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ARTICLE INFO ABSTRACT

Keywords: The development of scaffolds for repairing critical-sized bone defects heavily relies on establishing a neuro-
Bone repair vascularized network for proper penetration of nerves and blood vessels. Despite significant advancements in
Biomineralization

using artificial bone-like scaffolds infused with various agents, challenges remain. Natural bone tissue consists of
a porous bone matrix surrounded by a neuro-vascularized periosteum, with unique piezoelectric properties
essential for bone growth. Drawing inspiration from this assembly, we developed a periosteum-bone-mimicking
bilayer scaffold with piezoelectric properties for regeneration of critical-sized bone defects. The periosteum-like
layer of this scaffold features a double network hydrogel composed of chelated alginate, gelatin methacrylate,
and sintered whitlockite nanoparticles, emulating the viscoelastic and piezoelectric properties of the natural
periosteum. The bone-like layer is composed of a porous structure of chitosan and bioactive hydroxyapatite
created through a biomineralization process. Unlike conventional bone-like scaffolds, this bioinspired bilayer
scaffold significantly enhances osteogenesis, angiogenesis, and neurogenesis combined with low-intensity pulsed
ultrasound-assisted piezoelectric stimulation. Such a scheme enhances neuro-vascularized bone regeneration in
vivo. The results suggest that the bilayer scaffold could serve as an effective self-powered electrical stimulator to
expedite bone regeneration under dynamic physical stimulation.

Piezoelectricity
Neuro-vascularization
Periosteum

1. Introduction regeneration, thereby accelerating bone defect repair [9,10]. Notable

advancements have been made in tissue-engineered scaffolds by incor-

The repair of critical-sized bone defects caused by trauma and
various bone diseases presents a significant clinical challenge and poses
a serious threat to patient health [1]. It is well recognized that bone
growth is tightly linked to the regulation of nerves and blood vessels [2,
3]. Sensory nerves are crucial for maintaining bone homeostasis. These
nerves support bone regeneration by monitoring bone density and
metabolism [4-6]. In addition, blood vessels are essential for trans-
porting nutrients and facilitating cellular exchanges necessary for cell
growth [7,8]. Notably, vascularization enhances the early expression of
neuropeptide receptors, providing an environment conducive to nerve
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porating a variety of functional active agents. Nevertheless, challenges
such as inadequate osteogenesis and adverse effects like biotoxicity and
ectopic ossification limit their clinical use [11-13]. Therefore, devel-
oping functional scaffolds that can rapidly induce neuro-vascularization
without relying on active agents is critical for enhancing bone defect
repair [14]. Such an endeavor represents a major focus and challenge in
contemporary bone tissue engineering research.

Natural bone tissue has a hierarchical structure. This structure in-
cludes a rigid bone matrix and a flexible periosteum [15,16]. The bone
matrix is a three-dimensional (3D) porous structure made of mineralized
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collagen [17]. The periosteum covers the bone surface. It acts as a
flexible piezoelectric material, mainly composing of collagen fibrils.
These fibrils have a polar hexagonal crystalline unit and a spiral struc-
ture [18-20]. The periosteum is rich in a neuro-vascularized network.
This network supplies essential nutrients and growth factors for bone
growth. The network also affects cell fate and osteogenesis through its
electrophysiological effects [21,22]. When bone defects occur, damage
to the periosteum is inevitable [23]. To date, tissue-engineered scaffolds
only mimic the mineralized bone matrix. These scaffolds have not
considered the critical role of the periosteum in bone healing [24].
Research shows that the periosteum contributes over 70 % to early
osteogenesis during fracture repair. Damage to the periosteum can slow
or even stop bone repair [25,26]. Thus, there is an urgent need for a new
artificial bone implant. This implant should mimic both the structure
and function of natural bone tissue, including both the periosteum and
the mineralized bone matrix.

Electrical stimulation has been clinically proven to promote bone
regeneration [27,28]. However, external electrical stimulation is inva-
sive and increases infection risk [29]. Piezoelectric materials can
generate electrical stimulation instantly in response to mechanical
stresses [30-32]. Low-intensity pulsed ultrasound (LIPUS) is approved
by the US Food and Drug Administration because of its deep tissue
penetration potential and safety [33,34]. These bioelectrical signals are
crucial for nerve transmission, communication between cells, cell divi-
sion, and ion transport [20,35,36]. Although piezopolymers (e.g., pol-
yvinylidene fluoride) and piezoceramics (e.g. zirconate titanate, zinc
oxide) facilitate tissue regeneration, their non-biodegradable and toxic
nature impose unresolvable challenges for biological use [37-39]. There
is a pressing need for bone scaffolds that incorporate bioactive piezo-
electric materials to recreate the electrophysiological environment for
expedited bone regeneration. Whitlockite (WH) nanoparticles, the sec-
ond most abundant inorganic bone mineral, contain magnesium-infused
calcium phosphate (CagMg(HPO4)(PO4)e) [40]. Sintered WH exhibits
bioactivity akin to carbonated apatite found in natural bone, and pos-
sesses unique piezoelectric properties [41]. Hence, there is potential for
sintered WH to be used in bone tissue engineering.

A periosteum-bone biomimetic piezoelectric scaffold was developed
in the present work that was inspired by the heterostructure and unique
function of natural bone tissue. This scaffold has a mineralized bone-like
layer and a periosteum-like layer. Rigid bone matrix Bone, as a miner-
alized tissue, consists primarily of collagen molecules and hydroxyapa-
tite, the latter exhibiting remarkable osteoinductive properties. To

a) Periosteum-bone inspired hierarchical scaffold
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replicate the composition and process of bone mineralization, chi-
tosan—a biocompatible biomaterial abundant in amino groups—was
utilized as a mineralization template. This facilitates the in-situ growth of
hydroxyapatite nanoparticles, resulting in the formation of a chitosan-
hydroxyapatite (CS/HAp) 3D bone-like layer. The periosteum-like
layer on top of the bone-like layer simulates the embedding pattern of
Sharpey’s fibers. It consists of a flexible double network hydrogel made
from calcium-chelated biocompatible alginate and covalently cross-
linked gelatin methacryloyl (GM/Alg). Piezoelectric WH (PWH) nano-
particles were incorporated within the periosteum-like hydrogel to
bestow the hydrogel with piezoelectric properties. The result is an
innovative scaffold with a bilayer structure and inherent piezoelectricity
(Scheme 1). When subjected to LIPUS stimulation, this bioinspired
scaffold with piezoelectricity significantly improves early vasculariza-
tion and neurogenesis. This facilitates bone repair by reconstructing
bone defect architecture and modulating the bioelectric microenviron-
ment. To the authors knowledge, this periosteum-bone mimicking
scaffold has not yet been reported. The bioinspired piezoelectric scaffold
represents a convenient and effective method for neuro-vascularized
bone regeneration.

2. Materials and methods
2.1. Materials

Calcium hydroxide (Ca(OH),), magnesium hydroxide (Mg (OH),),
calcium chloride (CaCly), sodium hydroxide (NaOH), sodium dihydngen
phoshate anhydrous (NaH,;PO4), phosphoric acid, and chitosan (CS, 90
% deacetylated) were purchased from Aladdin (Shanghai, China).
Methacrylic anhydride, lithium phenyl (2,4,6-trimethylbenzoyl) phos-
phinate (LAP), and FITC-labeled phalloidin were obtained from Milli-
pore Sigma, (Burlington, MA, USA). Type A gelatin was purchased from
Maokang (Guangzhou, China). Sodium alginate (Alg), Triton X-100,
bovine serum albumin, and calcein-AM/PI double staining kit were
purchased from Solarbio (Beijing, China). Prime Script RT reagent kit
and Trizol RNA extract kit were obtained from Takara (Shiga, Japan).
All of the chemicals were of analytical grade.

2.2. Synthesis of piezoelectric whitlockite (PWH) nanoparticles

Whitlockite nanoparticles were synthesized using the precipitation
technique [42]. Briefly, Ca(OH)2 (0.37 M) and Mg (OH); (0.13 M) were
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Scheme 1. Schematic of a bioinspired scaffold with endogenous piezoelectricity for bone defect repair. a) The design of periosteum-bone inspired hierarchical
scaffold. b) The bioinspired scaffold with endogenous piezoelectricity and bioactive components for neuro-vascularized bone regeneration.
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mixed with deionized water and maintained at 100 °C for 30 min. This
was followed by dropwise addition of phosphoric acid (0.5 M) at a rate
of 0.5 mL/s. The reaction was heated at 100 °C for 10 h (pH 5). After
aging at room temperature, the milky white precipitates were centri-
fuged (6000 rpm, 15 min), washed, and dried overnight at 80 °C to
produce WH nanoparticles. To induce the piezoelectricity, the prepared
WH powder was subjected to a heating process in a muffle furnace. The
temperature was ramped up at a rate of 10 °C/min to reach 650 °C,
where it was held isothermally for 3 h. Following this, the material was
allowed to cool naturally overnight. This process resulted in the syn-
thesis of PWH nanoparticles with piezoelectric effects.

2.3. Fabrication of the bilayer scaffold (Bio-S)

This scaffold featured a bilayer structure similar to relationship be-
tween bone and periosteum. The lower layer, made of chitosan and
hydroxyapatite (CS/HAp), functions as the bone-like scaffold and was
referred to as the B-S layer. The upper layer, composed of a gelatin
methacryloyl, alginate, and PWH hydrogel (GM/Alg/PWH hydrogel),
functions as the periosteum-like scaffold and was referred to as the P-S
layer.

Synthesis of CS/HAp scaffold: Chitosan (CS) was dissolved in acetic
acid (2 %, w/v) through magnetic stirring to achieve complete disso-
lution. Subsequently, CaCl. (2 mol/L) and NaH2PO4 (1.2 mol/L) were
added and stirred for 1 h. The mixture was freeze-dried. The dried
material was immersed in a NaOH (1.25 wt%, pH = 13) for 8 h. This was
followed by washing with deionized water until neutralization was
achieved to produce the CS/HAp scaffold.

Synthesis of GM/Alg/PWH hydrogel: Gelatin methacryloyl (GM) was
synthesized by dissolving 5 g of type A gelatin in 50 mL of deionized
water. Subsequently, 12.5 mL of methacrylic anhydride was added, and
the mixture was continuously stirred at 55 °C for 2 h. The solution was
dialyzed (molecular weight cut-off 8000-14000 Da) for 7 days to
remove unreacted methacrylic acid. The resulting GM foam was ob-
tained through a 3-day freeze-drying process. The GM foam (10 %, w/v)
and alginate (Alg, 20 %, w/v) were dissolved in phosphate-buffered
saline (PBS) at 55 °C until completely dissolved. PWH nanoparticles
(15 % wt) were then added to the solution and stirred for 1 h. Subse-
quently, 0.25 % (w/v) lithium phenyl (2,4,6-trimethylbenzoyl) phos-
phinate (LAP) was dripped into the solution to obtain the precursor fluid
of the P-S hydrogel. The precursor solution was cured with ultraviolet
light for 5 min and then immersed in a CaClz solution for 10 min. The
GM/Alg/PWH hydrogel was obtained after rinsing 3 times with deion-
ized water.

Fabrication of the bilayer scaffold: Uncured precursor solution of the
GM/Alg/PWH hydrogel was poured onto the B-S layer. The bilayer
scaffold developed in this work is cylindrical, with an upper-to-lower
layer thickness ratio of 1:2. It was allowed to penertrate naturally for
a 3 min before polymerization with ultraviolet irradiation for 5 min. The
hydrogel layer was then suspended in a CaCl solution for another 10
min to generate the Bio-S scaffold.

2.4. Physicochemical characterization of the bilayer scaffold

Scanning electron microscopy (SEM) images and element mapping
were obtained using a FEU 430 NanoSEM (Lausanne, Switzerland) at an
acceleration voltage of 15 kV. The composition and crystalline structure
of each specimen was analyzed by Fourier transform infrared spectros-
copy (FTIR, FTIR-8400S, Shimadzu, Kyoto, Japan) and X-ray diffraction
(XRD, Bruker D8 Advance, Billerica, MA, USA).

2.5. Piezoelectric coefficient measurement
Piezoelectric whitlockite nanoparticles were compacted into discs

measuring 10 mm in diameter and 2 mm in thickness. For piezoelectric
measurements, the upper and lower surfaces of the discs were coated
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with silver paste as a conductive agent. Polarization was achieved by
applying a direct current electric field of 5 kV/cm to the discs at room
temperature for 30 min. The piezoelectric coefficients of the PWH disc
were measured using a quasi-static d33 m device (ZJ-3AN, IACAS,
China). The piezoelectric coefficients of GM/Alg/WH and GM/Alg/PWH
hydrogels (diameter: 10 mm, height: 2 mm) were also determined [43].

2.6. Piezoelectric performance test

A programmable electrometer (KEITHLEY6514, Keithley, USA) was
used to detect the piezoelectric performance of the hydrogels. For the
GM/Alg/WH and GM/Alg/PWH hydrogels, square slices were prepared
and single-sided silver conductive tape was affixed to the top and bottom
surfaces. Two copper wires were then drawn from each end of the tape.
An insulating polyurethane film was then used to encapsulate the
hydrogels. To evaluate the piezoelectric response, the hydrogel surface
was subjected to cyclic forces of 0.25 N, 0.5 N, 1 N, and 2 N at a fre-
quency of 1 Hz. The resulting changes in voltage were recorded using the
electrometer. To visualize the piezoelectricity of the hydrogel, copper
wires were employed to connect both sides of the GM/Alg/WH and GM/
Alg/PWH hydrogels encapsulated with PU insulator membranes in a
circuit. This circuit contained a small LED bulb that was connected in
series with signal amplifiers.

2.7. Rheology measurements of the hydrogel

The rheological properties of the hydrogels were measured using a
rotary rheometer (DHR-2, TA Instruments, New Castle, DE, USA). A
shear-thinning test was performed with a shear rate ranging from 0 to
10051, The frequency was maintained at 10 rad/s under 1 % strain. The
strain amplitude was varied with the frequency held constant at 10 rad/
s, ranging from 1 to 100 %. A step-strain sweep test was conducted with
alternating low strain (y = 5 %) to high strain (y = 300 %) at a constant
frequency of 10 rad/s to examine the recovery behavior of the GM/Alg/
PWH hydrogel.

2.8. Mechanical properties of the bilayer scaffold

The compressive properties of the scaffolds were evaluated using a
universal mechanical force testing machine (AGS-10KN, Japan). Sam-
ples (B-S, P-S, and Bio-S) with dimensions of ®10 x 4 mm were tested at
a cross-head speed of 1.0 mm/min. Compressive stress was recorded
with a deformation of 70 %. Three parallel samples were tested to ensure
consistency in the measurements.

2.9. Invitro degradation of the bilayer scaffold

The degradation behavior of the B-S and P-S components of the
bilayer scaffold was investigated by immersing the specimens in
phosphate-buffered saline (PBS) containing lysozyme and collagenase
(0.5 mg/mL) in a shaking bath at 37 °C. The solution was refreshed
every two days to maintain the degradation environment. At pre-
determined time intervals (days O, 3, 7, 14, 21, 28, and 35), the speci-
mens were removed, cleaned to remove residual PBS, lyophilized, and
weighed. The weight loss ratio was detected by the equation.

Weight loss ratio (%) = (W3 - W1) / W3 x 100
where W; and W, represent the initial and final weights of the speci-

mens, respectively.

2.10. Ion release behavior of the bilayer scaffold

The Bio-S scaffolds were immersed in PBS (pH = 7.4) at 37 °C. At
predetermined intervals (6 h, 12h,1d, 2d, 4 d, 7 d), the collected liquid
was analyzed with inductively coupled plasma-mass spectrometry (ICP-
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MS, NexION 2000, PerkinElmer, Waltham, MA, USA) to measure the
concentration of Mg?*. Three parallel measurements were conducted for
each specimen at each time-point.

2.11. Cytocompatibility of the bilayer scaffold

Murine bone marrow mesenchymal stem cells (BMSCs) were used to
examine the cytocompatibility of the scaffolds. The BMSCs were isolated
from one-week-old Sprague Dawley rats and cultured in Dulbecco’s
Modified Eagle Medium (DMEM). The culture medium was supple-
mented with 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 10 %
fetal bovine serum (Bosco Biotechnology Co., Ltd, Shanghai, China). The
cells were then incubated in a CO2 incubator (MCO-15AC, Sanyo, Osaka,
Japan) at 37 °C. To simulate piezoelectric stimulation of the BMSCs by
the scaffold, a Low-Intensity Pulsed Ultrasound (LIPUS) device was
utilized in a cell culture system (WELLD, WED-100, Shenzhen, China).
Each scaffold was placed on the LIPUS operating platform. The BMSCs
were cultured on the surface of the materials and treated with LIPUS (1
MHz, 0.15 W/cmz, 20 % pulsed ratio 1:4) [43]. The proliferation of
BMSCs co-cultured with different scaffolds was evaluated using the Cell
Counting Kit-8 (CCK-8) assay. The BMSCs were seeded onto scaffolds in
96-well plates at a density of 5000 cells/well. The experiment consisted
of four groups: Control group (without material), LIPUS, B-S group, B-S
+ LIPUS group, Bio-S group, and Bio-S + LIPUS group (Bio-S stimulated
with LIPUS). LIPUS stimulation was performed daily in the Bio-S +
LIPUS group for 10 min each time. After 2 and 4 days, dead (red) and
live (green) cells were stained with fluorescein diacetate and propidium
iodide and observed using a fluorescence inverted microscope (CLSM,
Fluoview FV1000, Japan). In addition, the nucleus and F-actin of the
BMSCs were stained in green and blue using DAPI and FITC-labeled
phalloidin, respectively.

2.12. In vitro osteogenesis, angiogenesis, and neurogenesis induced by
Bio-S + LIPUS

2.12.1. Alkaline phosphatase and alizarin red staining

The BMSCs were seeded onto scaffolds (height: 0.8 mm) in 6-well
plates at a density of 3 x 10* cells/well. Osteogenic induction medium
(DMEM with 10 % FBS, 1 % penicillin/streptomycin, 50 pM/mL ascorbic
acid, 0.1 pM dexamethasone, and 10 mM p-glycerophosphate) was
added to replace the medium in the wells. At days 7 and 14, the speci-
mens were retrieved and treated with 4 % paraformaldehyde. Alkaline
phosphatase (ALP) staining was performed using a reagent kit according
to the manufacturer’s specifications to visualize ALP activity. Alizarin
red S staining was employed to visualize the deposition of calcified
nodules at days 14 and 21.

2.12.2. Reverse transcription-quantitative polymerase chain reaction (RT-
qPCR)

The BMSCs were seeded onto scaffolds in 6-well plates at a density of
5 x 10* cells/well. After osteogenic culture for 7 and 14 days, total RNA
was extracted from the BMSCs using Trizol reagent and reverse tran-
scribed into cDNA. The ¢cDNA was then subjected to RT-qPCR. Three
osteogenesis-related genes: runt-related transcription factor 2 (Runx2),
type I collagen (COL I), and osteocalcin (OCN), as well as two
angiogenesis-related genes: angiopoietin-1 (Ang-1) and vascular endo-
thelial growth factor (VEGF), were evaluated. Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as the housekeeping gene.

For neurodifferentiation studies, the media were replaced with
neural induction medium. The latter was prepared by adding 50 ng/mL
NGF-p into the proliferation medium. After 14 days of culture, three
neurogenic differentiation genes: nestin, neurofilament light chain
(NEFL), and tubulin beta 3 class III gene (TUBB3), were evaluated, with
GAPDH as the housekeeping gene. The specific primers used are listed in
Table S1 for osteogenesis-related genes, and Table S2 for neurogenic
differentiation genes (Supporting Information). The results were
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calculated using the 2722% method. Values larger than 2 or less than 1/2
were considered statistically significant.

2.12.3. Western blot (WB)

Cells were lysed in radioimmunoprecipitation assay lysis buffer
containing protease and phosphatase inhibitors. The BMSCs were
seeded onto scaffolds in 6-well plates at a density of 5 x 10* cells/well.
The total protein concentration was determined using the bicinchoninic
acid (BCA) protein assay kit. Following centrifugation at 12,000 g, the
supernatant was heated to 100 °C for 5 min. Subsequently, 20 pg of the
protein suspension was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto poly-
vinylidene fluoride membranes, and blocked with 5 % bovine serum
albumin. The membranes were then incubated overnight at 4 °C with
specific primary antibodies. This was followed by incubation with sec-
ondary antibodies at 37 °C. Immunoblots were visualized using an
enhanced chemiluminescence kit and quantified with ImageJ software
(National Institute of Health, Bethesda, MD, USA). Protein expression
levels were normalized to GAPDH. Antibodies used in this study
included Runx2, COL I, OCN, Ang-1, VEGF, MEK, P-MEK, ERK, P-ERK,
AKT, P-AKT, PI3K and P-PI3K (Affinity Biosciences, Cincinnati, OH,
USA).

2.13. Mechanism of vascular-neurogenic osteogenesis

2.13.1. Transcriptome sequencing

RNA-sequencing was used to evaluate mRNA profiles in BMSCs.
Analysis was conducted on three groups: B-S group, Bio-S group, and
Bio-S + LIPUS group. Briefly, BMSCs (5 x 10* cells/well) were cultured
in 6-well plates with B-S and Bio-S specimens for 7 days. The Bio-S +
LIPUS group was subjected to LIPUS stimulation daily (0.15 W/cm?, 10
min each time). On the 7th day, the collected cells were washed three
times with PBS, and lysed in a 1.5 mL EP tube. The enriched mRNA was
fragmented and reverse-transcribed into cDNA with random primers. All
cDNA fragments were amplified using [llumina NovaSeq 6000 (Illumina,
San Diego, CA, USA) and analyzed by Novogene Biotech Co., Ltd.
(Beijing, China). The DESeq2 software was used to identify differentially
expressed genes (DEGs) between the B-S group and Bio-S group, as well
as the Bio-S + LIPUS group. A corrected P-value of 0.05 and an absolute
fold change (FC) of 1 were set as thresholds for significant differential
expression. In addition, gene ontology (GO) enrichment analysis and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
were conducted. A corrected P-value <0.05 indicated significant
enrichment by DEGs.

2.13.2. Detection of key pathway-associated genes in vitro

BMSCs cultured on Bio-S specimens were subjected to daily LIPUS
stimulation (0.15 W/cm?, 10 min each time). After 14 days of culture in
osteogenic medium, total RNA from the BMSCs was reverse-transcribed
into cDNA. The gene expressions of HIF-1a, P2X7, and RSK (primers
listed in Table S3 of the Supporting Information) were quantitatively
examined using RT-qPCR.

2.14. Animal model of calvarial bone defects

Animal protocols were approved and conducted following guidelines
established by the Institutional Animal Care and Use Committee of the
Fourth Military Medical University (IACUC-2023-kq-029). Eight-week-
old male Sprague-Dawley rats (~300 g) were procured from the Labo-
ratory Animal Research Center of the Fourth Military Medical University
(Xi’an, China). Prior to the surgical procedure, the rats were anes-
thetized with intraperitoneal injection of pentobarbital sodium.

After a 7-day acclimatization period, general anesthesia was induced
with intraperitoneal injection of pentobarbital sodium (2 %, 40 mg/kg).
Full-thickness defects with a diameter of 5 mm were created on the
middle ridge of the skull using a trephine. Following scaffold
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implantation (The thickness of the periosteal layer and osteoid layer is 1
mm, respectively), muscle and skin of the rats were sutured. The rats
were administered penicillin at a dose of 400,000 units for 5 days. They
remained active and did not exhibit any post-surgery complications. The
rats were divided into four groups: control group (without scaffolds), B-S
group, Bio-S group, and Bio-S + LIPUS group. The Bio-S + LIPUS group
received LIPUS treatment for 20 min every 2 days and lasted for 4 weeks
after the operation (1 MHz, 0.15 W/cm?). After 8 weeks post-surgery,
the cranium was harvested from individual rats and fixed in 4 % poly-
formaldehyde for subsequent measurement.

2.15. Defect reconstruction and bone regeneration

After 8 weeks post-operation, the rats were euthanized at a desig-
nated time-point. The calvarium specimens were used to reconstruct 3D
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models using micro-computed tomography (micro-CT). Coronal and
sagittal images were reconstructed to illustrate new bone growth in the
calvarium. Bone volume/tissue volume (BV/TV) and bone mineral
density (BMD) were assessed for quantitative analysis of new bone
growth within the volume of interest. Corresponding slices were stained
with hematoxylin and eosin (H&E) and Masson’s trichrome staining to
visualize tissue morphology and collagen distribution, respectively.
Osteogenesis-related proteins and their gene expressions were examined
via immunofluorescence staining and RT-qPCR. Markers such as platelet
endothelial cell adhesion molecule-1 (CD-31), calcitonin gene-related
peptide (CGRP), runt-related transcription factor 2 (Runx2), type I
collagen (COLI), vascular endothelial growth factor (VEGF), and tubulin
beta 3 class III gene (TUBB3) were analyzed. Primer sequences of the
genes used for RT-qPCR analysis are provided in Table S4 of the Sup-
porting Information.
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Fig. 1. Characterization of periosteum-like GM/Alg/PWH hydrogel. a) Schematic illustrating the preparation of the GM/Alg/PWH hydrogel. b) Scanning electron
microscopy (SEM) image of PWH nanoparticles (bar = 500 pm). ¢) SEM image of the GM/Alg/PWH hydrogel (bar = 500 nm). Inset shows a photograph of the
corresponding hydrogel. d, e) Rheological properties of GM/Alg/PWH hydrogel at 37 °C. f) Schematic and g, h) verification of the GM/Alg/PWH piezoelectric
hydrogel in lighting up an LED bulb upon mechanical stimulation. i) Piezoelectric coefficient (ds3) of the GM/Alg/WH and GM/Alg/PWH hydrogels. j) Current
changes in the GM/Alg/PWH hydrogel system under different force stimulation (frequency: 1 Hz). k) Electrical stability test of the GM/Alg/PWH piezoelectric
hydrogel under constant force stimulation (2 N, 1 Hz).
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2.16. Statistical analysis

Quantitative data were presented as the mean value + standard
deviation. The differences between two groups were compared using the
Student’s t-test, and a one-way analysis of variance (ANOVA) followed
by Tukey’s test was performed to make multiple comparisons. Statistical
significance levels were denoted as follows: *p < 0.05, **p < 0.01, and
*¥*¥%p < 0.001. Each experiment was conducted with a minimum of three
replicates.

3. Results and discussion

3.1. Fabrication and characterization of the periosteum-like piezoelectric
hydrogel

To replicate the matrix characteristics and piezoelectricity of the
periosteum, WH nanoparticles were first prepared through co-
precipitation in an aqueous system (Fig. 1a). The WH nanoparticles
were rendered piezoelectric by sintering at 650 °C, resulting in PWH
nanoparticles. These PWH nanoparticles were then incorporated into a
double network hydrogel made of polymerized gelatin methacryloyl and
calcium-chelated alginate (GM/Alg/PWH), creating a periosteum-like
piezoelectric hydrogel. Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD) and High-resolution transmission elec-
tron microscopy (HRTEM) analyses confirmed the successful fabrication
of the GM/Alg/PWH hydrogel scaffold (Fig. S1, S2 and S3). The PWH
nanoparticles had a uniform spherical morphology with a diameter of
about 100 nm (Fig. 1b). The WH and PWH materials exhibited
measurable piezoelectricity with a piezoelectric coefficient of 2.4 pC
N1 (Fig. S4). The GM/Alg/PWH hydrogels appeared as white opaque
gels. These hydrogels had a 3D porous structure that resembled the
fibrous network of the periosteum (Fig. 1c) [44].

The rheological properties of the periosteum-like hydrogel were
examined to determine its viscoelastic behavior. Initially, as strain
increased, the storage modulus (G') of the hydrogel exceeded the loss
modulus (G"). This phenomenon was indicative of predominantly elastic
characteristics [45]. This trend reversed upon reaching ~33 % strain
(G’ < G"). That is, the hydrogel exhibited viscoelastic behavior, with a
broad linear elastic region (Fig. 1d). Moreover, the modulus values of
the hydrogel remained stable over time during frequency sweeps, indi-
cating its enhanced structural stability (Fig. S5). Continuous step strain
tests showed that at low shear strains of 5 %, G' was higher than G".
When the shear strain increased to 300 %, both moduli decreased
sharply, with G” becoming higher than G’ due to collapse of the hydrogel.
Interesting, when the shear strain was reduced back to 5 % in multiple
repetitions, G' and G” returned to their initial levels. This feature was
indicative of the dynamic recoverability of the hydrogel (Fig. 1e). These
findings show that the GM/Alg/PWH hydrogel is viscoelastic with
flexibility similar to that of the periosteum [44]. This behavior likely
results from the synergistic enhancement mechanism of the double
network, formed by the covalent bonds of GM and the chelation of Alg
and Ca?t within the hydrogel.

The mechano-electric conversion capability of the GM/Alg/PWH
hydrogel was subsequently investigated. Copper wires were used to
connect both sides of the GM/Alg/WH and GM/Alg/PWH hydrogels for
the demonstration of piezoelectricity. The wires were enclosed in
polyurethane insulator membranes and connected to a circuit with a
small LED bulb (Fig. 1f). This electrical circuit had no power supply.
Pressing on the hydrogel’s surface caused the bulb (as shown by the
yellow arrow) to light up (Fig. 1g and h). This shows that the PWH
nanoparticles rendered the GM/Alg/PWH hydrogel piezoelectric. To
further investigate the mechano-electric conversion capability of the
GM/Alg/PWH hydrogel, the piezoelectric coefficient of the hydrogel
was tested with a value of approximately 9.41 pC N1 (Fig. 1i). This
value would be very close to the optimal piezoelectric coefficient value
of 10 pC N ! required for bone regeneration [19]. As the applied force
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increased from 0.25 N to 2 N, the current in the circuit progressively
increased (Fig. 1j). This observation indicates that force stimuli can
effectively modulate the current magnitude in the hydrogel circuit.
When the GM/Alg/PWH hydrogel was stimulated with a constant force
of 2N, a stable electrical signal was also generated in the circuit (Fig. 1k,
Fig. S6). This observation indicates that the GM/Alg/PWH hydrogel
maintains a stable mechano-electric conversion function. The hydrogel
is expected to be reusable many times in the physiologic environment.

3.2. Fabrication and characterization of the periosteum-bone mimicking
bilayer scaffold

The chitosan (CS) and hydroxyapatite (HAp) containing bone-
mimicking layer was created through freeze-drying technology. Dur-
ing this process, calcium (Ca®") and phosphate ions (PO3 ") were regu-
lated in-situ regulated by amino groups of CS molecules to induce
formation of HAp nanoparticles through a biomineralization process.
Subsequently, a mixture of PWH, GM, and Alg was applied onto the
bone-mimicking layer and cured by UV irradiation. This yielded a
bilayer scaffold reminiscent of the periosteum-bone architecture
(Fig. 2a).

The completed scaffold (Bio-S) featured a macroscopic integrated
bilayer structure. It consisted of an upper periosteum-like hydrogel
scaffold (P-S: GM/Alg/PWH) and a lower mineralized bone-like scaffold
(B-S: CS/HAp) (Fig. 2b). Microscopically, both P-S and B-S exhibited a
uniform 3D porous structure. The pore size of the P-S layer (~100-350
pm) was larger than that of the B-S layer (~100-200 pm). The sizes of
these pores facilitated cell growth, nutrient exchange, and trans-
portation [46]. Prior to ultraviolet light irradiation curing, the upper
hydrogel permeated into the lower porous scaffold. This caused the GM
and Alg molecules from the upper hydrogel and the lower CS/HAp
porous scaffold to form a robust interlocking structure. They created an
integrated dense transition interface, similar to cortical bone. This
integration resembles how the Sharpey’s fibers of the periosteum
perforate into cortical bone, establishing a stable connection between
the periosteum and the bone matrix [47]. The ingenious preparation
method of the bilayer scaffold achieves an exquisite fusion of two-phase
heterogeneous structures, which will provide a valuable reference for
the design of other multiphase constructions.

At higher magnification, spherical PWH particles, approximately
100 nm in size, were observed on the surface of the P-S pore wall (Fig
S7a, Fig. 2b). This distribution matches the previously described
morphology of the PWH nanoparticles. The presence of magnesium
(Mg) exclusively in the upper layer indicates successful integration of
the hydrogel with PWH nanoparticles. Similarly, spindle-shaped inor-
ganic particles, approximately 200 nm in size, were evenly distributed
on the surface of the B-S layer (Fig S7b, Fig. 2b). X-ray diffraction
confirmed that the particles on the surface of the CS/HAp were HAp
(JCPDF#09-0432). The 26 values of 25.88°, 32.20°, 39.82°, and 46.71°
correspond to the (002), (112), (310), and (222) crystallographic planes
of HAp, respectively (Fig. 2c). The peaks at 633 cm™?, 605 cm™! and
560 cm ™! primarily arise from vibration of the O-P-O bond in the PO~
functional group of HAp (Fig. 2d).

Mechanical property testing showed that each group of scaffolds
underwent some elastic deformation at the start of compression. As the
strain quickly increased, their mechanical strength significantly
improved (Fig. S8). Compared to B-S (stress: 0.64 MPa; modulus: 0.47
MPa) and P-S (stress: 0.48 MPa; modulus: 0.46 MPa), the compressive
strength of Bio-S was enhanced to 0.77 MPa (Fig. 2e). This enhancement
may be attributed to the formation of a robust interlocking structure and
an integrated transition interface between the upper and lower layers.
Furthermore, the compressive modulus of Bio-S (1.02 MPa) was at least
1.6 times greater than that of B-S and P-S (Fig. 2f). These improved
mechanical properties create a relatively stable biomechanical micro-
environment that supports cellular growth in vivo [48].

Magnesium ions are vital trace element in the human body. These



Y. Zhao et al.

a

WACS oCa? oPOS

Precur.sor

500 pm

¢ PWH wAAlg wAGM

Polymerization

| —

HAp

Bioactive Materials 44 (2025) 339-353

)
‘» ﬂ{ﬂ,\"
=

Robust interface

1.5
m BS P-S WM Bio-S
* HAp ~ | csmap
= vCS = .
- N ‘ L———— \ -
3 f’ﬁ 1 < WA N Sl —m
e g r /) z f 1
=1 \ f Z |os (£ AN <
£ A : £ | \Jsds / 2
£ J/ \ CS/HAp E 608 f i
= \J‘L'J é 560 7 05
i PDF#09-0432 =
10 20 30 40 50 6 70 2500 2000 1500 1000 500 0.0
2009 Wavenumbers (cm™) Scaffold
=15 g—: ~ 110
& . - — =150 ° ——B-S
= o B-S P-S -‘ Bio-S § o= Bio-S t 100 - :m_s
E ) g 2 g —+— Bio-S+LIPUS
- s /,_,{ = ——P-S
ERK 100 - 80 -~
E z 2
£ s g 7
2 g z 60
£ — 2 z
Z 0s g 50 = 50 -
- - =L
= g < w0
8 £ Z
00 c % 50 100 150 200 0 5 10 15 20 25 30 35 40
Scaffold

Immersion time (h)

Time (days)

Fig. 2. Characterizations of periosteum-bone bilayer scaffold (Bio-S). a) Schematic of the fabrication process of the bilayer scaffold. b) Fractured cross-section SEM
images of the Bio-S and corresponding element mappings (Bars = 500 pm, 500 nm). ¢) XRD and d) FTIR spectrum of CS/HAp. e) Compressive stress and f) modulus of

the B-S, P-S and Bio-S. g) Curve of Mg>"

release from the Bio-S over time. h) Degradation of B-S and P-S was tracked in vitro after immersion in phosphate-buffered

saline with enzyme at the predetermined time intervals. Data represent means + standard deviations (n = 5). *P < 0.05, ***P < 0.001. ns denotes no significance.

ions regulate cell behavior enhance cell adhesion, and promote cell
differentiation. In addition, they stimulate local bone healing by facili-
tating angiogenesis [49]. Because Bio-S contains Mg2+-doped PWH
nanoparticles, the release behavior of Mg?* from Bio-S was investigated
(Fig. 2g). The release of Mg?* from Bio-S exhibited a time-dependent
sustained-release pattern. This ensures long-term efficacy in promot-
ing angiogenesis during bone regeneration, and guarantees its local
biosafety in vivo [50]. Bio-S (PWH) stimulated with LIPUS caused the
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bulb (as shown by the yellow arrow) to light up (Fig. S9). This suggests
that force stimuli generated under LIPUS stimulation can cause Bio-S to
generate electrical signals. Being implants in vivo, both B-S and P-S
exhibited a time-dependent degradation pattern (Fig. 2h). Throughout
the testing period, the degradation rate of B-S was consistently higher
than that of P-S. For example, by day 35, the degradation ratio of P-S was
35 %, while that of B-S was 45 %. This discrepancy may be attributed to
the synergistic anti-enzymatic hydrolysis effect in P-S. This effect is
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facilitated by the incorporation of inorganic PWH nanoparticles, and the
reinforcement of the double-network structure formed by GM and Alg.
The prepared Bio-S scaffold with a degradation ratio between that of B-S
and P-S, reaching approximately 46 % by day 35, and no significant
differences in degradation ratios were observed between the
ultrasound-treated and non-ultrasound-treated groups. Further, the
piezoelectric capability of the material after different degradation times
was also studied (Fig. S10), our findings indicate that the material ex-
hibits degradation over time, leading to a slightly reduction in the
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current intensity generated under specific mechanical stimulation. The
reduction in piezoelectric intensity after 28 days was minimal compared
to the initial state. This suggests that Bio-S can ensure a prolonged
piezoelectric effect as bone heals over an extended period.

3.3. Osteogenesis, angiogenesis, and neurogenesis of the bilayer scaffold

upon LIPUS stimulation in vitro

The impact of noninvasive LIPUS-assisted piezoelectric stimulation
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Fig. 3. Study on osteogenesis, angiogenesis, and neurogenesis of the scaffolds in vitro. a) Simplified schematic of cell culture under LIPUS-assisted piezoelectric
stimulation. b) Live/dead and c¢) morphology fluorescence staining images of murine bone marrow mesenchymal stem cells (BMSCs) incubated with the control (cells
without scaffold), B-S, Bio-S and Bio-S + LIPUS for 4 days (bars = 200 and 100 pm, respectively), green and red in Fig. (b) represent living cells and dead cells,
respectively. F-actin and nucleus of cells in Fig. (c) exhibited blue and green fluorescence, respectively. Optical microscopy images of d) alkaline phosphatase (ALP)
and e) alizarin red S (ARS) stained BMSCs in different groups. f) Western blotting of the expressions of osteogenic and angiogenic proteins in BMSCs cultured on
different scaffolds for 14 days. GAPDH served as an internal control for equal loading. g-j) Relative mRNA expressions of Runx2, VEGF, nestin and TUBB3 in BMSCs

treated by different groups. Data represent means =+ standard deviations (n = 5).

*P < 0.05, **P < 0.01, ***P < 0.001.
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on the viability and differentiation of murine bone marrow mesen-
chymal stem cells (BMSCs) was investigated. The cells were incubated
on top of the B-S, P-S, and Bio-S scaffolds, as well as the Bio-S scaffolds
with LIPUS stimulation (Bio-S + LIPUS) (Fig. 3a). Cytocompatibility,
crucial for the in vivo application of biomaterials, was evaluated in vitro
for the different scaffolds. Fluorescence staining images revealed a
gradual increase in the number of viable cells in each group from 2 days
(Fig. S11) to 4 days (Fig. 3b). The cells exhibited a spindle-like spreading
state (Fig. 3c). This morphological feature indicates that the materials in
each group supported cell adhesion and growth on their surfaces. Cell
proliferation, as measured by the CCK-8 assay, exceeded 100 % across
all groups over 1, 3, 5, and 7 days (Fig. S12). These findings collectively
show that LIPUS stimulation did not adversely affect cell viability.
Consequently, the Bio-S bilayer scaffold is considered cytocompatible.

The early markers of osteogenic differentiation were subsequently
examined using staining techniques such as alkaline phosphatase (ALP)
and alizarin red S (ARS). The Bio-S group showed increased staining
density from 7 to 14 days, compared to the B-S group and control group.
Notably, under LIPUS-assisted piezoelectric stimulation, the staining
density of the Bio-S + LIPUS group was significantly enhanced (Fig. 3d,
Fig. S13a). Optical microscope images from ARS staining revealed
increased calcium deposits in the B-S group. compared to the control
group. More prominent deposits observed in the Bio-S group at both 14
and 21 days. The Bio-S + LIPUS group exhibited predominantly red
stains, indicating a high deposition of calcium nodules (Fig. 3e,
Fig. S13b). Results from ALP and ARS staining indicate that LIPUS-
stimulated piezoelectric Bio-S induced higher ALP activity and cal-
cium deposition. This plays a crucial role in enhancing osteogenic
differentiation.

Osteogenesis-associated proteins and genes markers were evaluated
to further validate the osteogenic potential of Bio-S combined with
LIPUS stimulation. The levels of osteogenesis-associated proteins,
including type I collagen (COL I), osteopontin (OPN), and the runt-
related transcription factor 2 (Runx2), gradually increased from the B-
S group to the Bio-S group and were even higher in the Bio-S + LIPUS
group (Fig. 3f). Compared to the B-S group, the expression of COL1,
OPN, and Runx2 genes in the Bio-S group was slightly elevated at both 7
and 14 days. However, in the Bio-S + LIPUS group, the expression levels
of these genes at 14 days were significantly 2.7, 4.2, and 1.8 times
higher, respectively, than those in the Bio-S group (Fig. 3g, Fig. S14).
These findings demonstrate the potential of combining Bio-S with
piezoelectric stimulation for bone regeneration.

Apart from osteogenesis, neurogenesis and angiogenesis are also
essential for bone repair. Vascular and nerve infiltration into the wound
site provides essential nutrients and communication signals for cell
growth [51,52]. Accordingly, the angiogenic and neurogenic capabil-
ities of Bio-S, with or without LIPUS stimulation, were evaluated.
Qualitative analysis from Western blotting showed higher expression
levels of vascular-associated proteins, Ang-1 and VEGF, in the Bio-S
group, compared to the B-S group and control group (Fig. 3f). This
finding suggests that Mg?* released from PWH nanoparticles plays a
pivotal role in promoting blood vessel formation [53]. When combined
with LIPUS stimulation, the expression levels of these proteins further
increased in the Bio-S + LIPUS group. This result is consistent with the
gene expression results observed at both 7 and 14 days (Fig. 3h,
Fig. S15a). After 14 days of co-culture, VEGF expression in the Bio-S
group was 1.7 times higher that of the B-S group, but increased up to
4.3 times in the Bio-S + LIPUS group. These findings highlight that
LIPUS-assisted piezoelectric stimulation, along with Mg?" release from
the periosteum-like layer, synergistically promotes angiogenesis.

Consistent with the angiogenesis studies, the Bio-S + LIPUS group
also showed significantly upregulated expression of neuro-related genes,
compared to other groups at 14 days (Fig. 3i, j, Fig. S15b). The
expression levels of nestin, TUBB3, and NEFL in the Bio-S + LIPUS group
were 2.6, 2.3, and 2.2 times higher, respectively, than those in the Bio-S
group. These findings collectively suggest that Bio-S stimulated with
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LIPUS positively influences osteogenic, neurogenic, and angiogenic
processes, making it highly effective for enhanced bone regeneration.

3.4. Osteogenic mechanism of Bio-S + LIPUS stimulation

Bioinformatics analysis of RNA transcriptome sequencing (RNA-seq)
was conducted to investigate the osteogenic mechanism of Bio-S when
stimulated by LIPUS. Differential expression gene (DEG) analysis
showed that 1493 genes were upregulated and 1615 genes were
downregulated in the Bio-S + LIPUS group (Fig. 4a). A volcano plot of
the RNA-seq results further illustrated the distribution of DEGs (Fig. 4b).
Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis
of DEGs indicated significantly higher activity in the actin cytoskeleton,
mitogen-activated protein kinase (MAPK) signaling pathways, HIF-1
signaling pathways, and neurotrophin signaling pathways in cells
cultured on the Bio-S + LIPUS group (Fig. 4c).

Gene ontology (GO) analysis showed that Bio-S + LIPUS treatment
significantly affected molecular functions such as glucose metabolic
processes, ossification, axon extension, osteoblast differentiation,
cellular response to hypoxia. It also impacted cellular components
including microtubule, neuron-to-neuron synapses, axon parts, and
dendritic spines, as well as biological processes like cadherin binding
(Fig. S16). These variations were primarily involved in osteogenesis,
angiogenesis, and neurogenesis. The results are consistent with the
findings from KEGG analysis.

Electrical stimulation has been reported to enhance mitochondrial
ATP production. The increase in ATP facilitates F-actin formation and
remodeling that is critical in mediating osteogenesis [54]. The upregu-
lated expression of Smad5 and P2X7 related genes in the heatmap in-
dicates that piezoelectric stimulation significantly activated the
ATP-related osteogenic energy metabolic pathway (Fig. 4d). Electrical
stimulation and high calcium concentrations activate voltage-gated
calcium channel (VGCC) and N-methyl-D-aspartic acid receptor
(NMDAR) proteins on cell membranes, resulting in a raid increase cat
influx. This influx, in turn, activates the calmodulin signaling pathway,
which promotes nerve growth and activity [55,56]. Upregulation of
calmodulin also induces the expression of calcineurin and nuclear factor
of activated T-cells (NF-AT) genes, further accelerating osteogenesis.
The significant expression of Ras, Raf, and RSK-related genes in the
MAPK signaling pathway shows that Bio-S enhances nerve growth by
activating both calmodulin and MKPK signaling pathways under
piezoelectric stimulation. In addition, electrical stimulation and Mg?*
are crucial in regulating angiogenesis-associated PI3K-AKT and HIF-1
signaling pathways, respectively [57]. Specifically, Mg?" modulates
the transient receptor potential melastatin 7 (TRPM7) channel domain,
which is essential for angiogenesis [58]. In the heatmap, upregulation in
the expression of elF4E, TFRC, HIF-1a, and PI3K-related genes was
observed in the mentioned pathways. This finding indicates that
piezoelectric stimulation of Mg?* released from the Bio-S significantly
promoted angiogenesis in the Bio-S + LIPUS group by activating
PI3K-AKT and HIF-1 signaling pathways. These results suggest that Bio-S
may enhance stem cell osteogenesis, neurogenesis, and angiogenesis by
modulating mitochondrial ATP metabolism and the calmodu
lin/calcineurin/NF-AT, calmodulin/MAPK/RSK, PI3K-AKT/VEGF and
HIF-1 related signaling pathways under piezoelectric stimulation
(Fig. 4e).

To further elucidate the biological mechanism of Bio-S + LIPUS, the
major genes involved in the aforementioned signaling pathways,
including P2X7, HIF-1a, OCN, and RSK were examined at 14 days using
RT-qPCR (Fig. 4f-h, Fig. S17). Compared to the B-S group and control
group, the expression levels of P2X7, OCN, and HIF-1a genes was higher
in the Bio-S group. This was even more so when Bio-S was stimulated
with LIPUS. Western blot analysis revealed elevated phosphorylation
levels of MEK, ERK, PI3K, and AKT in the Bio-S group, implicating the
MEK-ERK and PI3K-AKT pathways. Voltage-gated Ca?* influx could
phosphorylate downstream proteins in the MEK-ERK pathway,
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**P < 0.01, ***P < 0.001.

regulating neuronal activity and axonal growth. Additionally, magne-
sium ions and electrical signal stimulation phosphorylate proteins in
both the PI3K-AKT and MEK-ERK pathways, affecting the expression of
vascular growth factor VEGF and hypoxia-inducible factor HIF-1a,
thereby promoting angiogenesis (Fig. S18). This observation indicates
that the synergistic effect of functional ion (Mg2+, Ca®") released from
Bio-S, combined with piezoelectric stimulation, enhances osteogenesis
and angiogenesis in BMSCs. Furthermore, the gene expression of RSK
was significantly upregulated in the Bio-S + LIPUS group, while it
remained low in other groups. This marked difference indicates that
LIPUS-assisted piezoelectric stimulation markedly promotes neuro-
genesis. Consistent with the RNA-seq findings, Bio-S effectively pro-
motes osteogenesis, angiogenesis, and neurogenesis by activating the
PI3K-AKT, HIF-1, ATP, MAPK, and Ca?' signaling pathways under
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LIPUS stimulation. Taken together, Bio-S with piezoelectric stimulation
demonstrates strong osteogenic, angiogenic, and neurogenic differenti-
ation potential during bone defect repair.

3.5. In vivo bone regeneration potential of Bio-S

The invivo efficacy of Bio-S + LIPUS was further examined using a rat
calvaria defect model. Details of the surgical procedure and material
implantation process are included in the supplementary materials
(Fig. S19). To evaluate the response of native bone tissue to the
implanted materials, the reparative effect at the defect site was exam-
ined after 8 weeks post-implantation using micro computed tomography
(Fig. 5a). Coronal images revealed reduction in the defect area in the B-S
group, compared to the control group. This is primarily attributed to the
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in-situ crystallization of HAp nanoparticles. This outcome is consistent
with previous findings that highlight the strong osteogenic activity of
calcium phosphate materials [59,60].

In contrast, the Bio-S group showed more extensive bone repair.
Defects were almost fully covered by newly-formed bone in the Bio-S +
LIPUS group. The new bone grew from the edges toward the center of
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the defect, forming an integrated structure with the native bone, as
observed in sagittal views of the Bio-S -+ LIPUS group. Previous studies
indicate that Mg promotes angiogenesis, while electrical stimulation
induces cell proliferation and osteogenic differentiation [61]. Therefore,
it is reasonable to speculate that the excellent bone repair observed in
the Bio-S + LIPUS group results from the synergistic effect of Mg?"
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release from Bio-S, and LIPUS-assisted piezoelectric stimulation.
Quantitative analysis of new bone formation identified that the
values of new bone volume/tissue volume (BV/TV) (Fig. 5b) and bone
mineral density (BMD) (Fig. 5c¢) were lower in the B-S group (21.5 %,
0.20 g/cm®). This was followed by the Bio-S group (29.1 %, 0.33 g/cm?),
and highest in the Bio-S + LIPUS group (35.7 %, 0.45 g/cm®). All of
these values were higher than that of control group. These results
indicate that the Bio-S + LIPUS group possesses optimal osteogenic
ability. This finding is consistent with the tissue reconstruction results
mentioned earlier. Osteogenic parameter values of the bilayer scaffolds
are significantly higher than those previously reported bone tissue
engineered scaffolds [16,46,62]. The enhanced repair effects of bone
defects maybe mainly attributed to the special structural and bioactive
composition as well as the piezoelectricity of the bioinspired scaffold.
Eight weeks after implantation, H&E and Masson’s trichrome stain-
ing were used to visualize new bone formation in defect sites (Fig. 5d). In
the control group (without scaffold), there was minimal connective
fibrous tissue between the newly-formed tissue and native host tissues.
In contrast, the areas of new tissue regeneration in the material trans-
plantation groups were significantly increased. The newly-formed tissue

Bioactive Materials 44 (2025) 339-353

in the B-S group was relatively loose, consisting mainly of immature
fibrous tissue. In comparison, the Bio-S group exhibited a higher level of
new bone formation. The Bio-S + LIPUS group showed the best perfor-
mance. In this group, some vessel tissues were visible at low magnifi-
cation, indicating the formation of mature osseous tissue [63]. Masson’s
trichrome staining showed that the control group had narrower and
looser collagen fibrils, whereas the B-S group showed slightly improved
collagen fibril deposition. The Bio-S group exhibited a significant in-
crease in newly-formed mature collagen fibrils. This feature was further
enhanced in the Bio-S + LIPUS group due to LIPUS-assisted piezoelectric
stimulation. This highlights the crucial role of collagen matrix devel-
opment and blood vessel formation in the rehabilitation of critical-sized
bone defects. The improved osteogenic performance of Bio-S may be
attributed to its 3D hierarchical porous structure and active composi-
tion, including HAp and PWH nanoparticles. In addition, reconstructing
the bioelectric microenvironment of the defects periosteum synergisti-
cally promoted stem cell recruitment, growth, and their osteogenic
differentiation.

An important aspect of bone repair involves blood vessels and neural
networks. The nervous system enhances osteoblast differentiation,
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Fig. 6. Analysis of osteogenesis, angiogenesis, and neurogenesis in vivo. a) Representative immunofluorescence images and b-c) fluorescence intensity bar charts of
CD31 (green) and CGRP (red) in the defect areas after 8 weeks of implantation (Bar = 5 pm). d-f) Expression of osteogenic, angiogenic, and neurogenic genes in the

newly-formed tissue after 8 weeks of implantation into the calvarial bone defects. Error bars: Means + standard deviations (n = 5). *P < 0.05, **P < 0.01, ***

< 0.001.
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activity, and defect remodeling by releasing neuropeptides. Blood ves-
sels transport nutrients from surrounding tissues to the defect to pro-
mote cellular activity [7,51]. To study tissue angiogenesis and
neurogenesis, immunofluorescence staining was performed on tissue
sections from various experimental groups. CD31, also known as platelet
endothelial cell adhesion molecule, is a prominent marker for endo-
thelial cells [64]. Calcitonin gene-related polypeptide (CGRP), produced
by nerve cells, activate CGRP receptors in osteoblasts to induce osteo-
genic differentiation [65]. Hence, CD31 and CGRP were employed for
assessing angiogenic and neurogenic responses to the implants, and
visualized in red and green fluorescence, respectively (Fig. 6a). The
intensity and density of fluorescence increased progressively from the
control to B-S, to Bio-S, to Bio-S + LIPUS group. The results are
consistent with the results of the statistical analysis of fluorescence in-
tensity (Fig. 6b and c). In addition, as shown in Fig. S20, immunobhis-
tochemical staining for neural (CGRP) and vascular (CD31) markers
exhibited the most pronounced positive expression in the Bio-S + LIPUS
group (where shades of brown represent the intensity of protein
expression). These strongly demonstrate the superior angiogenic and
neurogenic potential of the Bio-S 4+ LIPUS group.

To further quantify the reparative effects on defective bone tissue,
RT-qPCR analysis was used to measure the expression levels of osteo-
genic (COL I, Runx2), angiogenic (VEGF), and neurogenic (TUBB3)
genes at the defect sites (Fig. 6d—f, Fig. S21). Compared to the B-S and
control groups, all genes exhibited increased expression in the Bio-S
group, with even higher expression levels under LIPUS stimulation.
Specifically, compared to the B-S group, fold changes in the Bio-S group
were 3.1 folds for COL I, 2.1 folds for Runx2, 2.3 folds for VEGF, and 2.6
folds for TUBB3. These values increased to 4.3, 8.3, 6.2, and 5.9 folds,
respectively, in the Bio-S + LIPUS group. The enhanced outcomes
observed in the Bio-S + LIPUS group are likely attributable to the
combined effects of Mg?" release and the piezoelectric properties of the
Bio-S scaffold, which promote nerve and blood vessel formation. Taken
together, the Bio-S bilayer scaffold with piezoelectric stimulation is
effective for neuro-vascularized bone regeneration.

4. Conclusion

Inspired by the hierarchical structure and function of natural
periosteum-bone, a novel Bio-S scaffold with enhanced piezoelectric
properties was developed for the repair of critical-sized bone effects. The
lower B-S layer of the scaffold exhibited a bone-like 3D porous structure
and a biomineralized HAp active composition. In contrast, the upper P-S
layer, a double network hydrogel hybridized with PWH nanoparticles,
demonstrated periosteum-like viscoelasticity and an optimal osteogenic
piezoelectric coefficient. The scaffold’s mechanical interlocking struc-
ture and chemical covalent bonds created a robust and integrated
interface similar to the embedding pattern of Sharpey’s fibers between
the periosteum and bone matrix. This design provides a biomimetic,
spatially-stable environment for cell growth. Unlike conventional B-S
scaffolds, the Bio-S scaffold, particularly when paired with LIPUS-
assisted piezoelectric stimulation, effectively promoted osteogenesis,
angiogenesis, and neurogenesis. This was achieved by activating the
PI3K-AKT, HIF-1, ATP, MAPK, and Ca" signaling pathways. These
mechanisms significantly enhanced the regeneration of cranial bone
defects in rats. The Bio-S, with its endogenous piezoelectric stimulation,
demonstrates remarkable potential for neuro-vascularized bone regen-
eration. This bilayer scaffold may act as a self-powered electrical stim-
ulator to expedite bone regeneration under dynamic physical
conditions. Noteworthily, the degradation of prepared materials inher-
ently impacts scaffold piezoelectric properties. Therefore, optimizing
the degradation rate of piezoelectric materials to align with bone
regeneration is crucial for advancing future neurovascular bone
regeneration.
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