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Orderly hierarchical structure with balanced mechanical, chemical, and electrical properties is the basis
of the natural bone microenvironment. Inspired by nature, we developed a piezocatalytically-induced
controlled mineralization strategy using piezoelectric polymer poly-L-lactic acid (PLLA) fibers with
ordered micro-nano structures to prepare biomimetic tissue engineering scaffolds with a bone-like
microenvironment (pcm-PLLA), in which PLLA-mediated piezoelectric catalysis promoted the in-situ
polymerization of dopamine and subsequently regulated the controllable growth of hydroxyapatite crys-
tals on the fiber surface. PLLA fibers, as analogs of mineralized collagen fibers, were arranged in an ori-
ented manner, and ultimately formed a bone-like interconnected pore structure; in addition, they also
provided bone-like piezoelectric properties. The uniformly sized HA nanocrystals formed by controlled
mineralization provided a bone-like mechanical strength and chemical environment. The pcm-PLLA scaf-
fold could rapidly recruit endogenous stem cells, and promote their osteogenic differentiation by activat-
ing cell membrane calcium channels and PI3K signaling pathways through ultrasound-responsive
piezoelectric signals. In addition, the scaffold also provided a suitable microenvironment to promote
macrophage M2 polarization and angiogenesis, thereby enhancing bone regeneration in skull defects
of rats. The proposed piezocatalytically-induced controllable mineralization strategy provides a new idea
for the development of tissue engineering scaffolds that can be implemented for multimodal physical
stimulation therapy.

� 2024 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Bone defects are a common clinical condition in patients with
severe infections, osteoporosis, or those who have suffered from
traffic accidents, tumor resection, and sports injuries [1,2].
Although bone tissue has self-healing ability after injury, large-
area bone damages exceeding a critical size still require surgical
implantation of bone grafts to restore bone structure and function.
Autologous bone and allogeneic bone are ideal bone repair materi-
als, but their limited sources, high risk of infection, susceptibility to
immune rejection, and difficulty in processing limit their applica-
tion in clinical practice [3,4]. In order to develop ideal alternatives
for autograft bone, extensive research has been conducted over the
past few decades to fabricate various bone biomimetic scaffolds. To
date, materials such as metals, self-assembled biomolecules, poly-
mers, and ceramics have been used to create bone graft scaffolds
with morphological and mechanical properties similar to natural
bone [5,6]; however, the aforementioned conventional bone
implant materials are difficult to reconstitute a multifunctionally
balanced bone microenvironment due to their monofunctionality.
It is still challenging to prepare biomimetic materials that simulate
the osteogenic microenvironment in terms of bone structure,
chemical composition, and physicochemical properties [7,8].

The natural bone microenvironment is a hierarchical structure
with balanced mechanical, chemical and electrical properties.
Biomacromolecule collagen and inorganic hydroxyapatite (HA)
self-assemble to form a hierarchical structure, in which inorganic
calcium and phosphorus nanocrystals with controllable and regu-
lar dimensions are attached to the internal and external spaces of
ent to
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the assembled collagen fibers [9]. This controlled mineralization
structure not only gives the bone sufficient mechanical strength
but also serves as a storage reservoir for calcium phosphate, which
can be slowly degraded into Ca2+ and PO4

3� locally to regulate the
chemical microenvironment for bone regeneration [10]; more
importantly, the asymmetric molecular structure of collagen fibers
endows bone with unique piezoelectric properties [11]. A balanced
mechanical, chemical, and electrical microenvironment plays a
crucial role in bone growth and development. Specifically, the
ordered assembly interface of mineralized fibers is beneficial to
cell adhesion, migration, and angiogenesis [12,13]; the improve-
ment of mechanical properties caused by mineralization can pro-
mote the osteogenic differentiation of stem cells through piezo
family; the sustained release of Ca2+ and PO4

3� ions creates a
chemotactic environment for osteoblasts, which promote osteo-
genic differentiation by upregulating bone morphogenetic protein
2 (BMP2) expression [14,15]; piezoelectric properties of natural
bone have been shown to regulate osteogenic differentiation
through activation of cell membrane calcium channels [16–18],
surface receptor redistribution and signaling pathways such as
mitogen-activated protein kinases (MAPK) [16,17] and phos-
phatidylinositol 3-kinase (PI3K) [19]. In summary, simulating the
bone-like microenvironment by reconstructing an orderly mineral-
ized interface and achieving a balance of mechanical, chemical, and
electrical properties is the key to effectively regulating endogenous
bone regeneration.

Constructing scaffold materials with a three-dimensional (3D)
hierarchical structure and providing effective mechanical support
has been extensively studied [20,21]; however, endowing bioactive
scaffolds with a bone-like electrical microenvironment remains a
challenge. Piezoelectric materials do not rely on a connected power
source and can produce electrical output through only non-
invasive stimulation with ultrasound (US), making them ideal
materials for simulating electrical microenvironments [22,23].
Although piezoelectric ceramics and piezoelectric polymers have
been shown to promote osteogenic differentiation of stem cells,
interestingly, just as it is difficult to impart electrical properties
to mineralized scaffolds, piezoelectric materials are also difficult
to integrate appropriate chemical and mechanical properties
[5,24,25]. Currently, the use of piezoelectric materials to construct
bone microenvironments with balanced mechanical, chemical, and
electrical properties faces the following three challenges: (1)
Uncontrolled mineralization: whether it is electrospinning tech-
nology for fabricating piezoelectric polymers or mixing, doping
or self-assembly strategies for processing nanoceramics, doping
calcium-phosphorus crystals face the problem of uncontrollable
crystal nucleation and growth, which leads to the formation of
micrometer-scale or even larger mineralized crystals and covering
the surfaces of piezoelectric materials, deactivating their electroac-
tivities [26,27]. (2) Mismatch in mechanical properties: ceramics
are hard but also brittle, making them difficult to process. More
importantly, long-term implantation of materials with high
mechanical strength will damage the surrounding bone tissue,
resulting in a reduction in bone density [28–30]. In comparison,
piezoelectric polymers, while easy to process, cannot provide ade-
quate mechanical support. (3) Lack of biodegradability: most
piezoelectric materials are non-biodegradable, and undegraded
residues can seriously affect bone remodeling [8,31]. This dilemma
highlights the urgency of developing new piezoelectric-based
materials for bone tissue engineering to enable effective integra-
tion of traditional mineralized bone grafting materials with inno-
vative electrical stimulation therapy concepts.

An ideal piezoelectric scaffold that can simulate the bone
microenvironment should have the following characteristics: (1)
Exhibiting an ordered interface structure with balanced mechani-
cal, chemical, and electrical properties; (2) presenting sufficient
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mechanical support strength without causing damage to surround-
ing tissues; (3) possessing a degradation rate compatible with the
rate of tissue remodeling. In this work, we proposed a
piezocatalytically-induced controllable mineralization strategy
based on the degradable piezoelectric polymer poly-L-lactic acid
(PLLA) [32,33], and constructed a tissue engineering scaffold
(pcm-PLLA) that simulates the bone-like microenvironment in
terms of morphological structure, mechanical, chemical, and elec-
trical properties (Fig. 1a). After applying ultrasonic stimulation, the
piezoelectric catalytic reaction occurring on the surface of oriented
PLLA promoted the polymerization of dopamine (DA) [23,34,35]
and subsequently regulated the growth of HA crystals, ultimately
obtaining a tissue engineering scaffold with a surface mineraliza-
tion layer and retaining electrical activity. The piezocatalytically-
induced controllable mineralization strategy endowed piezoelec-
tric fibers with bone-like mechanical properties. In addition, the
catalytically formed HA nanocrystals were uniformly deposited
on the fiber surface with a suitable scale, and continuously
released Ca2+ and PO4

3� during the degradation process, creating
a suitable chemical microenvironment for bone growth. More
importantly, the piezoelectric signal from PLLA was not shielded
by the controllable mineralization layer. The in vitro experiments
demonstrated that endogenous stem cells were rapidly recruited
into the interconnected pore structure of the scaffold, achieving
quick integration of the scaffold and bone [36,37]. The electrical
signal output induced by ultrasound can stimulate the differentia-
tion of stem cells into osteoblasts, thus promoting the bone regen-
eration process. In the rat skull defect model, the appropriate
microenvironment provided by the scaffold not only upregulated
macrophage M2 type polarization, but also rapidly initiated angio-
genesis (Fig. 1b). Only 4 weeks after implantation, 87.9%±1.6% of
the defect area in the pcm-PLLA group was filled with new osteo-
genic tissue. Importantly, the scaffold was able to be completely
degraded and absorbed by the organism after inducing endoge-
nous bone regeneration (Fig. 1c). The mRNA transcriptome
sequencing further revealed the mechanism by which pcm-PLLA
promoted bone repair by upregulating the PI3K signaling pathway.
The piezocatalytically-induced controlled mineralization strategies
provide new ideas for the development of multimodal physical
stimulation scaffolds for hard tissue regeneration.
2. Materials and methods

2.1. Fabrication of PLLA piezoelectric scaffolds

Pcm-PLLA scaffold fabrication consists of three steps. Firstly,
PLLA with a molecular weight of 300,000 was dissolved in hexaflu-
oroisopropanol (aladdin) at a concentration of 10% for 2 h of stir-
ring. Specifically, a 5 mL syringe with a 23-gauge needle was
placed 10 cm from the receiver working at a flow rate of 1 mL/h,
the positive high voltage was set to 10 kV, the negative high volt-
age was set to �3 kV, the speed of the receiver was 1800 r/min, and
the total time of work was 90 min. The PLLA fiber membranes
obtained by electrostatic spinning were placed in a vacuum oven
overnight to fully evaporate the residual organic solvents, and then
were subjected to high temperature treatment at 120 �C for 4 h.
Secondly, dopamine hydrochloride solution at a concentration of
2 mg/mL was prepared in Tris solution at pH 8.4, and the PLLA
membrane was submerged in the solution and worked under
ultrasound in a water bath for 1 h to obtain the polydopamine
(PDA) coating. Finally, an aqueous HA solution of 5 mg/mL was
prepared and dispersed under ultrasound for 10 min, and then
the PDA/PLLA obtained in the previous step was submerged in
the solution and continued to ultrasound for 1 h (or 0.5, 2 h) to
controllable mineralization scaffold with bone-like microenvironment to
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Fig. 1. Formation of a bionic piezoelectric bone scaffold and its biological effects. (a) Biomimetic scaffolds from macro, micro to nano mimic the structural, mechanical,
electrical, and chemical properties of natural bone. Natural bone consists of an ordered structure of piezoelectric collagen fibers and HA arranged with collagen fibers, the
corresponding biomimetic scaffolds consist of ordered piezoelectric PLLA fibers and HA particles on the surface. (b) Piezoelectric bionic scaffolds act on bone defects in four
ways: stem cell recruitment, stem cell differentiation, anti-inflammatory, and angiogenesis, and lead to bone regeneration. Scaffold releases calcium ions to alter chemical
environment, allowing recruitment of stem cells, which are differentiated towards osteogenesis by ultrasound piezoelectricity. The bone-like microenvironment promotes
M2-type polarization of macrophages and increased angiogenesis. Scaffolds promote osteogenic differentiation by affecting calcium channels in MSCs and the PI3K signaling
pathway. (c) The biodegradation process of the scaffold can be divided into three stages: stage 1, the long fibers are explained into short fibers; stage 2, the short fibers are
degraded into PLLA fragments, the HA nanoparticles are degraded into small particles and release Ca2+ as well as PO4

3�; stage 3, all of the PLLA is degraded into lactic acid,
water and carbon dioxide.
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obtain HA/PDA/PLLA scaffold (pcm-PLLA). The scaffolds were
rinsed under running water and dried for subsequent experiments.

2.2. Characterization of scaffold

The microstructure and elemental composition of the nanofi-
bers was characterized by Nova 450 scanning electron microscope
3
Please cite this article as: X. Cui, L. Xu, Y. Shan et al., Piezocatalytically-induced
achieve endogenous bone regeneration, Science Bulletin, https://doi.org/10.101
(SEM) and Raith/EDAX energy dispersive spectrometer (EDS). Nano
Measure software was then used to evaluate the size distribution
of the PLLA nanofibers. The hydrophilicity of the nanofibers was
evaluated using a contact angle measuring instrument (OCA25;
Data physics corporation, Germany). X-ray diffraction (XRD) was
performed with a PANalytical X’Pert3 diffractometer (PANalytical
Ltd., Netherlands) loaded a Cu Ka source with a step of 0.013�
controllable mineralization scaffold with bone-like microenvironment to
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and a 2h range from 5� to 80�. Fourier transform infrared spectrom-
eter spectra were obtained using Vertex 80 V (Bruker Corp, MA,
USA), and Raman spectra were obtained using LabRAM HR Evolu-
tion. Transmission electron microscopic (TEM) photographs were
obtained on a Tecnai G2 20 TWIN UEM. X-ray photoelectron spec-
troscopy (XPS) spectrum was conducted on an ESCAlab250 (Ther-
mal Scientific, USA). Piezoresponse force microscopic (PFM)
measurements were characterized by an atomic force microscope
(AFM) (NTEGRA, MFP-3D-SA) equipped with a ferroelectric test
system. Microscopic Young’s modulus was tested by Bruker
Dimension ICON.
2.3. Measurement of open-circuit output voltage under ultrasound

A layer of metallic silver was magnetron sputtered as an elec-
trode on both sides of a 1 cm � 1 cm thin film support, which
was prepared by magnetron sputtering (PVD75 Kurt J. Lesker, Ar,
4 mTorr, 100 W, 15 min). To avoid frictional electrical signals from
interfering with its output, the film was sealed with polytetrafluo-
roethylene (PTFE) tape, and both sides of the film were connected
to the positive and negative terminals of the oscilloscope (HDO
6104) via copper leads. The film was immersed in silicone oil to
shield it from external interference, ultrasound was applied to
the film at 1 W/cm2, 1 MHz with an ultrasound probe to drive
the piezoelectricity, and the piezoelectric voltage output of the film
was recorded with an oscilloscope.
2.4. Determination of d14 piezoelectric coefficient

We tested the d14 piezoelectric coefficient of the films using a
laboratory-built d14 piezoelectric coefficient testing rig. Specifi-
cally, a force of a specific magnitude was applied to the film paral-
lel to the fiber direction, and then the piezoelectric signals
generated on both sides of the film were captured, and the d14
piezoelectric coefficient of the film was calculated using the fol-
lowing equation:

d14 ¼ Dsur

T4
¼ Q sur

Asur

F
Acro

� ��1

¼ Acro

Asur
Â �

R
Idt
F

; ð1Þ

where Dsur is the surface charge density, T4 is the applied stress
along the shear direction, Qsur is the generated surface charge, Asur

is the surface area, F is the applied force, Acro is the cross-
sectional area, I is the current, and t is the time.
2.5. Obtaining and culture primary mesenchymal stem cells (MSCs)

MSCs were extracted from the skull of 3-day-old SD rats accord-
ing to surgical protocol. Specifically, the rats were decapitated and
their skin was sterilized with alcohol, and then the skull was care-
fully peeled off and digested with trypsin at 37 �C for 10 min. Tryp-
sin was discarded and replaced with 1 mg/mL of collagenase I for
30 min at 37 �C. Bones were then cut into small pieces and replaced
with fresh collagenase I for 1 h, after which the supernatant was
centrifuged to obtain the MSCs. MSCs were passaged to generation
3–6 for subsequent experiments using a-MEM medium (Gibco).
MSCs were cultured in a-MEM medium (Gibco) supplemented
with 10% fetal bovine serum (Gibco), 1% penicillin streptomycin
(Solarbio). Osteogenic differentiation medium was supplemented
with 0.01 mmol/L dexamethasone (Dex), 10 mmol/L sodium b-
glycerophosphate, and 0.5 mmol/L ascorbic acid. The incubator
was set at 37 �C with 5% CO2 environment and the cell culture
medium was changed every 2–3 days.
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2.6. Cell morphology and cytoskeleton detection

All samples were fixed in 4% paraformaldehyde for 10 min at
room temperature and then soaked in permeabilization buffer for
5 min at 4 �C. The samples were washed with phosphate buffer sal-
ine (PBS) buffer and then incubated with Rhodamine-Phalloidin
(Abcam, 1:1000) for 1 h at 37 �C. The samples were washed with
PBS buffer and incubated with 40,6-diamidino-2 phenylindole
(DAPI, Invitrogen, Beijing Solarbio Science & Technology Co., Ltd.,
1:200) at 37 �C for 10 min, then washed with PBS. The samples
were covered with glass coverslips for observation with a laser
confocal microscope (TCS SP8, Leica).

2.7. Immunostaining

All samples were fixed in 4% paraformaldehyde for 10 min at
room temperature and then rinsed with PBS buffer. The samples
were then incubated with 10% goat serum at 37 �C for 30 min
and the goat serum was washed off with PBS buffer. The prepared
primary antibody was added and left overnight at 4 �C, which was
washed with PBS and the secondary antibody (1:200) was added
and kept at 37 �C for 30 min. 10 min of DAPI was added to the sam-
ples and the samples were covered with coverslips for the next
step of the laser confocal microscope observation.

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

RNA was extracted from the cells according to the manufac-
turer’s instructions for RC112-01 (FastPure� Cell/Tissue Total RNA
Isolation Kit V2, Vazyme Biotech Co., Ltd.) and its concentration
was assayed with a nanodrop. The reverse transcription system
was prepared as follows: 1000 ng RNA, 4 lL 5 � RT Master mix,
and RNase free water was added to made up to 20 lL. The solution
was mixed well and then put into the PCR machine for the reaction
under the following conditions: 37 �C, 30 min ? 85 �C,
1 min? 4 �C. The cDNA was diluted with ddH2O to a concentration
of 2.5 ng/lL after reverse transcription. Prepare the qPCR reverse
transcription system according to the instructions of the reagent
R323-01 reagent: 5 lL SYBR, 0.4 lL pre and post primer, 2 lL
cDNA, RNase free water made up to 10 lL. The primer sequences
are shown in Table S1 (online). The solution system was mixed
well and put into the PCR machine for the reaction under the fol-
lowing conditions: 37 �C, 15 min ? 85 �C, 5 s. Threshold cycle
(Ct) values were obtained by processing using the DDCt method
to analyze gene expression.

2.9. Alkaline phosphatase (ALP) activity

Each well of cells was lysed and incubated with 5 lL of ALP
reaction liquid for 10 min at 37 �C according to the manufacturer’s
instructions (Alkaline Phosphatase (AKP/ALP) Activity Assay Kit,
Beijing Solarbio Science & Technology Co., Ltd.). Then 100 lL of
reaction termination liquid was added to each well, at which point
the liquid would take on a different color. The absorbance of the
liquid at 510 nm, which is proportional to the amount of ALP,
was measured using an enzyme marker.

2.10. Animals and surgical procedures

Female SD rats weighing around 220 g (6–8 weeks) were pur-
chased from Vital River Co (Beijing, China). All animal experiments
were approved by the Committee on Ethics of Beijing Institute of
Nanoenergy and Nanosystems (2022005LZ). All surgeries were
performed in a sterile environment and the surgical instruments
involved were autoclaved before surgery. A 5-mm diameter circu-
lar bone defect was created on the midline suture of the SD rat by
controllable mineralization scaffold with bone-like microenvironment to
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electric drill, taking great care of the rat’s brain during the drilling
process. The sterilized scaffold was cut to the shape of the defect,
placed into the defect location and then fixed with light-cured
hydrogel and irradiated with UV light for 10 s. The wound was
sutured and sterilized with iodophor and 0.5 mL of penicillin was
injected intraperitoneally into each rat to prevent wound infection.
The rats were euthanized after 10 days or 12 weeks and the skulls
and vital organs (heart, liver, spleen, lungs, and kidneys) were
obtained for further analysis.

2.11. Micro-computed tomography scanning evaluation

At 10 days, 4 weeks and 12 weeks postoperatively, the l-CT
imaging system (Quantum GX) was used to assess new bone for-
mation within the implants of the harvested specimens. During
scanning, the specimens were imaged with a spot size of 4.5 lm
and a maximum voltage of 70 kV. After reconstruction with a
high-resolution protocol, the acquired images were further ana-
lyzed using the Radiant software, in which newly formed bone tis-
sue was segmented from each implant using a global threshold.
After segmentation, the bone volume fraction was calculated by
normalizing the bone volume to the total volume of the implant
macropores.

2.12. Histological analysis

In order to evaluate the regeneration of the new bone tissue as
well as the health status of the rats, histological staining was per-
formed, which included hematoxylin-eosin staining (H&E), Mas-
son’s trichrome (MT) as well as immunofluorescence staining and
immunohistochemical staining. No fewer than three rats were
used in each group, and each sample was cut into 6-lm paraffin
sections for staining. The skulls were fixed in formalin and then
decalcified for 50 days before paraffin sectioning.

2.13. Statistical analysis

All semi-quantitative analyses of the images were performed
using the image J software. All data are expressed as
mean ± standard deviation. One-way analysis of variance method
was used to analyze statistically significant differences (P) between
different groups. P < 0.05 was considered statistically significant.
3. Results

3.1. Preparation and characterization of pcm-PLLA

The piezoelectric PLLA scaffolds with surface-loaded HA were
obtained through a three-step process. PLLA fiber film was
obtained via electrospinning, demonstrating a high degree of ori-
entation (Fig. S1 online). The fibers were modified layer-by-layer
with DA and HA (Fig. S2 online) using sequential ultrasonic piezo-
electric catalysis, resulting in a pcm-PLLA scaffold (Fig. 2a). Both
scaffolds are flexible, thickness-adjustable films that can be bent,
stretched, folded, and twisted (Fig. 2b and Fig. S3 online). In accel-
erated degradation experiments in vitro, partial fracture of pcm-
PLLA scaffolds was observed at 2 weeks, and almost completely
broken into fragments after 8 weeks (Fig. 2c). As a bridge layer,
PDA can form electrostatic forces with PLLA and hydrogen bonds
with hydroxyl groups of HA, resulting in a tighter and more uni-
form loading of HA on the fiber surface. Specifically, PLLA generates
a negative charge in response to ultrasound, electrostatically
attracting positively charged DA to polymerize on its surface. Fur-
thermore, the HA nanoparticles were dispersed using ultrasound to
facilitate their rapid growth on the fiber surface through hydrogen
5
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bonding (Fig. 2d). From the SEM images in Fig. S4 (online), the tra-
ditional immersion method involves the formation of a membrane
on the surface of PLLA fiber scaffolds by PDA, which covers the 3D
structure of the scaffolds. Furthermore, additional deposited HA
particles have a tendency to agglomerate, which is unfavorable
for cell growth. In contrast, the ultrasonic piezoelectric approach
enables uniform aggregation of PDA on the fiber surface in a
shorter period of time (from 24 h to 30 min). This approach not
only preserves the pore structure between the fibers but also
allows for controlled mineralization layer thickness by adjusting
the HA modification time (Fig. 2e). When the modification time
of HA was 60 min, the fibers surface was almost completely cov-
ered by HA nanoparticles that were grown in situ (Fig. 2e). To
examine the interfacial force between HA and PLLA fibers, we sim-
ulated the treatment process by performing a prolonged ultrasonic
cleaning of the pcm-PLLA2 scaffolds in deionized water. After 30
min of ultrasonic cleaning, the pcm-PLLA scaffold fibers remained
coated with a sufficient number of HA nanoparticles, indicating
that HA was tightly bound to the fiber surface (Fig. 2f).

Furthermore, a series of characterizations were carried out to
demonstrate the successful preparation of pcm-PLLA scaffolds.
AFM images further confirmed the orientation and high porosity
between the fibers of the pcm-PLLA scaffold (Fig. S5 online). With
the modification of PDA and HA, the diameters of the scaffold fibers
gradually increased, which were around 500–800 nm (Fig. S6
online). According to the results of the EDS analysis, the Ca/P ratio
on the pcm-PLLA scaffolds was 1.71, which is comparable to that in
natural bone (Fig. 2g and Fig. S7 online). Furthermore, annealing is
a key factor affecting PLLA crystallinity and piezoelectricity. In this
study, the unannealed PLLA film was named PLA, and the PLLA film
that was annealed at 140 �C for 8 h was named PLLA. XRD test
results show that annealing significantly improves the crystallinity
of PLLA in a and a’ crystal phases (Fig. 2h) [38]. The XRD character-
istic peaks of pcm-PLLA corresponded to the standard cardinal
peaks of HA (JCPDS No 09-0432), indicating that HA was success-
fully modified on PLLA. Fourier transform infrared spectrometer,
XPS, and Raman spectroscopy results also further confirmed the
successful modification of PDA and HA (Fig. S8a–c online). The
incorporation of PDA and HA nanoparticles greatly enhanced the
hydrophilicity of the scaffold surface (Fig. S8d online).

In order to obtain mechanical strengths more suitable for osteo-
genic growth, we have explored the Young’s modulus of scaffolds
using piezoelectric-catalyzed realization of controlled mineraliza-
tion. The degree of mineralization affects the Young’s modulus
and piezoelectric output of the scaffold, which have a crucial role
in promoting osteogenic differentiation processes. We therefore
tested the microscopic Young’s modulus and piezoelectric output
of scaffolds with different mineralization times (pcm-PLLA1,
pcm-PLLA2, pcm-PLLA3 in Fig. 2e). The Young’s modulus of scaf-
folds was calculated from force-displacement curves of AFM,
which increased with increasing HA modification (Fig. 2i). Com-
pared with PLLA, the incorporation of HA enhances the Young’s
modulus of the fibers to 5.4 GPa, which approaches the micro-
scopic Young’s modulus of bone [4,28]. The results of the stress–
strain curve tests also showed that the modification of HA
increased the macroscopic Young’s modulus of the PLLA film
(Fig. S9 online). The piezoelectricity of the pcm-PLLA scaffolds
came from the PLLA fibers, which had the largest piezoelectric out-
put in the d14 direction. We hypothesized that the modified HA
particles would have a shielding effect on the piezoelectric signal
[39]. Subsequently, we evaluated the piezoelectric performance
of each scaffold, including voltage output under ultrasound, d14
piezoelectric coefficient, and PFM test (Fig. 2j, k and Fig. S10
online). PLA scaffold had almost no piezoelectricity, while the PLLA
scaffold had a voltage output of about 220 mV. With increasing HA
thickness, the output voltage of the pcm-PLLA gradually decreased
controllable mineralization scaffold with bone-like microenvironment to
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Fig. 2. Preparation and characterization of piezocatalytically-induced controllable mineralization PLLA scaffold (pcm-PLLA). (a) Schematic diagram of the synthesis process of
pcm-PLLA. (b) Physical representation of PLLA and pcm-PLLA. (c) Accelerated degradation experiments of pcm-PLLA in PBS. (d) Schematic diagram of the synthesis principle
of pcm-PLLA. (e) Surface SEM images of PLLA, PDA/pcm-PLLA and different HA modification times for HA/PDA/PLLA. (f) SEM image of the surface of pcm-PLLA2 after
ultrasonic cleaning for 30 min. (g) Distribution of elemental mapping of C, Ca and P of pcm-PLLA. (h) XRD characterization of the scaffolds. The standard card number for HA is
JCPDS:09-0432. (i) Young’s modulus results of different scaffolds by AFM. (j) Voltage output of pcm-PLLA scaffolds with different thicknesses of HA under ultrasound. (k)
Piezoelectric coefficients of pcm-PLLA scaffolds with different thicknesses of HA in the d14 direction.
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to about 210, 190, and 180 mV, respectively (Fig. 2j). The d14-
direction piezoelectric coefficient of PLLA was 2.21 pC/N, while
the piezoelectric coefficients of the pcm-PLLA scaffolds were
reduced in the order of 1.99, 1.82, and 1.66 pC/N (Fig. 2k). To
ensure a balance among the morphology, mechanical and electrical
properties of pcm-PLLA scaffolds, we selected pcm-PLLA2 for the
following experiments.

3.2. Osteogenic differentiation potentials of MSCs on bionic
piezoelectric pcm-PLLA scaffold in vitro

The physical and chemicals clues of scaffolds, including mor-
phology, mechanics, electricity, and chemistry may significantly
affect cell migration, adhesion, morphology, proliferation, differen-
tiation, and thus regulate the fate of MSCs osteogenic differentia-
tion (Fig. 3a). To elucidate the cellular effects of the pcm-PLLA
6
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scaffold, MSCs were seeded on different scaffolds, including PLA,
PLLA, and pcm-PLLA, with tissue culture plastic (TCP) as a blank
group. Phalloidin staining of MSCs grown on the surface of the
scaffolds for 12 and 48 h showed that the pcm-PLLA scaffold dis-
played better cell adhesion ability than TCP and promoted the pro-
liferation of MSCs in the short term (Fig. 3b, i and Fig. S11 online).
Cell activity was also assayed with counting Kit 8 (CCK8) (Fig. 3j).
In addition, the orientation of the cells and fibers was highly con-
sistent (Fig. 3c and Fig. S12 online). The 3D images taken by laser
confocal (Fig. 3d, e) showed that the cell could also grow rapidly
into the interior of the scaffolds 20 lm 12 h after being seeded.
SEM image also showed that the cells could grow into the interior
of the scaffold with more tentacles (Fig. 3f). Vinculin proteins are
membrane proteins with important roles in cell adhesion functions
[2,3,40]. Cells on TCP limited spreading and distribution of vinculin
(Fig. S13 online), in contrast, much more focal adhesion was
controllable mineralization scaffold with bone-like microenvironment to
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Fig. 3. Biological effects of pcm-PLLA scaffolds on MSCs. (a) pcm-PLLA scaffolds affect MSCs in adhesion, migration, proliferation and differentiation. (b) Growth of MSCs
staining on different substrates by phalloidin and DAPI (12 and 48 h) (red: Phalloidin, F-actin; blue: DAPI, nucleus). (c) Statistics on the directionality of MSCs growth on
different substrates (48 h). (d, e) 3D and planar images of MSC with phalloidin (red: F-actin) and DAPI (blue: nucleus) staining (12 h). (f) SEM images of MSC grown on pcm-
PLLA scaffolds. (g) Vinculin (green: vinculin) phalloidin (red: F-actin) and DAPI (blue: nucleus) staining of MSCs on pcm-PLLA. (h) Schematic of transwell and pictures of
crystal violet staining (purple) of MSCs. (i) Statistical plot of the number of cells in each field of view (0.45 mm2) for Fig. 3b, n = 3. (j) Cell viability of MSCs grown on different
substrates at 12 and 48 h. (k) Ca2+ release profiles of PLLA and pcm-PLLA scaffolds in saline. (l) Statistical plot of the number of cells in each field of view (1.44 mm2) for Fig. 3h,
n = 3.
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expressed in the pcm-PLLA group marked by vinculin–fluorescein
isothiocyanate (FITC) (Fig. 3g). These results showed that MSCs
were better able to adhere to the pcm-PLLA scaffold for directed
growth and with more tentacles, which are considered to be favor-
able for osteogenic differentiation [29,41]. To explore the effect of
pcm-PLLA scaffolds on cell migration and recruitment, transwell
assay was performed. As shown in Fig. 3h, MSCs were planted in
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the upper chamber and different scaffolds were placed in the lower
chamber, cells that migrated to the lower chamber were counted at
the same time (Fig. 3h). The statistical results showed that pcm-
PLLA could significantly promote the migration of MSCs (Fig. 3l).
In this regard, we suspected that the pcm-PLLA scaffolds were able
to slowly release Ca2+ thereby providing a chemical environment
more conducive to the growth and differentiation of MSCs [42].
controllable mineralization scaffold with bone-like microenvironment to
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The results of Ca2+ release experiments with the scaffolds also con-
firmed this (Fig. 3k).

To test the effect of the electrical environment provided by the
pcm-PLLA scaffold on the osteogenic differentiation of MSCs, ultra-
sound was used to activate the piezoelectric signals of the pcm-
PLLA scaffold. According to the results of CCK8, the activity of the
cells showed a decreasing trend with increasing ultrasound inten-
sity (Fig. S14 online). And the cells on the surface of TCP showed a
more sensitive response. To ensure that the cell activity was above
90%, the ultrasound intensity chosen for subsequent experiments
was 0.8 W/cm2. The frequency of ultrasound interventions was
1 min and twice a day [22,43].

Cellular calcium ion content is highly relevant to osteogenic dif-
ferentiation [7,14,15]. Electrical signals can increase intracellular
calcium content by opening the calcium ion channel, thus further
activating the expression of osteogenic proteins such as ALP,
Runt-related transcription factor 2 (Runx2), Col I, and osteocalcin
(OCN) [44], and ultimately affecting osteogenesis differentiation
(Fig. 4a). We planted MSCs on the surface of pcm-PLLA scaffold
and performed fluorescence staining of intracellular calcium ions
using the calcium fluorescent probe Fluo-4 AM. Momentary ultra-
sound was applied to the pcm-PLLA scaffold at the 5th second, and
the fluorescence intensity of MSCs on the pcm-PLLA scaffold was
observed to rose rapidly and persisted for 50 s, but there was no
significant change in the fluorescence intensity of cells on the
TCP (Fig. 4b, c, Movie S1 and Fig. S15 online). The short-term
decrease in fluorescence intensity was caused by the mechanical
vibration of the material induced by ultrasound, which causes
the cell position to deviate from the focal position. These results
indicated that piezoelectricity triggered by ultrasound can tran-
siently activate voltage-dependent calcium channels in the cell
membrane, resulting in a significant increase in the level of cal-
cium influx.

In order to observe the long-term effects of piezoelectricity on
osteogenic differentiation of MSCs, we identified the relative
expression of osteogenesis-related proteins and genes by
immunofluorescence staining and qPCR, respectively. The exper-
iments were divided into 8 groups: TCP, PLA, PLLA, and pcm-
PLLA, as well as these four groups with the addition of ultra-
sound. The detection time points were day 3 and 7 after changing
the osteogenic differentiation medium. ALP is a protein
expressed at the early stage of osteogenic differentiation which
marks the beginning of differentiation [45]. According to
Fig. S16 (online), the results of ALP quantitative test on day 3
showed that the expression of TCP, PLA, PLLA groups were not
obvious, but the expression of pcm-PLLA group and pcm-
PLLA + US group was significantly increased, which indicated that
in the early stage, HA in pcm-PLLA scaffolds acted as a switch to
turn on the osteogenic differentiation [13,46,47]. At day 7, ALP
expression was higher in pcm-PLLA + US group than that in
pcm-PLLA group, and higher in PLLA + US group than that in PLLA
group, suggesting that ultrasonic piezoelectricity consistently
promotes osteogenic differentiation. In immunofluorescence
staining experiments, the characteristic functional proteins of
osteoblasts, BMP2, and OCN, were stained with fluorescence
and semi-quantitatively counted (Fig. 4d and e, Fig. S17 online).
At day 7, MSCs grown on pcm-PLLA scaffold expressed higher
protein after US intervention. Notably, protein expression was
also higher in the PLLA group without US than that in PLA group,
which was attribute to the piezoelectricity of the scaffolds trig-
gered by cells during growth and migration [6]. To quantify the
expression of each gene in the cells, we quantified the expression
of osteogenic-related genes (ALP, Runx2, Col I, and OCN) using
qPCR on day 3 (Fig. 4f) and day 7 (Fig. S18 online). The expression
of these genes gradually increased over time, with the highest
expression in the pcm-PLLA + US group.
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3.3. Cell homing of endogenous stem cells by pcm-PLLA

Migration of endogenous stem cells to the site of bone defects is
a critical step for bone repair [36,37,48], and we validated the abil-
ity of pcm-PLLA scaffolds to recruit endogenous stem cell in vivo in
a rat model of skull bone defects (Fig. 5a). Specifically, we created a
circular bone defect with a diameter of 5 mm in the skull of rats,
and then filled with scaffolds by using the UV-cured hydrogel
(Fig. 5b). Ten days later, the defect site was harvested and stained
with H&E. As shown in Fig. 5d, the PLA scaffold without annealing
had lost its fibrous structure to become a dense membrane in vivo
due to unstable crystallinity. Compared with the other groups, the
cells in the pcm-PLLA group were grew directionally and tightly
aligned along the direction of the fibers in pcm-PLLA scaffold,
which provided a direction for subsequent mineralization
(Fig. 5d). The cell counts within the field of view were meticulously
recorded. In the Blank, PLA, and PLLA groups, the cell numbers
were found to be 622, 701, and 796, respectively. Notably, the
pcm-PLLA group exhibited a significantly higher cell count, with
a total of 1963 cells, markedly surpassing the other groups
(Fig. 5c). The pcm-PLLA scaffold’s porous structure and suitable
chemical environment facilitated the rapid recruitment of endoge-
nous stem cells, resulting in successful osseointegration.

We performed immunofluorescence staining for osteoinductive
markers to confirm whether the recruited cells were endogenous
MSCs (BMP2, OCN, and Runx2). There are three stages of differen-
tiation of MSCs: proliferation, matrix maturation, and matrix min-
eralization. Early differentiation stage was characterized by high
expression of BMP2 and Runx2, and later stage was characterized
by elevated expression of extracellular matrix proteins, such as
OCN [44]. Cells in each scaffold showed fluorescent expression,
but the strongest fluorescent was expressed in pcm-PLLA group,
indicating that the majority of the recruited cells were MSCs and
showed better osteogenic capacity (Fig. 5e, Fig. S19 online). The
semiquantitative statistics of fluorescence are also shown in
Fig. 5f. Interestingly, the fluorescence intensity was stronger at
the edge of the scaffold than that inside the scaffold, indicating that
the cells gradually migrated from the surface into the interior of
the scaffold and differentiated towards osteoblasts.

We further explored the effect of the scaffold on the inflamma-
tory environment and angiogenesis at the defect site. M1 (CD86+)
and M2 (CD206+) type macrophages are common pro-
inflammatory and anti-inflammatory cells, which are essential
for regulating the osteogenic microenvironment. Short-term
inflammatory environments are favorable for recruitment of
endogenous stem cells, but longer-term inflammatory environ-
ments are detrimental to the bone repair process. Compared with
the other groups, cells in the pcm-PLLA scaffolds showed 86% M2
(red) and 13%M1 (green) macrophages, indicating a favorable bone
repair environment (Fig. 5i, g and Fig. S20 online). We further eval-
uated the expression of vascular endothelial growth factor (VEGF)
by immunohistochemistry (IHC) to observed scaffold-mediated
angiogenesis (Fig. 5j, h). Angiogenesis was observed in all groups,
but the vessel density was significantly higher in the pcm-PLLA
group. Along with the inflammatory characterization results, it
demonstrated that the pcm-PLLA scaffold provided a favorable
osteogenic microenvironment.

3.4. Pcm-PLLA achieved endogenous bone regeneration in the rat skull
defect model

The process of bone regeneration is divided into three stages:
first, in the early stage of bone defect, endogenous MSCs are
recruited by the scaffold; second, the proliferation and differentia-
tion of MSCs are stimulated by ultrasound piezoelectricity; finally,
osteoblasts are further mature and mineralize into bone tissue
controllable mineralization scaffold with bone-like microenvironment to
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Fig. 4. Biological effects of piezoelectricity of pcm-PLLA on MSCs. (a) Piezoelectricity promoted the opening of Ca2+ channels in MSCs resulting in a rapid increase in
intracellular Ca2+ concentration thereby promoting the expression of osteogenesis-related genes. (b) Pictures of intracellular Ca2+ fluorescence staining of MSCs. (c) Relative
fluorescence intensity of intracellular Ca2+ fluorescence in MSCs over time. (d, e) IF staining of MSCs for BMP2 and OCN. (f) qPCR of osteogenesis-related genes in MSCs
(3 days).
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(Fig. 6a, b). In situ bone regeneration is the most direct way to eval-
uate the effect of scaffolds bone repair.

At 4 weeks after implantation, micro-CT images (Fig. 6c and
Fig. S21 online) and corresponding semi-quantitative results
(Fig. 6d, e and Fig. S22 online) showed that only a small amount
of new bone was generated along the margins in the Blank and
PLA groups, with new bone area of 15.3% ± 2.3% and 14.5% ± 0.9%
respectively, indicating that the physical support of PLA did not
significantly promote bone formation. More than half of the defects
were covered by new bone in the PLLA group (54% ± 2.9%), in part
because of the piezoelectric signals by the growth and migration of
cells. The new bone formed in the pcm-PLLA group (81.9% ± 3.7%)
was further increased compared with the PLLA group, confirming
the role of chemical environment from HA. While the coverage of
bone was close to 100% in the pcm-PLLA + US group (87.9% ±
1.6%), indicating that ultrasound activated the osteogenic differen-
tiation of MSCs and further promoted the process of bone repair.
The bone volume/tissue volume (BV/TV) results of the newly
formed bone were generally consistent with the trend of the newly
formed bone area (Fig. 6e). At 12 weeks, the thickness of the new
bone in the pcm-PLLA + US group was already almost the same
as that of the original bone (BV/TV = 94.4% ± 3.1%). In order to com-
prehensively analyze the role of various factors in the process of
bone formation, we further compared the bone repair effects of
Blank, PLA and PLLA groups with and without ultrasound. Accord-
ing to Fig. S21 (online), ultrasound did not increase the new bone
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in the Blank + US and PLA + US groups, indicating that ultrasound
alone had no obvious biological effect. PLLA + US (BV/TV = 74.5% ±
2.3%) group showed a 3.8% increase in BV/TV compared to the PLLA
(BV/TV = 70.7% ± 1.7%) group, and the pcm-PLLA + US (BV/
TV = 94.4% ± 3.1%) group showed a 12% increase in BV/TV com-
pared with the pcm-PLLA (BV/TV = 82.4% ± 3.1%) group. Ultrasound
played a more significant role in the pcm-PLLA group. In conclu-
sion, the chemical environment for recruiting cells, the appropriate
structural, mechanical properties and the electrical environment
are all essential for bone regeneration.

Next, regenerative sections were studied by MT (Fig. 6f), H&E
(Fig. S23 online), and BMP2, OCN, Runx2 IF staining (Fig. S24
online). MT staining showed that there was only a small amount
of new bone tissue at the edge of the defect in the Blank and PLA
groups, and there was a little collagen at the defect site. In the PLLA
group, there was a large amount of collagen inside the scaffold,
indicating more osteoblasts and fibroblast infiltrated it. In the
pcm-PLLA group, mature bone tissue was observed, while in the
pcm-PLLA + US group, the defect was almost completely filled with
new bone tissue which tightly integrated with the old bone.
According to the result of H&E staining, there was no scaffold
observed, which had been completely replaced by new bone.

In addition, immunofluorescence staining (BMP2, OCN, and
Runx2) was performed 12 weeks after implantation to examine
the osteogenic activity at the site of defects. In Blank and PLA
groups, only a small amount of protein was expressed, while a
controllable mineralization scaffold with bone-like microenvironment to
6/j.scib.2024.04.002

https://doi.org/10.1016/j.scib.2024.04.002


Fig. 5. Biological effects of pcm-PLLA scaffolds 10 days after implanted in vivo. (a) Schematic representation of the biological effects of pcm-PLLA scaffolds in vivo. (b) pcm-
PLLA scaffold implantation procedure. (c) A statistical plot of the number of cells in the field of view (0.25 mm2) in Fig. 5d. (d) HE staining of the bone defect 10 days after
implanted (S: scaffold; G: hydrogel). (e) Immunofluorescence staining for BMP2, OCN, and Runx2 in the bone defects 10 days after implanted. (f) Semi-quantitative counting
of fluorescence in Fig. 5e. (g) Semi-quantitative counts of fluorescence for CD86 (M1) and CD206 (M2) positive cells in Fig. 5i. (h) Semi-quantitative counting of VEGF-positive
regions in Fig. 5j. (i) IF staining for CD86 and CD206 at the site of a bone defect 10 days after implanted (scale bar = 50 lm). (j) IHC staining of VEGF at the site of bone defects
(scale bar = 50 lm).
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large number of marker proteins were expressed in PLLA,
PLLA + US, and pcm-PLLA groups, which indicated the middle
and late process of osteogenic differentiation. However, in pcm-
PLLA + US group, bone regeneration was almost completed, so only
a small amount of protein was expressed. The body weights of the
rats recorded during the treatment and the H&E staining results of
the vital organs at the end of the treatment both demonstrated the
biosafety of the scaffold (Figs. S25 and 26 online).

3.5. The osteogenic differentiation mechanism of pcm-PLLA by
transcriptomic analysis

The transcriptomics of bone defect tissues from the Ctrl,
PLA + US, and pcm-PLLA + US groups were analyzed to explore
the mechanism of osteogenic differentiation. Firstly, according to
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the upset plot it showed that there were differences in the gene
sets between the groups (Fig. 7a). The one-way analysis of variance
for correlation for each sample group was within acceptable limits,
and the different groups also showed significantly different sets of
genes (Fig. 7b). Differential genes in the pcm-PLLA + US group and
the Ctrl group were then analyzed in circus (Fig. 7c). The results
showed that, comparing with the Ctrl group without scaffold
implantation, the main differentially expressed genes in the pcm-
PLLA + US group were enriched in the relevant pathways as shown
in the figure, among which those related to osteogenic differentia-
tion were PI3K-Akt signaling pathway. Ctrl, PLA + US, and pcm-
PLLA + US groups were compared two by two thus obtaining the
differential gene (Fig. 7d, e). The heatmaps showed the differential
genes upregulated by pcm-PLLA + US. Differential genes are labeled
in Volcano (Fig. 7h, k), which include genes related to cell adhesion
controllable mineralization scaffold with bone-like microenvironment to
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Fig. 6. Long-term bone repair effects of pcm-PLLA scaffolds in vivo. (a) Schematic diagram of the surgery and treatment process. (b) In vivo biological effects of scaffolds under
ultrasound piezoelectricity. (c) CT images of rat cranial bone (scale bar = 5 mm). (d) Area of the new bone at different times. (e) New BV/TV of rat skull bone at different times.
(f) MT staining of the bone defect site after 12 weeks. The black arrow points to the junction of the old and new bone (S: scaffolds; V: new vessels; B: old bone; N: new bone;
F: collagen fibers).
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(Ibsp, Itgb2, Nrcam), osteogenic differentiation (Bmp3, Mmp9),
osteogenic mineralization (Slc26a9, Vdr), NF-jB signaling path-
ways (Lyn, Plau), and angiogenesis (Tgfbr1).

The relevant top enriched up-KEGG pathways speculated that
pcm-PLLA + US further promoted cell adhesion and proliferation
(protein digestion and absorption, focal adhesion) and also polar-
ization of M2-type macrophages (NF-jB signaling pathways). Fur-
ther, the pcm-PLLA + US group also regulated stem cell
proliferation (Cytokine-cytokine receptor interaction) as well as
osteogenic differentiation (PI3K-Akt signaling pathway) (Fig. 7f,
g). The GO database analysis of the differential genes further
demonstrated a better bone-enhancing effect in the pcm-
PLLA + US treatment group (Fig. 7i, j). Compared with the
PLA + US group without piezoelectricity or HA nanoparticles, the
pcm-PLLA + US treatment group promoted osteogenic differentia-
tion and mineralization (bone mineralization, biomineral tissue
development, and positive regulation of cell differentiation) by
promoting stem cell proliferation (regulation of MAPK cascade),
angiogenesis (blood vessel diameter maintenance and blood circu-
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lation) and anti-inflammatory aspects (positive regulation of
immune system process). Transcriptomics data analysis showed
that pcm-PLLA + US accelerated stem cell recruitment, angiogene-
sis, and the formation of an anti-inflammatory environment
through the integration of HA nanoparticles and piezoelectricity.

4. Discussion and conclusion

In recent years, significant progress has been made in the
research of electroactive bone implant materials. Piezoelectric
materials have gained widespread attention as one of the ideal
candidates for electroactive bone implant materials; however,
their mechanical strength, osseointegration, biocompatibility, and
biodegradability have become limitations for their clinical applica-
tions in orthopedics. Here, we present a biomimetic piezoelectric
pcm-PLLA fibrous scaffold with PLLA as the main electroactive
component. HA, as a major inorganic constituent of bone, has been
shown to upregulate the endoplasmic reticulum calcium ATPase
(adenosine triphosphatase) subunits, ATP2A2 and ATP2B2, and
controllable mineralization scaffold with bone-like microenvironment to
6/j.scib.2024.04.002

https://doi.org/10.1016/j.scib.2024.04.002


Fig. 7. Transcriptome test of neoplastic tissue at 4 weeks after implanted. (a) Upset plots of shared and unique genes between groups. (b) Correlation analysis plot of
differential genes between groups. (c) Differential gene circle map of the pcm-PLLA + US group relative to the Ctrl group. (d) Differential gene enrichment heatmaps for the
pcm-PLLA + US group relative to the Ctrl group, and (e) relative to the PLA + US group, and associated gene annotations. (f) Bubble plots of KEGG enrichment of differential
genes in the pcm-PLLA + US group relative to the control group, and (g) relative to the PLA + US group. (h) Bubble plots of GO enrichment of differential genes in the pcm-
PLLA + US group relative to the Ctrl group, and (i) relative to the PLA + US group. (j) Volcano maps of differential gene enrichment in the pcm-PLLA + US group relative to the
Ctrl group, and (k) relative to the PLA + US group.
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thus promote osteogenesis [7,18]. PLLA is a polymer with good bio-
compatibility that has been validated for use as a bone implant
material [49]. Therefore, inspired by the natural bone structure,
we uniformly modified HA particles on the surface of PLLA fibrous
scaffolds. HA modified on the surface not only changes the ionic
environment in the scaffold microenvironment, but also provides
more suitable morphological characteristics for cell adhesion and
proliferation. It is worth mentioning that this strategy of modifying
HA on the surface of PLLA fibers retains the piezoelectricity of PLLA
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better than mixing them directly [30,33]. And during the prepara-
tion of the scaffolds, PDA was modified as a bridging layer between
HA and PLLA. We innovatively used ultrasound to facilitate the
modification of PDA, and compared with the traditional modifica-
tion method, the 3D structure of the scaffolds was better preserved
and the modification time was greatly reduced [35].

In vitro experiments have shown that pcm-PLLA can promote
the adhesion, migration, orientation and proliferation of MSCs. In
addition, ultrasound-induced electrical signals on the surface of
controllable mineralization scaffold with bone-like microenvironment to
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the scaffold significantly promoted the opening of voltage-gated
Ca2+ channels on the cell membrane, leading to a significant
increase in intracellular Ca2+ influx and accelerated osteogenic dif-
ferentiation. In vivo experiments showed that on the 10th day after
scaffold implantation, stem cells were significantly aggregated
within the pcm-PLLA scaffolds, the macrophage M1/M2 ratio
decreased, and angiogenesis increased significantly. Therefore,
the scaffold can rapidly recruit stem cells at the early stage of bone
repair and improve the immune microenvironment of the bone
defect site, which is necessary for subsequent bone repair. The
skull defect site in the pcm-PLLA + US group was almost com-
pletely covered by new bone after 4 weeks postoperatively, sug-
gesting that piezoelectric scaffold can greatly shorten the
duration of the treatment of bone defects. From the results of ani-
mal tissue transcriptome, the piezoelectric pcm-PLLA scaffolds sig-
nificantly increased cell migration, adhesion (protein digestion and
absorption, focal adhesion) and polarization of M2-type macro-
phages (NF-jB signaling pathways). We hypothesize that pcm-
PLLA causes cell adhesion and migration because the extracellular
matrix of cells can adsorb to the surface of HA nanoparticles to
form adhesion protein structural domains, which promotes the
expression of cellular integrins to achieve cell adhesion. Further-
more, the pcm-PLLA scaffold is able to fast-track the initiation of
angiogenesis (blood vessel diameter maintenance and blood circu-
lation) and osteogenesis (bone mineralization, biomineral tissue
development and positive regulation of cell differentiation), which
correlated with the up-regulated expression of M2. Rapid angio-
genesis is thought to be synergistic with VEGF secretion by M2-
type macrophages. Furthermore, in the pcm-PLLA + US treatment
group, the PI3K-Akt signaling pathway was significantly up-
regulated, which is thought to be a possible key signaling pathway
in piezoelectricity-promoted osteogenic differentiation.

In summary, we have established a bionic pcm-PLLA scaffold
with a bone-like microenvironment. The following innovations
are presented: (1) Controlled mineralization rapidly achieved by
piezoelectric catalysis. (2) pcm-PLLA scaffold recruits endogenous
stem cells thus leading to rapid osseointegration, which is essential
for the subsequent bone regeneration. (3) Ultrasound piezoelec-
tricity and bone-like morphology, mechanical and chemical prop-
erties of pcm-PLLA scaffold promote bone regeneration processes
including osteogenic differentiation, M2 macrophage polarization
and angiogenesis. (4) This pcm-PLLA scaffold degrades at a rate
consistent with the rate of new bone production. The scaffold with
a bone-like microenvironment not only informs the development
of bone regeneration scaffolds, but also has great potential for clin-
ical transformation.
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