽1 were associated with basal cytoskeletal F-actin structures.[25]

Downregulation of Itg𝛼5 using specific chemical agents (ANT-
161) suppressed osteogenic differentiation, such as Runx2 ex-
pression (Figure 5e). These results suggest that surface poten-
tial heterogeneity and Itg𝛼5 clustering act in concert to promote
osteogenic differentiation of BM-MSCs, which would imply that
physical stimulation through heterogeneous surface potential en-
hance BM-MSC osteogenic differentiation by amplifying cellular
mechanosensing. It has previously been shown that the process
of integrin-mediated mechanotransduction involves activation of
the extracellular signal-regulated kinase (ERK)1/2 and focal ad-
hesion kinase (FAK) signaling pathways.[26] Therefore, we con-
firmed the activation of these signaling pathways by performing
western blot analysis on ERK, phosphorylated ERK 1/2 (pERK
1/2), FAK, and pFAK protein expression (Figure 5c). There were
obvious increases in the expression levels of pERK 1/2 and pFAK
on BTNF versus BTNP. Hence, the heterogeneous presentation
of surface potential promotes the activation of mechanosens-
ing pathways by upregulating integrin expression and enhanc-
ing mechanotransduction-dependent differentiation of stem
cells.

Next, we investigated how heterogeneous electrical stimula-
tion signals are transduced into intracellular signaling path-
ways by integrin-mediated mechanotransduction to promote os-
teogenic differentiation of BM-MSCs. It is well-known that Yes-
associated protein (YAP) is a major downstream effecter of the
Hippo pathway and partners with the TEAD family of transcrip-
tion factors to activate mechanotransduction that promote os-
teogenic differentiation of stem cells.[27] In our study, the het-
erogeneous surface potential pattern enhances nuclear translo-
cation of YAP and Runx2 (Figure 5d), which in turn induces early
osteogenic differentiation of BM-MSCs. The quantitative anal-
ysis of both the nuclear/cytoplasmic ratio of YAP and the nu-
clear accumulation of Runx2 showed that BTNF significantly en-
hanced the nuclear accumulation of YAP/Runx2 as compared to
BTNP (p < 0.001) (Figure 5f). These results thus suggest that het-
erogeneous surface potential could amplify mechanosensing in
BM-MSCs and promote the early entry of YAP into the nucleus,
thereby initiating the expression of upstream osteogenic-related
markers, such as Runx2.

After determining that heterogeneous surface potential can
promote osteogenic differentiation of BM-MSCs by accelerat-
ing nuclear translocation of YAP/Runx2, we further investigated
the cellular mechanosensing pathway mediated by heteroge-
neous surface potential. First, we investigated the role of inte-
grins in regulating YAP-mediated mechanosensing of hetero-
geneous surface potential. Downregulating Itg𝛼5 with specific
chemical agents, such as ANT-161 significantly decreased YAP
nuclear localization (Figure 5e) and weakened early osteogenic
differentiation of BM-MSCs (Figure 5g). This result suggests that
transmembrane receptor integrins play a crucial role in YAP
nuclear localization during osteogensis mediated by heteroge-
neous surface electrical potential. Then, we examined the role
of cytoskeletal F-actin on YAP/Runx2 nuclear localization dur-
ing heterogeneous electrical stimulation. Cytochalasin D treat-
ment (to inhibit cytoskeletal organization) demonstrated the key
roles of cytoskeletal organization in mechanotransduction (Fig-
ure 5d) and osteogenesis (Figure 5h). These results are consistent
with previous studies which showed that stretching of organized

Adv. Mater. 2023, 35, 2209769 © 2023 Wiley-VCH GmbH2209769 (9 of 13)
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Figure 5. Heterogeneous surface potential enhances osteogenesis by amplifying cellular mechanosensing. a) Immunofluorescence staining images of
integrin 𝛼5 (Itg𝛼5, green) expression in rBM-MSCs cultured on the BTO/P(VDF-TrFE) membranes after 6 h. DAPI and phalloidin were used to stain cell
nuclei (blue) and F-actin (red), respectively. b) mRNA expression levels of representative integrin genes (Itg𝛼2, Itg𝛼5, and Itg𝛽1) and osteogenic gene
(Runx2) in BM-MSCs after 6 h of culture. c) Western blot analysis of Itg𝛼5, FAK, phospho-FAK, ERK 1/2, and phospho-ERK1/2 (Thr202/Tyr204) protein
expression in rBM-MSCs cultured on the nanocomposite membranes after 6 h. d) Representative immunofluorescence staining images of YAP and Runx2
nuclear translocation in normal culture medium and medium supplemented with Cytochalasin D, respectively. (DAPI, blue; YAP, green; Runx2, red; Y/D,
YAP/DAPI; R/D, Runx2/DAPI; SP, Scatter plot). e) Representative immunofluorescence staining images of YAP and Runx2 nuclear translocation in normal
culture medium and medium supplemented with Integrin 𝛼5𝛽1 Inhibitor ATN-161 or nuclear pore inhibitor LAT-A (YAP, green; Runx2, red; DAPI, blue;
Y/D, YAP/DAPI; R/D, Runx2/DAPI). f) Quantitative analysis of nuclear/cytosolic YAP and Runx2 ratios in rBM-MSCs cultured on the nanocomposite
membranes after 3 and 6 h. g) Quantitative analysis of nuclear/cytosolic YAP and Runx2 ratios in rBM-MSCs cultured on nanocomposite membranes
after LAT-A and ATN-161 treatment. h) Western blot analysis of Runx2 and BMP-2 protein expression in rBM-MSCs cultured on the nanocomposite
membranes after 6 h. i) A schematic representation of molecular signaling events that mediates heterogeneous surface potential-induced BM-MSC
osteogenic differentiation. (NS, no significant; **p < 0.01 and ***p < 0.001).

cytoskeletal fibers can enlarge nuclear pores to facilitate the nu-
clear transfer of YAP, thereby indicating a positive effect of cy-
toskeletal organization on osteogenesis.[28] To further investigate
whether such enlarged nuclear pores stretched by organized cy-
toskeletal fibers facilitate YAP nuclear localization, we used the
nuclear actin inhibitor LAT-A to block the nuclear membrane
and found that YAP nuclear localization and Runx2 expression
decreased significantly (Figure 5e). Therefore, we propose that
the heterogeneous surface electric potential microenvironment
enhances BM-MSC osteogenic differentiation through amplify-

ing Itg𝛼5-mediated mechanosensing and downstream mechan-
otransduction events, which involves cell adhesion, spreading,
cytoskeletal reorganization, FAK/ERK signaling cascades, nu-
clear pore enlargement, and YAP/Runx2 nuclear translocation
(Figure 5i). The trigger for this signaling cascade may be the
surface electric potential heterogeneity itself, which promotes
the heterogeneous adsorption mode of ECM proteins, such as
FN, thereby stimulating increased integrin clustering and FA for-
mation, which in turn enhances osteogenesis via increased cell
adhesion and spreading. Taken together, our results therefore

Adv. Mater. 2023, 35, 2209769 © 2023 Wiley-VCH GmbH2209769 (10 of 13)
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Figure 6. Heterogeneous surface electric potential accelerates bone regeneration in vivo. a) Schematic representation of BTO/P(VDF-TrFE) nanocom-
posite membrane implantation in the bone defect area. b) Representative micro-CT images and sagittal view images of critical-sized rat calvarial full-
thickness defects at 12 weeks post-implantation. Yellow dotted lines denote the boundary between nascent bone and host bone. The yellow dotted
rectangle frames denote the regenerated new bone. c) Quantitative analysis of bone volume and bone mineral density (BMD) (*p < 0.05, **p < 0.01).
d) H&E staining and Masson’s trichrome staining of histological sections at 12 weeks after implantation. (NB, nascent bone; FT, fibrous tissue; OT,
osteoid tissue; MT, mineralized tissue).

identified surface potential heterogeneity as a new key property
of biomaterials that influence osteogenic differentiation of stem
cells.

2.7. Heterogeneous Surface Electric Potential Accelerates Bone
Regeneration In Vivo

We finally evaluated whether the heterogeneous surface electric
potential microenvironment can accelerate bone defect repair.
Polarized BTNF membranes were implanted to cover freshly-
formed 8 mm supercritical-sized calvarial defects in mature rats.
Bone growth was evaluated at 4 and 12 weeks after implanta-

tion. Gross observation indicated conspicuous nascent bone for-
mation within the defect site after 4 weeks and almost complete
bone defect healing after 12 weeks at sites covered with the BTNF
membranes, as compared with BTNP membranes (Figure S12,
Supporting Information). As evidenced by micro-CT analysis,
the defect was filled with homogeneous and contiguously re-
generated mature bone when covered with BTNF membranes
for 12 weeks (Figure 6b), as well as 4 weeks (Figure S14, Sup-
porting Information). As expected, micro-CT analysis showed
that the polarized BTNF membranes led to a substantial in-
crease in the amount of regenerated bone volume, even though
there was no significant difference in the bone mineral density
(BMD) between the BTNF and BTNP groups during implantation

Adv. Mater. 2023, 35, 2209769 © 2023 Wiley-VCH GmbH2209769 (11 of 13)
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(Figure 6c). As evidenced by X-ray detection, the nascent bone
is indistinguishable from the surrounding host bone after im-
plantation of the polarized BTNF membranes for 12 weeks
(Figure S13, Supporting Information).

Histological analysis revealed that the polarized BTNF mem-
branes facilitated improved new bone formation that led to al-
most complete healing with flat and contiguous bone-structure
formation and full bone maturity after 12 weeks implantation,
as seen from the H-E staining images. By contrast, in the po-
larized BTNP membranes group, there was a lack of complete
and continuous healing with regenerated host tissues appear-
ing only when the observation time was extended to 12 weeks
(Figure 6d). Further analysis with Masson’s trichrome staining
revealed that mature osteoid tissue was present within the cen-
tral region of the defect after 12 weeks implantation of the polar-
ized BTNF membranes, whereas a large amount of fibrous con-
nective tissue still occupied the center of the defect implanted
with BTNP membrane (Figure 6d). These results thus indicate
that polarized BTNF composite membranes can accelerate the
supercritical-sized calvarial defect repair process through main-
tenance of a heterogeneous electrical microenvironment.

3. Conclusion

This study demonstrates that the heterogeneous distribution of
surface potential on BTNF/P(VDF-TrFE) nanocomposite mem-
brane could be achieved by switching from BTO nanospheres to
BTO nanofibers and optimizing the aspect ratios of BTNF fillers.
Furthermore, our work indicates that intracellular mechan-
otransduction mediated by changes in cytoskeletal organization
and YAP/Runx2 nuclear translocation within BM-MSCs could
be the underlying mechanisms by which heterogeneous distri-
bution of surface electric potential promotes osteogenesis. Con-
sequently, the membranes with heterogeneous surface electric
potential enhance bone regeneration in vivo. Our findings thus
suggest that surface potential heterogeneity at the micro- and
nanoscale should be considered a key parameter in biomaterial
design, which might provide a new strategy for tissue regenera-
tive therapies.
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Supporting Information is available from the Wiley Online Library or from
the author.
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