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ARTICLE INFO ABSTRACT

Keywords: Natural bone is a composite tissue made of organic and inorganic components, showing piezoelectricity.
Bone regeneration Whitlockite (WH), which is a natural magnesium-containing calcium phosphate, has attracted great attention in
Piez"decfric“y bone formation recently due to its unique piezoelectric property after sintering treatment and sustained release of
Z:;ir;’::;‘ilcc magnesium ion (Mg?"). Herein, a composite scaffold (denoted as PWH scaffold) composed of piezoelectric WH
Osteogenic (PWH) and poly(e-caprolactone) (PCL) was 3D printed to meet the physiological demands for the regeneration of

neuro-vascularized bone tissue, namely, providing endogenous electric field at the defect site. The sustained
release of Mg?" from the PWH scaffold, displaying multiple biological activities, and thus exhibits a strong
synergistic effect with the piezoelectricity on inhibiting osteoclast activation, promoting the neurogenic,
angiogenic, and osteogenic differentiation of bone marrow mesenchymal stromal cells (BMSCs) in vitro. In a rat
calvarial defect model, this PWH scaffold is remarkably conducive to efficient neo-bone formation with rich
neurogenic and angiogenic expressions. Overall, this study presents the first example of biomimetic piezoelectric
scaffold with sustained Mg?* release for promoting the regeneration of neuro-vascularized bone tissue in vivo,

which offers new insights for regenerative medicine.

1. Introduction

Bone regeneration is a complex process which involves neuron for-
mation, angiogenesis, and osteogenesis [1,2]. At the initial stage of bone
defect repair, the lack of blood vessel limits nutrition and oxygen supply,
thus compromising cell proliferation and tissue regeneration [3].
Furthermore, since bone is a kind of neuro-vascularized tissue, neuro-
genesis is also crucial for its regeneration [4-6]. It has been reported that
nerve cells secrete neuropeptides, such as calcitonin gene-related poly-
peptide (CGRP), which can activate CGRP receptors in osteoblasts to
induce osteogenic differentiation [7,8]. Therefore, in addition to
osteoinductivity, materials that could simultaneously promote neuron
and blood vessel formation are highly desired for bone tissue engi-
neering [9].

Natural bone tissue is a heterogeneous material consisting of
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inorganic minerals and organic collagen [10,11]. The minerals are
mainly calcium and phosphorus in the form of hydroxyapatite (HA,
Cay0(PO4)6(OH)2) [12]; while it is usually doped with rich Mg2+ to form
a fraction of whitlockite (WH, CalgMgz(HPO4)2(PO4)12) [13], which
displays attractive features in bone development due to the versatile
biofunctions of Mg2+ [14-16]. Moreover, the assembled collagen/HA
composite endows natural bone tissue with piezoelectric properties,
presenting piezoelectric coefficient (dss) of 0.7-2.3 pC/N [17], which is
an essential factor in governing cell proliferation, migration, and dif-
ferentiation [18]. It has been reported that the reconstruction of the
physiological electrical microenvironment at defect sites via the appli-
cation of piezoelectric materials is an effective strategy to enhance
ossification, particularly, providing instructive cues at the initial stage of
osteogenesis [19,20]. Notably, neurogenesis can also benefit from this
strategy due to the conductive nature of nerve tissue [21].

E-mail addresses: yuyingjie@mail.buct.edu.cn (Y. Yu), caiging@mail.buct.edu.cn (Q. Cai).

https://doi.org/10.1016/j.bioactmat.2022.11.004

Received 8 October 2022; Received in revised form 5 November 2022; Accepted 12 November 2022

Available online 29 November 2022

2452-199X/© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:yuyingjie@mail.buct.edu.cn
mailto:caiqing@mail.buct.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2022.11.004
https://doi.org/10.1016/j.bioactmat.2022.11.004
https://doi.org/10.1016/j.bioactmat.2022.11.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2022.11.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

L. Wang et al.

Capitalizing on this, tremendous efforts have been devoted toward
the development of piezoelectric scaffold in tissue engineering. A bio-
mimetic scaffold that emulates both the composition and piezoelectric
properties of natural bone provides a promising strategy for regenera-
tive medicine; however, the major challenge here is the choice of a
proper piezoelectric material to satisfy the diverse demands during the
regeneration process [22,23]. For biomedical applications, conventional
piezoelectric materials can be classified into inorganic materials (i.e.,
barium titanate (BaTiO3) [24,25], potassium sodium niobate (KNN)
[26-28], boron nitride (BN) [29], etc.) and polymeric materials (i.e.,
polyvinylidene fluoride (PVDF) [30], etc.). BaTiO3 and PVDF are the
most widely used piezoelectric materials to promote bone regeneration,
nevertheless, they are poorly degradable materials, which raise concerns
for their in vivo implantation, that necessitates a second surgery after the
tissue repairing [31,32]. Furthermore, due to the lack of bioactive fac-
tors, current piezoelectric scaffolds cannot simultaneously induce
angiogenesis and neurogenesis [33,34], which make them hard to ach-
ieve satisfactory repair of critical-sized bone injures. Thus, it is of great
significance to combine bioactivity (e.g. angiogenesis) with piezoelec-
tricity, where synergistic effects are expected to promote the regenera-
tion of neuro-vascularized bone tissue.

Herein, we developed a versatile biomimetic composite scaffold
based on piezoelectric WH (PWH). WH is an excellent alternative for HA
to prepare composite scaffold for bone regeneration [35]. Different from
the slowly degradable HA, which can only release limited Ca?* and
PO?(, the extra MgZJr released from the degradable WH is a versatile
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therapeutic ion that enhances cell adhesion, proliferation, and migration
[14-16]. The roles of Mg?" in upregulating angiogenesis and osteo-
genesis have been well evidenced [36]. In a recent report, Mg was also
suggested contributing to neuron formation [6]. More importantly, HA
has been known for its piezoelectricity (dss ~ 1.5-2.4 pC/N) [37]. As a
Mg-doping calcium phosphate, annealed WH also display remarkable
polarization due to domain switching above the phase transition tem-
perature, which makes PWH match well with the electroactive proper-
ties of natural bone to enhance osteogenesis [38]. Apparently, the
bioactive ion release and piezoelectricity synergistically combine in this
biodegradable PWH, which is superior to the conventional piezoelectric
materials like BaTiO3. As shown in Scheme 1, to fabricate the
PWH-containing composite scaffold, melt extrusion 3D printing was
employed. Poly(e-caprolactone) (PCL), which is a biodegradable poly-
mer commonly used in 3D printing process [39,40], was used as raw
materials for the printing. The piezoelectric PCL/PWH composite scaf-
fold (denoted as PWH scaffold for simplification) was then obtained. For
comparison, the non-electroactive PCL, PCL/WH (denoted as WH scaf-
fold for simplification), and PCL/B-TCP (p-tricalcium phosphate, deno-
ted as B-TCP scaffold for simplification) scaffolds were similarly printed.
Briefly, inorganic nanoparticles (NPs) were initially mixed with PCL to
form composite filaments using a screw extruder, followed by melt
printing to obtain 3D scaffolds. The PWH scaffold exhibits remarkable
piezoelectricity and sustained release of bioactive ions (ie., Mg2+,
Ca2™). Capitalizing on this synergistic effect, PWH scaffold emulates the
function of natural bone in enhancing angiogenesis, promoting neuron
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Scheme 1. Schematic illustration
showing the design of the bone-specific
electroactive PWH-containing organic-
inorganic composite scaffold. PWH NPs
are prepared from WH NPs (WH,
Ca;gMgo(HPO4)2(PO4)12) after sinter-
ing, and the WH NPs are synthesized via
chemical precipitation method. Then,
R PWH scaffold is prepared by 3D printing
o »’# : with pre-extruded PCL/PWH composite
‘ filaments. The obtained PWH scaffold
° g A exhibits robust piezoelectricity as well
o A . 24 L
as sustained release of Mg“" to mimic
the composition and electroactivity of
natural bone. A rat calvarial defect
model is established for in vivo evalua-
tion of neurogenesis and angiogenesis
associated with neo-bone formation.
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differentiation, inhibiting osteoclast activation, eventually augmenting
osteogenesis. Compared to other scaffolds, such features endow the
PWH scaffold with strong capacity in promoting the regeneration of
neuro-vascularized bone via in vivo evaluations using a rat calvarial
defect model. Overall, this bone-specific electroactive PWH-containing
composite scaffold offers an integrated and efficient strategy for
ossification.

2. Materials and methods
2.1. Chemicals and materials

PCL (Myw = 80,000) was purchased from Sigma-Aldrich (USA).
Compounds for WH and B-TCP NPs synthesis, including calcium hy-
droxide (Ca(OH)3), magnesium hydroxide (Mg(OH)2), phosphoric acid
(H3PO4), ammonium dihydrogen phosphate ((NH4),HPOj4), and calcium
chloride (CaCly) were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). All other reagents and solvents used were of
analytical grade and supplied by Beijing Chemical Reagent Co., Ltd.
(China).

2.2. Synthesis and characterization of WH, PWH, and -TCP NPs

Following reference [13], WH NPs were synthesized using a chemi-
cal precipitation method via the reaction of Ca(OH)2, Mg(OH),, and
H3POy4 by setting their molar ratios at 0.37 : 0.13: 0.5. Ca(OH), and Mg
(OH), were co-dissolved in deionized water and maintained at 100 °C
for 0.5 h, followed by dropwise addition of H3PO4 solution (100 mL, 0.5
M) at a rate of 12.5 mL/min. The reaction was heated at 100 °C for 10 h
and the pH of the system was maintained at 5 during the reaction. After
14 h of aging at room temperature, milky white precipitates were
centrifuged (at 4000 rpm for 5 min, CENCE, H1850) and washed until
neutralization. Finally, the precipitation was dried overnight at 70 °C to
obtain WH NPs. To induce the piezoelectricity, WH NPs were annealed
at 650 °C in muffle furnace for 3 h to obtain the PWH NPs.

B-TCP NPs were also synthesized by the chemical precipitation
method via the reactions of (NH4)2HPO4 and CaCly, with their Ca/P
molar ratio being set as 1.5. (NH4)2HPO4 solution (100 mL, 0.25 M) was
added into the beaker, followed by dropwise addition of CaCly solution
(150 mL, 0.25 M) at a rate of 12.5 mL/min, and ammonia was used to
maintain the solution pH at 8.2. The system reacted at room tempera-
ture, and the reaction stopped after all CaCl, solution was added into the
beaker. The precipitates generated in the reaction were filtered, washed,
and dried. Finally, p-TCP NPs were obtained by sintering the precipi-
tation in a muffle furnace at 850 °C for 150 min.

The morphology of the NPs was observed by scanning electron mi-
croscope (SEM, JEOL, JSM-IT200, Japan). Their composition and crys-
talline structure were analyzed by energy dispersive spectrometer (EDS)
associated with SEM observation, as well as, Fourier transform infrared
spectroscopy (FTIR, Thermo Fisher, Nicolet 6700, USA) and X-ray
diffraction (XRD, Rigaku, Ultima IV, Japan).

2.3. Evaluation of the electroactivity of PWH

To evaluate the electrical properties of the PWH NPs, the powder was
dispersed in dichloromethane (DCM), and then mixed with PCL/DCM
solution homogeneously. The suspension was cast onto glass plate to
form a PCL/PWH composite film. For comparison, PCL/WH and PCL/
B-TCP composite films were prepared similarly. To keep consistency
with the following composite scaffold preparation, the NPs content in all
the films was fixed at 30 wt%. Then, these composite films were sub-
mitted to cyclic voltammetry (CV) curve and alternating-current (AC)
impedance characterizations. As shown in Scheme S1, briefly, a three
electrodes system was applied for the test, including one reference
electrode (Ag/AgCl, connected with blue wire), one counter electrode
(Pt plate, connected with black wire), and one working electrode (the
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tested sample, connected with red wire). The electrodes were immersed
in 30 mL HySO4 (1 M) solution, with signals being collected by an
electrochemical workstation (Metrohm Autolab B.V, PGSTAT 302 N,
Switzerland) via Nova software to obtain CV curves and AC impedance
values.

2.4. Fabrication and characterization of 3D printed scaffolds

3D printed composite scaffolds were prepared via two steps:
extruding PCL/NPs composite filaments and printing. To extrude PCL/
NPs composite filaments, PCL/NPs suspensions in DCM were prepared
as above. PCL/NPs blends were obtained after the complete solvent
removal in a vacuum oven. Then, the blends were crashed into particles,
and made into filaments via melt extrusion (working temperature:
120 °C) in a Wellzoom B desktop filament extruder (QV513, DH374,
China). The 3D model of porous scaffolds was designed by the 123D
Design computer software (Autodesk, USA). Outputted files are in the
gcode format. Using the fused deposition modeling (FDM) technique,
PCL/NPs filaments were submitted to a FDM printer (IEMAI 3D, MAGIC-
HT-L, China) to obtain 3D structured porous scaffolds by setting the
printing temperature at 150 °C, the printing speed at 8 mm/s and the
filling density at 50%. Based on the incorporated NPs, PCL, PCL/WH,
PCL/PWH, and PCL/B-TCP scaffolds were fabricated. These scaffolds
were immersed in 20 M NaOH solution for 3 h at room temperature, and
then washed with deionized water to neutral for further characteriza-
tions. For simplification, hereafter, the PCL/WH, PCL/PWH, and PCL/
B-TCP scaffolds were denoted as WH, PWH, and B-TCP scaffolds,
respectively.

SEM was employed to observe the morphology of the extruded fila-
ments and printed scaffolds. Meanwhile, elemental mapping was con-
ducted with the exposure time of 120 s. Thermogravimetric analysis
(TGA, Q-50, USA) was used to evaluate the practical contents of the
inorganic components in the composite scaffolds by heating the samples
in air from room temperature to 650 °C at a heating rate of 10 'C/min.
Water contact angle was measured by an automatic contact angle meter
(SL200 A/B/D, Solon Tech., China). The volume of water droplets was
1-2 pL. After images being captured, the baseline and vertex of the water
droplet bottom were found, and the value of the contact angle was
automatically calculated using the software provided by the meter.
Compression test on these scaffolds was carried out on a general mate-
rial testing machine (Instron 5500R, UK), equipped with a 500 N load
cell. The cross-head speed was set as 1 mm/min, and the total strain was
set as 30% of the scaffold height.

2.5. Ion release test

To study the ion release behaviors of various composite scaffolds,
each scaffold (30 mg) was immersed in 10 mL PBS at 37 °C for 21 days.
At predetermined intervals, the liquid was submitted to inductively
coupled plasma-optical emission spectroscopy (ICP-OES, PerkinElmer,
Optima 7000DV, USA) for ion (Mg2+, Ca?") concentration analysis, and
10 mL of fresh PBS was replenished to continue the release test. Three
parallel measurements were conducted for each sample at each time
point for averaging.

2.6. Biocompatibility study

2.6.1. Cell viability

Circular scaffolds with diameter of 6 mm and height of 0.6 mm were
sterilized by being soaked in 75% ethanol for 4 h with the UV exposure,
which were ready for use after PBS washing. According to standards of
ISO 10993 and GB/T 16886.5, L929 fibroblasts are the suggested cell
line for biocompatible evaluation of in vivo implants. Then, at first,
scaffold extracts were prepared following these standards, that 0.2 g
scaffold was soaked in 1 mL growth medium at 37 °C for 24 h, and the
medium was then collected for 1929 fibroblasts (Purchased from
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Chinese Academy of Medical Sciences) culture after filtration. L929 fi-
broblasts (2 x 10%) were seeded into each well of a 96-well tissue culture
polystyrene (TCPs) plate. The supplement of various scaffold extracts
were conducted 2 h later to allow cell attachment. On day 1, 3, 5, and 7,
CCK-8 solution (10% dilution, Sigma-Aldrich, USA) was added into each
well, and the plate was placed in incubator for 2 h, followed by solution
absorbance recorded at 450 nm on a microplate reader (Bio-Rad 680,
USA). At day 5 and 7, the cells on plates were stained with calcein-AM/
PI double staining kit (Solarbio, China). Fluorescent images were
captured with confocal laser scanning microscope (CLSM, TCS SP8,
Leica) to evaluate their Live/Dead status (Green fluorescence: live; Red
fluorescence: dead).

Next, bone marrow mesenchymal stromal cells (BMSCs) isolated
from Sprague-Dawley (SD) rats were used for in vitro experiments. The
cells were cultured in a-modified Eagle’s medium (a-MEM, HyClone,
USA) containing 10% (v/v) fetal bovine serum (FBS, Gibco, USA) and
1% (v/v) penicillin/streptomycin (Sigma, USA). The cells were incu-
bated at 37 °C under saturated humidity supplied with 5% CO». BMSCs
at passage 3 were used in the following studies, and in all the cultures,
the media were refreshed every 2 days.

Then, the sterilized scaffolds were placed into the wells of a 96-well
plate. BMSCs (2 x 10%) were seeded onto each scaffold, supplemented
with 200 pL o-MEM, and then cultured for 7 days. At predetermined
intervals, CCK-8 assay was conducted to evaluate cell proliferation. At
day 3, the cell/scaffold complexes were stained with calcein-AM/PI
double staining kit, and observed with CLSM for Live/Dead assay.

2.6.2. Cell adhesion

BMSCs were seeded on various scaffolds at a density of 4 x 10* cell/
scaffold. After being cultured for 3 and 5 days, nucleus and F-actin
staining were performed. Briefly, cells on scaffolds were first fixed with
4% paraformaldehyde solution (Solarbio, China) for 1 h. After being
washed with PBS, the complexes were permeabilized with 0.1% Triton
X-100 for 10 min, followed by being blocked with 1% BSA solution for
30 min. Then, FITC-labeled phalloidin (Sigma-Aldrich, USA) was added
to stain F-actin at room temperature for 1 h. Subsequently, DAPI was
added for nucleus staining. The morphology of cytoskeleton was
observed with CLSM.

2.7. Differentiation evaluations

2.7.1. Neurogenic differentiation

BMSCs were seeded on scaffold (diameter: 15 mm and height: 0.6
mm) in 24-well plate at a density of 3 x 10* cell/scaffold. At day 2, the
media were replaced with neural induction medium, which was pre-
pared by adding 50 ng/mL NGF-$ (MedChemExpress, USA) into the
proliferation medium. After 14 days of neurogenic inductive culture, 1
mL of Trizol RNA extract kit (Invitrogen, Carlsbad, CA) was added into
each well to extract the total RNA for quantitative reverse transcription
polymerase chain reaction (QPCR) assay in ABI PRISM 7500 Real-Time
PCR system (Applied Biosystems, USA). Three genes (nestin, NEFL,
and TUBB3) related to neurogenic differentiation were evaluated by 2~
AACt method using a housekeeping gene GAPDH as reference, and their
specific primers were designed as listed in Table S1.

2.7.2. Angiogenesis assay using chicken embryo chorioallantoic membrane
model

Fertilized chicken embryos were pre-incubated at 37 °C for 3 days
under 60% humidity. Then, the air chambers of the eggs were carefully
opened to expose the allantoic membrane. To evaluate the formation of
blood vessel, various scaffolds or the extracts made from these scaffolds
were placed onto the allantoic membrane or injected into the allantoic
cavity. The egg opening was closed with sealing film, and incubated for
another 5 days. After that, the allantoin membranes were collected and
fixed with methanol/acetone (50/50) solution. The membranes were
kept in PBS and visualized on a stereomicroscope (VISION, TY10Mantis
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Elite, Korea). Tubular length, size, and the total junction numbers of the
formed blood vessels were quantitatively analyzed by AngioQuant
software (Version 1.33, Mathwork Inc, Houston, TX, USA).

2.7.3. Osteogenic differentiation study

BMSCs were seeded on scaffolds (diameter: 15 mm and height: 0.6
mm) in 24-well plate at a density of 3 x 10* cell/scaffold and osteogenic
induction medium was added to replace the medium in the well after
one day of cell attachment and spreading, and then the inductive culture
was continued for 21 days. The osteogenic induction medium was pre-
pared by adding vitamin C (25 mg), p-glycerophosphate (1.0802 g) and
dexamethasone (100 nM) into growth medium (500 mL). Atday 3,7, 14,
and 21, the medium in each well was discarded. Cell lysate was obtained
by adding 200 pL of cell lysis containing 1% Triton X-100, 20 mM Tris,
and 150 mM NacCl, followed by five freezing-thawing circles. The ac-
tivity of alkaline phosphatase (ALP) and collagen type I (COL-I) were
detected by ALP assay kit (Sigma, USA) and COL-I ELISA kit (BlueGene,
China), respectively. For ALP staining, BMSCs were incubated with the
various scaffolds for 5 days. At day 7 and 14, the scaffolds were taken
out, and the cells remained on tissue culture plates were treated with 4%
paraformaldehyde (1 h) and stained with an ALP color development kit
(Beyotime, China). Photos of these stained samples were taken by an
optical microscope (CKX-41, Olympus, Japan).

qPCR assay was carried out at day 3, 7, and 14, 1 mL of Trizol RNA
extract kit (Invitrogen, Carlsbad, CA) was added into each well to extract
the total RNA for qPCR assay. Three osteogenesis-related genes (BMP-2,
COL-L, and OCN) and two angiogenesis-related genes (Ang-1 and VEGF)
were evaluated, and their specific primers were listed as Table S2.

2.7.4. Study on osteoclastic differentiation of RAW264.7

RAW264.7 cells (Purchased from Chinese Academy of Medical Sci-
ences) were seeded on scaffolds (diameter: 15 mm and height: 0.6 mm)
in a 24-well plate at 1 x 10* cell/scaffold. Group 1 was the control group
without scaffold and added high-sugar conditioned DMEM (control
group, Hyclone, USA), while Groups 2-6 were added 100 ng/mL RANKL
(receptor activator of nuclear factor-kB-ligand).

Five days after RANKL induction, RAW264.7 cells were character-
ized with TRAP (tartrate-resistant acid phosphatase) staining (Solarbio,
China) and TRAP assay kit (Beyotime, China). Meanwhile, cell
morphology was visualized by the nucleus and F-actin staining. Three
osteoclast-related genes (TRAP, Cathepsin K, and MMP9) were evalu-
ated by qPCR using the specific primers listed in Table S3.

2.8. In-situ bone regeneration study

2.8.1. Scaffold implantation and micro-CT imaging

All animal experiments reported herein were performed under
guidelines evaluated and approved by Animal Ethical Committee of the
Academic Medical Center at Tianjin Nankai Hospital (NKYY-DWLL-
2020-178 Tianjin, China). Sixteen male SD rats (200-250 g) were used
to establish a critical size (¢ = 5 mm) skull defect model. The rats were
randomly divided into 4 groups with different scaffolds being implanted:
(1) PCL, (2) B-TCP, (3) WH, and (4) PWH. To prepare the defect for
scaffold (diameter: 5 mm and height: 0.8 mm) implantation, rats were
shaved and anesthetized with 1% sodium pentobarbital. Then, a
trephine drill bit was used to create two circular 5 mm defects separately
at the bilateral region of the calvaria sagittal suture. After the implan-
tation of scaffolds, the overlying tissues were sutured.

Two rats in each group were sacrificed at 4 W and 8 W post-
implantation. The skull specimens were collected and fixed in 10%
neutral buffered formalin for 12 h. Quantum GX Micro-CT (PerkinElmer,
Waltham, USA) was used to scan and analyze all samples. The software
provided by Quantum GX Micro-CT Workstation was used for 3D
reconstruction and quantitative analysis. The region of interest (ROI)
was defined as a cylinder with a diameter of 5 mm and 1 mm height to
estimate relative bone volume fraction (BV/TV) and bone mineral
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density (BMD). Of note, to exclude the influence of the inorganic com-
ponents in residual scaffolds on BV/TV and BMD estimations, we set a
density threshold (grey value) to distinguish the scaffold framework and
the newly formed bone in reconstructing the images, since the com-
posite scaffolds have higher density than the immature neobone tissue.
Briefly, micro-CT images were imported into a professional medical
imaging software (Mimics Medical v 17.0), and the threshold (approx.
800) was obtained with the aid of the profiling function of Mimics to
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mask the composite scaffold framework from bone tissue observation
(Fig. S1). Thermal imaging map was generated by IRW software using
the SKY mode, and drawn by setting the CT value range between 0 and
2000 [41,42].

2.8.2. Histological and immunobhistological assessments

After the micro-CT analysis, the mineral in the skull was removed
with a rapid decalcifier-solution (Zhongshan Goldenbridge, China). The

B
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Fig. 1. Preparation and characterization of PWH NPs and PWH composite scaffolds. (A) Schematic showing the fabrication process of 3D printed composite scaffold
based on PWH NPs. (B) The representative SEM image of WH NPs. (C) CV curves and (D) AC impedance curves of various composite films ( + represents annealing or
not). (E) XRD patterns and (F) FTIR spectra of WH NPs before and after the annealing treatment (650 °C, 3 h). (G) Compression stress-strain curves of various
scaffolds. (H) Mg?" and Ca?" release profiles of PWH and WH scaffolds. (I) The photograph of the 3D printed PWH scaffold. (J) Representative SEM and elemental
mapping images showing the morphology of the printed strands in the PWH scaffold and the even distribution of characteristic P, Ca, and Mg signals.
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skull was embedded in paraffin and prepared into 3 pm-thick sections
for histological, immunofluorescence, and immunohistochemistry
staining assessment. Hematoxylin-eosin (H&E) and Masson’s trichrome
(Senbeijia, China) staining were performed on consecutive tissue sec-
tions, and images were collected by digital slice scanning equipment
(Hamamatsu Nanosomer, Japan).

For immunohistochemical evaluation, TRAP (Absin, abs136593) and
OCN (Beyotime, AF6297) were used as primary antibodies. Antigen
retrieval was completed by incubation with 0.4% pepsin at 37 °C for 15
min. Endogenous peroxidase was blocked by 3% H30O,. Non-specific
protein binding was blocked by 1% BSA solution. The sections were
incubated with primary antibodies for 3 h at room temperature. Then
the sections were incubated with secondary antibodies for 1 h at room
temperature. Finally, the color was developed using a DAB substrate kit,
and the optical microscope was used to take photographs.

For immunofluorescence evaluation, CD31 (Affinity, AF6191) and
CGRP (Solarbio, K009774P) were used as primary antibodies. Antigen
retrieval was completed by incubation with 0.4% pepsin at 37 °C for 15
min. Slices were immersed in 0.1% Triton-X 100 solution for 10 min and
washed three times with PBS. The slices were incubated with 1% BSA
solution for 1 h to block the binding of non-specific proteins. The sec-
tions were incubated with primary antibodies for 12 h at 4 °C, then
incubated with secondary antibodies for 1 h at room temperature.
Finally, the section was incubated at room temperature for 5-10 min
after adding DAPI, and the fluorescence development was observed
under CLSM.

2.9. Statistical analysis

All quantitative data were expressed as mean + standard deviation
(SD) for n 2 3. Statistical analysis was carried out using one-way analysis
of variance (ANOVA) with Tukey’s test. Differences between groups of
*p < 0.05 were considered statistically significant, **p < 0.01 and ***p
< 0.001 was considered highly significant. All statistical analysis was
performed using SPSS 17.0 software.

3. Results
3.1. Fabrication and characterization of 3D printed scaffolds

In this study, we developed an organic-inorganic composite scaffold
with piezoelectricity as well as sustained release of bioactive ions (i.e.,
Mg2+, Ca?") via melt extrusion 3D printing. As shown in Fig. 1A, using
the chemical precipitation method, WH NPs were first synthesized by
reacting Ca(OH);,, Mg(OH),, and H3PO4. Then, WH NPs were annealed
at 650 °C for 3 h to enable domain switching, which achieves the
piezoelectric properties. Based on the standard XRD patterns, we
confirmed that the crystalline structures of WH and p-TCP are similar
(WH: PDF#70-2064; p-TCP: PDF#09-0169). For comparison, p-TCP
NPs were also synthesized via chemical precipitation method by reacting
(NH4)2HPO4 with CaCly, and annealed using the same parameters.
Therefore, the differences in the piezoelectricity and Mg component
between the PWH NPs and B-TCP NPs provide a reasonable base to
identify the unique contributions of PWH in neuro-vascularized bone
regeneration.

Next, the morphology and the composition of WH NPs were inves-
tigated using SEM. Fig. 1B shows a SEM image of the prepared WH NPs,
displaying rhomboid morphology with average particle size of approx.
85 nm. B-TCP NPs present spherical shape with diameter of ~300 nm.
EDS was then employed to investigate their compositions (Fig. S2). The
spectra confirm the presence of Ca and P element in both WH and -TCP
NPs, while Mg element can only be found in WH NPs. The doping
amount of Mg in the WH NPs was estimated as Mg/Ca molar ratio
approx. 0.135, which is approximately consistent with the theoretical
value (~0.11, Ca;gMga(HPO4)2(PO4)12).

We continued to evaluate the electroactivity of WH and p-TCP. It
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should be noted that no change in electrical characterizations has been
found on the B-TCP NPs before and after the annealing treatment;
conversely, significant piezoelectricity has been induced to the WH NPs
after annealing at 650 °C for 3 h. For the electroactive characterization,
we prepared PCL composite films containing 30 wt% of various inor-
ganic NPs via solution casting. The obtained composite films were sub-
mitted to CV and AC impedance measurements. In Fig. 1C, CV curves
show that with the annealing treatment, an obvious redox peak at 0.8 V
can be observed for the PCL/PWH film; however, all the other composite
films do not display any redox peak. In addition, decreased AC imped-
ance was identified for the PCL/PWH film in comparison with those of
other films (Fig. 1D). The composition of the WH NPs synthesized via
chemical precipitation is in the form of Ca;gMga(HPO4)2(PO4)12. At the
annealing temperature, the WH NPs tend to lose a fraction of HyO, which
results in partial reorientation of HPO4 and PO4 domains; this is
considered as the major factor in the generation of piezoelectricity in the
case of polarized HA [37]. Obviously, f-TCP NPs (Ca3(POg4),) do not
have such characteristics. Since natural bone inherently exhibits
piezoelectricity, promisingly, piezoelectric PWH NPs show advantages
over WH NPs and p-TCP NPs in regenerating bone tissue for their ca-
pacity in restoring the local endogenous electric microenvironment [31,
32].

To determine the influence of the partial HoO loss on the chemical
and crystalline structure of PWH, we employed XRD and FTIR to
compare the subtle difference between the WH NPs and PWH NPs. From
Fig. 1E, it is identified that their XRD patterns are similar, both resem-
bling with the existing data PDF#70-2064. These results suggest that
the slight domain switching alongside HoO removal upon annealing
treatment does not change the major crystalline structure of WH. The
diffraction peaks locating at 28.02°, 31.28°, and 34.64° are ascribed to
the crystal planes (2 1 4), (0 2 10), and (2 2 0) [43], respectively.
Accordingly, no obvious variation is detected in the FTIR spectra of WH
NPs and PWH NPs. As shown in Fig. 1F, they both present the charac-
teristic peaks of PO?;_ (1150-970 cm‘l, 604 cm_l, and 558 cm ') and
HPO%’ (921 em™H [44,45]. These results confirm that the annealing
process at 650 °C endow the PWH NPs with remarkable electroactivity
without damaging the inherent nature of WH NPs.

Then, the next step is to fabricate porous scaffolds with piezoelec-
tricity for implantation. Melt extrusion 3D printing was used to prepare
composite scaffolds with the PWH NPs. To facilitate the printing,
biodegradable PCL was selected as the biocompatible polymeric matrix
due to its low melting point (approx. 60 °C) [39] and easy blending with
inorganic NPs. Before printing, PWH composite filaments were first
obtained via melt extrusion at 120 °C, whose morphology was observed
using SEM and elements (P, Ca, and Mg) distribution were characterized
with mapping (Fig. S3). The composite filaments are uniform with even
distribution of PWH NPs. Thereafter, the filaments were used to print the
PWH composite scaffold at 30 wt% addition amount of PWH NPs
(Fig. 11). As depicted in the corresponding SEM and mapping images, the
printed strands are stacked to construct the porous structure, showing
homogeneous P, Ca, and Mg signals resembling the strand morphology
(Fig. 1J). The obtained PWH scaffold reasonably has similar piezoelec-
tricity as the PCL/PWH film, because the molten temperature in scaffold
fabrication is much lower than the sintering temperature for WH NPs.
For the following comparative studies on their biological functions, WH
and B-TCP scaffolds were fabricated similarly (30 wt%), as well as, pure
PCL scaffold was also printed as controls. TGA was carried out to verify
the incorporated amounts of different NPs. The results show that the
weight remaining fractions of PWH, WH, and p-TCP scaffolds after
thermal decomposition are approx. 26.7 wt%, 30.3 wt%, and 27.9 wt%,
respectively, showing no significant difference to cause possible uncer-
tainty in biological evaluations (Fig. S4). In addition, compression test
was conducted on all the printed scaffolds (Fig. 1G). Among them,
obviously, the pure PCL scaffold has the lowest mechanical strength. The
B-TCP scaffold shows slightly inferior compressive strength to the two
(P)WH-containing scaffolds, which was suggested due to the larger
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B-TCP NPs size than the (P)WH NPs. It is well known that the stiffness of
matrix (scaffold) has significant effects on cell spreading, migration,
proliferation, and differentiation [46,47]. In our case, however, the
mechanical properties of the four developed scaffolds are within the
same range. Therefore, it is reasonable to rule out the mechanical factor
in evaluating their biological responses, while focusing on their differ-
ences in composition and electroactivity.

WH contains bioactive elements, which is crucial for tissue regen-
eration. Hence, we continued to monitor the Mg?" and Ca®" release
properties of (P)WH-containing scaffolds by immersing them into PBS.
As expected, both (P)WH-containing scaffolds exhibit the sustained
release of Mg and Ca ions for up to 21 days, with the accumulated
concentrations at around 6.3 ppm and 19.3 ppm (Fig. 1H). Notably, the
annealing treatment does not compromise the ion release properties of
the scaffolds. Overall, the abovementioned results collectively demon-
strate that PWH scaffold exhibits superior piezoelectricity and sustained
release of bioactive ions, which is expected to be beneficial for bone
regeneration.

3.2. In vitro biocompatibility evaluation of scaffolds

Before applying these scaffolds for cell seeding, they were slightly
etched with NaOH solution at room temperature to increase surface
hydrophilicity. The scaffolds made of the hydrophobic PCL present
water contact angles >75°, which drop a bit with the addition of inor-
ganic NPs (Fig. S5). After the etching, however, the water contact angles
decrease to approx. 30°, and the surface roughness of the strands in-
creases at the same time. The saponification reaction of PCL with NaOH
can break the polyester chain, generating a portion of hydrophilic
carboxyl and hydroxyl groups, and leading to surface erosion. It has
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been commonly accepted that a substrate containing functional groups
and rough surface favors cell attachment and growth as compared to a
hydrophobic smooth surface [48]. Thus, all the printed scaffolds have
been ready for in vitro and in vivo evaluations.

Following the preparation, the biocompatibility and cell affinity of
scaffolds were evaluated via cell proliferation using CCK-8 assay and
fluorescent (Live/Dead, cytoskeleton) staining observed with CLSM. At
first, according to ISO standard 10993, we prepared extracts from the
scaffolds and incubated L929 fibroblasts in the extracts for the CCK-8
assay and Live/Dead staining. From Fig. 2A and S6, continuous cell
growth could be observed in all the extracts. No obvious difference could
be observed between different groups. The proliferated L929 fibroblasts
were stained green (i.e., being alive) in major, suggesting that no
ingredient dissolving out of the scaffolds is cytotoxic. We continued to
seed BMSCs on the scaffolds and conducted CCK-8 assay to quantify cell
proliferation. As shown in Fig. 2B, the BMSCs grow well on all the
scaffolds with good biocompatibility and no toxicity. In CLSM images,
all the groups show majorly green fluorescence, hence suggesting the
excellent biocompatibility of all the scaffolds (Fig. 2C). Overall, these
results collectively demonstrate that the piezoelectric PWH scaffold
shares similar behavior in cell proliferation as compared to the p-TCP
and WH scaffolds. Judging from the intensity of the green fluorescence,
the three composite scaffolds are more conducive to BMSCs attaching
and spreading in comparison with the pure PCL scaffold. The cell
spreading status was further verified with cytoskeleton staining (Fig. 2D,
Fig. S7). CLSM images show that BMSCs can attach onto all the scaffolds
firmly and spread in normal spindle morphology, while the cell
spreading area is smaller on the PCL scaffold than on other three com-
posite scaffolds. Further, a supplementary video is provided to show the
BMSCs adhering to the PWH scaffold vividly (Movie S1).
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Fig. 2. Biocompatibility evaluation of various scaffolds. (A) Proliferation study of L929 fibroblasts cultured with scaffold extracts using CCK-8 assay. (B) Proliferation
study of BMSCs seeded directly on various scaffolds using CCK-8 assay. (C) CLSM images show the Live/Dead staining of BMSCs cultured on various scaffolds at day
3. (D) CLSM images show the phalloidin-DAPI staining on cytoskeleton of BMSCs cultured on various scaffolds at day 3. *P < 0.05, significant, **P < 0.01 and ***P

< 0.001, highly significant (n = 3).
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Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.11.004.

3.3. Synergistic effects of Mg®"/piezoelectricity on neurogenesis and
angiogenesis

Bone healing is a complex signaling cascade process, which involves
neural regeneration and angiogenesis as indispensable events to form
neuro-vascularized bone tissue. Hence, we continued to investigate how
the piezoelectricity of the PWH scaffold and its sustained release of Mg*"
influence these events. By directly seeding BMSCs on the scaffolds, the
neurogenic and angiogenic differentiation of the cells were evaluated
both quantitatively and qualitatively (Fig. 3A) [49]. For neurogenic
differentiation study, real-time qPCR was applied to quantify the ex-
pressions of three related genes (nestin, TUBB3, and NEFL). It is known
that nerves are electrically active tissues, and electroactive materials
have a promotion effect on nerve regeneration [50-52]. As depicted in
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Fig. 3B, C, and 3D, at day 14, the BMSCs grown on the electroactive
PWH scaffold exhibit the highest gene expression level. Notably, the WH
scaffold also demonstrates the capacity in upregulating the expressions
of nestin, TUBB3, and NEFL genes, as compared to the PCL and p-TCP
scaffolds, which show similar results to the TCPs case. This finding
suggests an interesting point that the Mg?" released from the WH scaf-
fold can effectively promote neurogenesis, while the released Ca®*
cannot. The ability of B-TCP scaffold to upregulate the expression of
neural differentiation related genes was limited. Further, the PWH
scaffold has a stronger inductivity in neurogenic differentiation of
BMSCs than the WH scaffold. The expression of nestin, TUBB3, and
NEFL in the PWH scaffold group are 1.7, 1.3, and 1.6 times higher than
that of the WH scaffold group, respectively. Apparently, such enhance-
ment can be attributed to the synergistic effect of Mg?*/piezoelectricity
in the former case.

The potential of the scaffolds on angiogenesis was also characterized
using qPCR analysis on gene (Ang-1, VEGF) expression for cultured
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Fig. 3. Neurogenic and angiogenic differentiation of BMSCs cultured on various scaffolds. (A) A schematic showing the experimental process of RT-PCR to evaluate
the neurogenic and angiogenic differentiation of BMSCs. (B-D) Effect of scaffolds on the neurogenic gene expression of BMSCs, including nestin (B), TUBB3 (C), and
NEFL (D). (E, F) Effect of scaffolds on the angiogenic gene expression of BMSCs, including Ang-1 (E) and VEGF (F). *P < 0.05, significant, **P < 0.01 and ***P <

0.001, highly significant (n = 3).
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BMSCs. As shown in Fig. 3E and F, similar to the neural differentiation
results, the capacity in inducing Ang-1 and VEGF gene expression was
detected decreasing gradually in the order of PWH > WH > -TCP ~ PCL
scaffold ~ TCPs. It has been reported that Mg?" has been solidly evi-
denced with the capacity in promoting angiogenesis [9], while the
piezoelectric scaffold that can enhance the expression of
vascular-related genes is rarely reported.

We further evaluated the formation of blood vessel using the chicken
embryo allantoic membrane (CAM) model (Fig. 4A) [53,54]. In one
group of experimental design, the four scaffolds were directly placed on
the allantoic membranes for 5 days, and photos were taken to exam the
formed blood vessels invading into the areas where the scaffolds locate.
As illustrated in Fig. 4B, the most abundant formation of blood vessel
can be observed in the case of PWH scaffold, followed by the WH scaf-
fold, while only limited angiogenesis is observed for both the §-TCP and
PCL scaffolds. As the magnified image shown, the blood vessels have
grown into the PWH scaffold. In another group of experimental design,
we evaluated the angiogenesis of the extracts made from the four
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scaffolds. The extracts were injected onto the allantoic membranes (the
control injected with PBS), which were collected for photo taken after 5
days of inoculation. The original photos are presented in Fig. 4C,
together with pesudo-colored pictures to show the formation of blood
vessel formation more clearly. Based on these images, quantitative
analysis for vessel length, and size, and junction number was carried out
using ImageJ (Fig. 4D, E and 4F). Obviously, the extracts from both the
PWH and WH scaffolds display much stronger potential in inducing
angiogenesis than the p-TCP and PCL scaffold groups, and the latter two
share similar results to that of the control group. Of note, the PWH and
WH scaffold extracts presented similar results in tubular length, vessel
size, and junction formation. Taken together, the Mg?* in the extracts
made from the PWH and WH scaffolds is indeed playing roles in
inducing angiogenesis as evidenced, which show advantages over the
non-Mg?" releasing scaffolds in this issue. Combined with the results
shown in Fig. 3E and F, the contribution of the scaffold electroactivity on
blood vessel formation can be identified as comparing the cases of PWH
and WH scaffolds. Overall, it can be concluded that
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Fig. 4. Angiogenesis tested for various scaffolds using CAM assay. (A) A schematic showing the experimental process of the CAM test to visualize the angiogenesis
with the stimulation directly from scaffolds or their extracts. (B, C) Representative images of blood vessel formation in the CAM test with the presence of scaffolds (B)
and scaffold extracts being injected (C). (D-F) Quantification of total tubular length, vessel size, and junction numbers based on panel (C). *P < 0.05, significant, **P

< 0.01 and ***P < 0.001, highly significant (n = 3).
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Mg?* /piezoelectricity can exert synergistic effect on promoting both
neurogenesis and angiogenesis, which makes the PWH scaffold a
promising choice for the regeneration of neuro-vascularized bone tissue.

3.4. Effect of scaffolds on osteogenic differentiation of BMSCs

In our scaffold design, several bioactive factors, including calcium
phosphate component, Mg?-doping, and piezoelectricity, are condu-
cive to osteogenesis. Hence, to verify the effects of the soluble in-
gredients (i.e., the released ions) from the scaffolds on osteogenesis,
BMSCs were cultured on TCPs for 7 or 14 days in the presence of various
scaffolds. Then, the scaffolds were removed to characterize the BMSCs
on TCPs with ALP staining [55-57]. As depicted in Fig. 5A, the staining
color for the control (growth medium) and PCL groups is lighter than
that in other three groups, which indicates that the released ions from
B-TCP, WH, and PWH scaffolds enhanced the cellular ALP activity. As
compared the p-TCP with the PWH (WH) scaffold groups, however, the
ALP staining color is obviously deep in the latter two cases, confirming
that the released Mg?* from WH and PWH scaffolds into the media has
further promoted the cellular ALP activity. Corresponding quantitative
analysis for the intensity of ALP is shown in Fig. 5B, the results show that
the PWH scaffold group exhibits the strongest ALP intensity compared to
other groups. COL-I protein, which is a representative marker for
osteogenesis, was also detected. For BMSCs seeded on scaffolds, in-
creases in the COL-I synthesis were detected with the culture time,
except the TCPs control and PCL scaffold groups (Fig. S8). The highest
expression of COL-I could be found in the PWH scaffold group, followed
by the WH, and then the p-TCP scaffold groups. These characterizations
once again proved that the released Mg?", and its combination with
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scaffold electroactivity could achieve the strongest promotion effect on
the osteogenic differentiation of BMSCs.

Apart from osteogenesis, maintaining of bone homeostasis is known
as a dynamic process that involves a balance between bone formation
and bone resorption. If osteoclasts are activated by the implanted ma-
terials, and overexpressed in comparison with osteoblasts, bone regen-
eration would not be satisfactory with the occurrence of significant bone
resorption [58]. Piezoelectric materials have the ability to depress
osteoclast phenotype, herein, we applied RAW246.7 macrophages as the
osteoclastic precursor cells to test the capacity of various scaffolds in
inhibiting osteoclast phenotype. To conduct the experiment, RANKL was
first used to induce the osteoclastic differentiation of RAW246.7 cells,
and then the cells were incubated in the presence of various scaffolds for
5 days before characterization. Similar to the ALP test, after removing
the scaffolds, the RAW246.7 cells grown on the TCPs were stained to
show their cytoskeleton/nuclear morphology and observed with CLSM
(Fig. 6A). The RAW246.7 cells in the control group exhibit clear
mononuclear morphology, and the RANKL treatment has successfully
induced the formation of osteoclast-like multinucleated cells. By incu-
bating the multinucleated cells with various scaffolds for 5 days, cell
morphology changes in dependence with the scaffold properties. In the
PCL and B-TCP scaffold groups, cell morphology remains similar to the
RANKL induced ones; conversely, the majority of the cells in the WH and
PWH scaffold groups recover to a similar morphology with the untreated
RAW246.7 cells. In Fig. 6B, the results show the immunohistochemistry
staining of TRAP, which is an iron-binding protein that highly expressed
in osteoclasts. The deepest staining color (ie., the richest TRAP
expression) can be found in the RANKL induced cells, the treatment with
PCL and p-TCP scaffolds cannot change the situation, while the staining
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Fig. 5. Evaluations for the osteogenic differentiation of BMSCs in the presence of various scaffolds. (A) ALP staining and (B) quantified ALP activity for BMSCs
cultured for 7 and 14 days. (C-E) Relative expressions of three osteogenic-related genes (BMP-2, COL-1, and OCN) detected by qPCR at day 5. *P < 0.05, significant,

**P < 0.01 and ***P < 0.001, highly significant (n = 3).
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Fig. 6. Evaluation for the osteoclast differentiation of RAW 264.7 in the presence of various scaffolds. (A) CLSM images showing cytoskeleton/nucleus staining and
(B) optical images showing nuclear/TRAP staining for RAW 264.7 cells induced with RANKL (shortened as RA) and further incubated with scaffolds for 5 days. (C)
Quantified TRAP activity for RAW 264.7 cultured for 5 days. (D-F) Relative expressions of three osteoclastic-related genes (TRAP, MMP9, and Cathepsin K) detected
by RT-PCR at day 5. *P < 0.05, significant, **P < 0.01 and ***P < 0.001, highly significant (n = 3).

color becomes lighter for the cells in the WH and PWH scaffold groups,
presenting some similarity to the untreated control case. Accordingly,
the quantitative data shown in Fig. 6C reveal the declining trend in
TRAP activity more clearly, that the PWH scaffold can inhibit osteo-
clastic activation most efficiently, followed by the WH scaffold, and then
the others. These findings are in accordance with the previous results of
osteogenic differentiation, that the piezoelectric PWH scaffold can
simultaneously achieve the promotion effect on osteogenesis and
negatively influence osteoclast expression, given the fact of its sustained
release of Mg?t and electroactivity.

PCR analysis was further performed on the expressions of genes
related to osteoblastic (BMP-2, COL-I, and OCN) and osteoclastic (TRAP,
MMP9, and Cathepsin K) differentiation for BMSCs and RAW246.7 cells
cultured as above, respectively. As shown in the figures, the expressions
of BMP-2, COL-I, and OCN genes increase monotonically in the order of
PCL < B-TCP < WH < PWH scaffold groups (Fig. 5C, D, and 5E), while
the expressions of TRAP, MMP9, and Cathepsin K decrease mono-
tonically in the same order (Fig. 6D, E, and 6F). The explanation for the
BMP-2 achieving the highest value at day 7 is that BMP-2 is an earlier
marker for osteogenic differentiation. Reasonably, the PWH scaffold is
expected to achieve desirable outcomes in in-situ bone regeneration test,
as its superior performance in regulating neurogenesis, angiogenesis,
and osteoblastic/osteoclastic activity having been identified.

3.5. In-situ bone regeneration evaluation

Encouraged by the promising in vitro results, we continued to explore
the capacity of the PWH scaffold in inducing in-situ bone regeneration
using the rat calvarial defect model with a well-accepted defect size (¢
= 5 mm) [59], paying attention to the neurogenesis and angiogenesis
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associated with neo-bone formation (Fig. 7A). At 4 W and 8 W after
scaffolds being implanted, the rats were sacrificed to collect the skulls
for evaluation. To view the regenerated bone tissue in the defect area,
micro-CT images were taken and their corresponding heat map analysis
were performed. To exclude the influence of the inorganic NPs in scaf-
folds on imaging and quantitative estimation, as aforementioned, a
critical grey value was set to distinguish the inorganic materials in re-
sidual scaffolds and ossificated bone (Fig. S1). Therefore, from Fig. 7B, it
shows that the PCL and $-TCP scaffolds barely induce the formation of
neo-bone tissue, still showing a hole in the defect area after 8 W without
revealing the presence of the -TCP scaffold. Nevertheless, both the WH
and PWH scaffolds induced obvious bone formation in the central region
of the defects, sprouting from the defect edge and growing into scaffold
framework. As expected, the most significant neo-bone formation could
be observed in the PWH scaffold group. For an easy comparison, the
quantitative analysis of BV/TV and BMD are shown in Fig. 7C and D. The
results indicate that the PWH scaffold group exhibits the highest BV/TV
and BMD among all groups, reaching 17.53% and 288.07 mg/cm> at 8 W
post-implantation. These results obtained from the imagological exam-
ination are well consisting with the in vitro trends, confirming the ad-
vantages of the electroactivity and Mg?*-release in osteogenesis for their
bone-specific nature.

H&E and Masson’s trichrome staining are the commonly used his-
tological evaluation method to illustrate possible inflammatory response
associated with scaffold implantation, as well as, to show collagen
synthesis and bone maturation. The images are shown in two magnifi-
cations (Fig. 8A and Fig. S9), and no obvious inflammatory could be
observed for all the groups, indicating the excellent biocompatibility of
the implanted scaffolds containing various inorganic NPs. The Masson
staining color is light for both the PCL and B-TCP scaffold groups, while
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Fig. 7. The evaluation of in-situ bone regeneration with various scaffolds implantation. (A) A schematic showing the establishment of 5-mm skull defect model of SD
rats and the mechanism for enhanced bone regeneration via the promoted neurogenesis and angiogenesis. (B) Reconstructed 3D micro-CT images and corresponding
thermal imaging analysis of rat skulls at 4 W and 8 W post-operation. (C, D) The quantitative evaluation on regenerated bone via BV/TV and BMD analysis. *denotes
the significant difference between PCL, p-TCP, WH, and PWH scaffold groups. *P < 0.05, significant, **P < 0.01 and ***P < 0.001, highly significant (n = 4).

the dark-blue staining in the WH and PWH scaffold groups is related to
the formation of rich collagen, and the red staining indicates the orga-
nization of calcified extracellular matrix. Apparently, new bone grows
into the interior of the piezoelectric PWH scaffold, while not for the PCL
and B-TCP scaffolds. With limited activity in inducing osteogenesis,
fibrous connective tissue (FCT) infiltrate into the PCL and B-TCP scaf-
folds. Differently, the spaces in the WH and PWH scaffolds, particularly
in the latter case, are mainly filled with the newly formed bone tissue.

As the activation effect of the PWH scaffold on neurogenic and
angiogenic differentiation of BMSCs have already been identified in
vitro, we continued to investigate whether the scaffold could initiate
similar biological events in vivo after implanting the scaffolds. To the
end, immunofluorescence staining on CGRP (neurogenesis, green fluo-
rescence) and CD31 (angiogenesis, red fluorescence) were carried out.
As shown in Fig. 8C, the intensity of the red and green fluorescence
gradually increases in the order of PCL =~ $-TCP < WH < PWH scaffold
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groups, which confirms the synergistic effect of Mgt releasing and
scaffold electroactivity in enhancing nerve and blood vessel formation.
This trend is highly comparable with the immunohistochemical staining
of TRAP (osteoclastic) and OCN (osteoblastic) expressions (Fig. 8B and
Fig. S10). Hence, the WH and PWH scaffold groups present the stronger
OCN and less TRAP expression than the PCL and p-TCP scaffold groups,
among them, the PWH scaffold exhibits the strongest capacity in
inducing osteogenesis.

4. Discussion

Physiological electrical microenvironment is a key factor in regu-
lating proliferation, migration, and differentiation of cells, which has
been extensively studied in tissue engineering including bone regener-
ation [18-20], while how to tune the bioelectrical cue to mediate human
physiological conditions is still challenging. Various conductive and
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Fig. 8. Histological, immunohistological, and immunofluorescence staining for the evaluation of bone regeneration. (A) H&E staining and Masson’s trichrome
staining for sections collected at 8 W post-operation. (B) Immunohistochemical staining of TRAP and OCN expression at 8 W post-operation. (C) Immunofluorescence
staining of CD31 (red), CGRP (green), and DAPI (blue) expression at 4 W and 8 W post-operation.

piezoelectric materials have been developed, which hold great potential
for their applications in repairing injured bone tissues [24-30]. Among
the electroactive materials, piezoelectric materials have drawn
tremendous attention since their in vivo applications do not need
external electric stimulus and they can directly convert mechanical
pressure to the electrical signals, presenting advantages in versatility
and flexibility [60]. And this is one of the major reasons for our design of
piezoelectric scaffold for bone regeneration in this study.
Biodegradability is an essential property required for in vivo
implanted scaffolds [61], while this poses challenges in the selection of
piezoelectric materials because most of the currently applied piezo-
electric polymers (e.g. PVDF) and ceramics (e.g. barium titanate) are
non-degradable [31,32]. HA is the main inorganic component in natural
bone tissue, and it is known HA presenting piezoelectricity (d3s =
1.5-2.4 pC/N) after properly polarization using methods like sintering
and corona poling [37]. It is also known that the ds3 of bone tissue is
about 0.7-2.3 pC/N [17]. Therefore, although the piezoelecricity of HA
is not as strong as BaTiOs (d33 ~ 190 pC/N) [62], it is compatible to the
electrophysiological level of natural bone tissue, which make poled HA
promote osteogenesis more profoundly than non-poled HA [63]. This
finding shed light on using other types of piezoelectric calcium phos-
phate in inducing osteogenesis, and sintered WH turns out to be a
promising choice. WH is a kind of Mg-doping calcium phosphate, which
is able to gain piezoelectricity similar to HA after sintering with the

water loss and crystal domain transition [38].

Herein, the sintered WH (i.e. PWH) NPs were incorporated into
biodegradable PCL and made into porous scaffolds via 3D printing, thus
endowing the composite scaffold with electroactivity at a proper addi-
tion amounts (30 wt% in this study). As expected, this piezoelectric PWH
scaffold achieved significant promotion effect on the osteogenic differ-
entiation of BMSCs; meanwhile, remarkable inhibition effect on osteo-
clastic activation, as compared to non-piezoelectric WH scaffold,
confirming the important contribution of material electroactivity in
upregulating events related to bone regeneration. It was further deter-
mined that inductivity on osteogenesis is in the order of PWH > WH >
B-TCP > PCL. Therefore, the -TCP scaffold behaves better than the PCL
scaffold, due to the B-TCP NPs providing Ca®" and phosphate ions,
which are involved in calcium nodule formation [64]. Of note, what is
the reason that the WH scaffold behave better than the p-TCP scaffold in
enhancing osteogenesis?

Different from p-TCP, in addition to Ca®" and phosphate ions, WH
also provides sustained release of Mg?". It has been proven that Mg2" is
a multifunctional and therapeutic ion in terms of promoting cell
migration, proliferation, and angiogenesis [14-16,36]. Notably, osteo-
genesis is a complex procedure, which is also closely related to the
extent of angiogenesis, and even neurogenesis, since native bone is a
kind of neuro-vascular tissue. In our results, the extracts made from the
PWH and WH scaffolds displayed efficient promotion in expressions of
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Ang-1 and VEGF genes in cell culture, as well as, richer formation of
blood vessels in CAM assay. These finding undoubtedly demonstrate
that the Mg?* dissolved into the extracts is responsible for these
angiogenic improvements. For assays using extracts, the PWH and WH
scaffold groups present comparable outcomes, since they show similar
ion release behaviors, while the scaffold piezoelectricity does not play
roles in these cases.

For the enhanced neurogenesis, due to electrophysiological nature of
nerve tissue, the primary promotion is originated from the electro-
activity of the scaffold. As shown, the BMSCs seeded on the PWH scaf-
fold achieves the highest expressions in nestin, TUBB3, and NEFL genes
among all the groups. However, it is the WH scaffold taking the second
place, being much significantly higher values in these gene expressions
than the B-TCP scaffold, and the $-TCP group shares similar data with
the PCL group. Based on these findings, it is proposed that the PCL itself
and the released Ca%*/phosphate ions have no influence in the event of
neurogenesis; on the contrary, the released Mg?* ion presents obvious
bioactivity and is involved in the neurogenic differentiation of BMSCs.
Recently, interests on neurogenesis associated with new bone formation
are on the rise, for the importance of neurogenesis in the enhanced
regeneration of neuro-vascularized bone tissue being gradually proved
[22,65]. Various attempts were reported, among them, bioactive ele-
ments (e.g. Si, P, and Mg) were also involved in neurogenic events and
play roles in stimulating neurogenesis [6,66,67]. Though the promotion
mechanism of bioactive ions is still unclear in these reports, our findings
added a solid evidence that Mg?* can indeed activate neurogenesis. This
is an excellent and extra cue for the PWH scaffold targeting bone
regeneration, as reported, neuropeptides (e.g CGRP) secreted by nerve
cells can activate CGRP receptors in osteoblasts to induce osteogenic
differentiation [7,8].

With all these approaches from in vitro studies, it is highly expected
that the PWH scaffold can obtain the best in-situ bone regeneration
outcomes via in vivo evaluations. After the four aforementioned scaffolds
being implanted in rat calvarial defect for 8 W, the highest BV/TV and
BMD values are detected for the PWH group, followed by the WH group,
and then the other two groups (ie., the B-TCP and PCL). The PCL
polymer is non-bioactive, and the function of B-TCP is limited. The
Mg?*-releasing WH scaffold could induce significant neo-bone forma-
tion, while the Mg>"-releasing combined with the scaffold electro-
activity leads the PWH scaffold to be a promising design to restore the
functions of the injured bone tissue. From the immunohistological and
immunofluorescence staining results on TRAP (osteoclastic), OCN
(osteoblastic), CD31 (angiogenic), and CGRP (neurogenic) in the newly
formed bone tissue sections, we can conclude that the PWH scaffold
exhibits the strongest capacity in manipulating these crucial events
associated with ossification, which should be ascribed to the synergistic
effect of piezoelectricity and Mg?". Overall, to achieve efficient bone
regeneration, the piezoelectricity of implanted scaffold is not necessarily
to be quite high. Efficient promotion on neo-bone formation could be
achieved when the electroactive of the implanted scaffold can match
well with the natural bone. With the sustained release of bioactive MgZ*
in upregulating angiogenesis and neurogenesis, thus, the piezoelectric
PWH scaffold is much conducive to osteogenesis as evidenced.

To the best of our knowledge, this is the first time that the thera-
peutic effect of PWH has been comprehensively evaluated through in
vitro and in vivo study. Taken together, as an endogenous bioavailable
therapeutic ion, Mg®" displays multiple functions in regulating cell
proliferation and differentiation. The Mg-containing WH is an important
inorganic component existing in natural bone tissue, which makes the
WH scaffold to be more active than the B-TCP scaffold in biological
events related to neurogenesis, angiogenesis, and osteogenesis due to
the released Mg?*. The feature that PWH NPs are piezoelectric after
annealing, adds electroactivity to the PWH scaffold, which could
reconstruct the local electrical microenvironment to further promote in
vivo responses via mimicking the natural physiological property. In
short, the piezoelectric PWH scaffold provides a comprehensive design
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for the in-situ regeneration of neurovascularizened bone tissue.
5. Conclusion

In summary, learning from the characteristics of natural bone, we
presented a biomimetic scaffold mimicking the composition and piezo-
electricity of the natural bone by incorporating electroactive PWH NPs
via melt extrusion and 3D printing. The PWH composite scaffold takes
advantage of the function of annealed WH NPs that can provide sus-
tained release of bioactive ions, and exhibit piezoelectricity. The overall
results of comprehensive in vitro experiments well demonstrated that the
PWH scaffold could promote neuron differentiation, enhance angio-
genesis, inhibit osteoclast, hence leading to the augmented bone
regeneration. Moreover, these features make the PWH scaffold behave
much better in repairing the rat calvarial defect as compared to the WH
scaffold (i.e., lacking electroactivity) and the -TCP scaffold (i.e., lacking
both electroactivity and Mg?* supply). The synergistic effect of Mg>"
and piezoelectricity originated from the PWH scaffold could signifi-
cantly promote neurogenesis and angiogenesis for enhanced osteo-
genesis. Therefore, we anticipate that such a bone-specific biomimetic
scaffold can offer a promising strategy towards bone regeneration,
which could greatly broaden the application of WH/PWH in regenera-
tive medicine.
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