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ARTICLE INFO ABSTRACT

Keywords: Guided bone regeneration is widely applied in clinical practice to treat alveolar bone defects. However, the rate of
E!ectrlc microenvironment healing of severe alveolar bone defects is slow, and there is a high incidence of soft tissue wound dehiscence. In
Piezoelectric . this study, we propose a barrier membrane with a Janus electro-microenvironment (JEM) to achieve side-selective
Guided bone regeneration . . . . . s

Osteogenic bone regeneration and soft tissue healing. The JEM membrane was constructed using a polarized polyvinylidene

fluoride ferroelectric membrane with different surface potentials on either side. It promoted osteogenic differ-
entiation and bone regeneration on the negatively polarized side (JEM-) and soft tissue regeneration on the
positively polarized side (JEM+). Further investigation revealed that the JEM-mediated promotion of bone for-
mation was related to mitochondrial autophagy, as indicated by depolarization of the mitochondrial membrane
potential and the expression of LC3, Pink I, and Parkin. Moreover, the gingival healing promoted by JEM+ was
related to oxidative phosphorylation in mitochondria, as indicated by the upregulation of mitochondrial com-
plexes I-V and an increase in ATP generation. The design concept of the JEM provides a new avenue for regu-
lating tissue regeneration between different tissue interfaces.

Janus membrane

1. Introduction

Alveolar bone defect repair constitutes a great challenge in the field of
dental implants. To reconstruct a microenvironment for bone regenera-
tion during alveolar bone defects, guided bone regeneration (GBR) is
widely used in clinical practice. In this method, a barrier membrane is
placed between the bone defect and gingival tissue with minimal damage
and a low probability of complications. Despite advances in the treatment
of defects through GBR, severe alveolar bone defects continue to exhibit a
slow healing process. To address this problem, researchers have
attempted to modify barrier membranes with the addition of growth
factors or chemicals to promote healing. However, these modifications
are reported to cause extensive soft tissue hematomas, toxic reactions,
and secondary damage to normal tissue in the affected area [1-3].

Severe bone defects are usually accompanied by soft tissue atrophy.
During GBR, the tension in the soft tissue increases when the barrier
membrane above the bone graft is covered with soft tissue, which is likely
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to cause postoperative complications. The incidence of GBR-associated
wound dehiscence and bio-membrane exposure is reportedly 22.7%
[4-6], leading to bacterial colonization and compromising bone regen-
eration, eventually causing bone augmentation failure [7]. Therefore,
improving gingival healing and stimulating bone regeneration are
two-fold challenges in treating severe alveolar bone defects. The key to
addressing this problem lies in reconstructing the microenvironment
using a barrier membrane with a two-sided design for achieving bone
regeneration and gingival healing, respectively, for GBR.

Both osteoblasts and fibroblasts, involved in the growth of bone and
soft tissue, respectively, respond to electric stimuli, and bioelectric sig-
nals could be critical for mediating their growth [8]. Several studies have
shown that the application of external current and electrical stimuli can
induce bone formation and promote fracture healing [9-11]. In ortho-
pedics, electrical stimulation has been used to treat bone nonunion
[12-14]. In addition, electrical signals regulate the proliferation and
migration of fibroblasts and stimulate them to secrete collagen, which
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promotes wound healing [15,16]. These studies indicate the possibility
of designing innovative barrier membranes with different electrical
properties. Furthermore, recent studies have focused on utilizing the
intrinsic electric properties of biomaterials to regulate cell activity and
tissue regeneration [17-20]. Thus, we hypothesized that selective bone
regeneration and soft tissue healing can be effectively achieved by
designing strategies involving the manipulation of electric properties on
barrier membranes to generate an electric microenvironment.

The current generation of GBR membranes are designed to exhibit
space-maintaining properties, antibacterial properties, and wound heal-
ing and bone regeneration properties [21-23], but lack the ability to
induce a Janus electro-microenvironment (JEM) for bone and soft tissue
regeneration. Recently, JEM membrane is a hot research topic in GBR
application, many studies prepared excellent Janus membranes for GBR,
which possessed osteoinduction and barrier functions [23,24]. While
improving gingival healing is also important, the rapid healing of
gingival ensures new bone formation. Thus, the engineering of JEM GBR
membranes (combining built-in localized electrical stimuli with
double-side hetero electricity) that can simultaneously induce osteo-
genesis and enhance gingival healing, eventually achieving a favorable
clinical effect, is needed.

Ferroelectric polyvinylidene fluoride (PVDF)-based materials are
biocompatible, flexible, and can easily be processed or produced. Their
surface potential can also be regulated to enhance bone tissue regener-
ation [25-28]. As PVDF-based ferroelectric materials exhibit sponta-
neous polarization characteristics, the direction of an electric dipole can
be changed to regulate the surface potential on either side of the mem-
brane. In this study, we propose a JEM-inducing PVDF-based polarized
barrier membrane for GBR application. As shown in Scheme 1, after
polarization, the JEM P(VDF-TrFE) membrane was inserted between the
damaged gingival tissue and the bone defect. Based on the growth
properties of osteoblasts and fibroblasts on charged surfaces shown in
previous studies, we hypothesized that the JEM membrane can simul-
taneously promote gingival tissue healing and bone regeneration in
alveolar bone defects. The effectiveness of osteogenesis and soft tissue
regeneration on the developed JEM membrane and the underlying
mechanisms involved were studied in vitro and in vivo.

2. Materials and methods
2.1. Fabrication of JEM membranes

poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) mem-
branes with a thickness of approximately 45-60 pm were fabricated
using a solution casting technique, as described previously [29].
P(VDF-TrFE) (70/30 mol%) powder was supplied by Arkema, France.
P(VDF-TrFE) powder (2 g) was added to 20 mL of N, N-dimethylforma-
mide. After stirring and heating to 60 °C for 1 h, the suspension was
poured on a smooth glass to form a membrane with a consistent thick-
ness. For polarization, a voltage of 6 kV/mm was applied between the
electrodes for 1 h, then cooled to 25 °C. By precisely controlling polari-
zation conditions, the epitaxial surfaces of electrical signal response
P(VDF-TrFE) membranes with opposite polarization [JEM(+), JEM(—)]
were successfully fabricated, and the non-polarized P(VDF-TrFE) mem-
branes were used as the control.

2.2. Characterization of JEM membranes

The JEM membrane was sprayed with a gold layer to improve con-
ductivity, and the surface morphology was observed using a scanning
electron microscope (JSM6300, JEOL, Peabody, MA, USA). The phase
composition of the JEM membrane was examined using X-ray diffraction
(XRD Bruker AXS Inc, Germany). The surface hydrophilicity of the
samples was evaluated by water contact angle measurements (Filderstadt
OCA15 device), using distilled water as the test liquid. The mechanical
properties were assessed using a universal mechanical machine
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Scheme 1. Schematic illustration of the Janus electro-microenvironment
(JEM) membrane. JEM is based on a polarized poly(vinylidene fluoride-co-
trifluoroethylene) (P(VDF-TrFE)) membrane to promote surface-selective
osteogenesis/gingival healing. The direction of electrical dipoles of the P(VDF-
TrFE) membrane is reoriented after external electric field polarization, result-
ing in the formation of a JEM membrane due to surface potential transition on
the different surfaces of the ferroelectric P(VDF-TrFE) membrane. The electro-
microenvironment of the positively polarized side of the P(VDF-TrFE) mem-
brane is denoted as JEM(+) and the electro-microenvironment of the negatively
polarized side is denoted as JEM(—). When the JEM membrane is placed be-
tween the bone defect and gingival tissue defect, JEM(+) promotes soft tissue
regeneration by stimulating mitochondrial oxidative phosphorylation, which
could produce ATP and provide energy for cellular metabolism and biosynthesis,
while JEM(—) promotes bone tissue regeneration by stimulating mitophagy,
which could speed up mineral transportation and deposition. The short red ar-
rows denote the direction of an electric dipole in the JEM membrane. Dotted
lines denote the boundaries of the new soft tissue formed.

(INSTRON-5967, USA) for tensile and elastic tests. In order to charac-
terize the piezoelectric properties of the P(VDF-TrFE) membrane, the
polarization—electric field (P-E) hysteresis loops at room temperature
were detected using a ferroelectric tester (TF Analyzer 3000, aixACCT,
Germany) under a triangular waveform at a frequency of 0.5 Hz and
maximum field amplitude of 8 kV/mm. The piezoelectric coefficient
(d33) of JEM membranes was measured by the ds3 Piezoelectric
Measuring Instrument (ZJ-3AN, IACAS, Beijing, China). Scanning Kelvin
probe force microscopy (SKPFM) (MFP-3D-SA, Asylum Research, US)
was used to quantitative detect the surface potential of P(VDF-TrFE). Pt-
coated Si probes (SCM-PIT, spring constant of 4 N m1, Bruker) were used
for KPFM measurement.

2.3. Cell culture on JEM membrane

The rat bone marrow-derived mesenchymal stem cells (rBMSCs)
(Cyagen Bioscience Inc., Guangzhou, China) were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS), 100 mg/mL strepto-
mycin, and 100 units/mL penicillin. The human gingival fibroblasts
(hGFs) (ATCC® CRL-2014™ Homo sapiens gingival biopsy normal,
Manassas, VA, USA) were cultured in DMEM supplemented with 10%
FBS, 4.5 g/L glucose, 100 mg/mL streptomycin, and 100 units/mL
penicillin. Cells from passages 2-4 were used in the experiments. The
culture medium was changed every three days. In all experiments, the
JEM membrane was cut into a standard size of 1.5 x 1.5 cm and sterilized
with 75% alcohol solution for 4 h.
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2.4. Cell proliferation assay

rBMSCs and hGFs were seeded on sterilized JEM membrane at a
density of 2 x 10* cells/well in 24-well plates, and cultured for 1, 3, and
5 d. To evaluate cell proliferation, the medium was replaced with a
culture medium containing 10% CCK-8 kit solution (Beyotime Biotech-
nology Inc., Shanghai, China), and incubated at 37 °C for 30 min. The
absorbance of each well was recorded at 450 nm using a microplate
reader.

2.5. Alkaline phosphatase (ALP) activity assay

rBMSCs were seeded on the sterilized JEM membrane at a density of
5 x 10° cells/well in 12-well plates, and the medium was then replaced
with osteogenic differentiation medium, which consisted of complete
growth medium, supplemented with 10 mmol/L glycerophosphate, 50
mg/L ascorbic acids, and 100 nmol/L dexamethasones. After culturing
for 3 and 7 d, rBMSCs were washed three times with phosphate-buffered
saline (PBS). For ALP staining, cells were fixed in 4% paraformaldehyde
for 30 min and subsequently stained with ALP staining solution (Beyo-
time Biotechnology Inc.) for 30 min. ALP activity was evaluated using the
ALP assay kit (Beyotime Biotechnology Inc.) according to the manufac-
turer's instructions. The results are shown as relative ALP activity after
normalization with the total protein concentration.

2.6. Alizarin red staining for mineralization

rBMSCs were seeded on the sterilized JEM membrane at a density of
5 x 10° cells/well in 12-wells plates, and the medium was then replaced
with an osteogenic differentiation medium. After culturing for 7, 14, and
21 d, cells were fixed in 4% paraformaldehyde for 30 min, and subse-
quently stained with the Alizarin Red S solution (Sigma-Aldrich, St.
Louis, MO, USA) for 30 min. For quantitative analysis, the Alizarin Red
stain on the membrane was dissolved in 10% cetylpyridinium chloride
(Sigma-Aldrich) and the absorbance was read at a wavelength of 620 nm.

2.7. Cytoskeleton and nucleus staining

rBMSCs and hGFs were seeded on the sterilized JEM membrane at a
density of 5 x 10° cells/well in 12-well plates. After culturing for 3 d,
cells were washed three times with PBS and subsequently fixed with 4%
paraformaldehyde. To image the cytoskeleton, cells were incubated with
FITC-Phalloidin (Yeasen, Shanghai, China) for 1 h and subsequently
stained with DAPI (Beyotime Biotechnology Inc.) for 10 min, according
to the manufacturer's instructions. The images were acquired using a
confocal laser scanning microscope (Carl Zeiss, Jena, Germany).

2.8. Quantitative real-time polymerase chain reaction (qPCR) analysis

rBMSCs and hGFs were seeded on the sterilized JEM membrane at a
density of 5 x 10° cells/well in 12-well plates, and the medium was then
replaced with an osteogenic differentiation medium. Total RNA was
isolated using TRIzol reagent (Invitrogen, Waltham, MA, USA) on the
indicated days. The RNA was subsequently reverse-transcribed into
complementary DNA (cDNA) using a PrimeScript RT reagent kit (Takara
Bio Inc., Shiga, Japan). gPCR was performed using a 7500 real-time PCR
System (Applied Biosystems, Carlsbad, CA, USA). The mRNA transcripts
included in the study were Runx2, Ocn, Opn, Col 1, Pinkl, Parkin, Lc3,
FAK, Fn, and Gapdh. The primer sequences for the same are shown in
Table 1. Results were calculated using the 2-AACt method and presented
as fold-change relative to the control (GAPDH).

2.9. Western blotting analysis

Total protein was derived from the rBMSCs and hGFs on the JEM
membrane using RIPA buffer (Beyotime Biotechnology Inc.) on the
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Table 1
Real-time PCR Primer sequences.

Target genes  Forward sequence (5'-3') Reverse sequence (5'-3")

Runx2 GACGAGGCAAGAGTTTCACC GGTTCCCGAGGTCCATCTAC
Ocn CTCACACTCCTCGCCCTATT CGCCTGGGTCTCTTCACTAC
Opn GCCGAGGTGATAGTGTGGTT ACTCCTCGCTTTCCATGTGT
Col I AGAGGAAGGAAAGCGAGGAG GGACCAGCAACACCATCTG
Pink1 GGACGCTGTTCCTCGTTA ATCTGCGATCACCAGCCA
Parkin AACCGGTACCAGCAGTATGG TTCGCAGGTGACTTTCCTCT
Le3 AGCAGCATCCAACCAAAA CTGTGTCCGTTCACCAACAG
FAK GAAGCCTTGCCAGCCTCA GTGGGGCTGGCTGGATTT

Fn GTCAGCCCAACTCCCACC TTGGTGGCCGTACTGCTG
GAPDH CTGGAGAAACCTGCCAAGTATG GGTGGAAGAATGGGAGTTGCT

indicated days, and the total protein concentration was evaluated using a
BCA protein assay kit (Bestbio, China). Proteins were separated using
electrophoresis on a polyacrylamide gel plate and subsequently trans-
ferred to polyvinylidene difluoride membranes. The membranes were
blocked with 5% BSA and incubated with anti-RUNX2, anti-OPN, anti-
OCN, anti-COL I, anti-LC3, anti-PINK1, anti-Parkin, anti-Fak, anti-Fnl,
anti-Complex I, Complex II, Complex III, Complex IV, Complex V (Abcam,
Inc., Cambridge, UK) overnight at 4 °C. The membranes were then
washed with TBST solution thrice, and incubated with horseradish
peroxidase-conjugated secondary antibodies before visualization. Pro-
tein expression levels were normalized to that of GAPDH. The protein
bands were visualized using enhanced chemiluminescence (ECL) reagent
(Beyotime Biotechnology Inc.). Protein levels were quantified using
Image J analysis software.

2.10. Mitochondrial membrane potential assay

rBMSCs were seeded on the sterilized JEM membrane at a density of
2 x 10* cells/well in 12-well plates, and the medium was then replaced
with an osteogenic differentiation medium. After culturing for 7 d, the
cells were washed with PBS, and the mitochondrial membrane potential
(MMP) assay was performed using JC-1 dye (Beyotime Biotechnology
Inc.). Briefly, the JC-1 dye solution was mixed according to the manu-
facturer's instructions, and incubated with the cells at 37 °C for 30 min.
For quantitative analysis, cells were collected by trypsin without EDTA
and then incubated with the working solution in suspension for 20 min,
subsequently resuspended in the basic medium. Fluorescence intensity
was measured by flow cytometry and the emission ratio was detected at a
ratio of 525/590 nm at six replicated times.

2.11. Transwell assay of hGFs

hGFs were pipetted (2 x 10* cells/well) into the top of the transwell
chambers (BD FalconTM Cell Culture Inserts, BD Biosciences, Bedford,
MA, USA) for migration analysis. The JEM membrane was placed at the
bottom of the chamber which contained 200 pL serum-free medium as a
physical attractant. Cells were incubated at 37 °C for 24 h. Cells in the
lower membrane were fixed with 4% paraformaldehyde and stained with
crystal violet for 30 min. After that, Cells were recorded under a micro-
scope and quantitatively analyzed using ImageJ software.

2.12. Wound healing assay of hGFs

hGFs were seeded on the JEM membrane into a 6-well plate (3 x 10*
cells/well) and cultured at 90% cell confluence. A 200 pL sterile pipette
tip was used to create an artificial scratch. The scratched areas were
observed at 0, 6, 12 and 24 h, respectively. The distance of cell migration
was observed under a microscope, and quantitatively analyzed using
ImagelJ software.
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2.13. The mitochondrial function of hGFs

The XF 24 Extracellular Flux Analyzer (Seahorse Bioscience, North
Billerica, MA, USA) was used to measure the oxygen consumption rate
(OCR). The hGFs were seeded on the membranes at a density of 3 x 104
cells/well in a 6-well plate. After culturing for 1 d, cells were collected
using trypsin, seeded (1.2 x 10*/well) on XF 24-well microplates, and
incubated for 24 h at 37 °C in 5% CO,. After replacing the medium with
bicarbonate-free DMEM XF assay medium, which was supplemented
with 10 mM glucose, 2 mM r-glutamine, and 1 mM pyruvate, the plates
were pre-warmed at 37 °C. Microplates were pre-incubated in a 37 °C
incubator without CO; for 1 h prior to the experiment. A total of 56 pL
oligomycin was added through port A of the analyzer to each well, along
with 62 pL FCCP through port B, and 69 pL rotenone through port C. Each
step had three cycles, including mixing for 3 min, waiting for 2 min, and
measurement time for 3 min.

2.14. Rat mandibular defect and palatal wound healing experiment

78 six-week-old male SD rats weighing 180 + 20 g were used for the
study. All rats were housed under specific pathogen-free (SPF) conditions
at the animal experimental center of Southern Medical University. The
research protocol was approved by the Institutional Animal Care and Use
Committee of Southern Medical University (Protocol no. 2019080).

For the rat mandibular defect experiment, a total of 24 rats were
randomly divided into three groups (n = 8 for each group). To establish
mandibular defects, the mandibular angle was exposed and a critical-size
bone defect (4 mm) was made by trephine drill under general anesthesia.
The mandibular defect was covered with the JEM and the control
membrane. The membrane is inserted between the bone and periosteum
to cover the defect completely. The muscle and skin were sutured hier-
archically to achieve primary healing. All rats were sacrificed at 4 weeks
and 8 weeks.

For the rat palatal wound healing experiment, a total of 54 rats were
randomly divided into three groups (n = 6 for each group). To establish
palatal wound healing defects, a critical round wound (3 mm) was made
by biopsy punch under general anesthesia. The mucoperiosteal at the
center of the hard palate defects was removed. Finally, the membrane
was inserted and fixed under the surrounding mucoperiosteal. During the
experiment, we don't observe any changes in the behavior or weight of
the rats. All rats were sacrificed at 7, 14, and 21 days.

For micro-computed tomography (micro-CT) scanning, a quantitative
micro-CT DELPet uCT 100 scanners (Delta, Taiwan) was used at 80 keV,
114 pA, and an isotropic resolution of 22.5 pm. After three-dimensional
reconstruction, the representative sections were cut from a vertical view.
Standard resolution mode was used to quantify the microstructural
properties of the bone. The results were analyzed using the built-in
software. Image J software was used to measure the percentage area of
the newly formed bone in each of the measured regions.

A digital camera was used to observe the wound-healing defects and
analyze the wound-healing areas at a standard distance and magnifica-
tion. A scientific ruler was also placed within the photographic area to
confirm accuracy. The wound margins (unhealed area) were marked to
calculate the mean wound surface area with Image J using the ruler in the
photograph as a scale reference.

All samples were fixed in 4% paraformaldehyde for 1 d. Samples of
mandibular and palatal defects were dissected and decalcified in 10%
EDTA for 8 w, and then 18% EDTA for 2 w. After dehydration through a
graded ethanol series, the tissues were embedded in paraffin. All speci-
mens were continuously sectioned along the axial plane at 4 pm intervals,
until the defect areas were reached. All specimens were evaluated for
histomorphometry, and samples were stained using hematoxylin and
eosin (HE) staining methods.
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3. Results and discussion
3.1. Characterization of the JEM(+)/JEM(—) membrane

P(VDF-TrFE), a copolymer of PVDF, that possesses the desired elec-
troactive § phase was fabricated via a solution casting method (Fig. 1a).
X-ray diffraction (XRD) patterns indicated that the P(VDF-TrFE) mem-
brane contained a high p phase content (Fig. 1b), and thus was expected
to exhibit an increased piezoelectric response. The hydrophilicity of the
JEM membranes was also tested (Fig. S1). The differences in water
contact angle were not significant between the groups. Tensile strength
and the elastic modulus of JEM membranes decreased compared with the
control group. (Fig. S3). According to a previous study, the tensile
strength and elastic modulus changes on this scale will not affect osteo-
genesis [30]. The polarization-electric field (P-E) hysteresis loop at room
temperature of the JEM membrane showed that the P(VDF-TrFE) mem-
brane used for preparing the JEM membrane exhibited an oval-shaped
loop with a relatively low-intensity electric field, indicating the good
polarization properties of the membrane (Fig. S2). We also performed
electric polarization to direct the electric dipole to induce different sur-
face potentials on different sides of the P(VDF-TrFE) membrane. Analysis
of the piezoelectric constant ds3 suggested that the P(VDF-TrFE) mem-
brane was polarized with an equal absolute ds3 value (d33 = 10.48 +
1.28 pC/N) on either side. The remnant polarization of the P(VDF-TrFE)
membranes ensured the transition of the surface potential. SKPFM was
used to characterize the surface potential of both sides of the polarized
P(VDF-TrFE) membrane, and the results indicated that the surface po-
tential of the positively polarized surface (JEM(+)) was more than 240
mV higher than that of the negatively polarized surface (JEM(-)) (Fig. 1¢
and d). These results confirmed the development of appropriately
charged surfaces on the JEM membrane. To test the piezoelectric stability
of the membranes, they were immersed in Dulbecco's modified Eagle's
medium solution for 30 days. A ds3 value of 9.51 + 0.64 pC/N was
recorded for the immersed samples at the end of 30 days, which is close
to the original dsg value.

3.2. Cell viability on either side of the JEM membrane

Cell viability was measured to assess the difference in cytocompati-
bility between the two sides of the JEM membrane. rBMSCs and hGFs
were co-cultured with the JEM membrane, respectively. The cell

20
26 (degree)

Fig. 1. Characterization of the JEM membranes. (a) SEM image and (b) XRD
patterns of the P(VDF-TrFE) membranes. (c, d) SKPFM surface potential image
of the positively and negatively polarized sides of the P(VDF-TrFE) membranes.
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counting kit 8 (CCK-8) assay (Fig. 2a) and lactate dehydrogenase (LDH)
assay (Fig. S4) were used to evaluate the biocompatibility of the JEM
membranes. The results showed no significant difference in LDH activity
between the JEM membrane and the control membrane on rBMSCs and
hGFs. In the CCK8 assay, the proliferation rate of rBMSCs was higher for
cells cultured on the JEM(—), whereas the proliferation rate of hGFs was
higher for cells cultured on the JEM(+) at 3 and 5 days. These results
show that the polarized JEM membranes promoted cell proliferation. The
JEM(—) promoted rBMSC proliferation better, whereas the JEM(+)
promoted hGFs proliferation better.

Cell morphology represents the cell growth and spreads status.
Therefore, cytoskeleton and nuclear staining were performed on rBMSCs
and hGFs on the JEM(—) and JEM(+) and control membranes to observe
differences in cell morphology. The images of the cytoskeleton (Fig. 2b)
showed that rBMSCs cultured on the JEM(—) had an extended
morphology and increased cell surface area compared with those
cultured on the JEM(+) or control membranes. However, gingival fi-
broblasts cultured on the JEM(+) membrane showed a better and more
intensive spread than those cultured on the JEM(—) or control mem-
branes. Cell morphology and function are closely related [31]. Therefore,
rBMSCs on the JEM(—) membrane and hGFs on the JEM(+) membrane
may have better biofunctions.

3.3. In vitro osteogenic differentiation on the JEM membrane

ALP activity and mineral deposition assays were performed to study
the osteogenic performance of rBMSCs cultured on the JEM membranes
(Fig. 3a). Massive blue-stained aggregates representing ALP were
detected on both JEM(—) and JEM(+) membranes at 7 days, but were
more apparent on the JEM(—) membrane. Alizarin red staining showed
that rBMSCs cultured on the JEM(—) membrane secreted larger amounts
of mineralization nodules than those cultured on the JEM(+) and control
membranes at 21 days (Fig. 3a). Quantitative results of ALP and alizarin
red staining results indicated that the ALP activity and mineralization of
rBMSCs cultured on the JEM(—) membrane were the highest among the
three groups (Fig. 3b and c). The expression of osteogenic genes,
including Runx2, Ocn, Coll, and Opn, was also evaluated (Fig. 3d). Runx2
expression was measured at 3 and 7 days, and Ocn, Opn, and Coll
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expression were measured at 14 and 21 days. The results showed that the
transcription levels of Runx2 cells on both JEM(—) and JEM(+) mem-
branes were upregulated, but were higher on the JEM(—) than on the
JEM(+) membranes. Ocn, Col I, and Opn were upregulated on the JEM(—)
membrane, whereas the difference in expression levels between JEM(+)
and control membranes was not significant (Fig. 3d). Protein expression
results (Fig. 3e and f) showed that RUNX2, OCN, COL I, and OPN were
highly expressed in cells cultured on the JEM(—) membrane at 14 days.
In addition, the expression levels of OPN and OCN on the JEM(+)
membrane were higher than those on the control membranes but lower
than those on the JEM(—) membrane. Both gene and protein levels
indicated that JEM(—) effectively promoted the osteogenic differentia-
tion of rBMSCs, whereas only a few osteogenic indices of JEM(+) were
upregulated, indicating that JEM(—) is better than JEM(+) for bone
regeneration. These results confirmed that the osteogenic performance of
GBR membranes can be regulated via the electric microenvironment,
which is consistent with a previous study [30,32,33].

3.4. Invitro hGFs migration efficiency on the JEM membranes

Next, we evaluated the effect of the JEM membranes on hGFs
behavior, which is closely related to soft tissue healing. During the period
of tissue healing, fibroblasts first migrate to the wound, and then pro-
liferate and differentiate to repair damaged tissue [13,15,16]. Thus, to
further study which side of the JEM membrane promotes soft tissue
healing better, a transwell assay was carried out to analyze hGFs
migration on the JEM membranes. The migratory ability of hGFs on the
JEM(+) membrane was better than that on the JEM(—) and control
membranes (Fig. 4a and b, Fig. S5).

Studies have shown that cell migration is affected by many factors,
including signal transduction, the cytoskeleton, and focal adhesions [34].
FAK is a tyrosine-protein kinase that plays an important role in signal
transduction and acts as a central node of the integrin signaling axis,
regulating the formation of focal adhesions during cell migration [35].
Fibronectin is a macromolecular glycoprotein that is a key substance that
promotes wound healing. Col I makes up the extracellular matrix and
participates in cell migration. Therefore, PCR was used to detect the
transcription levels of migration-related genes (Fak, Fnl, and Col I). The

Fig. 2. Biocompatibility of rBMSCs and hGFs on
the JEM membrane. (a) CCK8 assay for rBMSCs and
hGFs grown on JEM(+), JEM(-), and control mem-
branes at 1, 3, and 5 days, n = 6. (b) Immunofiuor-
escence images of the cytoskeletal network
(phalloidin, green) and nuclei (DAPI, blue) of rBMSCs
and hGFs on JEM(+), JEM(-), and control mem-
branes at 3 days. The scale bar in b is 100 pm *p <
0.05, compared with Control; #p < 0.05, compared
with JEM(+). Statistically significant differences (p <
0.05) were measured using a one-way analysis of
variance (ANOVA) combined with the Stu-
dent-Newman—Keuls (SNK) multiple comparison post
hoc test.
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Fig. 3. Evaluation of osteogenesis in rBMSCs grown on JEM membranes. (a) Images of ALP staining (blue) and Alizarin red staining (red) of rBMSCs at 7 and 21 days.
Insets show macroscopic images. The scale bar in (a) is 100 pm. (b and ¢) Quantitative analysis of ALP activity and Alizarin red staining, n = 6. (d) qRT-PCR analysis of
osteogenesis-related gene expression (Runx2, Ocn, Coll, and Opn) in rBMSCs on JEM(+), JEM(-), and control membranes at the indicated days, n = 9. (e and f)
Western blot of osteogenesis-related proteins in rBMSCs on JEM(+), JEM(-), and control membranes at 14 days, n = 6. *p < 0.05, compared with Control; #p < 0.05,
compared with JEM(+). Statistically significant differences (p < 0.05) were measured using a one-way analysis of variance (ANOVA) combined with the Stu-

dent-Newman-Keuls (SNK) multiple comparison post hoc test.

results showed that the transcription levels of FAK, FN1 and COLI were
upregulated in hGFs on the JEM(+) membrane at 24 h (Fig. 4c). Western
blot results also showed that FAK, FN1, and COLI were highly expressed
on the JEM(+) membrane at 24 h (Fig. 4d). The above results show that
the JEM(+) membrane can better increase cell migration. The osteogenic
and migration results confirm that the JEM membrane provides different
electric microenvironments on either side to promote bone regeneration
and wound healing, which is expected to realize surface-selective
osteogenesis/gingival healing performance for GBR.

3.5. In vivo bone regeneration by the JEM membranes

To verify the effects of the JEM membrane on bone defects in vivo, 6-
week-old SD rats (180 + 20 g, male) with freshly formed critical-sized
round mandibular defects (4 mm diameter) were surgically implanted
with JEM(+), JEM(-), and control membranes (Fig. S6). Bone growth
was evaluated at 4 and 8 weeks after implantation. At 4 weeks, as evi-
denced by micro-CT detection, the edge of the defects was filled with new
bone, and a small area in the middle of the defects was left empty when
covered with the JEM(—) membrane; similarly, a small empty area
existed when covered with the JEM(+) membrane. When using the
control membrane, a large area was exposed in the middle of the defects
and a small amount of new bone was formed on the edge of the defect. At

8 weeks, the defect was filled with a homogeneous and consecutive re-
generated mature bone when covered with the JEM(—) membrane, but a
small empty area still existed in the middle of the defects when covered
with the JEM(+) membrane, and a large empty area was still exposed
when covered with the control membrane (Fig. 5a). The values of bone
volume/total volume (BV/TV, %), which reflect the quantity of the new
bone formed, were higher in the JEM(—) group than in the other groups
after 4 and 8 weeks (Fig. 5b).

H&E staining was performed to further study the newly formed bone.
As shown in Fig. 5c, the new trabecular bone was thicker, the bone
marrow cavity formation was irregular, and the fibrous connective tissue
was thin when covered with the JEM(—) membrane for 4 weeks. By
contrast, in the JEM(+) group, the new trabecular bone was relatively
small, and the fibrous connective tissue was thicker; in the control group,
the fibrous connective tissue occupied the bone defect and few new bone
formations were observed after 4 weeks. At 8 weeks post-surgery, the
new bone almost covered the entire bone defect area in the JEM(-)
group, with the new bone having lamellar collagen fibers and the pres-
ence of osteocytes in lacunae, indicating a compact bone; moreover, few
fibrous connective tissues were visible. In the JEM(+) group, new bone
formation and thin fibrous connective tissue were observed. In the con-
trol group, abundant fibrous tissue occupied the defect area, and very few
new trabecular bones formed a reticular structure with substantial
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Fig. 4. Cell migration of hGFs on JEM membranes. (a
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interspace. These results indicate that JEM(+)/JEM(—)-composite
membranes can trigger fast bone repair processes because of their
electro-microenvironment and that the JEM(—) membrane has the
strongest effect on osteogenesis (Fig. 5c). Biomaterial-mediated immune
response is a critical factor to determine the cell fate as well as the tissue-
regenerative outcome [26,36]. Results shown that the inflammatory re-
action of electro-microenvironment are slight compared to control group
(Fig. 5¢). A Study showed that when the polarized membrane is covering
the bone defect area, the polarized materials created a favorable
osteo-immunomodulatory environment, thus promoting osteogenic dif-
ferentiation [37]. Our study shown the same results that the JEM(-)
membrane effectively promoted the osteogenic differentiation of rBMSCs
in vitro and the bone defect was filled with homogeneous and consecutive
regenerated mature bone in vivo. This might be relate to
biomaterial-mediated immune response, the mechanism still needs to be
explored. Overall, bone defect healing was significantly improved after
treatment with the JEM(—) membrane, which is consistent with the re-
sults of the in vitro osteogenic experiment. This can be attributed to the
electro-microenvironment-regulated proliferation and differentiation of
rBMSCs.

3.6. In vivo gingival healing by the JEM membranes

To verify the gingival healing ability of the JEM membranes in vivo,
rat palatal wounds (3 mm diameter) were surgically covered with either
JEM(+) or JEM(—) membrane. The rats were euthanized on days 7, 14,
and 21. Evaluation of the wound surface area was performed using
ImageJ. The result showed that the palatal wounds of the controls and
rats implanted with JEM showed no physiological abnormalities during
the experiment. The wound surface area visually indicated that the
palatal wounds of the controls and rats implanted with JEM showed no
physiological abnormalities during the experiment. The wound surface
area was not completely epithelized on day 7 and was readily distin-
guished from the undamaged intact tissue that was pale pink in color

(Fig. 6a). Further statistical analysis showed that the wound surface area
of the JEM(+) group was smaller than that of the JEM(—) and control
groups on day 7 (Fig. 6b). On day 14, the wounds in the JEM(+) group
were covered by epithelium, and the central depression was smaller than
that in the JEM(—) and control groups (Fig. 6a). Again, the wound sur-
face area of the JEM(+) group was smaller than that of the JEM(—) and
control groups (Fig. 6b). On day 21, the wounds in the JEM(+) group
were completely healed and flattened, whereas those in the JEM(—)
group were not completely flattened. The surface mucosa of the control
group was thin and sunken (Fig. 6a). There were no significant differ-
ences in the wound healing area among the three groups (Fig. 6b).
Finally, we observed the new tissue formed above the JEM membrane
and measured the maximum distance of the non-epithelialized area in
H&E-stained sections (Fig. 6d). On day 7, the width of the wound in the
JEM(+) group was significantly reduced and the wound tissue showed
densely granulated structure accompanied by the proliferation of capil-
laries and an increase in the number of fibroblasts. In the JEM(—) group,
the new tissue was disordered and loosely granulated, whereas the
control group had less newly granulated tissue overall (Fig. 6d and
Fig. S7a). On day 14, in the JEM(+) group, the wound was healed with
the formation of stratified squamous epithelium, which was slightly
parakeratotic with numerous rete pegs. Beneath the epithelium, the
collagen fiber network was coarse. By contrast, the fibrous tissue was less
dense, the collagen bundles were thinner, and the rete pegs were smaller
in the JEM(+) group than in the JEM(—) group. The control wound
showed a disordered cellular arrangement and was still not completely
healed. By day 21, the wounds in the three groups had healed, and
collagen fibers in the submucosa increased in number and were arranged
in thicker bundles in the JEM(+) and JEM(—) groups. However, in the
control group, the fibrous tissue was less dense, and the collagen bundles
were thinner (Fig. 6d and Fig. S7a). The difference in the maximum
width of the non-epithelialized area at each time point was significant
during the experiment for each of the three groups. The maximum
healing width of the non-epithelial area in the JEM(+) group was the
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Fig. 5. In vivo bone defect repair experiment using a rat model of mandibular defect implanted with JEM membrane. (a) Reconstructed micro-CT images of critical-
sized rat mandibular defects at 4 and 8 weeks of JEM membrane implantation. Yellow dotted lines denote the original bone defect. The scale bar in a is 1 cm. (b)
Quantitative analysis of bone volume/total volume (BV/TV), n = 3. (c) Histological analysis of newly regenerated bone 4 and 8 weeks after implantation of JEM using
H&E staining. The scale bar in ¢ is 100 pm and 500 pm. M, membrane; F, fibrous tissue; NB, osteoid tissue. All scale bars in ¢ correspond to 100 or 500 pm *p < 0.05,
compared with Control; #p < 0.05, compared with JEM(+). Statistically significant differences (p < 0.05) were measured using a one-way analysis of variance
(ANOVA) combined with the Student-Newman-Keuls (SNK) multiple comparison post hoc test.

smallest, and healing was the fastest (p < 0.05). This is consistent with
the results of the in vitro studies. Thus, the in vivo rat palatal wound
healing model also demonstrated that the JEM(+) membrane promotes
soft tissue healing. Overall, the above results show that, as hypothesized,
the JEM(—) membrane promotes bone regeneration and that the JEM(+)
membrane promotes soft tissue healing.

3.7. Effect of electro-microenvironment on bone regeneration

We have shown that the JEM(—) membrane effectively promotes the
osteogenic differentiation and mineralization of rBMSCs in vitro and
mandible bone defect healing in vivo. A previous study has shown that the
electrical microenvironment regulates the MMP [32], changes that are
closely related to the deposition of calcium phosphate minerals triggered
by mitophagy. Mitophagy is involved in developmental processes that
require mitochondrial clearance, and its impairment drastically alters
mitochondrial function and cell fate in many cell types [11]. Although
augmented autophagic flux has been identified during osteoblast differ-
entiation and mineral nodule formation [38], the role of mitophagy in

osteogenesis promoted by an electro-microenvironment remains unclear.
The MMP of rBMSCs cultured on the JEM(—) membrane for 7 days
showed the highest degree of depolarization, followed by that of those on
the JEM(+) membrane (Fig. S8). Flow cytometry also showed that the
MMP of cells cultured on the JEM(—) membrane was highly depolarized
(Fig. 7a and b). We further investigated autophagy-related genes and
proteins. LC3 is a specific marker of autophagosome formation. The
expression of LC3 increased most notably on the JEM(—) membrane
(Fig. 7c). The PCR results (Fig. 7c) showed an upregulation in the tran-
scription levels of LC3, Pink I, and Parkin on the JEM(—) membrane at 3,
5, and 7 days. Conversely, on the JEM(+) membrane, only the expression
of the LC3 gene was upregulated, and that of the Pink I and Parkin genes
was not significantly different from that in the control group. PINK1 is a
key factor for initiating mitophagy, and the PARKIN signal is required for
mitophagy induction by ubiquitinating mitochondrial proteins [15]. The
results above indicated that the JEM(—) membrane may activate
mitophagy. Activation of the Pink I/Parkin pathway induces mitochon-
drial autophagocytosis, followed by lysosomal digestion and finally the
release of calcium phosphate to the extracellular matrix to promote bone
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Fig. 6. In vivo soft tissue defect repair experiment using a rat model of palatal wounds implanted with JEM membrane. (a) Optical microscopic images of palatal
wound healing after JEM membrane implantation. The scale bar in a is 1 mm. (b) Quantitative analysis of the wound surface healing area after JEM membrane
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generated soft tissue after JEM implantation using H&E staining. The scale bar in c is 500 pm. ST, stratum corneum; E, epithelium; CT, connective tissue; M,
membrane; WD, wound distance. *p < 0.05, compared with Control; #p < 0.05, compared with JEM(+). Statistically significant differences (p < 0.05) were measured
using a one-way analysis of variance (ANOVA) combined with the Student-Newman-Keuls (SNK) multiple comparison post hoc test.

mineralization [39]. Therefore, the osteogenic efficiency of the JEM(—)
membrane was possibly enhanced by the activation of mitochondrial
autophagy.

3.8. Effect of electro-microenvironment on gingival healing

We have shown that the JEM(+) membrane promotes hGFs migration
in vitro and rat palatal gingival healing in vivo. Healing is a complex, high-
energy-demand metabolic process. Mitochondria are the main cellular
organelles that provide energy for metabolism and biosynthesis through
the production of ATP. Studies have shown that ATP is produced through
mitochondrial oxidative phosphorylation (OXPHOS) to support functions
involved in cellular migration, such as adhesion, proliferation, and dif-
ferentiation [40] To explore the mechanism activated by the
electro-microenvironment during wound healing, we focused on the ef-
fect of the electro-microenvironment on fibroblast ATP production. We
used the Seahorse Bioscience XF24 analyzer to evaluate the effect of the
JEM membranes on OXPHOS using the oxygen consumption rate (OCR)
as a marker. The OCR and measurement time(plot) showed that the
JEM(+) membrane increased OCR in hGFs. The basal respiration rate
was measured in hGFs on JEM(+), JEM(—), and control membranes, and
then oligomycin, FCCP, and rotenone were added to detect changes in
OCR at various stages (Fig. 8a). The results showed that the JEM(+)
membrane increased basal respiration (Fig. 8b), maximum respiration
(Fig. 8c), proton leakage (Fig. 8d), ATP production (Fig. 8e), spare
respiration (Fig. 8f), and mitochondrial respiration (Fig. 8g) compared to
those by the JEM(—) and control membranes. OXPHOS occurs primarily
in the inner membrane of mitochondria and is dependent on the electron

transport chain. The main components of the electron transport chain are
complexes I, II, II, IV, and V, which maintain mitochondrial energy
production through a stable proton gradient. Thus, we investigated the
protein expression of complexes I-V. Western blots showed an increased
protein expression in hGFs on the JEM(+) membrane at 24 h (Fig. 8i).
According to these results, the JEM(+) membrane promotes mitochon-
drial OXPHOS, which provides energy for fibroblast metabolism and
biosynthesis, thereby supporting fibroblast migration and proliferation
and finally promoting wound healing (Fig. 8j).

The JEM(—) membrane promoted osteogenic differentiation and
mineralization, which may be related to mitophagy. The JEM(+) mem-
brane promoted the proliferation and migration of hGFs, which may be
related to an acceleration of mitochondrial energy metabolism.
Compared with the clinical membrane, this double-sided hetero-electric
membrane constructs the electrical microenvironment using built-in
localized electrical stimuli. This electrical characteristic might regulate
mitochondrial autophagy and energy metabolism, and then promote
bone regeneration and closure of soft tissue wounds.

4. Conclusion

One of the critical problems of GBR membranes is the ability to reach
a favorable balance between bone regeneration and gingival healing
from the perspective of bionics, particularly when faced with severe bone
defects. Only recently have we come to realize the significance of
addressing JEM in the GBR process. However, to apply this concept to-
ward effective treatment, the ability to combine built-in localized elec-
trical stimuli with precise spatial control and long durability is required.
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Fig. 8. Evaluation of mitochondrial oxidative phosphorylation (OXPHOS) in hGFs grown on JEM membranes. (a) Time course (min) and oxygen consumption rate
(OCR) curve plot for hGFs on JEM(+), JEM(—), and control membranes. hGFs were examined using the Seahorse Bioscience XF24. Quantification was performed for
additional parameters, including (b) basal respiration, (c) maximal respiration, (d) proton leak, (e) ATP production, (f) spare respiration proton leak, and (g)
mitochondrial respiration. (h and i) Western blot of mitochondrial proteins related to OXPHOS (Complexes I, II, III, IV, and V) in hGFs cultured on JEM(+), JEM(-),
and control membranes at 24 h. (j) Schematic illustration of mitochondrial OXPHOS in hGFs grown on the JEM(+) membrane. When the JEM(+) membrane acts on
hGFs, OXPHOS increases and the electron transport chain in the mitochondrial inner membrane is activated. This metabolic pathway drives the synthesis and release
of ATP as an energy source, which is expected to promote the proliferation and migration of hGFs. *p < 0.05, compared with Control; #p < 0.05, compared with
JEM(+). Statistically significant differences (p < 0.05) were measured using a one-way analysis of variance (ANOVA) combined with the Student-Newman-Keuls

(SNK) multiple comparison post hoc test, n = 3.

In this study, we successfully constructed a JEM membrane using the
casting and polarization method. Owing to the heterogeneity of the
electro-microenvironment on the two sides of the membrane-tissue
interface, the JEM membrane could represent a fast and controlled tool
to promote both bone and soft tissue healing. The JEM(—) membrane
effectively promoted the osteogenic differentiation of rBMSCs, which
was demonstrated to be related to the stimulation of mitochondrial
autophagy. The JEM(+) membrane effectively enhanced the prolifera-
tion, migration, and differentiation of hGFs, which was demonstrated to
be related to increased mitochondrial OXPHOS. Therefore, such a
bifunctional barrier membrane, with varied and opposite electrophysi-
ological microenvironments of the two interfaces, that integrates bone
regeneration with wound healing could provide a promising clinical
strategy for oral implant therapy in the future, along with an important
guideline for future interface material design.

This study still has some limitations. For example, P(VDF-TrFE) needs
to improve hydrophilicity and porosity, which are important properties
of implanted materials. Moreover, further experiments are needed to
verify the mechanism of the electro-microenvironment.
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