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Abstract

Rationale: Bone defect repair demands spatiotemporal coordination of bioactive cues,
yet current patches lack precise control and mechanistic insight. We developed a
bio-inspired ultrasound (US)-responsive piezoelectric topological patch integrating

controllable magnesium ion (Mg?") release and immunomodulation.

Methods: B-PVDF-Mg patches with micro-nano topography were fabricated and
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characterized for piezoelectricity and Mg* release kinetics. Osteogenesis,
angiogenesis, macrophage polarization, and cranial bone defect repair in rats were

assessed, with transcriptomic analysis.

Results: The patch exhibited US-triggered piezoelectric output and US-triggered and
externally controlled Mg** release (from 28.1% to 93.6% with US). It directed cell
alignment, enhanced osteogenic differentiation, promoted angiogenesis, reduced
reactive oxygen species (ROS), and drove M2 macrophage polarization (arginase-1
(Arg-1) 1 and nitric oxide synthase (iNOS) |). In vivo, it significantly improved bone
regeneration (bone mineral density (BMD), bone volume/tissue volume (BV/TV) amd
collagen) and M2 polarization. Transcriptomic and phosphorylation analyses
identified PI3K-AKT and MAPK-ERK signaling as candidate regulatory pathways,
and  pharmacological inhibition of either pathway attenuated the
B-PVDF-Mg+US-induced reparative macrophage phenotype and reduced the

pro-osteogenic activity of macrophage-conditioned medium.

Conclusions: The multimodal patch provides a US-responsive platform that
integrates piezoelectric stimulation, Mg?" release, and topographical guidance to
promote a regenerative osteoimmune microenvironment, with PI3K-AKT and
MAPK-ERK signaling functionally contributing to macrophage regulation and
downstream osteogenic paracrine effects.

Keywords: US; piezoelectric effect; topological structure; immunomodulation; bone

repair



Introduction

Effective regeneration of substantial bone defects requires tightly coordinated
inflammatory resolution, vascular ingrowth, osteogenic differentiation, and matrix
mineralization [1, 2]. Among the biochemical regulators involved in these processes,
magnesium ion (Mg?**) can influence both osteogenic cells and the local immune
microenvironment [3-5]. However, its biological efficacy is strongly dependent on
local concentration and exposure duration, making uncontrolled release undesirable
[6-9]. Most Mg-containing biomaterials rely on degradation- or diffusion-driven ion
liberation and therefore provide limited external control over release kinetics. A
material system capable of coupling remotely regulated Mg?** delivery with
regenerative physical cues may therefore offer greater temporal control over the

bone-healing microenvironment [10-13].

Herein, we present a novel bio-inspired ultrasound (US)-responsive piezoelectric
topological patch with controllable Mg?* release and immunomodulation for bone
defect repair, as schemed in Figure 1. Recent piezoelectric biomaterials have
demonstrated that mechanical or externally applied stimuli can be converted into
localized electrical cues to promote bone regeneration [14-16]. More recently,
piezoelectricity has also been combined with bioactive ion delivery. However, we
chose Poly(vinylidene fluoride) (PVDF) over degradable poly(L-lactic acid) (PLLA)
and  poly(3-hydroxybutyrate-co-3-hydroxyvalerate) =~ (PHBV)  because  its

non-degradability ensures stable [-phase piezoelectric output for sustained



US-triggered Mg?* release, preserves surface topography for contact guidance, and
avoids acidic degradation byproducts that cause inflammation and hinder Mg?*
mineralization. Thus, PVDF is a stable actuator, and its permanence is essential for
our long-term strategy. The present study aimed to establish a US-responsive interface
integrating piezoelectric electrical stimulation, enhanced Mg?>" release, and surface

topographical guidance to cooperatively regulate cell fate.

In this paper, we constructed a type of piezoelectric topological patches with
desired properties, including US-triggered and externally adjustable Mg** delivery,
conductivity, immunomodulatory capacity to improve defected bone repair. To mimic
the oriented arrangement of collagen fibers that guide cell growth and differentiation,
a-phase PVDF patches with defined patterning structures were prepared through an
imprinting technique while Mg?* was encapsulated to form a-PVDF-Mg composites.
Subsequent thermal annealing followed by immediate ice-water quenching, together
with MgCl-6H>O-assisted crystallization and electrical poling, promoted the
formation and stabilization of an electroactive B-phase-rich PVDF structure [17],
yielding B-PVDF-Mg patches with significantly enhanced piezoelectric response,
which provides the foundation for on-demand electrical stimulation of US-triggered
piezoelectric responses. Notably, B-PVDF-Mg patches enabled US-triggered
piezoelectric output and externally adjustable Mg?* release. In combination with the
surface topography, these effects promoted osteogenic differentiation and
angiogenesis through immunomodulation. It is the precise integration of all these

elements into a single, stable platform that constitutes our core advance. The



B-PVDF-Mg patch with US stimulation effectively accelerated the bone repair
through immunomodulation in vivo, and ribonucleic acid (RNA) transcriptome
sequencing reveals osteogenesis-related immunomodulatory mechanisms. These
findings indicate that the US-responsive piezoelectric topological patches with
controllable Mg?" release and immunomodulation hold great promise for applications
in bone defect repair. As summarized in Table S2, the key distinction of our design is
not merely integrating multiple functional components, but functionally coupling
topographical guidance, piezoelectric electrical stimulation, and US-triggered and
externally adjustable Mg?" release into a unified spatiotemporally coordinated

therapeutic system.
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Figure 1. Schematic illustration of B-PVDF-Mg patches for bone defect repair.
(A) Preparation procedure of the B-PVDF-Mg patches. (B, C) Mechanism of responsive

B-PVDF-Mg patches integrating US stimulation on bone defects.



Materials and Methods
Materials

PVDF (Mw = 350,000, CAS: P1492342, aladdin); dimethylformamide (DMF,
analytical grade) (= 99.5%, CAS: 68-12-2, aladdin); magnesium chloride hexahydrate
(MgCl2-6H0, > 99%, CAS: 7791-18-6, aladdin); mouse embryo osteoblast precursor
cells (MC3T3-E1l); minimum essential medium a (o-MEM medium) (BioReagent,
CAS: M1370044, aladdin); dulbecco’s modified eagle medium (DMEM) cell culture
medium (BioReagent, CAS: D1372055, aladdin); cell live dead stain kit (CAS:
C2015S, Beyotime); senescence B-Galactosidase (CAS: C0602, Beyotime); masson’s
trichrome stain kit (CAS: G1346, Solarbio); superoxide dismutase 1 (SOD1) staining
kit (CAS: K107203P, Solarbio); anuokang biotech (Nanjing, China) provided the
male sprague-dawley (SD) rats.
Preparation of B-PVDF-Mg Patches

PVDF homopolymer powder (8 g) was dissolved in DMF (40 mL) under
continuous stirring for 12 h to obtain a homogeneous 20% (w/v) PVDF solution.
MgCl;-6H>O was then added to the PVDF/DMF solution and stirred to prepare a
transparent and homogeneous PVDF-Mg precursor solution. The solution was cast
onto glass substrates bearing the linear topographical pattern and dried at 70 °C for 1
h. The as-prepared PVDF-Mg films were carefully peeled from the substrates and
annealed at 140 °C for 24 h, and immediately quenched in ice water to promote
crystalline reorganization and retention of the electroactive phase. The films were

subsequently electrically poled under the specified polarization conditions to further



align the polar dipoles. The resulting electroactive films were referred to as
B-PVDF-Mg patches. Their crystalline structures were subsequently characterized by
X-ray diffractometer (XRD) meter (Bruker D8 Advanced) and Fourier-transform
infrared spectroscopy (FTIR).
Structural and Property Characterization of B-PVDF-Mg Patches

For 3D reconstruction and thickness measurement, B-PVDF-Mg patches were
immersed in rhodamine solution for 24 h to enhance confocal contrast. This staining
is non-specific: the fluorescence arises from electrostatic adsorption of cationic
rhodamine B onto the negatively charged PVDF surface (due to its fluorinated
backbone), rather than from selective labelling of any component. Surface
morphology of the B-PVDF-Mg patches was characterized using scanning electron
microscopy (SEM) (Zeiss, Merlin). An XRD meter was used to measure the crystal
structures in patches, and the XRD patterns of B-PVDF can be indexed. Furthermore,
the ferroelectric polarization versus electric field curves of f-PVDF-Mg patches were
characterized by a ferroelectric tester (radiant multiferroic): the ds3; values of the
B-PVDF-Mg patches (the piezoelectric coefficient ds; of B-PVDF and B-PVDF-Mg
patches was measured using a piezoelectric coefficient tester under identical
conditions. The samples were cut into 10 x 10 mm pieces with a thickness of
approximately 35 um. During measurement, the samples were sandwiched between
Au electrodes, and an oscillating mechanical force of 0.25 N was applied with 110 Hz
frequency. The d3; values were calculated from the generated charge response under a

poling voltage of 1500 V at room temperature) and polarization-electric (P-E)



hysteresis loops of the B-PVDF-Mg patches (the electric field was swept over
approximately - 60 to + 60 kV/cm at room temperature) were measured by a
commercial d3; meter (ZJ-4AN) and ferroelectric analyzer (FE-3000), separately. The
US-responsive piezoelectric output was recorded using an oscilloscope and US
exciters. To evaluate the effect of plasma-assisted surface hydrophilization, B-PVDF
and B-PVDF-Mg patches were treated using a CPC-E plasma system with oxygen as
the working gas. The oxygen flow rate was maintained at 200 mL/min, the plasma
power was set to 60 W, and the treatment duration was 3 min. The water contact
angles (WCA) of untreated and plasma-treated patches were subsequently measured
using a WCA analyzer (VCA OPTIMA, AST). The stress-strain curves of different
thicknesses of B-PVDF-Mg patches were recorded by a tensile instrument (MTS
Standard 43) (compression rate: 5 mm/min) and repeated 3 times. For Mg** release
characterization, 5-mm-diameter B-PVDF-Mg patches containing 0.05 mmol
elemental Mg per patch (approximately 1.215 mg Mg per patch, corresponding to
6.19 mg/cm?) were used, consistent with the formulation employed in the cellular and
in vivo experiments. Individual patches were immersed in 5 mL double distilled H.O
(ddH20) and subjected to the indicated US stimulation regimen. Aliquots were
collected and appropriately diluted before inductively coupled plasma-mass
spectrometry (ICP-MS) (Agilent 7700X) analysis. Cumulative Mg?* release was
calculated after correction for the Mg?* removed during sequential sampling.

Cell Proliferation and Apoptosis Detection

MC3T3-E1l grew in the a-MEM (HyClone). Cells were inoculated with different



patches  (Control,  Control+US, pB-PVDF, B-PVDF+US, B-PVDF-Mg,
B-PVDF-Mg+US). Here, the Control group refers to B-PVDF patches without
micro-nano linear topology, while the Control+US group refers to f-PVDF patches
without micro-nano linear topology under US stimulation. This was the case in all
subsequent experimental groups. Cellular proliferation was quantified using the cell
counting kit-8 (CCK-8) assay (Beyotime, C0038). Similarly, after the cells have been
treated for three days, MC3T3-E1 apoptosis was detected using flow cytometry
(FACSCanto, BD, USA).
Cell Morphology Assay

MC3T3-E1 were seeded onto different kinds of patches for 7 days. After 7 days
of culture, cells were stained to show their morphology. Briefly, after fixation in 4%
PFA and blocking with 1% bovine serum albumin (BSA) (2 h), cells were stained
with phalloidin (30 min, 25 °C) and DAPI (5 min) sequentially. Cell orientation was
then detected using a fluorescence microscope (Leica, M205 FA) and quantified using
Imagel.
Osteogenic Induction and Detection

Osteogenic differentiation of MC3T3-E1 was evaluated using complementary
phenotypic and molecular assays. Alkaline phosphatase (ALP) activity was assessed
after 14 days of culture, and extracellular matrix mineralization was examined by
alizarin red s (ARS) staining on day 21. Expression of osteocalcin (OCN), osteopontin
(OPN) and collagen type I (Col-I) was evaluated by immunofluorescence (IF), with

nuclei counterstained using DAPIL In parallel, RNA was isolated for reverse
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transcription-qPCR  (RT-qPCR) analysis of osteogenesis-related genes, with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used for normalization (with
primers detailed in Supplemental Table S1). Imaging data were acquired under
identical conditions and quantified using ImageJ.
Assay of MC3T3-E1 Migration

The B-PVDF patches and B-PVDF-Mg patches were placed on the bottom and
MC3T3-E1 was cultured on the top of the polycarbonate membrane using transwell.
MC3T3-E1 was cultured at 37 °C, during which the patches were stimulated with US.
Migrating cells stained with crystal violet were captured, and analyzed with ImageJ.
SA-B-Gal Staining of MC3T3-E1 after Different Treatments

2% paraformaldehyde (PFA) fixed MC3T3-E1 for 5 min. Following phosphate
buffered saline (PBS) rinses, SA-B-Gal staining proceeded at 37 °C (16 h). Washed
samples underwent light microscopy imaging, with senescent cells quantified.
Human umbilical vein endothelial cells (HUVECs) Migration Assay

A previously described scratch assay [18] was used to evaluate HUVECs
migration. After cell attachment, the corresponding US stimulation was applied
according to the experimental grouping. Cell migration was subsequently evaluated to
explore the combined effects of the surface topography, piezoelectric stimulation, and
Mg?** release. The images of each group of HUVECs were captured by fluorescence
microscopy and analyzed with Imagel.
Tube Formation Assay

To assess angiogenesis of HUVECs with B-PVDF-Mg patches in a co-culture
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system, tube formation assays were performed. HUVECs were seeded onto the
matrigel-coated wells to initiate capillary-like tube formation. And the patches were
carefully positioned over the HUVECs layer cultured on the matrigel surface. The
corresponding US stimulation was subsequently applied, and tube formation was
evaluated after incubation.
In Vitro Antioxidant Activity of B-PVDF-Mg Patches

The function of the B-PVDF-Mg patches to clear reactive oxygen species (ROS)
was assessed in RAW264.7. H>O; (200 uM) was then added to each group for 48 h. 2°,
7’-dichlorodihydrofluorescein diacetate (DCFH-DA) was dipped in fresh medium,
and the pictures were captured in 24-well plates using fluorescence microscope after
20 min.
RAW264.7 Cell Morphology Assay

After fixation (4% PFA, 15 min) and PBS wash, cell permeabilization (5 min)
and blocking (5% BSA, 30 min) were performed. F-actin and nuclear staining
followed published methods.
IF Staining of RAW264.7

RAW264.7 cells were cultured with different treatments (Control, Control+US,
B-PVDF, B-PVDF+US, B-PVDF-Mg and B-PVDF-Mg+US). The staining protocol is
described as follows: 1. primary antibodies (1:100), (4 °C overnight); 2. secondary
antibodies [FITC-conjugated, Alexa Fluor® 594-conjugated] (60 min); 3. nuclear
staining: DAPI (5 min).

Flow Cytometric Analysis of Macrophage Phenotype
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RAW264.7 macrophages were cultured under the indicated treatment conditions
(Control, Control+US, B-PVDF, B-PVDF+US, B-PVDF-Mg, and B-PVDF-Mg+US).
After collection, cells were immunostained for CD86 and CD206. FlowJo v10.8.1
was used to calculate the percentages of CD86 and CD206 macrophages. Three
independent experiments were conducted.

Antimicrobial Performance Testing

The B-PVDF-Mg was examined against S. aureus and E. coli. Each bacterial
suspension (10 pL, 1 x 10* CFU/mL) was introduced into wells containing the
indicated samples. US was applied for 5 min to the designated groups. Following
treatment, bacteria were recovered in 1 mL PBS, and 20 pL aliquots were plated for
viable-colony determination after 18 h at 37 °C. Five independent replicates were
analyzed, and morphological alterations of the bacteria were examined by SEM.
Animal Model Establishment

Under aseptic conditions, a 4-mm bone defect was created in the right parietal
bone using a circular hollow drill, and completely covered with a 5-mm sterilized
circular patch (ethics approval numbers: 2024AE02018). Penicillin was administered
intramuscularly for 3 postoperative days. Rats received different intervention (Control,
Control+US, B-PVDF, B-PVDF+US, B-PVDF-Mg and B-PVDF-Mg+US). For groups
receiving US, US was delivered transcutaneously using sterile coupling gel with the
transducer centered over the defect. Animals were sacrificed at 8 weeks. Calvarial
specimens were harvested for micro-CT and histological analyses: IF and

immunohistochemistry (IHC). For histological evaluation, sections were obtained
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using consistent anatomical orientation across all specimens. Histological staining
were quantitatively analyzed within the entire original 4 mm defect region using
identical regions of interest (ROI).

To determine the residual Mg content after long-term implantation, f-PVDF-Mg
patches retrieved after 8 weeks were carefully collected and processed for quantitative
Mg analysis. Unimplanted B-PVDF-Mg patches from the same batch were used to
determine the initial Mg content. After nitrolytic cleavage, ICP-MS 1is used to detect
Mg content. Residual Mg content was expressed as the amount of Mg remaining in
each retrieved patch relative to that in the corresponding unimplanted patch.
Transcriptome Sequencing and Analysis

RAW264.7 cells were cultured with different treatment (48 h), with the latter
receiving a 20-min US exposure once per day. Cells were lysed with trizol for latter
RNA sequencing.

Phosphorylation-specific Enzyme-Linked Immunosorbent Assay (ELISA)

RAW264.7 cells were lysed after specified treatment and the levels of
phosphorylated AKT (p-AKT), p-AKT/AKT, phosphorylated ERK (p-ERK), and
p-ERK/ERK were quantified using phosphorylation-specific ELISA kits. Activation
of the PI3K-AKT and MAPK-ERK pathways was evaluated using the p-AKT/AKT
and p-ERK/ERK ratios.

Pathway Inhibition and IF Analysis
To assess the functional involvement of PI3K-AKT and MAPK-ERK signaling

in B-PVDF-Mg+US-induced macrophage regulation, PI3K inhibitor (LY294002, 10
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uM) or the MEK1/2 inhibitor (U0126, 10 pM) inhibited RAW264.7 cells before
corresponding treatment. Then, cells were assigned to the Control, B-PVDF-Mg+US,
B-PVDF-Mg+US+LY294002, and B-PVDF-Mg+US+U0126 groups. IF staining was
then performed for p-AKT, p-ERK1/2, arginase-1 (Arg-1) and nitric oxide synthase
(iNOS), with DAPI nuclear counterstaining. ImageJ was used to quantify fluorescence
intensity from images collected under consistent acquisition parameters.
Macrophage-conditioned Medium-mediated Osteogenic Assay

To evaluate whether PI3K-AKT- and MAPK-ERK-dependent macrophage
responses contributed to downstream osteogenesis, conditioned media were collected
from RAW264.7 cells in the Control, B-PVDF-Mg+US, -PVDF-Mg+US+LY 294002,
and B-PVDF-Mg+US+U0126 groups. After centrifugation (1000 rpm, 5 min), the
conditioned media were used to culture MC3T3-El1 for 7 days. Recombinant
runt-related transcription factor 2 (RUNX2) and OPN expression served as osteogenic
readouts and was examined by IF. Fluorescence signals were measured with ImageJ
using images collected under standardized acquisition parameters.
Experimental Group Definitions

Control group: smooth B-PVDF patches without micro-nano linear topography or
Mg incorporation and received no US stimulation; Control+US group: smooth
B-PVDF patches but received US stimulation; B-PVDF group: B-PVDF patches with
micro-nano linear topography but without Mg incorporation or US stimulation;
B-PVDF+US group: B-PVDF patches with micro-nano linear topography and US

stimulation. B-PVDF-Mg group: B-PVDF patches containing both micro-nano linear
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topography and Mg incorporation without US stimulation; B-PVDF-Mg+US group:
B-PVDF patches containing both micro-nano linear topography and Mg incorporation
with US stimulation (Table S6).
US Stimulation Protocol

Low-intensity pulsed ultrasound (LIPUS) stimulation was delivered using a
transducer with a center frequency of 1.5 MHz. The US intensity was set at 30
mW/cm? (the corresponding US output power is 0.6 W) (Table S7), with a frequency
of 1.0 kHz and a duty cycle of 20% [19-21]. Unless otherwise specified, all biological
assays were completed within 20 min per session, administered once daily. (The
selected frequency, intensity, duty cycle, and daily treatment duration are comparable
to commonly used noninvasive LIPUS regimens for bone-healing applications [22].)

For in vitro experiments, the transducer was positioned directly beneath the
center of the corresponding culture well with the acoustic axis aligned with the center
of the corresponding well, and the transducer-to-sample distance was maintained at 3
mm, and US coupling gel was used to provide reproducible acoustic coupling
between the transducer and the culture plate. The culture medium volume was
maintained at 2 mL per well to provide a constant acoustic propagation path during all
experiments. Because reflections from the liquid—air interface and culture-plate
boundaries can generate standing-wave patterns in multi-well systems, medium depth,
transducer—sample spacing, transducer orientation, sample position and acoustic path
length were kept identical for all experimental groups. Peripheral wells were not used

for quantitative experiments, and samples were positioned in central wells to
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minimize exposure to the peripheral portion of the transducer beam and reduce
potential transducer edge effects. Acoustic attenuation through the culture-plate
bottom, coupling layer, and culture medium was not assumed to be negligible.
Therefore, the reported intensity represents the nominal output condition of the US
system rather than an independently mapped intracavity pressure field within each
well. All experimental comparisons were consequently performed using an identical
plate type, coupling configuration, transducer—sample distance, medium volume, and
transducer alignment to minimize variability in the effective acoustic exposure and
US-piezoelectric coupling efficiency. To evaluate potential thermal effects, the
temperature of the sample environment was monitored during the 20-min LIPUS
treatment under the same acoustic parameters used for the biological experiments.
Corresponding sham-treated samples without US exposure served as thermal controls.
Use of Artificial Intelligence Tools

ChatGPT (OpenAl) was used as an auxiliary language-editing tool during
manuscript revision, primarily for grammatical correction, improvement of sentence
structure, and refinement of wording in the manuscript and responses to reviewers.
The tool was not used for experimental design, primary data acquisition, generation of

experimental results, or independent scientific interpretation.

Statistical Analysis

Mean values with standard deviations are reported for quantitative measurements.

Statistical processing was completed in Origin 2024, with the Shapiro-Wilk test
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applied to assess distributional normality and Levene’s test used to determine whether
variances were comparable across groups For datasets meeting the required
parametric assumptions, group comparisons were carried out by one-way ANOVA
with subsequent Tukey testing. Statistical significance was accepted at p < 0.05.
Unless otherwise stated, cell experiments included no fewer than three independent
biological replicates, and four animals were assigned to each experimental group.
Technical measurements obtained within the same biological replicate were averaged
before statistical testing. For the in vivo experiment, four animals were included in
each of the six treatment groups. A post hoc sensitivity analysis for a one-way
ANOVA (six groups, total n = 24, a = 0.05) indicated that this design provided 80%
power to detect an overall effect size of approximately Cohen’s f = 0.85. Therefore,
the study was primarily powered to detect large between-group effects. Given the
limited sample size, the study was not specifically powered for all intermediate
pairwise comparisons, and non-significant pairwise results were therefore interpreted

cautiously and not considered evidence of equivalence.

Results and Discussion

The B-PVDF-Mg patches demonstrate US-responsive piezoelectric effect

The confocal reconstruction revealed the thickness of B-PVDF-Mg patches,
which suggested that we prepared piezoelectric topological B-PVDF-Mg patches via
imprinting technology, with tunable thickness control (Figure S1A and Figure 2A).

The SEM result demonstrated a highly integrated micro-nano linear topology pattern
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on the patch surface (Figure 2B), with a groove width of 350 + 62 nm, a ridge width
0of' 400 + 87 nm, and a groove depth of 306 + 59 nm (Table S3). These dimensions fall
within the range previously reported to promote osteogenesis via contact guidance
(e.g., 200-400 nm ridge/groove patterns). The energy dispersive spectroscopy (EDS)
mapping indicated successful incorporation of Mg?" (Figure S1B). XRD analysis
examined the crystal conformation of B-PVDF-Mg. Distinct a and [ phases were
observed in the a-PVDF, B-PVDF and B-PVDF-Mg patches respectively, with the
highest diffraction peak occurring at 20 = 20.6° on the crystal planes of the B
ferroelectric phase (Figure 2D). XRD quantitative analysis (Table S4) confirmed the
formation of an electroactive B-phase-rich PVDF structure after thermal annealing,
rapid quenching, and subsequent poling. The B-PVDF and B-PVDF-Mg samples
exhibited a dominant diffraction peak at approximately 26 = 20.6°, corresponding
predominantly to the overlapping (110)/(200) reflections of B-PVDF. Incorporation of
MgCl.-6H:20 resulted in a slight shift of the B-phase peak from 20.56° to 20.60° and a
decrease in FWHM from 0.997° to 0.969°, suggesting modest changes in crystalline
ordering. As previous reports, hydrated MgCl. can act as a nucleating species and
influence the formation of polar crystalline phases in PVDF [23]. Because the B-phase
enrichment was modest, we do not attribute the electroactive structure to MgCl.
incorporation alone; rather, it likely reflects the combined effects of salt-assisted
nucleation, thermal treatment, rapid quenching, and electrical poling [24]. FTIR
further supported the presence of the electroactive B-phase. The characteristic

absorption  band  near 1275  cm’!,  together = with  the  strong
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electroactive-phase-associated band near ~840 c¢cm!, was observed in B-PVDF and
B-PVDF-Mg, whereas characteristic a-phase bands near 763, 795, and 976 cm™' were
diminished (Figure 2E). The phase assignment was therefore based on the combined
XRD and FTIR results rather than on any single vibrational band [23, 25]. The FTIR
spectra of B-PVDF-Mg and pristine B-PVDF were nearly identical, showing no
significant shifts in the characteristic absorption peaks or the appearance of new peaks
that would indicate chemical bonding or changes in the polymer’s chemical structure.
This strongly suggested that Mg>" are physically incorporated within the PVDF
matrix rather than covalently bonded to the polymer backbone, serving as bioactive

ion reservoirs for US-regulated release.

Significantly, the resulting p-PVDF-Mg patch exhibited an excellent
US-triggered piezoelectric effect, where US stimulation induced charge separation
between internal/external surfaces and accelerated interfacial charge release, thereby
generating electrical signals (Figure 2C). The ds3; of a-PVDF, B-PVDF
and B-PVDF-Mg were 1.2, 14 and 19 pC/N, respectively, based on triplicate
measurements from ten sample points (Figure 2F). The B-PVDF-Mg patch exhibited
a closed polarization-electric field hysteresis loop over an electric-field range of
approximately - 60 to + 60 kV/cm (Figure 2G). The presence of finite remanent
polarization and coercive-field crossings supports field-induced polarization
switching of the electroactive PVDF matrix. A moderate asymmetry was observed,
which may originate from electrode/interface effects, internal defects, or nonuniform

charge distribution [26]. The leakage current profile showed an initial capacitive
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charging spike upon field application, followed by a rapid decay to stable leakage
level, reflecting good insulation performance (Figure S1D). The low leakage current
is accord with the insulating nature of the PVDF matrix and may reflect suppressed
charge transport associated with space-charge redistribution, electrode injection and
field-dependent conduction processes in ferroelectric polymers [27-29]. Overall, the
B-PVDF-Mg sample demonstrated a typical ferroelectric hysteresis loop with low
leakage current, highlighting its potential for piezoelectric device applications.
Furthermore, we detected by an electronic oscilloscope that the output voltages on
both sides were close to 0 without US stimulation, but increased with US intensity
while maintaining temporal synchronization with stimulation periods (Figure 2H).
Such charge releasing and output voltage of the B-PVDF-Mg patches will provide the
basis for non-invasive and localized electrical stimulation of adherent cells, thereby
affecting cellular behaviors. To investigate the degradability of the B-PVDF-Mg patch,
the degradation test in vivo was conducted through implanting it in animals for 8
weeks. As shown in the Figure S2A, SEM results indicated that the micro-nano linear
topological structure on the patch surface remained clearly visible. Compared to
before implantation, the mass of the f-PVDF-Mg patch did not undergo significant
change (Figure S2B). These indicated that the B-PVDF-Mg patch was not prone to
degradation and exhibited excellent structural stability. Meanwhile, the d33 constant
and US response performance of B-PVDF-Mg patches implanted in animals for 8
weeks were evaluated. In contrast to the B-PVDF-Mg patch before implantation, the

ds; of the B-PVDF-Mg patches showed a slight decrease and remained at 16 pC/N
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(Figure S2C), and the slight reduction in ds; may be caused by the changes in the
local composite microenvironment following gradual Mg?" release, while the
dominant [B-phase PVDF crystalline structure remained preserved. And the
B-PVDF-Mg patch’s output voltage gradually increased with rising US intensity
(Figure S2D). The results indicated that the B-PVDF-Mg patch maintained superior
piezoelectric properties and US response performance, even after long-term
implantation in the body. The preserved piezoelectric performance is primarily
attributed to the stable B-phase crystalline structure and non-degradability of PVDF,
which remained intact after implantation. Importantly, maintaining stable
piezoelectric output throughout the healing process enables sustained US-triggered
electrical stimulation together with controllable Mg?* release, thereby continuously
supporting macrophage polarization, osteogenesis, angiogenesis, and subsequent bone
remodeling during long-term bone regeneration. Finally, this non-biodegradable
characteristic allows the B-PVDF-Mg patch to maintain favorable biocompatibility

within the investigated period in vivo.

Although the B-PVDF-Mg patch maintained structural integrity and piezoelectric
functionality during the 8-week implantation period, this endpoint represents only an
early-to-intermediate stage of bone healing in the rat cranial defect model and is
insufficient to establish long-term biocompatibility of permanently retained PVDF.
Because PVDF is non-resorbable, prolonged cranial retention may potentially result
in delayed fibrous encapsulation, chronic foreign-body reactions, or persistent

low-grade inflammation that may not become apparent within the present observation
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window. Therefore, extended implantation studies with detailed local histological
assessment will be indispensable to evaluate whether permanent retention is clinically
acceptable. If long-term retention proves undesirable, secondary surgical retrieval or
the use of removable implant architectures may be required. Alternatively, future
generations of the platform could employ biodegradable piezoelectric polymers such
as PLLA or PHBV, which may provide electromechanical stimulation during the
regenerative phase while reducing the long-term burden associated with a

permanently retained synthetic polymer [30-34].
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Figure 2. Characterization of the B-PVDF-Mg patches. (A) 3D LSCM reconstruction of
the rhodamine-stained B-PVDF-Mg patch used for thickness measurement; scale bar: 100

pm. (B) SEM picture of B-PVDF-Mg; scale bar: 2 uym. (C) lllustration of the US-triggered
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piezoelectric effect of B-PVDF-Mg patches. (D) XRD patterns of a-PVDF, B-PVDF and
B-PVDF-Mg patches. (E) FTIR spectra of a-PVDF, 3-PVDF and B-PVDF-Mg patches. (F)
The ds3 constant of a-PVDF, B-PVDF and B-PVDF-Mg (n = 3 for each group). (G) P-E
hysteresis loops for B-PVDF-Mg patch. (H) Piezoelectric output voltage of B-PVDF-Mg
patches under different acoustic output powers of the US transducer (0.5-3 W). The
effective radiating area of the transducer was approximately 20 cm?, corresponding to
nominal area-averaged acoustic intensities of approximately 25-150 mW/cm?. (1)
US-responsive Mg?* release under repeated stimulation cycles (n = 3 for each group). The
power of US was 30 mW/cm?. Data are reported as mean = SD from three biologically
independent experiments. Group differences were analyzed by one-way ANOVA with
Tukey’s post hoc test; **p < 0.01 and ***p < 0.001.

We examined the performance of B-PVDF-Mg patches by tensile tester. As
shown in Figure S1A, E, the maximum axial tensile force of the B-PVDF-Mg patches
gradually increased as their thickness increases. When the thickness of the
B-PVDF-Mg patch was 35 um, its maximum axial tensile force reached 11 N, which
fully satisfies the mechanical support for large cranial bone defect repair [35, 36].
Moreover, hydrophilic biomaterial surfaces have been reported to attenuate
pro-inflammatory macrophage responses and promote a pro-healing osteoimmune
microenvironment [37, 38]. As shown in Figure S1C, F, the WCA value of the
B-PVDF-Mg patch (72.55°) was smaller than that of the B-PVDF patch (90.37°),
attributable to the addition of Mg?*. Oxygen plasma treatment further enhanced

surface wettability, reducing the WCA of B-PVDF-Mg from 72.55° to 19.43°, which
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may be beneficial for subsequent cell-material interactions. To evaluate the release
behavior of Mg?" from B-PVDF-Mg under US triggering, we examined the
cumulative release of Mg*" using ICP-MS. To characterize Mg?*" release under
biologically relevant loading conditions, release experiments were performed using
the same high-loading B-PVDF-Mg formulation for studies (in vitro and in vivo)
(1.215 mg elemental Mg per 5-mm patch; 6.19 mg/cm?). As observed in Figure 21,
the cumulative release of Mg?" increased with repeated US irradiation cycles, reaching
93.6% (absolute cumulative amount of Mg**: 1.137 mg), while the cumulative release
amount of Mg?" from B-PVDF-Mg was only around 28.1% (absolute cumulative
amount of Mg?*: 0.342 mg) without US irradiation. So Mg?* from B-PVDF-Mg could
be controlled by US as an external regulatory cue rather than merely an auxiliary
stimulus. Figure S2E revealed a clear correlation between the Mg?* release kinetics
and US intensities that the cumulative release of Mg?* increased progressively with
increasing US intensity over an identical stimulation period. To establish the
relevance between therapeutic LIPUS condition and piezoelectric regulation of Mg?*
release, we further correlated US intensity with the voltage generated by the
B-PVDF-Mg patch. At the biological LIPUS intensity of 30 mW/cm?, the patch
generated an output voltage of approximately 160 mV (Figure S2D, F). This voltage
therefore represents the biologically relevant piezoelectric output generated during the
treatments. Consistent with this observation, voltage-dependent release experiments
demonstrated enhanced Mg?" release at comparable piezoelectric potentials (160 mV)

(Figure S2G), supporting the hypothesis that the piezoelectric potential generated
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during LIPUS stimulation contributes to regulation of Mg?* release [39]. A detailed
comparison of the two datasets revealed an important nuance that the total cumulative
Mg?* release in Figure S2E (direct US stimulation) was consistently slightly higher
than that in Figure S2G (equivalent voltage stimulation alone) across all
intensity/voltage pairs. Rather than serving solely as an electrical stimulation platform,
the piezoelectric B-PVDF-Mg patch also functions as an active regulator of Mg?*
release: US-induced piezoelectric polarization dynamically modulates Mg?* release
kinetics, thereby coupling electrical and biochemical cues within a single therapeutic
platform. Recent advances in externally regulated biomaterials have demonstrated
increasing levels of therapeutic programmability. For example, Yin et al. developed a
near-infrared regulated multi-mode periosteum scaffold capable of sequentially
coordinating antibacterial, immunomodulatory, and regenerative functions through
different irradiation strategies [40]. In comparison, the present f-PVDF-Mg platform
employs a single US stimulus to activate coupled electromechanical and ionic
responses. Rather than independently switching multiple therapeutic modules, our
system provides an externally triggered and adjustable regenerative cue by

synchronizing piezoelectric stimulation with Mg?* release.

Therefore, the current platform represents a simplified US-responsive strategy
that enables dynamic modulation of the local osteoimmune microenvironment, while
further development toward stage-specific or independently programmable

therapeutic regulation remains an important future direction.

The B-PVDF-Mg patches demonstrate biocompatibility and induce directed cell

26



growth

We co-cultured MC3T3-E1 with B-PVDF-Mg patches to evaluate the
cytocompatibility of the various patches. The result indicated low cytotoxicity of
B-PVDF substrate, US stimulation, piezoelectric microcurrents and Mg?" (Figure
S3A-C). Interestingly, the biocompatibility was more positive in the B-PVDF+US and
B-PVDF-Mg+US groups that received US stimulation, compared to the B-PVDF and
B-PVDF-Mg groups without US stimulation. Of note, the B-PVDF-Mg+US group
exhibited the most pronounced increase in proliferation rate, suggesting a synergistic
effect of US stimulation, piezoelectric effect and Mg?*. In addition, the apoptosis rate
in B-PVDF-Mg+US was 1.99% (Figure S4A-H). The results suggest that
US-stimulated B-PVDF-Mg conferred enhanced cell viability to MC3T3-El,

facilitating subsequent tissue regeneration.

Periosteum covering bones comprises an outer fibrous layer where collagen
fibers exhibit directional alignment, most pronounced in the diaphysis [41-43].
Previous studies have confirmed that natural periosteum of the backbone exhibits
longitudinal fiber orientation. Likewise, lamellar bone harbors osteoblast networks
characterized by strong directional alignment and intricate connectivity [44].
Therefore, the highly integrated micro-nano linear topology pattern on the surface of
B-PVDF-Mg patches theoretically is capable of replicating the directional alignment
of collagen fibers characteristic of native periosteum [45, 46]. To investigate such
topological influence on cellular behavior, we cultured MC3T3-E1 for 5 days on both

micro-nano linear patterned and non-patterned B-PVDF surfaces, analyzing cell
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orientation, aspect ratio, and elongation (Figure 3A). SEM and phalloidin/DAPI
staining revealed distinct morphological differences between different groups. On
non-patterned B-PVDF patch surface, MC3T3-El displayed random orientation. In
contrast, cells grown on topological surfaces across all experimental groups (B-PVDF,
B-PVDF+US, B-PVDF-Mg, B-PVDF-Mg+US) exhibited excellent directional
alignment along the linear topological pattern (Figure 3B, C). Quantitative
orientation analysis demonstrated that cells on the patterned surfaces exhibited a
pronounced orientation peak at approximately 90° in our image-based angular
coordinate system, whereas cells on the non-patterned control surfaces showed a
broadly distributed orientation over 0°-180°. In this coordinate system, 0° was the
horizontal image axis, while the long axis of the micro-nano grooves was oriented at
approximately 90°. Therefore, the orientation peak near 90° represents preferential
cell alignment parallel to the groove axis (Figure 3D-H). This directional preference
was further confirmed by sina® measurements of actin alignment orientation (Figure
3I). In addition, compared to the irregularly growing MC3T3-El, oriented aligned
MC3T3-E1 had increased aspect ratios and cellular elongation, as well as improved
cell areas (Figure 3J-L). These findings provide clear evidence that MC3T3-E1 are
mechanosensitive to linear topological patterns, preferentially aligning along the
engineered micro-nano grooves in a manner that mimics their natural orientation in

periosteal tissue [47-49].
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Figure 3. Directed Growth of MC3T3-E1 on B-PVDF-Mg patches. (A) lllustration of

MC3T3-E1 directional growing on B-PVDF-Mg patch with micro-nano linear topology,

along with parameter measurement methods. (B) SEM images of p-PVDF-Mg patch

without (i) and with (ii) micro-nano linear topologies, as well as SEM images of MC3T3-E1

grown on B-PVDF-Mg patch without (iii) and with (iv) micro-nano linear topologies; scale

bar: 50 ym. (C) Fluorescent images of MC3T3-E1 growing on B-PVDF (topological
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B-PVDF) and p-PVDF-Mg patches with and without micro-nano linear topologies (n = 3).
The scale bars represent 100 um (top) and 50 um (bottom). Green: phalloidin; Blue: DAPI.
For the polar plots in (D-H), the orientation angle was defined relative to the horizontal
image axis (0°). The long axis of the micro-nano grooves was positioned at approximately
90°; therefore, an orientation peak around 90° indicates alignment parallel to the groove
direction. (I) Quantification of MC3T3-E1 orientation by the trigonometric function sina (n =
3, 3 analyzed areas per n). (J-L) Statistical analysis of aspect ratio (J), cell length (K) and
cell area (L) of MC3T3-E1 grown on different substrates. Data are mean + SD from three

biologically independent replicates; one-way ANOVA: ns, not significant; ***p < 0.001.

The B-PVDF-Mg patches demonstrate pro-osteogenic effects in vitro

The osteogenic process involves two critical phases: osteoblast differentiation
coupled with bone matrix mineralization typically assessed through ALP activity
assays and quantification of bone mineralization nodules (BMNs) [50-52]. As
exhibited in Figure 4A, B, ALP and BMN (ARS staining) expression across these
groups, indicated that we successfully induced MC3T3-El into osteoblasts with
osteogenic differentiation ability, as well as that the B-PVDF patch itself did not
inhibit the osteogenic behavior in vitro. Quantitative analysis revealed the
B-PVDF-Mg+US group exhibited highest ALP and BMN expression (Figure 4G, H),
implying that B-PVDF-Mg patch with US stimulation could effectively promote
osteogenesis. Notably, US-treated groups (B-PVDF+US and B-PVDF-Mg+US groups)

showed significantly enhanced ALP and BMN staining compared to non-US-treated
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groups (B-PVDF and B-PVDF-Mg groups), which could be attributed to piezoelectric
effect promoting cellular differentiation. In addition, the B-PVDF patch with linear
topological pattern exhibited a higher level of ALP/BMN expression versus blank

controls, confirming the pro-osteogenic effect of guided cellular alignment.

OCN and OPN are major non-collagenous bone matrix proteins associated with
osteoblast maturation and mineralization, whereas Col-I constitutes the principal
organic framework of bone matrix [53-55]. Figure 4C showed that IF staining
revealed markedly enhanced expression of OCN, OPN and Col-I in the
B-PVDF-Mg+US group. Under identical control conditions, the US-stimulated
B-PVDF-Mg group (i.e., B-PVDF-Mg+US group) exhibited significantly higher
expression levels of OCN, OPN and Col-I, compared to the B-PVDF-Mg group
without US stimulation (i.e., B-PVDF-Mg group), which may be ascribed to the
piezoelectric effect stimulating osteoblast differentiation (Figure 4D-F). Similarly,
under the presence of US stimulation, the B-PVDF-Mg containing Mg?* group (i.e.,
B-PVDF-Mg+US group) exhibited higher expression of OCN, OPN and Col-I
compared to the Mg?*-free B-PVDF group (i.e., p-PVDF+US group), which was
related to the Mg?*. Therefore, we concluded that the most pronounced osteogenic
activity observed in all experimental groups was due to the synergistic biological
effects of piezoelectric effect and Mg?" release. Moreover, the B-PVDF group with
linear topological pattern also exhibited a higher expression level of
osteogenesis-related proteins, which was consistent with the ALP and ARS staining

results described above. All these results may be attributed to the topological pattern,
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piezoelectric effect and Mg?* release [56-62]. At the level of gene transcription, the
genes (OCN, ALP, RUNX2 and Col-I) expression were highest in the
B-PVDF-Mg+US group, demonstrating the beneficial impact of B-PVDF-Mg with US
stimulation on promoting bone formation (Figure 4I). Because Mg?* released from
B-PVDF-Mg by piezoelectric effect could promote MC3T3-E1 differentiation. In
addition, the B-PVDF-Mg+US treatment also resulted in lower expression of the
tumor suppressor gene p53 and the matrix-remodeling gene MMPY (Figure 4I),
indicating treatment-associated changes in stress-response and matrix-remodeling
gene expression. These results revealed that B-PVDF-Mg with US stimulation had

great potential in accelerating osteogenic process.

32



A Control Control+US B-PVDF B-PVDF+US B-PVDF-Mg B-PVDF-Mg+US

ALP staining

B o
£
£
©
3
[Z3%
o
14
< - i A ke
Cg
<
o
e
Z
Q
(@]
o
<
o
—
2
o
(]
& , - - — .
< g - & : &
a
—
©
o
D OCN E OPN F Col-1
48 |Control B-PVDF 300 Control B-PVDF 360 Control B-PVDF
> Control+US B-PVDF+US > Control+US B-PVDF+US| 2> Control+US B-PVDF+U
= B-PVDF-Mg = B-PVDF-Mg ? B-PVDF-Mg
#320  prvDFMgrUg—FE 2200/ pPVDFMgUS _ FXE | €240 ppvDF-MgiUg o
wRd | @ fwd |2 fkdk
2 Fededk = £ Fdedk
£ T g £ Tk - Tkt
160 **=* c 7 12 X
s o r | e 0 e ¥
2 * s | = r r?:ﬂ
o 0 7 ! .
Groups Groups Groups
G ALP staining H ARS staining .. pPCR
’_320 [ IControl B-PVDF ?12 [ |Control B-PVDF 12 [ |Control B-PVDF
X Control+US B-PVDF+US = goPn\:gJ;+l\anS B-PVDF+US g Control+US B-PVDF+U
= B-PVDF-Mg — . -Mg B-PVDF-Mg
S 80 PVDF.MgsUS % %% © 80  B-PVDF-MgUs %k S 8]  B-PVDF-Mg+US
o - g >
2 ’—**’v’f @ kst _s Runx2
o e k=] ALP
2 40, 2 40 ... S 41
® wkk " [
?.) h _ g MMPQ pa3
' |2 72 ; e
x 0 [ 0 7/& 0!

Grdups

Grou ps

Figure 4. Pro-osteogenesis effect of B-PVDF-Mg patches. (A, B) ALP and ARS

staining performed after osteogenic induction, showing early osteogenic activity and

matrix mineralization, respectively. Images were obtained from 24-well plates (n = 3);

scale bar: 4 mm. (C) IF detection of OCN, OPN, and Col-l in MC3T3-E1 on day 7 (n = 3);

scale bar: 80 um. (D-F) Quantitative analysis for OCN, OPN, and Col-I, respectively (n =

3). (G, H) Densitometric quantification of ALP and ARS staining, respectively (n = 3). (l)
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RT-gPCR assessment of osteogenesis-related gene expression (n = 3). The Control

group consisted of smooth B-PVDF patches lacking micro-nano linear topography. Data
are mean = SD from three biologically independent replicates; one-way ANOVA: ***p <

0.001.

Biological effects related to bone regeneration of the p-PVDF-Mg patches

To explore the homing on MC3T3-El treated with B-PVDF-Mg patches, a
transwell assay was performed (Figure S5). MC3T3-El in the B-PVDF-Mg and
B-PVDF-Mg+US groups showed enhanced migration behavior compared to other
groups (Figure 5A, F), demonstrating Mg?" chemotactic effect. Also, cellular
senescence has been implicated in impaired tissue regeneration by affecting cell
proliferation, differentiation, and local inflammatory responses. Therefore, SA-B-gal
staining was performed to evaluate senescence-associated B-galactosidase activity in
MC3T3-El. Cells treated with B-PVDF-Mg+US and B-PVDF group with linear
topological pattern (named B-PVDF groups) exhibited reduced SA-B-gal-positive
staining (Figure 5B, G), suggesting an attenuation of senescence-associated
characteristics under the combined physical and chemical stimulation. Moreover,
bone repair cannot be achieved without angiogenesis [63, 64]. It was observed that
B-PVDF-Mg patches significantly accelerated HUVECs migration, and increased
branch point counts (Figure 5C, D, H, I, J). This synergistic angiogenic promotion

stems from combined chemical (Mg?") and physical stimulation modalities.
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Excessive ROS can lead to cellular dysfunction [65]. To study whether
B-PVDF-Mg patch could mitigate inflammation and maintain cellular homeostasis by
inhibiting ROS production, we detected ROS levels. As shown in Figure 5E, K,
under US stimulation, the B-PVDF-Mg containing Mg>" group (i.e., B-PVDF-Mg+US
group) exhibited lower ROS than the Mg?*-free B-PVDF group (i.e., B-PVDF+US
group), as Mg?" has a definitive anti-ROS effect. Similarly, under identical control
conditions, the B-PVDF-Mg group with US stimulation (i.e., f-PVDF-Mg+US group)
exhibited lower ROS expression levels compared to the US-free B-PVDF-Mg group
(B-PVDF-Mg group). One possible explanation for this finding is the piezoelectric
effect effectively suppressing excessive ROS production by cells, thereby reducing
cellular damage. Notably, B-PVDF patches with micro-nano linear topological
structures (i.e., B-PVDF group) demonstrated comparable results to f-PVDF patches
with smooth surface (i.e., Control group), indicating that the linear topological
structure of B-PVDF independently mitigates oxidative stress. In conjunction with the
experimental results of Figure 5E, K, among all experimental groups, the cells in the
B-PVDF-Mg+US group produced the least ROS and the least oxidative damage. This
finding suggests multiple synergistic antioxidant mechanisms. In detail, Mg?" has
been associated with cellular redox homeostasis, and reduced Mg availability can
exacerbate ROS production and oxidative stress [66, 67]; piezoelectric effect
synergistically amplified ROS inhibition; B-PVDF's linear topology independently
attenuated oxidative stress, collectively establishing chemical (Mg?*) and physical

(piezoelectric effect, topology) antioxidant synergy.
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Figure 5. The B-PVDF-Mg patches promote cell homing and angiogenesis, enhance
antioxidant activity, and attenuate senescence-associated phenotype in osteogenic
cells. (A) Transwell assay using MC3T3-E1 after 24 h culture; scale bar: 100 um. (B)

Senescence-Associated (-Galactosidase (SA-B-Gal) staining; scale bar: 50 uym. (C)
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Migration assay of HUVECs cultured in different groups at specific time points (n = 3);
scale bar: 100 ym. (D) Matrigel angiogenesis assay using HUVECs cultured for 48 h;
scale bar: 100 ym. (E) ROS staining of RAW264.7 cells; scale bar: 100 uym. (F-K)
Statistical analysis of cell migration (F), SA-B-Gal staining (G), 24 h HUVECs migration
ratio (H), 48 h HUVECs migration ratio (I), branch point counts of vessel (J) and R OS
staining (K) based on fluorescent images. Data are mean + SD from at least three

biologically independent replicates; one-way ANOVA: *p < 0.05, **p < 0.01, ***p < 0.001.

Immunomodulatory and antimicrobial effects in vitro of the p-PVDF-Mg patches

Macrophage polarization studies were conducted to explore the
immunomodulation of B-PVDF-Mg patches. Control experiments confirmed that
lipopolysaccharide (LPS) stimulation induced M0-to-M1 polarization (pancake-like
morphology), while IL-4/IL-13 triggered M2 polarization (elongated morphology), as
evidenced by Figure 6A. Notably, B-PVDF patches with aligned topological patterns
and US stimulation separately promoted comparable elongation in MO cells to
IL-4/IL-13-induced M2 polarization, as quantified by nuclear axis ratios (Figure 6E).
M1l-polarized macrophages exhibited elevated iNOS expression, while M2
polarization was characterized by Arg-1 dominance (Figure 6B, C). Notably,
B-PVDF variants with linear topology pattern and US stimulation reversed
LPS-induced M1 polarization, significantly upregulating Arg-1 while suppressing
iNOS (Figure 6D, F, G). In particular, B-PVDF-Mg+US and B-PVDF-Mg groups

exhibited the higher Arg-1 and lower iNOS expression versus B-PVDF+US and
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B-PVDF groups, demonstrating positive effect of Mg?* on M2 polarization. To further
validate the macrophage phenotypic response, flow cytometric analysis of CD86 and
CD206 was performed. The B-PVDF-Mg+US group exhibited a reduced proportion of
CD86 positive macrophages (0.78%) and an increased proportion of CD206 positive
macrophages (45.9%) (Figure S6). Among the experimental groups,
B-PVDF-Mg+US showed the most pronounced shift toward a CD206-dominant
phenotype. These flow-cytometric results were consistent with the increased Arg-1
and decreased iNOS signals observed by IF, providing additional evidence that the
combined treatment favored a reparative macrophage phenotype. The results also
suggested a contribution from the linear surface topography, whereas the difference
between B-PVDF+US and B-PVDF-Mg+US suggested an additional contribution
associated with Mg?" incorporation/release. Furthermore, US treatment increased the

reparative phenotypic response in the corresponding piezoelectric patch groups.

38



>

Mo LPS IL-4 us B-PVDF

Nuclei Arg-1 iNOS O

o

<

@

T’-

=

z
D Control Control+US  B-PVDF B-PVDF+US  B-PVDF-Mg PB-PVDF-Mg+US

8K

-

o

<
E cytoskeleton F iNOS staining G Arg-1 staining

18 36 . ~54 -PVDF
I § | s BPvBFHS | & Eontrolus  B-PVDFeus
=12 *% c B-PVDF-Mg+US g 36 B-PVDF-Mg+US &%
56 | Q G 24 yoscn & ek r
g — s "'“:s T Fddk = 18 1 Kk =
S o e s e B0 2 A BT L j

MO LPS IL-4 US B-PVDF | .
E <3 | 1| T olm 7|
Groups Groups Groups

Figure 6. The B-PVDF-Mg patches promote M2 polarization and inhibit M1
polarization in RAW264.7. (A) RAW264.7 cytoskeleton staining in vitro: representative
images of RAW264.7 cytoskeleton stained with phalloidin (48 h) (n = 4); scale bar: 20 ym.
(B-D) IF staining of INOS (an M1 marker) and Arg-1 (an M2 marker) after 3 days of culture
(n = 4); the scale bars represent 80 um and 20 ym, separately. (E-G) Statistical analysis
of RAW264.7 nuclear axis ratios (E), INOS (F) and Arg-1 (G) fluorescence intensity by
Imaged software. Data are mean + SD from four biologically independent replicates;

one-way ANOVA: *p < 0.05, **p < 0.01, ***p < 0.001.

To evaluate preliminary in vitro antibacterial activity of B-PVDF-Mg patches

39



under US stimulation, the bacteria were cultured on the patches and treated with US.
The B-PVDF and B-PVDF-Mg exhibited comparable colony counts, suggesting that
the piezoelectric material and Mg?* did not have intrinsic antibacterial activities
(Figure S7A-B). However, colony formation was significantly reduced in the
B-PVDF+US and B-PVDF-Mg+US groups, whereas US alone did not alter colony
counts (Figure S7E-F). So, the US-induced piezoelectric effect of B-PVDF can
effectively inactivate bacteria, such as S. aureus and E. coli. In addition, the
morphology of the bacteria treated with or without US stimulation was observed.
Figure S7C-D revealed severe bacterial structural damage after B-PVDF-Mg+US
treatment, whereas the largely preserved morphology observed in the B-PVDF-Mg
group without US. According to previous studies, B-PVDF can generate transient
electric fields or charges on its surface by piezoelectric effect. Previous studies have
suggested that piezoelectric surface charges may perturb bacterial membrane integrity
through electrostatic interactions. Consistent with this possibility, SEM images in the
present study showed morphological disruption after B-PVDF-Mg+US treatment.
However, the precise antibacterial mechanism was not directly investigated here.
Although the B-PVDF-Mg patch exhibited antibacterial activity, the present study did
not evaluate its therapeutic efficacy in an infected bone defect model. The results
should serve as preliminary evidence for the material’s potential to reduce infection
risk. Future studies using clinically relevant infected bone defect models will be
served to evaluate whether the in vitro antibacterial effects can be translated into

therapeutic benefits in vivo.
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The B-PVDF-Mg patches demonstrate osteogenic effects in vivo

Quantitative micro-CT analysis confirmed superior osseous regeneration in the
B-PVDF-Mg+US group, which exhibited the most favorable values across the
predefined structural indices. Improvements were also detected in groups receiving
either topographical or piezoelectric cues alone, although these effects were less
pronounced than those observed with the combined treatment (Figure 7A-E).
Interestingly, the Control+US group and the B-PVDF group with linear topology had
a higher BMD, BV/TV and BS/TS. These may be attributed to piezoelectric effect
and topology pattern inducing osteogenesis [68-70]. In addition, the B-PVDF-Mg+US
group showed the highest levels of bone morphogenetic protein 2
(BMP-2)/OCN/OPN by the quantitative analysis (Figure 7F-H). Therefore, the
US-triggered B-PVDF-Mg patch exhibited the optimal osteogenesis capacity.
Interpretation of the in vivo data is limited by the small sample size (n = 4 per group)
and assessment at only one time point (8 weeks). Sensitivity analysis indicated that
the present design had approximately 80% power to detect large overall treatment
effects (Cohen’s f = 0.85), but it may have been insufficiently powered to detect
moderate or small between-group differences. Thus, nonsignificant differences should
not be regarded as demonstrating equivalence among the treatment groups. Future
studies with prospectively powered larger cohorts and multiple longitudinal time

points.
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Figure 7. Micro-CT evaluation of calvarial regeneration after 8 weeks. (A, B)

Three-dimensional reconstructions and corresponding sectional images showing defect

closure in each group (n = 4). Original defect boundaries are indicated by red circles;

scale bars: 4 mm (A) and 2.5 mm (B). (C-E) Quantitative comparison of BMD, BV/TV,

and BS/TS within the predefined defect region. (F-H) Serum levels of

osteogenesis-related proteins determined by ELISA (n = 4). Data are mean + SD from

four biologically independent replicates; one-way ANOVA: *p < 0.05, **p < 0.01, ***p <

0.001.
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Among the treatment groups, B-PVDF-Mg+US produced the most extensive
tissue filling and new bone, accompanied by increased collagen deposition and
stronger expression of osteogenic markers (Figure 8A). Meanwhile, the collagen
deposition was greatest in the B-PVDF-Mg+US, suggesting that the f-PVDF-Mg with
US stimulation could enhance bone regeneration (Figure 8B, D). Interestingly, the
Control+US group and the B-PVDF group with linear topology had more bone
formation, thicker new bone, and greater collagen deposition (Figure 8A, B and D).
These may be attributed to piezoelectric effect and topology pattern inducing
osteogenesis [71]. Besides, the number of blood vessels can reflect the quality of bone
repair. The Control+US group and the B-PVDF group with linear topology had higher
CD31-positive vascular density. This increase may be due to the pro-vascularization
of piezoelectric effect and topology pattern. The B-PVDF-Mg+US group exhibited
enhanced vascular-related signals during bone repair. Interestingly, the CD31-positive
area showed a reduction at the late implantation stage, which may reflect changes in
angiogenic dynamics during the progression from vascular formation to tissue
remodeling (Figure 8C, E). This interpretation should be validated further using

analyses specifically addressing vascular maturation.
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Figure 8. The B-PVDF-Mg patches promote osteogenesis and angiogenesis in vivo.
(A) H&E staining of bone after 8 weeks treatments; scale bars: 1.5 mm (top) and 100 pm
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and 100 ym (bottom). (C) IHC staining of CD31; scale bars: 1.5 mm (top) and 50 pm

(bottom). (D, E) Statistical analysis of collagen (D) and CD31 (E) (n = 4). (Dashed boxes
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indicate the regions selected for the corresponding high-magnification views; equivalent
anatomical regions within the original defect area were selected across all six groups, with
identical magnification settings and the dimensions and positions of the dashed regions of
interest standardized as much as possible within each staining panel.) Data are mean +
SD from four biologically independent replicates; one-way ANOVA: *p < 0.05, **p < 0.01,

***p < 0.001.

SOD1 can inhibit ROS damage during bone repair. It was found that the
B-PVDF-Mg and B-PVDF-Mg+US groups exhibited elevated levels of SODI
expression, indicating the reduced oxidative damage during the late-stage bone
remodeling process via the Mg?*-driven antioxidant response (Figure S8A, B).
Additionally, the piezoelectric effect of B-PVDF-Mg+US resulted in maximal
induction of OCN and OPN expression, thereby suggesting the enhanced osteoblast
activity and accelerated biomineralization (Figure 9A, C). These results could be
attributed to the Mg?*-mediated osteoanabolic effects, including suppressing bone
resorption and enhancing mineralization-associated protein secretion, and thus,
achieving biomimetic coupling of osteogenic differentiation and matrix maturation
[56, 57]. Concurrently, B-PVDF with a linear topology pattern independently
upregulated osteogenic markers by priming osteoblast through topographical cues.
Additionally, the Control+US group expressed more OCN and OPN, likely due to the
osteogenic effects of US. These findings establish synergistic interplay between

physical cues (piezoelectric effect, topology pattern) and chemical cues (Mg*),

45



resulting in comprehensive osteogenic enhancement.

Immunomodulatory effects of the p-PVDF-Mg patches during bone repair

M1 macrophages orchestrate the clearance of early-stage tissue damage, but if
unregulated, they risk exacerbating inflammation [72]. In contrast, M2 polarization
dominates regenerative phases via anti-inflammatory and pro-angiogenic processes,
thereby facilitating bone repair [73]. The tissues treated with B-PVDF-Mg patches
exhibited upregulated Arg-1 and downregulated iNOS polarization dominance in
defect sites, and the effects were better with US stimulation (Figure 9B and D). So,
the Mg?" can modulate macrophage phenotype and osteoimmune signaling in a
concentration- and stage-dependent manner, thereby influencing bone regeneration
[74, 75], and it was enhanced by the US-enhanced immunometabolic reprogramming
[76]. Interestingly, both the Control+US group and the B-PVDF group with linear
topology had higher Arg-1 and lower iNOS expression, suggesting that the
piezoelectric effect and topology pattern promote M2 polarization while suppressing
M1 activation [77]. Together, these findings suggest that Mg?** and physical cues,
including surface topography and US-responsive piezoelectric stimulation,
cooperatively modulate macrophage phenotype and contribute to a pro-regenerative
osteoimmune microenvironment [75-77]. As the primary shapers of the early
inflammatory microenvironment, macrophages serve as the core cellular target of this
integrated mechanism. Our data showed that the B-PVDF-Mg+US group can drive
macrophage M2 polarization (high Arg-1, low iNOS; Figure 6), highlighting the

synergistic action between piezoelectric effect and Mg?* release. We have confirmed
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that the amount of Mg?* release directly correlates with the piezoelectric voltage
output of the patch, indicating that the piezoelectric effect is the primary physical
mechanism regulating ion release. These synergistic signals may be integrated as
follows: piezoelectric microcurrents may modulate membrane potential and calcium
influx, potentially enhancing cellular sensitivity to or uptake of Mg?* from the
microenvironment; meanwhile, intracellular Mg?*, acting as a critical signaling
cofactor, may amplify the biological effects of downstream pathways. For instance,
Mg?* is an essential cofactor for ATP, directly powering cellular activities. Mg?* and
US-responsive piezoelectric stimulation may influence signaling networks including
PI3K-AKT and MAPK-ERK, as suggested by the transcriptomic enrichment and
phosphorylation data obtained in this study (Figure 10). RUNX2 acts as the “master
switch” for osteogenic differentiation, driving the expression of downstream
osteogenic gene clusters (Col-1, ALP, OPN). Beyond directly stimulating osteogenesis,
Mg?* can induce various cells, including macrophages, to secrete critical factors like
vascular endothelial growth factor (VEGF). It can also directly act on endothelial cells,
promoting their migration, proliferation, and tubulogenesis, thereby establishing the
essential blood supply for new bone tissue [3, 4]. By consuming the substrate
L-arginine, it competitively inhibits the pro-inflammatory pathway mediated by
inducible iNOS, while generating products such as proline, which promote collagen
synthesis and tissue repair. The pro-regenerative microenvironment mediated by the
activated M2 macrophages functions as a switch initiating functional repair: by

establishing an  anti-inflammatory,  pro-angiogenic, and  pro-osteogenic
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microenvironment, they systematically steer the early inflammatory response toward
functional tissue regeneration [78-82]. Therefore, the US-triggered piezoelectric
output can synergize with Mg?>* to enhance osteogenesis, angiogenesis, and
immunomodulation, forming a coordinated pro-regenerative cascade. The surface
topology continues to provide an optimal scaffold for osteoblast attachment and
spreading during this phase. To preliminarily evaluate systemic biocompatibility
during the 8-week implantation period, H&E staining of various organs was
performed. All treatment groups exhibited normal tissue structure and morphology
(Figure S9), indicating that B-PVDF-Mg patch exhibits biocompatibility in vivo
within the investigated 8-week period. Because PVDF is a chemically stable and
non-degradable polymer, the current 8-week implantation study primarily
demonstrates short-term systemic compatibility. While the persistent structure and
piezoelectric stability of PVDF are advantageous for maintaining regenerative
stimulation investigation is necessary for the long-term fate of the retained material,
including possible foreign body reactions, fibrous encapsulation, and implant
management strategies after bone repair. Further studies should include longer
implantation durations (>12 weeks), which is essential before clinical translation of

the B-PVDF-Mg platform can be considered.

To further evaluate Mg?* release during long-term implantation, the residual Mg
content of B-PVDF-Mg patches retrieved after 8 weeks was quantified by ICP-MS.
Compared with the initial patches (Mg?": 0.05 mmol), a substantial reduction in

residual Mg?* was observed after implantation. Moreover, patches subjected to
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repeated US stimulation exhibited a lower residual Mg?* content (Mg?*: 0.004 mmol)
than those without US treatment (Mg?": 0.041 mmol) (Table S5), supporting the
ability of US stimulation to facilitate Mg?* release in vivo. The pattern of residual Mg
detected in vivo was in agreement with the release profile obtained from the
multi-cycle in vitro study. Starting from an initial loading of 0.05 mmol Mg per patch,
0.004 mmol remained in the B-PVDF-Mg+US group after 8 weeks, corresponding to
an approximate cumulative release of 92%, whereas 0.041 mmol remained in the
non-US group, corresponding to approximately 18% release. The pronounced
US-dependent enhancement therefore closely paralleled the high cumulative release
observed in vitro. Nevertheless, the in vivo and in vitro release fractions were not
identical, likely reflecting differences between controlled PBS conditions and the
dynamic tissue environment. Notably, the residual-patch analysis reflects Mg
depletion from the implant rather than a complete in vivo Mg mass balance. The
released Mg** may undergo local tissue retention, extracellular-matrix association,
cellular uptake, incorporation into newly mineralizing tissue, vascular transport, and
systemic clearance. Because local tissue, serum, urinary, and organ Mg levels were
not directly quantified, the relative contributions of local accumulation and systemic

clearance cannot be determined.

In addition, temperature generated by US monitoring was performed (1.5 MHz,
30 mW/cm?, 20% duty cycle, 20 min). The temperature of the sample environment
was monitored throughout US exposure and compared with the corresponding

sham-treated condition (no US). No appreciable bulk temperature increase was
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observed during the 20 min LIPUS exposure in both in vivo and in vitro (Figure S10),
suggesting that the observed biological effects were unlikely to be primarily

attributable to US-induced heating.
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Figure 9. The B-PVDF-Mg patches promote osteogenesis and immunomodulation in
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vivo. (A-B) Representative |F staining after 8 weeks treatments; scale bars: 1.5 mm (left)
and 100 um (right). (C, D) Statistical analysis of relevant marker (n = 4). Data are mean +
SD from four biologically independent replicates; one-way ANOVA: *p < 0.05, **p < 0.01,

***p < 0.001.

Proposed hypothetical model of p-PVDF-Mg+US-mediated osteoimmune

regulation

To further test the immunoregulation mechanisms of the B-PVDF-Mg patches
under US stimulation, RNA sequencing analysis of macrophages treated by
B-PVDF-Mg patches was performed. 1,112 differentially expressed genes (DEGs) in
macrophages (267 upregulated; 845 downregulated) in the B-PVDF-Mg+US group
versus the Control group was revealed (Figure 10A). Cluster diagram analysis
identified the raise of functionally distinct genes in the B-PVDF-Mg+US group
(Figure 10B), including Igf1, associated with regenerative growth-factor signaling
[83]; Dusp5, regulating MAPK signaling through dephosphorylation of ERK [84];
1l1rn, regulating /L-1-mediated inflammatory signaling [85]; Col5a3 and P3h2 related
to extracellular-matrix organization [86] and collagen modification [87], respectively.
These expression changes were further verified by RT-qPCR (Figure 10C).
Collectively, these DEGs are associated with growth-factor signaling, inflammatory
regulation, MAPK regulation, and extracellular-matrix organization/remodeling. In
addition, kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis

identified the PI3K-AKT and MAPK signaling pathways among the significantly
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enriched pathways associated with B-PVDF-Mg+US treatment, suggesting their
potential involvement in the macrophage response. (Figure 10D). The PI3K-AKT
axis coordinates the inflammation-repair balance by dual osteoblast activation and
collagen deposition, as well as RANKL-mediated osteoclast suppression, and thus,
maintaining the bone metabolic homeostasis [88, 89]. The observed increase in AKT
and ERK phosphorylation is consistent with the involvement of these signaling

pathways in macrophage regulation [90, 91].

Biological processes showed significant immune response pathway enrichment
(Figure 10E), while cellular components and molecular functions predominantly
featured integrin-receptor complexes through Gene Ontology (GO) analysis. These
transcriptomic results indicated that B-PVDF-Mg+US treatment is related to
coordinated changes in immune- and regeneration-related signaling networks in
macrophages. Moreover, the PPI analysis identifies that the core hub genes (/gf7,
Sppl, ILla, ILIb, Ccl5) that form a tightly interacting network, outlining a
macrophage-mediated, immune-regulated pro-regenerative model. These results
suggest that the B-PVDF-Mg patches modulate the activation state and secretion
profile of macrophages (M1, M2). On one hand, the altered expression of ///a, Il1b
and Ccl5 is consistent with an early macrophage-associated inflammatory and
cell-recruitment response during bone healing [75]; on the other hand, they promote
the transcription of key bone-contributing factors (e.g., macrophage M2-originated
Igfl) and immune-osteoconjugate molecules (e.g., Sppl) [92, 93]. Meanwhile,

negative feedback regulatory mechanisms built into the network (e.g., [llrn
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antagonizing /L[ signaling) suggest that the B-PVDF-Mg patch promotes the timely
abatement of inflammation and the establishment of immune homeostasis. Ultimately,
macrophage-derived signals (especially /gf7) efficiently translate immunomodulatory
signals into biological instructions that promote bone regeneration by activating
osteogenesis-related transcription factors (e.g., Nfatcl) and affecting the bone
microenvironment (e.g., by regulating the osteoclastic activity of Acp5) (Figure 10F)

[94, 95].

Phosphorylation-specific ELISA further supported the transcriptomic findings,
with the p-AKT/AKT and p-ERK/ERK ratios increasing from 0.996 + 0.027 and
1.002 = 0.019 in the Control group to 1.481 £ 0.062 and 2.176 £ 0.218 in the
B-PVDF-Mg+US group, respectively (Figure S11). Collectively, the transcriptomic
enrichment and phosphorylation-level analyses indicate that B-PVDF-Mg+US
treatment is related to enhanced PI3K-AKT- and MAPK-ERK-related signaling in
macrophages. These signaling changes may promote the reparative macrophage
phenotype. The relationships summarized in Figure 10G should be regarded as a
conceptual mechanistic scheme based on the current findings.

To further determine whether PI3K-AKT and MAPK-ERK signaling
functionally contributed to the macrophage response, pharmacological inhibition
experiments were performed using LY294002 and U0126 (Figure S12, S13). The
B-PVDF-Mg+US group increased p-AKT and p-ERK fluorescence, consistent with
the phosphorylation-specific ELISA results. LY294002 treatment significantly

reduced p-AKT signaling, whereas U0126 markedly suppressed p-ERK signaling,
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confirming effective inhibition of the respective pathways. Importantly,
B-PVDF-Mg+US treatment markedly increased Arg-1 expression, indicating a
reparative M2-like macrophage phenotype, whereas inhibition of either PI3K-AKT
with LY294002 or MAPK-ERK with U0126 significantly reduced Arg-1 expression
(Figures S12A, C and S13A, C), supporting the functional involvement of both
signaling pathways in B-PVDF-Mg+US-mediated macrophage polarization.

We next investigated whether pathway-dependent macrophage regulation
contributed to downstream osteogenic paracrine effects. MC3T3-El cultured with
conditioned medium from B-PVDF-Mg+US-treated macrophages exhibited markedly
increased RUNX2 and OPN expression compared with cells exposed to control
macrophage-conditioned medium. In contrast, conditioned media derived from
macrophages treated with B-PVDF-Mg+US + LY294002 or B-PVDF-Mg+US +
U0126 resulted in significantly lower RUNX2 and OPN expression than conditioned
medium from the B-PVDF-Mg+US group (Figure S12B, D and S13B, D). So, the
inhibition of either PI3K-AKT or MAPK-ERK signaling in macrophages attenuated
the pro-osteogenic activity of their conditioned medium. Overall, these results verify a
functional link between PI3K-AKT- and MAPK-ERK-associated macrophage
regulation and the downstream pro-osteogenic paracrine response induced by

B-PVDF-Mg under US stimulation.
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responses, supported by transcriptomic, phosphorylation, and pharmacological inhibition
analyses. Data are mean * SD from three biologically independent replicates; one-way

ANOVA: *p < 0.05, *p < 0.01, ***p < 0.001.

Emerging studies have shown that piezoelectric cues and bioactive ion delivery
can be incorporated into a unified platform for bone regeneration, enabling
coordinated physical and biochemical regulation. Our B-PVDF-Mg patch differs from
biodegradable piezoelectric scaffolds (relying on loading/degradation) and other
LIPUS-activated systems (lacking Mg/topography) by using external US to
simultaneously regulate piezoelectric stimulation and Mg?* release while preserving
sustained topography. Unlike NIR-based sequential systems, we achieve coordinated
control via a single LIPUS input, albeit without stage-specific switching. Animal
experiments confirmed that the B-PVDF-Mg+US group exhibited optimal osteogenic
outcomes, including BMD, BV/TV and collagen deposition, highlighting the system’s
significant bone repair efficacy.

The comparative group design provides partial separation of the three functional
cues incorporated in the present platform. First, comparison between smooth control
and topographical B-PVDF patches demonstrates the contribution associated with the
micro-nano linear surface structure. The patterned surface promoted cell alignment
and was accompanied by enhanced osteogenic and reparative macrophage-associated
responses, supporting a persistent contact-guidance role of the topography. Second,
comparison of B-PVDF with B-PVDF+US demonstrates the additional biological
response associated with US activation. The US-treated group showed enhanced
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osteogenic and immunomodulatory outcomes, consistent with an additional dynamic
electromechanical stimulus. Because US itself may also exert direct mechanical
effects on cells, however, this comparison should be interpreted as an US-associated
piezoelectric activation effect, rather than as an exclusively electrical microcurrent
effect. Third, comparison of B-PVDF with B-PVDF-Mg, and B-PVDF+US with
B-PVDF-Mg+US, demonstrates the additional contribution associated with Mg
incorporation. Mg-containing patches enhanced several osteogenic, angiogenic, and
reparative macrophage-associated outcomes, supporting a biochemical contribution of
Mg** availability. Together, these elements form “Physical and Chemical
Factors-Immunity-Bone” regulatory network. US triggers piezoelectric output and
controls Mg?>" release kinetics, while the topological pattern provides sustained
contact guidance.

Macrophage responses to biomaterials are influenced by their chemical
composition and their physical and structural characteristics. As summarized by Chen
et al., multiple biomaterial properties, including surface structure, roughness, stiffness,
pore architecture, and chemical composition, can influence macrophage phenotype
and consequently affect bone regeneration [96]. In the present system, regulation of
the osteoimmune microenvironment is integrated through three functionally coupled
cues. First, the micro-nano linear topography provides a persistent physical cue at the
cell-material interface. Second, US activation of the B-PVDF matrix generates a
dynamic piezoelectric signal, providing an additional electromechanical cue to cells.

Third, Mg?* incorporated within the patch provides a biochemical signal, while its
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release is enhanced by US activation of the piezoelectric system. Thus, rather than
acting as three completely independent factors, surface topography, piezoelectric
stimulation, and Mg?" release constitute a coupled physical-electrical-chemical
microenvironment. The present results showed that the patch supports a shift toward a
reparative macrophage phenotype under the combined B-PVDF-Mg+US treatment.
Such macrophage modulation may subsequently contribute to a local environment
favorable for inflammation resolution, angiogenic responses, and osteogenic
differentiation. This coordinated mechanism significantly accelerated bone defect
healing in animal models, offering a novel strategy for designing smart bone repair

materials with combined immunomodulatory and osteogenic functions.

Conclusions

The multimodal patch provides a US-responsive platform that integrates
piezoelectric stimulation, Mg?" release, and topographical guidance to promote a
regenerative osteoimmune microenvironment, with PI3K-AKT and MAPK-ERK
signaling functionally contributing to macrophage regulation and downstream

osteogenic paracrine effects.
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Mg?*:  magnesium ion; PVDF: Poly(vinylidene fluoride); DMEF:

dimethylformamide; MgCl-6H2O: magnesium chloride hexahydrate; LSCM: laser
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scanning confocal microscopy; SEM: scanning electron microscopy; EDS: energy
dispersive spectroscopy; XRD: X-ray diffraction; ATR: attenuated total reflection;
FTIR: Fourier transform infrared spectroscopy; US: ultrasound; P-E:
polarization-electric; WCA: water contact angle; DCFH-DA: 2,
7’-dichlorodihydrofluorescein  diacetate;  Mg?>":  magnesium ion; PVDF:
polyvinylidene fluoride; ICP-MS: Inductively coupled plasma-mass spectrometry;
MC3T3-El: mouse embryo osteoblast precursor cells; a-MEM medium: minimum
essential medium o; DMEM: dulbecco’s modified eagle medium; CCK-8: cell
counting kit-8; BSA: bovine serum albumin; ALP: alkaline phosphatase; ARS:
alizarin red s; BMNSs: bone mineralization nodules; OCN: Osteocalcin; OPN:
osteopontin; Col-I: collagen type I; RT-qPCR: reverse transcription-qPCR; GAPDH:
glyceraldehyde-3-phosphate =~ dehydrogenase; PFA: paraformaldehyde; PBS:
phosphate buffered saline; RUNX2: runt-related transcription factor 2; HUVECs:
Human Umbilical Vein Endothelial Cells; ROS: reactive oxygen species; LPS:
lipopolysaccharide; iNOS: nitric oxide synthase; Arg-1: arginase-1; BMD: bone
mineral density; BV/TV: bone volume/tissue volume; BS/TS: bone surface/tissue
surface; H&E: hematoxylin and eosin; SODI1: superoxide dismutase 1; VEGF:
vascular endothelial growth factor; DEGs: differentially expressed genes; KEGG:
kyoto encyclopedia of genes and genomes; GO: Gene Ontology; ANOVA: analysis of
variance; ELISA: enzyme-linked immunosorbent assay; IF: immunofluorescence;
[HC: immunohistochemistry. PLLA: poly(L-lactic acid); PHBV:

poly(3-hydroxybutyrate-co-3-hydroxyvalerate); RNA: ribonucleic acid; ddH:O:
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double distilled H>O; ROI: regions of interest; LIPUS: low-intensity pulsed

ultrasound; BMP-2: bone morphogenetic protein 2.
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