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ABSTRACT

Bone graft absorption and infection are the major challenges to guided bone regeneration(GBR), yet the GBR membrane is neither osteogenic nor antibacterial.
Hence, we followed sono-piezo therapy strategy by fabricating an electrospun membrane dispersed with boron nitride nanotubes. The PLLA/Gelatine/PDA@BNNT
(PGBT) membrane has improved mechanical and biocompatible properties and generate piezovoltages of 130 mV when activated by ultrasound stimulation under
100 mW/cm? without extra polarization. The PGBT with ultrasound is conducive to cellular osteogenesis, barrier function, and shows antibacterial rate of about 40
%. The rat cranial defect experiments revealed that PGBT with ultrasound could promote osteogenesis in-vivo and show great potentials for vertical bone defect

repair.

1. Introduction

Guided bone regeneration (GBR) is the mainstream clinical method
for alveolar defect reconstruction, it exerts key effect through providing
a hermetic and stable environment for bone healing by utilizing the GBR
membrane, which fixes the bone graft and prevents fibroblasts invasion
into the defect site [1]. However, rapid membrane degradation and bone
graft absorption after surgeries frequently happen during alveolar
remodeling period, with the absorption much faster than the osteo-
genesis, leading to unsatisfactory regenerative result. Moreover, oral
cavity is a constant bacterial environment, postoperative infections
easily occur [2]. Clinically, traditional GBR membrane is only a physical
barrier without antibacterial and osteogenic activity. Researchers have
made efforts to modify it via tissue engineering strategy, which involves
the growth factor, exogenous seed cell and scaffold. However, various
bioactive factors and cells work shortly because of explosive release, and
have faced challenges such as immune responses, cell apoptosis, and
high cost [3], these shortcomings have hindered the application of novel
GBR membrane, a strategy that can work sustainably without mentioned
cons is on demand. Simulating the bioelectric environment of human
bone is recently introduced and studied [4]. Changes in bone’s electrical

signals during movement play an important role in bone remodeling [5],
and artificial electrical stimulation has been proven to produce similar
bioelectrical signals [6], potentially enhancing cellular osteogenic dif-
ferentiation and cellular activity through signaling pathways [7-9].
Sono-Piezo Therapy (SPT) is arousing scholars’ increasing attention
due to its non-invasiveness and controllability [10]. In SPT, artificial
piezoelectric materials are activated through low intensity pulse ultra-
sound stimulation (LIPUS), then the generated electric potentials act as
endogenous electric fields (EnEF) in human bone to assume a guiding
function in osteogenesis [11]. Also, electric fields emanating from
piezo-materials have been found to cause overwhelming potential dif-
ferences and oxidative stress to bacteria, resulting its membrane
breakage and death [12,13]. But previously, extensively researched
bio-piezoelectric substances, such as barium titanate based materials
and poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) based
materials, are ferroelectric, which means that field polarization is
required to charge the materials a intratissue "battery". It has limitations
in duration [14] and faces challenges in internal application [15].
Moreover, barium titanate’s high molecular mass makes it unsuitable for
membrane fabrication, and P(VDF-TrFE) is limited in GBR due to its
non-degradability [16,17]. People are searching for novel piezoelectric
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material to achieve the dual-function.

Boron nitride nanotube (BNNT), structurally similar to carbon
nanotube but with different molecules [18], is recently discovered
favorable piezoelectricity [19]. Relative literature reveals that it can be
directly activated through ultrasound without polarization [20]. With a
molecular weight one-tenth that of barium titanate, it is suitable for
membrane fabricating. Limited researches on BNNT’s application in
tissue engineering, yet it notably enhances mesenchymal stem cell dif-
ferentiation into osteoblasts [21], upregulates osteogenic gene expres-
sion [22,23], reduces reactive oxygen species (ROS) [24], induces
hydroxyapatite deposition [25], promotes osteoblast adhesion and in-
creases osteopontin output [26]. The potential mechanisms is highly
possible to be related to its piezoelectricity [18,20]. Therefore, we
choose BNNT to be an electrical growth factor and load it on scaffolds to
construct a GBR membrane with SPT.

Electrospun membrane is viewed as an ideal scaffold. Poly-L-lactic
acid (PLLA) based electrospun nanofibrous membrane is regarded as a
promising strategy due to reticular structure and pore size like extra-
cellular collagen matrix (ECM) [27,28]. PLLA itself is highly hydro-
phobic, literature reveals that the surface wetting behavior can improve
with proper concentration of gelatin, since it provides considerable
surface energy increases [29]. Meanwhile, electrospun PLLA has
recently been found to reveal piezocatalytical response with asymmetric
molecular structure [29,30], but its original piezoelectricity is insuffi-
cient for further biomedical applications and need strategies for
enhancement [31,32].

In this study, PLLA and gelatin are selected to establish a scaffold,
BNNT is added as a strong piezoelectric growth factor, to fabricate a
novel GBR membrane with a pronounced piezoelectricity—PGBT
membrane. The investigation delves into the application of LIPUS to
PGBT in bone defect sites, generating dynamic, non-invasive, and
quantifiable microcurrents. The mechanical, piezoelectrical and bio-
logical evaluation were implemented in vitro. We established a rat
cranial defect model to evaluate the osteogenic potential of the PGBT
membrane. The PGBT membrane is designed to enhance bone repair,
eliminate local bacteria, and further explore the clinical potentials
especially in dental implantation.

2. Materials and methods
2.1. Fabrication and preparation of the membrane

BNNT(Buwei, China) doped with 10 % wt dopamine (Sigma-Aldrich,
PHR1090, USA) were mixed in 50 ml of Tris-HCl (pH 8.5) (Sigma-
Aldrich, PHR9293, USA). After 24-h stir, the mixture solution turned
black, indicating the polymerization of dopamine and the wrapping with
BNNT. Following centrifugation at 1200 RPM for 10 min, the superna-
tant was discarded, and the process was repeated with distilled water
washes thrice. The resultant sediment was oven-dried at 35 °C for 24h,
then ground to obtain polydopamine-coated BNNT(PDA@BNNT) for
subsequent use.

A mixture of 0.8g PLLA (Daigang Bio, China), 0.2g Type A gelatine
(Sigma-Aldrich, V900863, USA), and 50 mg PDA@BNNT were dis-
solved in 10 ml hexafluoro isopropanol(Sigma-Aldrich, 105228, USA)
and stirred for 12h. This mixture was electrospun by feeding it through a
high-voltage needle (16 kV) at a flow rate of 2 ml/h onto a collector
rotating at 1200 rpm, 18 cm away, under conditions of 26 °C and 50 %
humidity. The membrane was dried at room temperature for 3 days and
collected. Samples were cut into circles with the same diameter of
plate’s well. All samples were treated under ultraviolet 4h for both sides
and then immersed in 75 % ethanol before in-vitro experiment.

2.2. Characteristics of membrane

2.2.1. SEM and EDS observation
The fiber membrane was sputter-coated with gold for 45s and then
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observed under a scanning electron microscope (SEM) (Thermo Fisher,
Phenom Pharos G2, USA) at a voltage of 10 kV for morphological
analysis. Subsequently, the sample underwent region and mapping scan
using an energy-dispersive X-ray spectroscopy (EDS) (Thermo Fisher,
Phenom Pharos G2, USA) to determine its elemental composition and
distribution.

2.2.2. Piezoelectricity

For piezoelectricity, the circular membrane of a diameter of 3.4 cm
was sandwiched between two silver electrodes(>>99.99 %, KSR Mater,
China) of the same size, and double-sided copper leads were soldered to
it. The leads were connected to an oscilloscope (UNI-T, UPO2202, USA).
The assembly of electrodes with no membrane was set as blank group to
measure the noise voltage value from unexpected triboeffect, the as-
sembly of electrodes with PLLA/gelatine membrane was set as Control
group, and the assembly of electrodes with PGBT membrane was set as
PGBT group. Each assembly was tightly encapsulated with polytetra-
fluoroethylene tape and firmly fixed to the ground to avoid triboeffect
noise. An ultrasound therapy device (WELLD, WED-100, China), with its
treatment probe fully coated with coupling agent in case of vibration
heat noise, was solidly positioned parallel and 0.5 cm above the element.
The ultrasound intensity was set as 0.1W/cm2. The peak-to-peak voltage
of each group was recorded and referred to as maximum voltage. Blank
group’s peak-to-peak voltage was named as noise voltage value, and the
actual piezovoltage of Control and PGBT groups were calculated as
maximum voltage value subtract the noise value.

2.2.3. Mechanical, hydrophilicity and degradation test

Membranes were cut into strips and clamped at both ends under a
universal testing machine (Instron, 3400, USA) at 22 °C, with a tensile
speed set at 5 mm/min. The elastic modulus and tensile strength were
calculated.

Membranes were placed under a contact angle goniometer (Sindin,
SCD-200, China). A droplet of 10 pl distilled water was dropped onto the
material surface from 1 cm above, and the water contact angle at 5s was
automatically measured using Nanodrop software to assess material
hydrophilicity(n = 3).

For degradation rate experiments, film samples were cut, weighed
for initial weight (W0), and immersed in artificial saliva, with the so-
lution changed weekly. Samples were retrieved at 2, 4, 6, and 8 weeks,
rinsed with deionized water, dried at 37 °C for 12h, and weighed for the
final weight (Wt). The degradation rate percentage was calculated as
follows:

Degradation rate (%) = (W0-Wt)/WO0 * 100%

2.3. Bone regeneration evaluation in-vitro

2.3.1. Cell culture and seeding

MC3T3-E1 and NIH3T3-E1 cells were cultured in complete medium,
composed of DMEM, fetal bovine serum, penicillin and streptomycin.
Then they were incubated at 37 °C in a 5 % CO?, ensuring sterile tech-
niques throughout to prevent contamination. When the confluency
reached 80 %, cells were passaged at a ratio of 1:3. Membranes were cut
and sterilized, then placed in a 24-well plate, secured with stainless steel
rings. 2 x 10%* MC3T3-E1 cells were added to each well, and the plate
was gently swirled to mix. The complete culture medium was replaced
every two days.

For LIPUS groups, The WELLD ultrasound probe was mounted 0.5 cm
below the plate with coupling agent filling the gap, targeted well bottom
was parallel to and aligned with the center of the ultrasound probe.
LIPUS was applied at an intensity of 0.1W/cm? with a duty cycle of 20
ms for 5 min per session, every two days.
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2.3.2. Cell viability assay

2.3.2.1. Leachate viability assay. Membranes were put in wells and co-
incubated with culture medium at 37 °C for 3 days to collect the
leachate. Then MC3T3-E1 cells were passaged and seeded in to 96-well
plate. The On the day of 1, 3, 5, the leachate were updated and 10 wt%
CCK-8 reagent (Dojindo, CK04, Japan) was added, the plates were
incubated for 2 h, then the absorbance at 450 nm was measured using a
microplate reader(Thermo Fisher, Varioskan ALF, USA).

2.3.2.2. Co-cultivation viability assay. 1, 3, 5 days after cells were seeded
on the membranes, culture medium was refreshed and 10 wt% CCK-8
reagent (Dojindo, CK04, Japan) were added. After gentle shaking and
2 h of incubation, the suspension was homogenized by pipetting, and
200 pl of the suspension was transferred to a 96-well plate for absor-
bance measurement at 450 nm.

2.3.2.3. Live/dead staining. On the 3rd day after seeding, samples were
rinsed with PBS. A staining solution of Calcein (AM)/Propidium Iodide
(PI) (Beyotime, China) was prepared and added to each well, followed
by incubation in the dark at 37 °C for 30 min. Confocal microscopy
(Olympus, SpinSR10, Japan) was employed to capture images, setting
the excitation wavelength at 530 nm for AM and 645 nm for PI.

2.3.3. Cell adhesion observation

2.3.3.1. SEM. On the 3rd day after seeding, samples were rinsed and
then fixed in 4 % paraformaldehyde (PFA) at 4 °C for 4 h. Dehydration
was performed using a graded series of ethanol concentrations (30 %,
50 %, 70 %, 90 %) for 15 min each, followed by two 15-min treatments
with 100 % ethanol. After air-drying at room temperature, samples were
sputter-coated with gold for 45 s and observed under SEM.

2.3.3.2. Staining. On the 3rd day of co-culture, samples were fixed with
4 % paraformaldehyde (PFA) at 4 °C for 10 min, followed by two PBS
washes. Then they were permeabilized with 1 ml of 0.1 % Triton X-100
solution for 10 min and washed. A phalloidin/DAPI (Beyotime, China)
staining was applied under kit guidance. Confocal microscopy’s imaging
settings were adjusted to a phalloidin excitation wavelength of 555 nm
and a DAPI excitation wavelength of 488 nm to capture the images.

2.3.4. Osteogenic induction staining

2.3.4.1. Medium preparation and osteogenic induction. DMEM and
a-MEM in a 4:1 ratio, supplemented with 10 mM p-glycerophosphate,
0.25 mM ascorbic acid, and 10’ M dexamethasone, were mixed for
osteogenic induction. MC3T3-E1 cells were cultured until 80 % con-
fluency, then switched to osteogenic medium every 3 days.

2.3.4.2. Alkaline Phosphatase (ALP) staining. After 14 days, samples
were washed and fixed, stained with NBT/BCIP working solution from
an ALP kit (Beyotime, China) for 1 h in the dark. Then they were rinsed,
dried and imaged under microscope. For quantification, 1 ml of 10 % w/
v cetylpyridinium chloride was added per well for 1 h, and 200 pl of the
solution was measured at 570 nm.

2.3.4.3. Alizarin red (AR) staining. After 21 days, samples were rinsed
and fixed with 4 % PFA for 30 min, washed with deionized water. Then
they were stained with 1 ml AR solution from an AR kit (Beyotime,
China) for 20 min at room temperature and imaged. For quantification,
1 ml of 10 % w/v cetylpyridinium chloride was added per well for 1 h,
and 200 pl of the solution was measured at 570 nm.

2.3.5. Barrier function assessment
Fiber membranes were and placed in Transwell chambers and
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NIH3T3-E1 cells (2 x 10* cells/well) were seeded. Medium was changed
every two days. After 14 days, samples were fixed with 4 % PFA,
dehydrated in ethanol, and air-dried, then embedded, sectioned, and
stained with hematoxylin. Sections were observed and imaged under a
microscope to assess cell distribution and membrane’s barrier effect.

2.4. Anti-bacterial evaluation

2.4.1. Colony counting

Escherichia coli (E. Coli) was grown in LB medium at 37 °C on a shaker
for 12 h and adjusted to a concentration of 107 CFU/ml 10 pl of this
bacterial suspension and 1 ml of LB medium were added to a 24-well
plate with a fiber membrane. The ultrasonic group was treated using a
LIPUS probe at the bottom of the plate, providing a stimulation of 0.1 W/
cm? for 5 min. The suspension from the plate was diluted 100 times,
plated on agar, and incubated at 37 °C for 24 h. Colonies were photo-
graphed, counted using ImageJ software, and the antibacterial rate was
calculated.

2.4.2. CCK-8

E. Coli suspension was treated as before. The suspension from the
plate was diluted 1000 times and 100 ml suspension was added into 96-
well plate and 10 pl CCK-8 reagent was added into each well. The plate
was cultured in 37 °C for 2h, then the absorbance at 450 nm was
measured using a microplate reader.

2.5. Bone regeneration in-vivo

2.5.1. Animal experiment

The in-vivo experiments were censored and approved by the Animal
Ethics Committee of Zhongshan Hospital, Fudan University, Shanghai,
China (No. 2023-296). Six-week-old male SD rats weighing between
150g and 200g were provided by Animal Experiment Center of Zhong-
shan Hospital, Fudan University. All rats were fasted for 4 h and then
anesthetized with a 1 mg/kg intraperitoneal injection of 2 % pento-
barbital sodium. Following aseptic preparation, longitudinal incision
was made at the midline of the skull. Circular defects, 6 mm in diameter
and matching the full thickness of the skull bone, were created on both
the left and right sides of the skull using a cooled trephine drill under
saline irrigation. Care was taken to avoid damages.

The rats were divided into two time groups, 4-week and 8-week, with
15 rats for each. Each time group included: untreated blank group (B),
Control membrane coated without ultrasound (C-), Control membrane
coated with ultrasound (C+), PGBT Membrane coated without ultra-
sound (P-), and PGBT Membrane coated with ultrasound (P+),n = 6. 1
week after surgery, rats in the ultrasound groups were immobilized in a
custom fixture, and ultrasound stimulation was applied using ultrasound
probe at 0.1 W/cm? for 5 min, twice a week. At 4 and 8 weeks post-
surgery, rats were euthanized under anesthesia.

2.5.2. Micro-CT evaluation

The bone defect area was carefully dissected and underwent Micro-
CT scanning(SKYSCAN 1276, Bruker, German). The scanning was
under 90 kV voltage, 90 pA current, and the voxel resolution was 50 pm.
Analysis software(3D.SUITE, Bruker, German) was used to evaluate
bone/total volume ratio (BV/TV) and bone mineral density (BMD) of the
defect area.

2.5.3. Histological assessment

Heart, liver, spleen, lungs, and kidneys were collected and fixed in
tissue fixation solution, hematoxylin and eosin (HE) staining is applied
to access the biocompatibility in-vivo.

After Micro-CT scanning, bone tissues underwent fixation, decalci-
fication, dehydration, and xylene infiltration. They were then embedded
in paraffin, sectioned, and stained with HE, Masson staining, and
Immunohistochemistry (IHC). For IHC, samples were first incubated
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with primary antibodies (OCN, Col-I) overnight at 4 °C, followed by
secondary mouse IgG antibodies for 50 min at room temperature. DAB
chromogen was applied until tissue staining appeared brown-red.

3. Results
3.1. Illustration of the fabrication of PGBT membrane

The fabrication procedures of the electrospun PGBT membrane are
showed in Fig. 1A.

3.2. Characterization of the PGBT membrane

Scanning electron microscopy (SEM) results (Fig. 1B) revealed that
BNNTs exhibit a tubular structure with lengths of approximately 20 pm
and diameters ranging from 200 nm to 1 pm. Following the addition of
dopamine, clusters of polydopamine encapsulating BNNTs were
observed.

The SEM observations of the electrospun fiber membrane were pre-
sented in Fig. 1C. The control group’s PLLA/gelatin electrospun mem-
brane exhibited an interlaced network structure with uniform diameters
and smooth surfaces. Upon the mixture of PDA@BNNT, no significant
changes in the morphology were observed, with a small number of
larger-diameter BNNT short tubes failed to be encapsulated by the
nanofibers and adhering to them. Energy-dispersive X-ray spectroscopy
(EDS) (Fig. 1B) revealed the scattered distribution of nitrogen and boron
elements, indicating their uniform encapsulation within the nanofiber
membrane. The overall area map-scan results indicated that the contents
of nitrogen and boron elements are 3.86 % and 3.45 % respectively, in
accordance with experiment design.

Mechanical test (Fig.1C,D) showed that the average tensile strength
of the control group’s fiber membrane was 1.54 MPa, while that of the

|
U

T

PGBT

Materials Today Bio 30 (2025) 101418

PGBT group was 2.20 MPa, but with no significant difference. After the
addition of BNNT, the elastic modulus of the material underwent a 69.5
% boost, from 24.6 MPa to 41.69 MPa (p < 0.5).

Hydrophilicity test (Fig. 1E) showed that at the fifth second after the
water drop contacted the material, the average instantaneous water
contact angles of the PGBT group and the control group were 33.78° and
32.22°, respectively, both demonstrating good hydrophilicity. After 5s,
the water droplet was gradually completely absorbed.

Degradation tests (Fig. 1F) indicated that the dissolution rates of
PGBT and the control group were faster in the first two months, with
dissolution rates of 32.68 % and 32.34 % at 15 days, and 51.28 % and
47.67 % at 30 days, with no statistical significance in the differences.
Subsequently, the dissolution rates of both groups gradually slow down.
By the 90th day, the dissolution rates between the two groups were
72.08 % and 61.71 % (p < 0.05). Afterwards, experimental data could
no longer be obtained. Overall, the dissolution rate of the PGBT was
slightly faster than that of the control group, with complete dissolution
occurring around the third month.

Fig. 1G presented the piezoelectric properties of the nanofiber
membrane material. Two electrode plates were first attached directly
without membrane, then a LIPUS stimulation of 0.1 W/cm? was applied
to them. The maximum voltage of blank group was recorded 24 mV, as
shown in Fig. 1G(a). This was perceived of the noise generated from the
triboeffect of the silver electrode, copper wire, and polytetrafluoro-
ethylene tape, so the maximum output voltages of the control group and
the PGBT group were subtracted from this noise value to obtain the
actual ones. Fig. 1G(b) showed that after the control group’s membrane
is connected to the electrode plate and the same intensity LIPUS stim-
ulation is applied, the maximum output voltage is 38 mV, and the actual
output voltage should be 14 mV. Fig. 1G(c) showed that when the same
intensity LIPUS stimulation was applied to the PGBT group, the
maximum output voltage is 154 mV, and the actual output voltage
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should be 130 mV. 3.3.1. Biocompatibility and cell viability

Live/dead bacterial staining experiments (Fig. 2B) demonstrated
that all four groups of cells on the membranes exhibited significant
calcein green fluorescence intensity, indicating good cell viability. Bare
cell death was observed, and there were no significant differences be-
tween the groups, confirming the good biocompatibility of the material
and its suitability for cell colonization. The CCK-8 experiments of the
membrane extraction solution and co-cultured cell and membrane

3.3. Biological evaluation of the PGBT membrane in vitro

3.1 The illustration picture showed that cells are directly seeded on
the electrospun membrane, which was fixed in the well through the
stainless ring and cultured in medium. LIPUS was applied by an ultra-
sound probe beneath the plate.
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(Fig. 2Ca,b) showed that neither the different materials nor the ultra-
sound treatment affect the proliferative vitality of the cells, and there
were no statistical differences between the groups.

3.3.2. Cell morphology observation

To observe the specific morphology of the cells colonized on the
fibrous membrane, the materials co-cultured with the cells were fixed
and gold sprayed for SEM observation (Fig. 2D). The fibrous morphology
of the different materials and different ultrasound treatment groups
showed no significant changes and is distributed in an interwoven
network. The cell pseudopodia are visible, extending and located be-
tween the fibrous filaments, and the overall polygonal shape is attached
to the fibrous membrane. The PGBT (+) group showed a higher cell
density than the other groups, suggesting that ultrasound treatment of
PGBT increased cell adhesion and aggregation. The DAPI/Phalloidin
staining experiment demonstrated consistent results, with MC3T3-E1
cells showing polygonal distribution, and the cell density of the PGBT
(+) group increased, suggesting an improvement in adhesion (Fig. 2E).

3.3.3. Osteogenic induction differentiation of MC3T3-E1

To further illustrate the level of osteogenic differentiation of cells
after different materials and ultrasound stimulation, ALP and AR
staining and semi-quantitative analysis were performed on MC3T3-E1
osteogenic induction for 14 and 21 days. As shown in Fig. 2F(a), the
ALP staining level of the PGBT (+) group was the highest. It suggested
that after 14 days of osteogenic induction on the PGBT membrane and
application of 0.1w/cm2 ultrasound stimulation for 5 min/time, twice/
day, the osteogenic differentiation of the cells was higher than the other
groups. As shown in Fig. 2F(b), the AR staining level of the PGBT (+)
group was significantly higher than the other groups, suggesting that
after the cells are osteogenically induced on the PGBT membrane for 14
days and ultrasound stimulation was applied, the mineralization of the
cells was higher than the other groups. As shown in Fig. G(a, b), the
semi-quantitative analysis of osteogenic induction staining showed that
the ALP and AR staining levels of PGBT(+) were significantly higher
than the other groups, and there were no statistical differences between
the other groups.

3.3.4. Barrier experiment

To detect the barrier effect of the barrier membrane on fibroblasts,
NIH3T3-E1 cells were co-cultured with the PGBT membrane for exper-
iment (Fig. 2H). The cross-section of the stained material shows that
NIH3T3-E1 cells in both the ultrasound and non-ultrasound groups were
distributed on the surface of the fibrous membrane, and no cells were
seen to penetrate and fall through the fibrous membrane. The experi-
mental results suggested that the PGBT membrane had good soft tissue
shielding performance.

3.3.5. Antibacterial properties

Firstly, E. coli is co-cultured with the cell membrane and a colony
experiment was conducted to detect the antibacterial properties of the
fibrous membrane. As shown in Fig. 2I(a), the Control(—), Control(+),
PGBT(—) groups had more bacterial colonies and a larger colony den-
sity, but those in the PGBT(+) group significantly reduced. The cell
count results (Fig. 2I(b)) showed that the number of bacterial colonies in
the PGBT(+) group is significantly lower than the other three groups (p
< 0.01), and the antibacterial rate reached 42.21 % compared to the
Control group. The CCK8 test after co-culturing E. coli and the fibrous
membrane showed a result in accordance with the colony test, with the
OD value of the bacterial solution in the PGBT(+) group falling by about
43.03 % compared to the other three groups. This study suggested that
the PGBT membrane combined with LIPUS stimulation has good anti-
bacterial properties, with an antibacterial rate of about 40 %.

Materials Today Bio 30 (2025) 101418
3.4. Osteogenic evaluation in vivo

4.1 Mlustration of the operation and LIPUS treatment is depicted in
Fig.B.

3.4.1. Micro-CT scanning and analysis

The micro-CT scanning of the skulls 4-week after surgery were shown
in Fig. 3A(a), in Blank group, there was no obvious new tissue observed
in the range of defects, and only a small part of new bone is visible at the
edge of the defect. The coronal section showed a void in the skull defect,
and the height of the new bone at the edge was not obvious. In the
Control(—), Control(+), and PGBT(—) groups, about 20 % of the defect
area was filled with new bone, mainly distributed in the center and edge
of the circular defect. The three-dimensional reconstruction showed that
the new bone presents a loose porous network structure, consistent with
the morphological structure of the fibrous membrane. The regional
coronal section showed the bone plate line and low-density image of the
loose state, and the height of the new bone reaches about half of the
surrounding bone height. In the PGCT(+) group, newly generated bone
covered about 60 % of the defect area, mainly distributed in the center of
the defect, and the density significantly increases compared to the other
groups. The coronal section showed that the bone plate line at the bot-
tom of the defect is more continuous than the others, and the height is
more consistent with the level of the surroundings. It suggested that in
the early stage of osteogenesis, PGBT + LIPUS can significantly promote
bone regeneration.

Skulls at week 8 post-surgery were shown in Fig. 3A(b), in the Blank
group, there was more new bone at the edge of the skull defect, grad-
ually healing towards the center, but still with large defects. In the
Control(—), Control(+), PGBT(—) groups, 60-80 % of the area is covered
by new bone tissue, and only a part of the area stores bone defects. The
coronal section showed that the height of the new bone is consistent
with the level of the surrounding bone, and the bone plate at the bottom
of the defect area is more continuous, but there were still some areas not
fully filled. In the PGBT(+) group, the defect area was completely ful-
filled with new bone, the coronal section showed that the it is more
complete, and the density is high. The height of the new bone in some
areas even exceeded the surroundings, achieving the regeneration of
vertical bone defects beyond expectation.

As shown in Fig. 3C(a,c), the 4-week BV/TV of the PGBT(+) group
was 14.07 %, significantly higher than the other four groups (p < 0.01).
There was no statistical difference between the Control(—), Control(+),
PGBT(—) groups. Compared to the control group, the PGBT(+)’s BV/TV
is 25.04 % higher. The BMD of PGBT(+) is 0.3952 g/cmS,stastically
higher than the other four groups (p < 0.05), and was about 31.56 %
higher than the control group. At week 8, the BV/TV of PGBT(+) was
23.79 % (Fig. 3C(b)), significantly higher than the others (p < 0.01), and
the increase is 45.24 % compared to the control. BMD also showed
similar experimental results (Fig. 3C(d)), the BMD of the PGBT(+) group
was 0.6061 g/cm3, an increase of 14.77 % compared to the control (p <
0.01). The above results suggested that the bone quality after PGBT
membrane is applied with LIPUS stimulation is better.

3.4.2. HE staining of major organs

To evaluate the potential biotoxicity of the material, we performed
HE staining on the heart, liver, lungs, spleen, and kidneys of rats. At 8
weeks, we observed the pathological changes in the organs of rats
implanted with PGBT. The results (Fig. 4A) showed no significant in-
flammatory response or pathological phenomena in any of the organs.

3.4.3. HE & Masson staining results**

At weeks 4 and 8, we conducted HE and Masson staining experiments
to assess the repair of bone defects. The results at 4 weeks (Fig. 4B(a),
Fig. 4C(a)) showed that in the Blank group, due to the invasion of a large
amount of soft tissue, the bone defect area appeared concave, mainly
showing fibrous healing, with no obvious new bone tissue. In the Control
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Fig. 3. Radiological evaluation in rat cranial defect regeneration. (A)(a-b) Reconstructed three-dimensional Micro-CT images at 4 and 8 weeks after the membrane
covered defect sites. The margin of defected bone was marked with red cycle. (B) (a) 6 mm rat cranial defect model, (b) surgical procedure, (c)LIPUS treatment. (C(a-
d)) Analyzed bone tissue parameters of bone mineral density (BMD) and the ratio of bone volume to tissue volume (BV/TV) from blank, control(-), control(+), PGBT

(), and PGBT(+) groups (*, p < 0.05, **, p < 0.01).

(-), Control(+), PGBT(—), and PGBT(+) groups, the barrier membrane
covering the upper edge can be observed, maintaining good spatial
morphology of the defect area. In the Control(—) and PGBT(—) groups, a
significant amount of new bone tissue growed from the periphery to the
center of the defect bottom, while in the Control(+) group, a small
amount of new bone tissue was evenly distributed in the defect area with
no significant aggregation at the bottom. In the PGBT(+) group,
significantly more new bone was observed, mainly distributed in the
center of the defect area, showing a vertical growth structure, with no
obvious bone plate at the bottom and edges of the defect area. The in-
ternal structure of the new bone in the Control(—), PGBT(-), and PGBT
(+) groups showed more bone marrow-like tissue structure compared to
the Control(+) group. Additionally, HE staining in the Blank group
showed a significant aggregation of inflammatory cells, while no sig-
nificant inflammatory cell infiltration was observed in the other groups.

At 8 weeks (Fig. 4B(b), Fig. 4C(b)), the morphology of the defect area
in the Blank group showed significant recovery, with a thin layer of loose
new bone forming at the bottom, and new bone from the periphery
converging towards the center. In the Control(—) and PGBT(—) groups, a
relatively continuous thick layer of new bone tissue was observed at the
bottom of the defect area, with a clear new bone marrow cavity. The
height of the new bone decreases from the higher peripheral area to-
wards the center, with the height central area reaching about half of the
surrounding bone tissue. In the Control(+) group, the new bone struc-
ture was uniformly distributed, with increased density compared to 4
weeks, and no significant continuous bone plate was observed at the
bottom of the defect. However, a continuous mass of high-density new
bone was seen in the center of the defect area. The results in the PGBT
(+) group showed a large amount of continuously distributed high-
density new bone structure in the defect area, with a significant bone
marrow structure, presenting a vertical large-scale bone repair. The
height of the new bone recovered to the level of the surrounding bone,

even exceeding the original bone height in some areas. However, the
new bone at the bottom of the defect was relatively general, without
forming a complete continuous bone plate. No inflammatory cell infil-
tration was observed in any of the groups.

As shown in Fig. 4F(a), the trends in the results at 4 and 8 weeks were
consistent: the new bone area in the PGBT(+) group was significantly
higher than in the other groups, with statistically significant differences.
At 4 weeks, the new bone area in the PGBT(+) group increased by
approximately 30 % compared to the Control(—), Control(+), and PGBT
(—) groups, and at 8 weeks, it increased by approximately 74 %.

3.4.4. Immunohistochemical staining

3.4.4.1. Type I collagen**. To verify the expression of osteogenic pro-
teins in the newly formed bone tissue in the defect area, we performed
immunohistochemical staining for type I collagen (Collagen-I, Col-I). As
shown in Fig. 4D(a), at 4 weeks, the Blank group showed no new bone
formation, with only partial fibrous positive expression in the upper
layer of the defect area. In the Control(—), Control(+), and PGBT(-)
groups, positive expression of Col-I was observed in the bone tissue,
consistent with the results shown by HE & Masson staining. The PGBT
(+) group had the highest area of positive regions, with positive new
bone tissue located below the fibrous membrane, interweaving with the
fibrous membrane. The local magnified image showed that the fibrous
filaments under the nanomembrane are interwoven into the new bone.
At 8 weeks, the Blank group showed partial positive expression of new
bone at the bottom, and the Control(—), Control(+), and PGBT(-)
groups proved increased positive expression of Col-I in the bone tissue.
The PGBT(+) group indicated a large area of positive expression. Semi-
quantitative test results (Fig. F(b)) showed that the area proportion of
Col-I positive expression was significantly higher in the PGBT(+) group
than in the other groups, with an increase of about 52 % at 4 weeks and
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Fig. 4. Histological evaluation of organs and rat cranial bone regeneration. (A) 8-week cytotoxicity evaluation. HE staining sections of rat heart, liver, lung, spleen,
and kidney. (B) 4-week(a) and 8-week(b) HE staining sections of defect bone regeneration. (C) 4-week(a) and 8-week(b) Masson staining sections of defect bone
regeneration. (D) 4-week(a) and 8-week(b) Type I collagen immunohistochemical staining sections of defect bone regeneration. The selected region was lined with
blank rectangle and zoomed in ten times below. (E) 4-week(a) and 8-week(b) Osteocalcin immunohistochemical staining sections of defect bone regeneration. The
selected region was lined with blank rectangle and zoomed in ten times below. (F) (a) Quantitative analysis of new bone area. (b) Quantitative analysis of type I
collagen. (c) Quantitative analysis of osteocalcin. (*, p < 0.05, **, p < 0.01).
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about 43 % at 8 weeks compared to the Control(—), Control(+), and
PGBT(-) groups.

3.4.4.2. Osteocalcin. Osteocalcin (OCN) is a non-collagenous protein
secreted by osteoblasts. We performed immunohistochemical staining
for the OCN marker, and the results are shown in Fig. 4E. At 4 weeks, the
Blank group showed a small amount of loose positive cells at the bottom.
In the Control(—), Control(+), and PGBT(—) groups, a larger number of
positive cells were observed in the defect area, evenly distributed. The
PGBT(+) group showed strong positivity, with the largest area propor-
tion of OCN expression. Semi-quantitative analysis results showed that
the area proportion of positive expression in the PGBT(+) group is
significantly higher than in the other groups, with an increase of about
62 % compared to the other three groups. At 8 weeks, the positive
proportion in the Blank group increased, and semi-quantitative results
(Fig. F(c)) showed no significant difference between the Blank, Control
(—), and PGBT(—) groups, but significantly lower than the Control(+)
group (p < 0.05). The PGBT(+) group results were significantly lower
than the Control(-), Control(+), and PGBT(—) groups (p < 0.05).

4. Discussion

Electrospinning is an efficient method for constructing fibrous
membrane scaffolds, offering the most vital advantage of a porous
network structure similar to ECM that allows for the free exchange of
nutrients and metabolic products necessary for cell growth, facilitating
cell proliferation and differentiation [33]. Researchers have incorpo-
rated various bioactive components, including osteogenic, chondro-
genic, vascular, and antimicrobial component [34], into electrospun
membranes. However, the efficacy of these components is short-lived
due to their rapid release, preventing sustained effects [34]. Addition-
ally, current strategies are excessively intricate and costly, hindering
widespread clinical application. The development of piezoelectric ma-
terials offers a solution to this problem. In sono-piezo therapy, piezo-
electric materials need to be uniformly distributed on the biological
scaffold material and produce effects when stimulated by ultrasound. In
this study, we incorporated boron nitride nanotubes into PLLA/gelatin
to construct electrospun membranes, characterized their physicochem-
ical properties, and tested the biocompatibility, cell adhesion, barrier
performance, and antibacterial properties of the fibrous membranes in
vitro. The osteogenic potential of the fibrous membranes was tested in
both in-vivo and in-vitro experiments.

Nanomaterials exhibit poor dispersion in liquids and tend to sedi-
ment and agglomerate [35]. Dopamine-coating is reported an effective
approach to increase surface energy of nanomaterials and improve the
dispersion [36], relative researches also reveal that dopamine is
conductive to osteogenesis and biocompatibility [37,38]. Therefore, we
take advantage of dopamine to acquire PDA@BNNT and make it evenly
distribute in the matrix solution. As shown in Fig. 1B, the electron mi-
croscopy images of BNNT and PDA@BNNT indicate that the nanotubes
are wrapped and encapsulated by polydopamine clusters. The surface
morphology of the fibrous membrane significantly affects cell adhesion
and proliferation, with uniform and stable fibers being a basic require-
ment. In this experiment (Fig. 1C), both the control group and the PGBT
group exhibit uniform morphology and smooth surfaces, with no
obvious bead formation or clumping. The fiber diameter of PGBT
slightly decreases, and a small amount of nanotube agglomeration is
observed without being encapsulated by the fibers, but the overall
morphology remains unchanged. Energy spectrum analysis shows that
the average content of B and N elements is 3.66 %, which is consistent
with the experimental design. The concentration of PDA@BNNT is sifted
out through biocompatible and piezoelectric evaluation(Supplementary
Data).

GBR membranes require excellent mechanical properties to maintain
integrity during surgery and withstand internal and external tensions
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during oral activities [39]. Our results show that the addition of BNNT
improves the tensile property and elastic modulus of the material, it may
be attributed to nanotube’s inherent strength and increased intermo-
lecular interaction of the membrane. Studies elucidated that carbon
nanotubes provide electrospun membrane with more C-H and N-H
bonding, enhancing mechanical behavior [40,41]. In this study, PGBT
may share similar mechanism as BNNT and PLLA is abundant with
mentioned moles, but it requires further validations throughout Fourier
transform infrared spectroscopy and Raman spectroscopy tests in the
future.

Upon implantation, the material interacts with tissue fluids, marking
the first step of interaction with the tissue. Good hydrophilicity pro-
motes cell adhesion, proliferation, and differentiation. A smaller contact
angle indicates better hydrophilicity. In this experiment, the instanta-
neous contact angle of both groups of membranes is less than 45° at 5 s,
and the liquid completely infiltrates afterwards, demonstrating excellent
hydrophilicity. PLLA itself is highly hydrophobic, which is unfavorable
for tissue healing [42], while gelatin contains peptide adhesion se-
quences [43]. By blending gelatin into the raw material, we significantly
enhance the overall hydrophilicity of the membrane, and the addition of
BNNT does not alter the hydrophilicity.

Initially after implantation, the GBR membrane should remain intact
to prevent fibrous tissue ingrowth, then it should gradually degrade after
the osteogenesis process is complete. PLLA itself degrades very slowly
[42], but the addition of gelatin accelerates the degradation rate. Both
the control group and the PGBT group show a degradation rate of
approximately 50 % after 30 days of implantation, with the rate grad-
ually slowing down. By day 90, the control group degrades to about 60
%, while the PGBT group reaches about 70 % (p < 0.5). This may be due
to the partial agglomeration of BNNT, which disrupts the membrane
integrity, causing localized weak areas to degrade first. Clinically, the
osteogenesis time for alveolar bone defects is about 3 months, which is
consistent with the results of this study, proving that the degradation
rate of PGBT material is reasonable.

Piezoelectric materials deform under the force of mechanical waves
of ultrasound, resulting in changes in their electric potential. In this
experiment, we directly connected the fibrous membrane with electrode
sheets, integrated it into an electrochemical platform, and applied LIPUS
at an intensity of 0.1W/cm?. The results show that the control group
generated a weak potential of approximately 24 mV, while the output
voltage of PGBT reached 130 mV. Electrospun PLLA is inherently a
piezoelectric polymer material with a crystalline phase of spontaneously
polarized asymmetric centers [44], mechanical stimulation triggers the
polarization of dipole movement, achieving electroactivity [45]. In this
experiment, the control group with pure electrospun PLLA exhibited a
low output voltage, consistent with related literature [46]. We attribute
the strong piezoelectricity of PGBT to the addition of BNNT. BNNT is a
novel polycrystalline piezoelectric ceramic material formed by curling
boron nitride, similar in structure to carbon nanotubes. Most poly-
crystalline piezoelectric ceramics, such as barium titanate, often have
their piezoelectric effects between grains cancel each other out, showing
no macroscopic piezoelectric effect [47]. Therefore, traditional piezo-
electric tissue engineering research first applies an electric field to
polarize the material [48]. In clinical practice, ideal biomaterials should
meet the characteristics of low operative sensitivity, disposability, and
ease of disinfection, but conventional piezo-materials with complex
polarization strategy fail to carter to clinical needs. In this study, PGBT
shows relatively strong piezoelectric performance without extra polar-
ization after ultrasound stimulation, indicating that PGBT may possess a
ferroelectric effect with spontaneous polarization in a regular direction,
the orderly molecular arrangement and enhanced piezoelectricity is
reported to be attributed to the increased p-phase after nanotubes were
added during electrospinning [49,50]. Otherwise, direct piezoforce
microscopy data of PGBT membrane are needed to validate the
supposition.

The GBR membrane must process good biocompatibility. Our CCK8
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results (Fig. 2C) from co-culturing the membrane extract with cells and
directly co-culturing each group’s membrane with cells show that,
regardless of ultrasound stimulation, none of the groups exhibit cyto-
toxicity to MC3T3-E1 proliferation. Live/dead cell staining (Fig. 2A)
indicate that after 3 days all groups maintain good cell viability, with
few red fluorescent dead cells observed. In in vivo experiments, HE
staining of organs and cranial bone sections at 8 weeks also shows no
significant inflammatory cell aggregation (Fig. 4A and B), confirming
that the material does not adversely affect the tissue. SEM (Fig. 2D)
reveal that cells adhere polytonally to the nanofibers, with increased cell
adhesion in the PGBT(+) group. This may be due to the electric potential
generated by ultrasound stimulation of the material, which initially at-
tracts various proteins, and cells are subseq uently drawn to the formed
protein layer through adhesion [51]. Additionally, the micro-electrical
environment may promote the cells’ secretion of extracellular matrix
proteins, further altering the local microenvironment [52]. Cell
morphology staining (Fig. 2E) shows similar results, with co-cultured
cells exhibiting a polygonal shape and intact cytoskeleton, and higher
density in the PGBT(+) group. However, once applied in vivo BNNT
would leak out during the scaffold degradation and make direct impact
on tissues, the further mid-term or long-term cytotoxic evaluation is
required in future studies.

Our experiment further confirms the osteogenic potential of PGBT
combined with LIPUS through in vitro ALP and AR staining. In Fig. 2F
(a), the dark purple staining indicates areas of calcium deposition, while
in Fig. 2F(b), the dark red staining represents newly formed calcium
nodules. After 14 days of osteogenic induction differentiation, it is
observed that the PGBT(+) group has significantly more ALP dark-
stained areas and red calcium nodules compared to the other groups.
Quantitative tests show the same results (Fig. G(a,b)), confirming that
PGBT(+) promotes osteogenic differentiation of cells.

One of the key factors for the success of GBR surgery is preventing
the invasion of fibroblastic tissue post-operation. In this experiment, the
NIH3T3-E1 was selected to simulate human fibroblasts. After 14 days,
the membrane was not penetrated by the cells, providing a good and
stable environment for osteogenesis in defect area.

The oral cavity is a complex environment with bacteria. After sur-
geries, GBR membranes are often not be able to be fully covered by soft
tissue sutures, leaving open areas in direct contact with oral bacteria.
Therefore, antibacterial property is one of the goals in constructing
novel membranes. In this study, common Gram-negative E.coli was co-
cultured with the membrane. Both colony counting and CCK-8 results
indicate that PGBT + LIPUS has an antibacterial effect, which is in
consistent with relative literature [13]. Human eukaryotic cell surfaces
are electrically neutral, while bacterial cell membranes are negatively
charged [53]. Electric fields emanating from piezo-materials have been
demonstrated to induce significant potential differences and oxidative
stress at the interface between the materials and bacteria. This phe-
nomenon disrupts cellular membranes and leads to a depletion of
sugar-energy resources, thereby effectively inhibiting surface-attached
microbial activity [54,55]. Immune cells such as macrophages also
play an important role in clearing bacteria, possibly due to the activation
of immune regulatory mechanisms by microcurrent stimulation [56].

To investigate the osteogenic potential of the PGBT in vivo, we
established a rat cranial defect model. Previous studies have suggested
that full-thickness cranial defects with a diameter greater than 5 mm are
considered critical-sized defects [57], where the animal’s self-repair
ability is limited, effectively reflecting the osteogenic potential of the
material. Therefore, we prepared a 6 mm diameter -circular
full-thickness cranial defect model and included an LIPUS group
(Fig. 3B). Due to the significantly faster growth rate of rats compared to
humans, we selected the 4-week point as the early observation period for
osteogenesis and the 8-week point for observing mid-to-late bone repair,
based on literature. Micro-CT results show that at 4 and 8 weeks, the
new bone volume and bone density in the PGBT(+) group are signifi-
cantly higher than in the other groups (Fig. 4A-C). This is consistent
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with the in vitro results where the piezoelectric effect activated by LIPUS
promotes MC3T3-E1’s osteogenic differentiation. Additionally, in the
sagittal view (Fig. 4A), the new bone height in the PGBT(+) group at 4
and 8 weeks is significantly higher than in the other groups. Masson
staining and quantitative analysis (Fig. 4C and F(a)) reveal same results,
showing that the new bone height in the PGBT(+) group is significantly
higher. Additionally, although the BV/TV and BMD in the Control(+)
group do not significantly differ from the other non-ultrasound groups
(Fig. 4F(a)), the osteogenic pattern shows uniformly distributed stained
areas with vertical growth. This may be due to LIPUS promoting oste-
oblast adhesion and the waves making the spatial distribution of cells
more uniform. At 8 weeks, the new bone volume in the Blank group is
low, indicating poor repair ability for critical-sized bone defects. The
new bone formation in the Control(—), Control(+), and PGBT(—) groups
is significantly better than in the Blank group, suggesting that the barrier
membrane alone can maintain the defect space and ensure limited bone
regeneration capacity.

Col-I gene is highly expressed in the early stages of osteogenic dif-
ferentiation of stem cells, while OCN is a key gene expressed in the late
stages of that [58]. In this experiment, we performed immunohisto-
chemical staining to investigate the osteogenic potential of each group’s
membrane at the protein level. The results show that at 4 weeks, the
positive expression of Col-I and OCN in the PGBT(+) group is signifi-
cantly higher than in the other groups, indicating that the activation of
the piezoelectric membrane enhances osteogenic activity in the early
stages. At 8 weeks, the expression trend of Col-I in the PGBT(+) group
remains consistent, but the expression of OCN significantly decreases,
lower than the other groups except for the Blank group. This may be
because Col-I primarily marks newly formed collagen, located within
the new bone tissue, and is highly expressed at 8 weeks. OCN, on the
other hand, is in the cytoplasm and new bone lacunae, and as the bone
tissue matures at 8 weeks, the expression of OCN decreases. Addition-
ally, the large amount of new bone tissue occupying the remaining space
leads to a reduction in cell and its OCN expression. In the Col-I and OCN
staining images of the PGBT(+) group at 8 weeks (Fig. D(b), Fig. E(b)),
new bone tissue interweaves with the upper membrane in the defect
area, with numerous nanofibers inserted into the new bone. This dem-
onstrates that PGBT, while blocking soft tissue, slowly degrades and
significantly promotes bone tissue formation when activated by LIPUS.
In vivo, cells generate surface charges and intrinsic potentials under
physiological conditions, which regulate cellular behavior through
signal pathway-mediated biological processes, including calcium
signaling, surface receptor redistribution, ATP, and reactive oxygen
species (ROS) events. Artificial piezoelectric stimulation can produce
bioelectric signals and endogenous electric fields (EnEF) like natural
tissues, potentially enhancing osteogenic differentiation and cell activity
through similar signaling pathways [59,60].

In this study, we primarily investigate the PGBT membrane with
LIPUS and certify its dual function of osteogenesis and antibacterial
through in-vitro and in-vivo experiments. Especially, the unexpected
vertical bone healing in cranial defect experiments suggests that SPT
with PGBT membrane is promising in the application of vertical bone
repair, as convention has long held that vertical alveolar defect is one of
the most clinical sensitive challenges in dental implantation and GBR.
Human bone is increasingly believed to be an electric-sensitive organ,
our results hint that PGBT may exert effect via creating a electric field
that activates the bone sensing and promotes regeneration in defect
area. However, in this research, potential signaling pathways of PGBT
are not explored. We plan to do further investigations to uncover the
specific molecular mechanisms, and we have been conducting relevant
experiments.

5. Conclusion

In summary, we successfully established a multifunctional piezo-
electric GBR membrane, PGBT. Under LIPUS, it promotes osteogenic
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differentiation of MC3T3-E1 cells in vitro and enhances bone repair in
rat cranial defects in vivo. The incorporation of BNNT enhances the
material’s elastic modulus, optimizes degradation, and maintains good
biocompatibility, especially endowing PGBT with piezoelectric proper-
ties, generating an electric potential difference of approximately 130 mV
under 0.1W/cm? ultrasound. PGBT significantly promotes MC3T3-E1
adhesion and osteogenic differentiation under LIPUS, while also
exhibiting antibacterial properties and barrier functions. In-vivo ex-
periments confirm that PGBT combined with LIPUS demonstrates su-
perior bone repair efficacy. Overall, our results suggest that PGBT with
LIPUS may represent a novel strategy for promoting oral bone
regeneration.
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