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ARTICLE INFO ABSTRACT

Keywords: While most bone defects can be repaired spontaneously, the healing process can be complicated due to insuf-
Nano hydroxyapatite ficient bone regeneration when osteoporosis occurs. Synthetic materials that intrinsically stimulate bone for-
Bioceramics mation without inclusion of exogenous cells or growth factors represent a highly desirable alternative to current
Osteogenesis . . . . . .

. grafting strategies for the management of osteoporotic defects. Herein, we developed a series of hydroxyapatite
Bone regeneration . . . . . . .
Osteoporosis bioceramics composed of a microwhiskered scaffold (WHA) reinforced with multiple layers of releasable hy-

droxyapatite nanoparticles (nHA). These novel bioceramics (nwHA) are tunable to optimize the loading amount
of nHA for osteoporotic bone formation. The utility of nwHA bioceramics for the proliferation or differentiation
of osteoporotic osteoblasts in vitro is demonstrated. A much more compelling response is seen when bioceramics
are implanted in critical-sized femur defects in osteoporotic rats, as nwHA bioceramics promote significantly
higher bone regeneration and delay adjacent bone loss. Moreover, the nwHA bioceramics loaded with a mod-
erate amount of nHA can induce new bone formation with a higher degree of ossification and homogenization.
Two types of osteogenesis inside the nwHA bioceramic pores were discovered for the first time, depending on the
direction of growth of the new bone. The current study recommends that these tailored hybrid micro/nano-

structured bioceramics represent promising candidates for osteoporotic bone repair.

1. Introduction

Osteoporosis is a skeletal disorder characterized by widespread bone
disease, the incidence of which is rapidly growing as the population ages
[1,2]. The loss of bone tissue, deterioration in bone quality and
disruption of bone microarchitecture induce compromised bone
strength and an increase in the risk of fractures. Currently, it has been
estimated that more than 200 million people suffer from osteoporosis [3,
4]. According to recent statistics from the International Osteoporosis
Foundation, worldwide, 1 in 3 women over the age of 50 yearsand 1 in 5
men will experience osteoporotic fractures in their lifetime. The current
clinical treatments for osteoporotic fracture are limited to a combination
of aggressive surgical, implanted device, and long-term systemic drug
regimens [5]. However, antiosteoporosis drug treatment can lead to
long-term disadvantages, such as atypical femoral fracture, renal
impairment and immune dysfunction [6,7]. To date, autogenous bone
grafts are still regarded as the gold standard for bone replacement, but
have limited availability and bone mass in the donor [8,9]. Further
complications are a paucity of bone, decreased osteoblastic function and
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decreased angiogenic capacity under osteoporotic conditions, which
lead to delayed-union or nonunion [10]. Thus, continuous innovations
and the development of osteoporotic implants with potent osteointe-
gration ability are needed to address unmet clinical needs.

There is growing evidence that the surface structure of bone implants
has an important role in tissue regeneration [11,12]. The hierarchical
hybrid micro/nanostructure has recently attracted significant attention
to provide transformation “highways” on various scales and enhance
innate regeneration of the human body [13]. This is indicated by the fact
that this unique hierarchical structure can stimulate cellular infiltration,
nutrient/waste transportation, bone ingrowth, and vascularization,
even without the addition of drugs or growth factors [14,15]. Recently,
Wu et al. developed a method to create micro/nanostructured surfaces
on polyetherketoneketone (PEKK) composites using femtosecond lasers
[16]. This surface modification technique significantly enhanced the in
vivo osseointegration and long-term stability of the implant. In an in
vitro study, Jiang et al. also reported that an octacalcium
phosphate-modified titanium surface with a micro/nanostructure had
superior chemical stability, biomineralization, and osteoblast activities
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[17]. Moreover, in recent years, Jiang Chang’s research group con-
ducted a series of studies to demonstrate that hydroxyapatite (HA)
bioceramics with a micro/nanostructure could promote both osteo-
genesis and angiogenesis in vivo via osteoimmunomodulation cascades
[18-20]. These studies are of substantial clinical value since HA bio-
ceramics are one of the most commonly used biodegradable bone
grafting materials adopted for a variety of orthopaedic applications.
Previously, our group fabricated a mechanically enhanced HA bio-
ceramic with a microwhisker structure [21,22]. An in vivo segmental
bone defect model of beagle dogs implanted with whiskered bioceramics
showed high toughness and fast osseointegration. However, to over-
come severe bone loss, an advanced strategy for osteoporotic bone
regenerating bioceramics requires a more bioactive component than just
a favourable structure.

As the main inorganic mineral constituent of bone and teeth, hy-
droxyapatite nanoparticles (nHA) play an essential role in hard tissue
engineering because of their superior bioactivity [23]. Synthetic nHA is
now used extensively in the form of components or implant coatings to
improve skeletal regeneration. The biological effect of nHA has been
reported to be related to its concentration and the cell type that interacts
with it. In the last decade, nHA was found to be capable of inhibiting
proliferation and inducing apoptosis in various cancer cells, including
osteosarcoma cells, breast cancer cells, gastric cancer cells, and mela-
noma, but also promoting the proliferation and mineralization of oste-
oblastic cell lines [24-26]. Our group first discovered that
low-crystallinity nHA with a size of 40-60 nm could promote the
bone-forming ability of diseased osteoblasts isolated from osteoporotic
bone explants [27]. We demonstrated that the effect of different con-
centrations of nHA on osteoblasts could be associated with gene-level
regulation of sarcoplasmic/endoplasmic reticulum calcium ATPase2
(ATP2A2) and fibroblast growth factor 23 (FGF23) [21,27]. Later, we
applied this nHA coating onto bioinert polyetherketoneketone (PEKK)
and titanium scaffolds via sequential vacuum dipping and
low-temperature sintering [26,28]. Our in vivo findings implied that the
concentration of nHA released from the scaffold might play an important
role in osteointegration under severe osteoporotic conditions.

In this study, we developed a series of HA bioceramics composed of a
microwhiskered scaffold reinforced with multiple layers of releasable
nHA. The aim of this study was to exploit this micro/nanostructure to
facilely tune the amount of loaded nHA to optimize conditions for
osteoporotic bone integration in vivo. Initially, we characterized the
pore structure, chemical composition, and amount of the released nHA
in terms of calcium ion (Ca2+) concentration. We also investigated
different nHA-releasing bioceramics for their effects on cell prolifera-
tion, cell area and the expression of two key genes, ATP2A2 and FGF23,
in osteoporotic osteoblasts. Finally, we demonstrated that optimal
micro/nanostructured HA bioceramics can serve as ideal implant ma-
terials in vivo for osteoporotic bone defect repair.

2. Materials and methods
2.1. Study design

The aim of this study was to develop a biomimetic nwHA bio-
ceramics composed of a microwhiskered scaffold reinforced with mul-
tiple layers of releasable nHA for osteoporotic bone defect applications.
Surface topography, chemical phase composition, porous structure and
degradation in vitro were characterized. Osteoporotic osteoblast was
used as in vitro cell models to investigate the biocompatibility and
osteogenic ability of the nwHA bioceramics. The nwHA bioceramics
were implanted in an osteoporotic rat bone defect model to study in vivo
regeneration of osteoporotic bone defects. The changes in body weight,
the motor function and serum bone turnover markers were first moni-
tored during implantation. New bone regeneration inside and adjacent
to the bioceramics were then assessed by microcomputed tomography
(micro-CT) scanning and haematoxylin and eosin (H&E) staining.
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Subsequently, immunohistochemical staining (IHC) was conducted to
explore the potential osteogenic mechanism of the nwHA bioceramics.
Nanoindentation tests were performed to evaluate degree of implant
osseointegration and new bone strength. Furthermore, sequential fluo-
rescent labeling was carried out to label the mineralized tissue and
reveal the time course of new bone formation and mineralization in the
porous scaffolds. The number of materials and animals for each group
was determined with statistically significance.

2.2. Fabrication of the wHA bioceramics

Two litres of 0.85 mol/l Ca(NO3), (Sigma-Aldrich, China) solution
was added to 2 1 of 0.55 mol/l1 (NH4)2HPO,4 (Sigma-Aldrich, China)
solution. The mixture was then stirred for 4 h at 40 °C, wherein the pH
was adjusted to 8.0 with ammonia. After maturation for 24 h, the slurry
was washed with distilled water, dried at 60 °C for 24 h. The porous
structure was achieved by foaming the slurry with H,O5 and then sin-
tering at 1100 °C for 2 h. Briefly, 200 g of slurry, 15 ml of polyvinyl
alcohol, 15 ml of cellulose, 50 ml of HyO5 and 120 ml of deionized water
were mixed. The mixture was heated for 2 min in a microwave to
generate gas and then molded in a wooden mold to obtain the porous
bioceramics green body. Afterward, the green body was dried at 80 °C
for 12 h and sintered at a heating rate of 5 °C min~" for 6 h until 1100 °C
was reached. After heating, the bioceramics were placed in the furnace
until room temperature was reached. The obtained bioceramics were
further modified in an aqueous system containing 1 mol/1 nitric acid and
deionized water (pH 4.0) and heated hydrothermally at 180 °C for 12 h.
After washing and drying, the wHA bioceramics were obtained.

2.3. Preparation of nHA

One litre of 0.12 mol/l (NH4),HPO4 solution was added to an equal
volume of 0.20 mol/1 Ca(NO3),-4H,0 (Sigma-Aldrich, China) solution,
in which the pH was adjusted to 10 by adding ammonia. After thorough
stirring for 4 h, the slurry was transferred to an autoclave for hydro-
thermal treatment and kept at 150 °C for 14 h. After the autoclave was
cooled to room temperature naturally, the slurry was washed with
distilled water 3 times.

2.4. Preparation of the nwHA bioceramics

The nwHA bioceramics were obtained by vacuum infusion of the
WHA bioceramics impregnated with different concentrations of the nHA
slurry. Briefly, the prepared nHA slurry was sonicated for 45 min in an
ultrasonic cleaner (KQ-600KDE, China) at 100 W. Premade porous wHA
bioceramics were soaked in the nHA slurry, kept under vacuum at 10 Pa
for 5 min, and then sintered at 120 °C for 2 h. The above process was
repeated several times to ensure that the surface of the porous bodies
was fully covered by nHA. Different amounts of nHA on the scaffolds
could be modulated by altering the concentration of the nHA slurry and
the number of ultrasonic vacuum infusions.

2.5. Characterization of bioceramics

The X-ray diffraction (XRD, Empyrean PANalytical) with CuKa ra-
diation at a current of 20 mA and voltage of 30 kV was used to determine
the composition of the samples. The surface morphology of the implants
was visualized using by scanning electron microscopy (SEM, Hitachi
S$4800, Japan; accelerating voltage, 20 kV). The synthetic and released
nHA were examined using transmission electron microscopy (TEM, FEI,
Holland). The scaffolds underwent micro-CT scanning (Scanco Medical,
VivaCT 80, Switzerland) with 70 kV voltage, 114 pA current, and voxel
of 10 pm. Scanco software was used to perform three-dimensional
reconstruction of the obtained multi-layer scan data, and simulta-
neously to measure and analyse the structural parameters of the scaf-
folds such as porosity, mean pore diameter and pore wall thickness. The
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dissolution rate of the scaffolds was tested by measuring the concen-
tration of Ca®" in a Tris buffer, as previously described [21,31]. Briefly,
each bioceramic (®3 mm, 4 mm) was separately soaked in 1 M sterile
Tris buffer at a fixed ratio of scaffold to buffer at 1 g:100 ml, and kept in
sealed containers and maintained at 37 °C. At 1, 2, 3, 7, and 14 days,
500 pl aliquot of the solutions were taken out for analysis and equal
fresh buffer was added to keep the constant volume. Ca?* concentration
was measured using with an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES). According to the different concentration of
Ca?" released in the first three days, four nwHA bioceramics were
selected for the follow-up experiments.

2.6. Cell proliferation and adhesion on scaffolds

Primary osteoblasts were derived from ovariectomized rats using our
previously established method [27]. The cells were cultured in a com-
plete medium consisting of a mixture of a-minimum essential medium
(a—-MEM, Gibco, USA), 10% standard fetal bovine serum (FBS, Gibco,
USA) and 1% penicillin/streptomycin (Gibco, USA). The cells were
seeded onto the bioceramics (2 x 10° cells/well) in 24-well plates coated
with Ultra Low Attachment Surface (Corning Inc., Corning, NY). The
proliferation was measured using CCK-8 (Dojindo, Kumamoto-ken,
Japan). After 1, 3, and 5 days, the medium was replaced with 10%
CCK-8 solution and incubated for 4 h at 37 °C. The absorbance of the
formazan-dissolved solution was observed by a spectrometer at a
wavelength of 450 nm. Fluorescein diacetate (FDA, Sigma-Aldrich,
USA) and propidium iodide (PI, Sigma-Aldrich, USA) staining were
utilized to visualize the viability of osteoblasts on different scaffolds.
The samples cultured for 5 days were fixed with 4% paraformaldehyde,
and labeled by incubating with Phalloidin-TRITC (Sigma) for 40 min.
After rinsing with PBS (pH 7.4), the cell nuclei was contrast-labeled in
blue by 4’, 6-Diamidino-2-phenylin dole dihydrochloride (DAPI, Sigma).
The actin cytoskeletons of cells were detected by confocal laser scanning
microscopy (CLSM, TCS SP5, Leica, Germany) and the cell areas were
measured by ImageJ analysis software (version 1.421).

2.7. qRT-PCR verification

The expressions of ATP2A2 and FGF23 was quantitatively analysed
by qRT-PCR. The extracted RNA samples were reverse transcribed into
complementary DNA (cDNA) with the iScript™ cDNA Synthesis kit
(Bio-Rad, USA), and this reaction was performed using the CFX96t real-
time PCR detection system (CFX960, Bio-Rad, USA) with SsoFastTM
EvaGreen® Supermix (Bio-Rad, USA). Each sample was analysed in
triplicates and repeated for three independent assays. The relative fold
changes were calculated using the comparative quantity A\ /ACt
method. GAPDH was chosen as the housekeeping gene to normalize the
expression levels of the target genes.

2.8. Western blotting

The total protein was isolated from cells using protein lysis buffer.
The protein concentration in each lysate was measured using a BCA
protein assay kit (Pierce, USA). Samples were heated with boiling water
for 10 min in sample buffer (Bio—Rad, USA). Equal aliquots of protein
(15 mg) were separated by 10% SDS-polyacrylamide gel electrophoresis
(Invitrogen, USA) and then transferred to polyvinylidene difluoride
(PVDF) membranes (Bio—Rad, USA). The membrane was blocked with
1% bovine serum albumin (BSA) in 1 x TBS-T (tris-buffered saline with
Tween 20), followed by incubation with primary antibodies against
ATP2A2 (Cell Signaling, USA) and FGF23 (Santa Cruz, USA). The
membranes were then incubated with a horseradish perox-
idase-conjugated secondary antibody (Santa Cruz, USA). The protein
bands were visualized by a ChemiDoc XRS + Imaging System and
quantitated using Image Lab Software version 6.0 (Bio-Rad
Laboratories).
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2.9. Surgical procedure

All animal studies were performed in accordance with procedures
approved by the Institutional Animal Care and Use Committee of
Sichuan University. 12-week-old female Sprague-Dawley rats were
anesthetized with 2% pentobarbital sodium (2 mg/100 g body weight)
and subjected to a standard bilateral ovariectomy as previously
described [21,28]. For bone implantation, the hind legs were shaved and
disinfected, and the distal femur was exposed through sharp dissection.
The holes were then drilled using slow drill speeds. Thirty animals were
randomly divided into five groups according to implant materials. Each
animal was intramuscularly injected with tetracycline (30 mg/kg; Sig-
ma-Aldrich) 14 days before euthanasia and calcein (8 mg/kg; Sigma-
—Aldrich) 3 days before euthanasia (at 8 weeks after implantation).
Then, animals were euthanized by 6% pentobarbital sodium (6 mg/100
g body weight) via intravenous injection. The femurs were harvested
and fixed in 4% paraformaldehyde for 7 days for subsequent analyses.

2.10. Functional assessment

The motor function recovery of all animals was monitored before
implantation and 1 and 7 weeks after surgery. Briefly, the rats (n = 6/
group) with red ink on their hind paws were placed on a runway con-
sisting of a white paper surface and a plastic wall. The animals were
trained to make consecutive runs over the runway without any hesita-
tion before the tests. The first 60 cm of footprints were not included in
the statistics. Stride length referred to the mean distance of forward
movement between each stride, while base length referred to the mean
distance between the left and right hind paws.

2.11. Bone turnover markers analysis

At week 8 post-implantation, blood collected from the heart of the
animals was allowed to stand for 30 min at room temperature and then
centrifuged for 15 min (4000 rpm at 4 °C). The serum levels of type I
collagen (CTX-1) and procollagen type I N-terminal propeptide (PINP)
was quantitatively assessed using a commercial rat CTX-1 ELISA
(enzyme-linked immunosorbent assay) kit (Cloud-Clone Corp., USA)
and rat PINP ELISA kit (Cloud-Clone Corp., USA), respectively. All as-
says were performed in accordance with the manufacturer’s protocol
and the concentrations of CTX-1 and PINP of each sample were deter-
mined from the standard curve.

2.12. Micro-CT examination

The femurs underwent micro-CT scanning with 70 kV voltage, 114
PA current, and voxel of 10 pm. All data were analysed and 3D-recon-
structed by Scanco software. During the reconstruction, the newly
formed bone was segmented using a fixed global threshold. A1 x 1 x 2
mm® region surrounding the defect was designated the volume of in-
terest (VOI) to study the effect of the bioceramics on adjacent bone loss.
The trabecular microarchitecture parameters of the VOI were assessed.
The finite element analysis (FEA) models (element size of 10 pm) of the
VOI were created using a direct conversion of bone voxels to cubic
hexahedral elements. The models were then imported into ANSYS
Workbench (ANSYS, Canonsburg, PA) for further analysis. Material
properties were applied using typical values for bone (Young’s modulus
of 15 GPa and Poisson’s ratio of 0.3). The boundary conditions that
represented uniaxial compression tests were defined to determine the
bone mechanical performance.

2.13. Histological evaluation
After micro-CT examination, half of the bone samples around the

implantation site were dehydrated in ascending concentrations of
alcohol from 70 to 100% and then embedded in polymethyl
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methacrylate. The transverse sections for each embedded sample were
cut into ~100-pm-thick slices using a microtome (SAT-001, AoLiJing,
China), and then ground and polished to a final thickness of 25 pm. H&E
staining was then performed on the sections to quantitatively measure
the relative bone area. Subsequently, CLSM was used to observe fluo-
rescent labelling of the unstained sections with chelating fluorochromes
employing excitation/emission wavelengths of 405/580 nm for tetra-
cycline (yellow) and 488/517 nm for calcein (green). MAR was defined
as the mean distance between two fluorescent labels divided by 10 days
(the time interval between the two injections of fluorochrome). After
CLSM detection, the sections were coated with gold and then observed
using SEM-EDS to study the elemental distribution at the implant-bone
interface.

2.14. Nanoindentation test

The PMMA-embedded bone samples were subjected to nano-
indentation tests at room temperature using the Ultra Nano Hardness
Tester (Anton Paar GmbH, Austria) with a diamond Berkovich indenter.
The system was calibrated with a fused silica standard before evaluation.
On the basis of optical microscopic visualization, nanoindentation
points were placed at random locations inside either the remaining
materials or the newly formed bone. The boundaries between new bone
and the remaining material were obvious. The new bone was darker and
mainly striped, while the remaining material was brighter and in
granular shape. During the experiments, the applied load force and
resulting depth of penetration into the samples were continuously
monitored with high precision. The maximum load during indentation
was 10 mN, with loading and unloading rates of 20 mN/min. Six indents
were produced on each sample (n = 6/group), and these data were
presented as force-displacement curves. The Oliver and Pharr’s method
was used to calculate the elastic modulus and hardness of the specimens.
Bone was assumed to be isotropic, with a 0.3 Poisson ratio.

2.15. Immunohistochemical studies

The remaining half of the femur samples were preserved in 70%
ethanol, decalcified with 10% EDTA (pH 7.4), dehydrated in a graded
series of ethanol solutions and embedded in paraffin. Then, 5-pm sec-
tions were cut from the samples. Sections were processed with either
H&E or immunohistochemistry staining using primary antibodies
against ATP2A2 and FGF23 (1:500, Affinity Biosciences). After rinsing,
the sections were incubated for 30 min with secondary antibodies and
then avidin-biotin enzyme reagents, followed by counterstaining with
haematoxylin. Brown staining around the tissue was observed to indi-
cate the positive expression of ATP2A2 or FGF23 under a light micro-
scope (BX60, Olympus, USA). Mean optical density (MOD) of the
proteins was measured by ImageJ software (version 1.421).

2.16. Statistical analysis

The results are expressed as mean + SD. Statistical analysis was
performed with SPSS v19 software. Differences were evaluated using
unpaired two-tailed Student’s t-test for two-group comparisons and with
one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc
test for multiple group comparisons. In all the statistical evaluations,
p < 0.05 was considered as statistically significant. All results were
reproduced in at least three independent experiments.

3. Results
3.1. Fabrication of nHA releasable microwhiskered bioceramics
The enhancing effect of nHA on osteogenesis has been widely re-

ported and TEM images of nHA can be found in Fig. S1. However, tuning
the amount of nHA released is still challenging. We fabricated a series of
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multiple nHA layer-loaded whiskered hydroxyapatite (nwHA) bio-
ceramics in three stages: i) modifying HA bioceramics with hydrother-
mal treatment to obtain a micro whiskered-structure (wHA); ii) grafting
gradient concentrations of nHA slurry into the whiskered HA bio-
ceramics via vacuum infusion; and iii) immobilizing the nHA particles
entrapped in the whisker network structure with low-temperature
sintering.

In stage (i), we developed a method to induce the in situ formation of
bioceramic whiskers on a traditional HA surface (Fig. 1A). At the
beginning of the hydrothermal reaction, bud-like nucleation sites were
formed on the surface of the crystal grains. The nucleation sites were
then developed into whiskers and evenly aligned on the surface. After 6
h, the number of whiskers no longer increased, but the shape of each
crystal whisker changed over time. According to our previous studies,
the diameter and length of whiskers can be modulated by adjusting the
original phase composition of calcium phosphate bioceramics and hy-
drothermal parameters [29,30]. The interlacing crystal whiskers enable
sufficient space for the loading of nanoparticles and appropriate
compressive strength for stability at the initial stage of implantation.

In stage (ii), different nwHA bioceramics were obtained with
gradient loading of nHA (Fig. 1B). The nanoparticles were initially
deposited on top of the whiskers and formed a layer. The subsequent
vacuum infusion process drove the nHA to penetrate into the space of
the wHA network. With increasing nanoparticle concentration in the
slurry and increasing infusion times, more nHA was loaded onto the
bioceramic. When the concentration of the nHA slurry was higher than
70 mg/ml and the infusion time was more than 3, the interconnected
pores of the bioceramic were clotted, and the interconnectivity was lost
(Fig. S2). To examine the relative amount of nHA released from the
nwHA surface and to determine the representative loading dosage of
nHA, the Ca®" concentration of the medium in the first three days was
measured. The initial concentration of nHA (<60 mg/ml) and the
infusion times (<3) were directly proportional to the concentration of
Ca" released from the nwHA bioceramics (Fig. 1C). Based on the
averaged results and standard deviation of 10 parallel samples per
group, four nwHA bioceramics with gradient Ca®* release fabricated
through different nHA infusion concentrations and times were selected
for further experiments.

In stage (iii), when nanoparticles were dispersed homogeneously
throughout the whisker network, low-temperature sintering was per-
formed to immobilize nHA. Based on previous experiments, we chose
120 °C as the sintering temperature because it would weakly bond nHA
to the wHA bioceramics and at the same time allow the release of nHA
under physiological conditions [21,22]. When the sintering temperature
was above 120 °GC, it resulted in the growth of HA crystals to merge nHA
with each other and with the wHA bioceramics, which prevented the
release of nHA to the medium.

3.2. Characterization of nwHA bioceramics

Our nwHA bioceramics were originally inspired by bamboo groves
(Fig. 2A). Similar to photosynthetic bamboo leaves, the top nHA layer
imparts osteogenic functions to the bioceramic scaffold, and the lower
wHA whisker network provides structural toughness similar to bamboo
poles. The conformational similarity of both was observed by SEM
(Fig. 2B), confirming that the whisker structure of nwHA1 to nwHA4
was homogeneously covered by different amounts of nHA. The gradient
release of nHA particles from the nwHA scaffold with high dispersivity,
such as bamboo shed leaves, can be visualized by TEM (Fig. 2B). The
degraded particles were rod-shaped with a length of approximately 50
nm. Our preliminary implantation experiment confirmed that this spe-
cific layer of nHA can effectively promote BMP-2 protein secretion and
new bone formation (Fig. S3). New bone was primarily grown upon the
nHA layer and formed a circle inside the pores of bioceramics.

The XRD patterns indicated that the synthesized wHA, nHA and
nwHA were all composed of pure HA phase, matching well with the
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Whiskerization Fig. 1. Design of nano hydroxyapatite (nHA)
releasable micro-whiskered bioceramics. (A) Sche-
Wl'{A matic illustration of the fabrication process of
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micro-whiskered hydroxyapatite (wHA) bio-
ceramics and the representative SEM images. (B)
Schematic illustration of the preparation method of
nHA loaded micro-whiskered hydroxyapatite
(nwHA) bioceramics and the representative SEM
images. (C) Ca®* released profile of the nwHA bio-
ceramics in Tris buffer (pH 7.4) in the first three
days. The colored bars indicated the selected four
nwHA bioceramics according to the difference in
Ca®" concentration. All data are reported as mean
+ standard error.
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standard HA diffraction pattern (09-0432, hydroxyapatite) (Fig. 2C).
Microcomputed tomography imaging (micro-CT)- rendered pore struc-
ture analysis demonstrated that the nwHA1 to nwHA4 bioceramics had
similar porosities (~70%) and pore diameters (~210 pm) (Fig. 2D). Due
to the deposition of the nHA layer, all nwHA groups had a relatively
larger pore wall thickness value than the wHA group. Again, the Ca®*
release level for the batch of nwHA samples used in cellular and animal
experiments was characterized by days of incubation, with an order of
nwHA1l < nwHA2 < nwHA3 < nwHA4 (Fig. 2D and Fig. S4).

3.3. Effects of the nwHA bioceramics on in vitro osteogenesis

We next examined the in vitro compatibility of the nwHA
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nwHA4
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bioceramics with osteoblasts primarily derived from ovariectomized rats
using our previously established method [21]. Osteoporotic osteoblasts
spread well on all bioceramics during coculture (Fig. 3A). From Day 1 to
Day 5, cells in all groups continued to proliferate, as determined by Cell
Counting Kit-8 (CCK-8) assay at Days 1, 3, and 5 (Fig. 3B). More viable
cells and a larger cell area were detected in the nwHA bioceramic group
than in the control wHA group (Fig. 3C). As stated earlier, the expression
of two key genes related to nHA-induced bone formation, ATP2A2 and
FGF23, was analysed by quantitative real-time polymerase chain reac-
tion (QRT-PCR) (Fig. 3D). The gene expression of ATP2A2 in osteopo-
rotic osteoblasts cocultured with nwHA was significantly higher than
that in osteoporotic osteoblasts cocultured with wHA, indicating a
distinct effect of the nHA layer. Furthermore, nwHA2 and nwHA3 had
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Fig. 2. Structural and compositional characteriza-
tions of the nwHA bioceramics. (A) Schematic
illustration of bamboo-groove inspired design of
nwHA bioceramics. (B) Schematic illustration of
nwHA bioceramics with gradient nHA layers (first
line) and the representative SEM (second line), TEM
(third line) and micro-CT (fourth line) images of
bioceramics and their degradation product. (C) XRD
patterns of wHA, nHA and nwHA bioceramics. (D)
Pore structure parameters rendered by micro-CT
analysis and in vitro degradation profile of
different nwHA bioceramics. All data are reported
as mean + standard error. ANOVA with Tukey’s
post hoc test *p < 0.05, **p < 0.01, ***p < 0.001.
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relatively higher ATP2A2 gene expression levels than the other two
nwHA groups. For FGF23, we noticed strongly upregulated gene
expression preferentially in the nwHA1 and nwHA2 groups. Western
blotting analysis was generally in line with QRT-PCR results, indicating
that the nwHA2 bioceramic had a superior ability to trigger an elevation
in ATP2A2 and FGF23 expression, both at the gene and protein levels
(Fig. 3E and Fig. S5).

3.4. Serum biomarker and animal motor function analyses

We then set out to evaluate the in vivo bone healing performance of
nwHA using an osteoporotic rat model with femoral defects. We estab-
lished a model with bilateral ovariectomy (OVX) and then implanted
wHA, nwHA1, nwHA2, nwHA3, and nwHA4 bioceramics into the
femoral metaphyseal defects of the rats 6 weeks after OVX (Fig. 4A). In
vivo serum biomarker levels and animal motor function were analysed

wHA
20
nHA | °
Pore wall thickness (pm)
nwHA
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at week 8 and week 7. For serum C-terminal cross-linked telopeptides of
CTX-1, a bone resorption marker, no significant difference was found
among all groups (Fig. 4B). With regard to the serum PINP level, a bone
formation marker, rats implanted with nwHA2 bioceramics had the
highest value and stood out as the only nwHA group, demonstrating
significance compared to the wHA group. Animal behaviour analysis
was performed preimplantation and at week 1 and week 7 after im-
plantation (Fig. 4C). In terms of foot placement motor function mea-
surements, the stride length and base length of all groups dramatically
decreased after bioceramic implantation due to the trauma caused by
drilling during defect establishment. After 7 weeks of implant osteoin-
tegration, the base length of all groups was restored to the preimplan-
tation level. It is worth noting that for stride length, the extent of
recovery was different among groups. While the wHA group only
showed an approximately 0.25 cm increase in stride length at the end of
the study, the nwHAZ2 group presented the highest stride length recovery
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Fig. 3. Effect of nwHA bioceramics on cocultured
osteoporotic osteoblasts. (A) First line: CLSM ob-
servations of live (green)/dead (red) staining of
osteoporotic osteoblasts cocultured with different
nwHA (first line); Second line: CLSM observations
of the osteoporotic osteoblasts with F-actin stained
with Phalloidin-TRITC (red) and nuclei stained with
DAPI (blue). (B) Cell viability of osteoporotic oste-
oblasts cocultured with different nwHA bioceramics
at days 1, 3, and 5. (C) Cell area quantification of
osteoporotic osteoblasts from different groups on
day 5. (D) qRT-PCR analysis for ATP2A2 and FGF23
gene expressions of osteoporotic osteoblasts from
different groups on day 5. (E) Western blotting
analysis for ATP2A2 and FGF23 protein expressions
of osteoporotic osteoblasts from different groups on
day 5; All data are reported as mean + standard
error. ANOVA with Tukey’s post hoc test *p < 0.05,
**p < 0.01, ***p < 0.001.

(~2 cm) at the end of the study which was comparable to that observed
preimplantation.

3.5. Ingrown and adjacent bone analyses of the bioceramic implants

After implantation for 8 weeks, the bioceramic implanted bone was
harvested. Gross observation indicated sufficient osteointegration of all
of the implants, and no signs of infection were observed (Fig. 5A). In
micro-CT reconstruction, a gap (100 pm) oriented parallel to the axis of
the borehole between the implants and host bone is our region of interest
to study bone integration [28,31]. Compared with the other groups, the
nwHA2 and nwHA3 groups exhibited larger amounts of bone within the
gap region and more new bone ingrown into the bioceramic pores.
Moreover, the host trabecular bone adjacent to the implants was well
maintained in the nwHA2 group, while a large hollow bone marrow
region resulting from the progression of osteoporosis was observed in
the other groups (Fig. 5B). Total deformation, von Mises stress and
elastic strain of the trabecular bone reconstruction adjacent to the
implant were visualized by FEA (Fig. 5B and Fig. S6). The nwHA2 group
presented a more homogenous distribution of deformation upon
loading, and no concentration of maximum deformation could be
visualized.

We then quantified the above observations using micro-CT-based
thresholding (Fig. 5C and Fig. S7). The amount of bone volume within
the gap region was measured and normalized to the total gap volume,
defined as gap bone fraction (gBV/TV). The nwHA bioceramic groups
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generally presented a higher gBV/TV than the wHA group. In the
nwHA2 group, a prominently higher ingrown bone volume fraction
(iBV/TV), adjacent bone volume fraction (aBV/TV), bone mineral den-
sity (BMD) and trabecular number (Tb.N) were observed. In contrast,
other bioceramic groups showed deterioration in these parameters to
various degrees due to the development of osteoporosis. We also found a
lower maximum von Mises stress of the host trabecular bone around the
nwHA2 implant, suggesting efficient load distribution performance.
Together, these results revealed that not only was new bone formation
within the bioceramic pores promoted, but adjacent bone loss due to
progression of the disease was also delayed by nwHA2.

3.6. Undecalcified histological staining and mechanical behaviour of the
new bone and the remaining material

Undecalcified histological examination of the implant-bone tissue
sections corroborated the results obtained by micro-CT, in which more
ingrown bone inside pores was observed in the nwHA2 group (Fig. 6A).
The new bone formed was tightly attached to the bioceramic walls with
various morphologies, which were further analysed by dynamic histo-
morphometry. SEM coupled with energy dispersive spectroscopy (EDS)
was used to closely study the osteointegration border at the microlevel.
SEM images of the unstained bone section exhibited more cracks be-
tween the wHA bioceramics and the newly formed bone, while the
nwHA bioceramics were well integrated with the new bone (Fig. 6B).
Quantitatively, animals implanted with nwHA2 bioceramics had the
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Fig. 4. In vivo evaluation of bone healing effect of
the nwHA bioceramics implanted in an osteoporotic
X rat model with bone defect. (A) Overall timeline of
the study for different experiments. (B) Animal
weight change, serum levels of CTX-1 and PINP of
ovariectomized rats implanted with different nwHA

bioceramics at week 8 postoperatively. (C) Animal
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largest percentage of bone area, which was significantly higher than the
wHA and nwHA4 groups (Fig. 6C). Furthermore, new bone integrated
with nwHA2 bioceramics had a higher Ca/P molar ratio than that of the
wHA group, which was the closest to the level of healthy bone (~1.67)
[32]. No significant difference was found in the Ca/P molar ratio of the
remaining bioceramic material among all groups.

To further assess the effect of different nHA release concentrations on
the mechanical properties of the implant-bone interface, we performed
nanoindentation tests on the remaining material and the adjacent new
bone (Fig. 6D and E). The slope of the loading regimen of the force-
indentation depth curve indicates the stiffness of the bone, which re-
flects the degree of mineralization [33]. Compared to all nwHA groups,
we observed a lower stiffness according to the curve of the wHA group.
In contrast, the stiffness of the wHA group was found to be the highest
out of the remaining material among all groups, revealing an unde-
graded brittle bioceramic phase. Intriguingly, we observed that the
nwHA2 group presented a similar force-indentation depth curve be-
tween new bone and the remaining material, revealing mechanically
matched osteointegration. From the curves, the changes in the elastic
modulus (bE and mE) and hardness (bH and mH) of new bone and the
remaining material were determined (Fig. 6F). bE and bH of the nwHA
bioceramic-implanted bone were all significantly higher than those of
the wHA group. After 8 weeks of implantation, the mE of all bioceramic
groups remained in the range of 20-40 GPa, which was significantly
higher than the bE. Abnormally high mH was measured in the wHA
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one week after implantation

group, which was approximately 2-fold higher than the bH value of this
group. However, the nwHA2, nwHA3 and nwHA4 groups had similar
mH and bH values, indicating a homogenous hardness distribution at the
implant border.

3.7. In vivo expression of ATP2A2 and FGF23 induced by bioceramics

Next, we performed H&E staining and ATP2A2 and FGF23 staining
to validate the corresponding in vitro osteogenesis results. In accordance
with previous results, more new bone was formed in the porous struc-
ture of the nwHA2 bioceramic, while little was found in the wHA bio-
ceramic (Fig. 7A). Furthermore, we observed more ATP2A2-and FGF23-
positive staining areas in the nwHA1, nwHA2 and nwHA3 groups (Fig. 7
B and 7C). The quantitative histomorphometrical analysis of osteoblast
number supported the observation that bone formation was prominently
elevated in the nwHA2 group compared with the other groups (Fig. 7D).
ATP2A2 was deposited abundantly in the nwHA groups but not in the
wHA group, with the highest ATP2A2 protein expression measured in
the nwHA2 group among all groups. FGF23 protein expression shared a
similar trend. These findings were consistent with the in vitro qRT-PCR
and Western blotting analysis of ATP2A2 and FGF23.

Bone regeneration requires angiogenesis, which provides nutrition
for new bone formation. Thus, the in vivo preliminary vascularization
ability of the bioceramics was also characterized with these decalcified
slices (Fig. S8). The nwHA2 and nwHA3 groups exhibited abundant
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Fig. 5. Ex vivo evaluation of bone healing effect of
the nwHA bioceramics implanted in an osteoporotic
rat model with bone defect. (A) Gross observation
and micro-CT reconstructed images of the nwHA
bioceramics implanted in rat metaphyseal bone
with osteoporosis. (B) First line: 2D cross-sectional
X-ray images of the implant-bone interface; Sec-
ond line: 3D micro-CT rendered images of the
trabecular bone adjacent to the defect as the VOI;
Third line: FEA predicted total deformation of the
VOI under load. (C) Quantification of gap bone
fraction (gBV/TV), ingrown bone volume fraction
(iBV/TV), adjacent bone volume fraction (aBV/TV),
and maximum von Mises stress of VOI. All data are
reported as mean + standard error. ANOVA with
Tukey’s post hoc test *p < 0.05, **p < 0.01, ***p <
0.001.
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vessel-like structures embedded in the new bone matrix inside the pore
structure and more CD31"Emen™ double-positive capillaries than the
other groups. This recently discovered capillary type is able to link
angiogenesis with subsequent osteogenesis [34,35].

3.8. Dynamic histomorphometry evaluations

In vivo sequential fluorescence labelling with tetracycline (yellow)
and calcein (green) provided profound information related to new bone
formation “movement” within the porous structure of the bioceramics.
Dynamic histomorphometry is a traditional technique widely used to
study bone development. However, it has seldom been exploited to
characterize bioceramic-induced osteoconduction phenomena. Based on
a large number of slices, we categorized five patterns of new bone

387

aBVITV (%) von Mises stress (MPa)

I nwHA2 [l nwHA3 @ nwHA4

formation on the surface of the bioceramics (Fig. 8A). New bone tissue
could crawl along the pore wall, bridge two distant walls together,
infiltrate and adhere down to the pore, and join two adjacent pores. At
the implant-host bone interface, dynamic osteogenesis mainly presented
a tendency to wrap the remaining materials (Fig. 8B). Furthermore, we
discovered two types of osteogenic directions inside the pores, on which
bone was deposited. One was named type I osteogenesis, that is, the
direction of new bone formation was towards the wall of the adjacent
pore wall. Another was named type II osteogenesis, when the direction
of new bone formation was away from the adjacent pore wall. These two
osteogenesis types could cooccur in a single bioceramic pore. Even
though the differences did not reach statistical significance among all
groups according to mineral apposition rate (MAR) analysis, it is worth
noting that type I osteogenesis predominantly occurred in the nwHA2
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Fig. 6. Histological analysis and biomechanical test
for osteoporotic bone regeneration induced by
different nwHA bioceramics. (A) Undecalcified
H&E staining showing position of the newly formed
bone within the implanted nwHA bioceramics (NB:
new bone, RM: remaining material). (B) SEM
observation of the border between the new bone
and the remaining material. (C) Quantification of
bone area, Ca/P ratio in the new bone and
remaining material detected by EDS. (d, e) Typical
load-displacement curves generated from nano-
indentation test on ingrown new bone and remain-
ing material. (F) Averaged elastic modulus (bE) and
hardness (bH) of the newly formed bone, and
averaged elastic modulus (hE) and hardness (hH) of
the undegraded material. All data are reported as
mean + standard error. ANOVA with Tukey’s post
hoc test *p < 0.05, **p < 0.01, ***p < 0.001.
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group (Fig. 8C). In contrast, wHA, with the least potency in bone
regeneration was the only group that showed major type II osteogenesis,
indicating that the presence and amount of nHA could affect the
osteogenesis direction inside the pore structure. Subsequently, we
studied the correlation between pore diameter and osteogenesis type.
We found that type I osteogenesis was present in bioceramic pores with a
relatively larger diameter (200-300 pm) than type II osteogenesis
(150-250 pm). This result suggested that the pore diameter also played a
critical role in the direction of osteogenesis. Moreover, type I osteo-
genesis contributed more to the total MAR measured.

4. Discussion
While most bone defects can be repaired spontaneously, the healing

process can be complicated due to insufficient bone regeneration when
osteoporosis occurs [36]. To circumvent the side effects of
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anti-osteoporosis drug administration, developing tissue engineering
scaffolds to affect the metabolism of local bone tissue aimed at osteo-
genic induction would be a good strategy. Growing evidence suggests
that micro-/nanotopographical cues of scaffolds play an important role
in osteoblastic cell functionality [17,37,38]. Accelerated defect healing
can be achieved by tailoring the bone graft surface structure into a
multiscale organization. Guided microwhisker formation is a widely
used technique in electronic engineering and civil engineering, aiming
to reinforce the mechanical performance of composite materials, i.e.,
cements or alloys. For example, Wang et al. recently demonstrated that
the addition of calcium carbonate whiskers into gas storage cement
would result in a 62.3% increase in tensile strength and a 47% increase
in compressive strength [39]. They observed that calcium carbonate
whiskers could bridge cracks, effectively prevent the development and
diffusion of cracks, and eventually enhance cement deformability under
loading. As shown in this study, the formation of HA microwhiskers is
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Fig. 7. Immunohistochemical analysis for osteopo-
rotic bone regeneration induced by different nwHA
bioceramics. (A) Decalcified H&E staining showing
position of the newly formed bone within the
implanted nwHA bioceramics. (B) ATP2A2 and (C)
FGF23 staining of histological sections for different
groups and the enlarged images of the pore region
inside bioceramics. (D) Quantitative analysis of os-
teoblasts per unit area and mean fluorescence in-
tensity values of ATP2A2 and FGF23. All data are
reported as mean =+ standard error. ANOVA with
Tukey’s post hoc test *p < 0.05, **p < 0.01, ***p <
7 ; 5 0.001.
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comprised of a nucleation phase and growth phase, which are funda-
mentally stress relief phenomena [40]. When the temperature is lower
than 120 °C, there is insufficient atomic diffusion to form HA micro-
whiskers, and when the temperature is higher than 120 °C, there is no
driving force because of stress relief. Our group had previously estab-
lished a hydrothermal protocol to control the length and thickness of the
microwhiskers [30,41,42], which served as an excellent platform for
localized nHA release in the current study. Here, we developed a strat-
egy to deposit nHA layers into microwhiskered porous bioceramics via
alternant vacuum infusion and lower-temperature sintering procedures.
By adjusting the infusion times and nHA slurry concentration, a bamboo
grove-like micro/nanostructured surface was built on the pore walls of
HA bioceramics. The chemical composition of these nwHA bioceramics
was purely hydroxyapatite, and the macroporous structure was well
maintained. During in vitro degradation, these nwHA bioceramics were
demonstrated to release nHA in a gradient concentration.

Our goal was to exploit this nwHA structure to tune the amount of
loaded nHA to optimize the conditions for osteoporotic bone integra-
tion. nHA has been reported to promote cell adhesion and proliferation
and can exert osteogenic effects on cells in vitro. It was further
confirmed in the present study that when cocultured with osteoporotic
osteoblasts, all nwHA bioceramic groups had a positive effect on cell

Bl nwHA2 Bl nwHA3 |

389

nwHA4

proliferation and adherence, attributed to the flat surface built by nHA
particles. More importantly, osteoporotic osteoblasts presented higher
ATP2A2 gene and protein expression when cocultured with nwHA2, a
nwHA bioceramic loaded with a moderate amount of nHA. ATP2A2 is an
ATPase actively involved in intracellular Ca*" uptake into the endo-
plasmic reticulum of osteoblasts [43]. We and others have previously
shown that the expression of ATP2A2 was significantly downregulated
in osteoporotic individuals compared to healthy controls [27,44]. It was
first found in a quantitative proteomic analysis by Zhao et al. that
nHA-loaded polyetheretherketone (PEEK) implant material induced
2.5-fold higher ATP2A2 expression in osteoblastic cells than pure PEEK
material [45]. We also showed that cell culture medium containing nHA
could upregulate ATP2A2 expression in osteoporotic osteoblasts; how-
ever, the positive effect was not diminished in a dose-dependent manner
at higher concentration [27]. Similarly, we observed that cellular
ATP2A2 expression was only increased in the bioceramic groups loaded
with moderate amounts of nHA, nwHA2 and nwHA3. Moreover, the
trends of gene and protein expression of FGF23, a putative marker for
bone formation [46,47], were aligned with the ATP2A2 results. These in
vivo findings were later confirmed by IHC staining of the implanted
bioceramics, suggesting that the osteoporotic osteoblasts actively
adjusted their bone forming ability only upon stimulation with a specific
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Fig. 8. In vivo sequential fluorescence labeling of
new bone formation inside porous nwHA bio-
ceramics (yellow, tetracycline label; green, calcein
label). (A) Observed patterns of new bone forma-
tion. (B) Two types of osteogenesis discovered in-
side the pore structure of nwHA bioceramics. (C)
Comparison of mineral apposition rate (MAR) be-
tween different nwHA groups; Statistical analysis of
the relationship between osteogenesis type and pore
diameter of the bioceramics, and the relationship
between osteogenesis type and the MAR.
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nHA concentration.

A primary characteristic of successful biomaterials for osteoporotic
bone repair is their bone formation ability under in vivo pathological
conditions. Animal motor behaviour analysis, especially foot placement,
is often used to assess the overall functional recovery of animals as a
noninvasive technique [48]. In an osteoporotic rat femur defect model,
we observed that the stride lengths of all groups were dramatically
decreased one week after implantation, indicating severely impaired
motor function after bone injury [49]. After implantation for 7 weeks,
rats from the nwHA2 group presented a higher stride length value
restored to the preimplantation level. In addition, serum biomarker
analysis showed a higher PINP level in the nwHA2 group than in the
wHA group. Serum PINP is a marker of bone formation and has been
widely used in both animal experiments and clinical trials to assess the
therapeutic effects of antiosteoporosis drugs [50]. It was determined
that to achieve fast osteointegration, implants used in osteoporotic bone
repair should not only provide mechanical support in the defect but also
ameliorate bone loss near the implant due to continuing osteoporosis
[51,52]. While most of the previous work focused merely on implant
ingrown bone formation, our current study has taken one step further by
including new bone formation adjacent to the implant into consider-
ation. First, our micro-CT analysis revealed that all nwHA bioceramics
had a higher ingrown bone volume ratio than wHA, indicating that more
bone was formed attaching to the pore walls with nHA releasing ability.
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In addition, the nwHA2 bioceramic was more advantageous in main-
taining the adjacent osteoporotic bone volume, BMD, and trabecular
microstructural parameters. These micro-CT-generated adjacent bone
quantity data were supported by FEA analysis, which further indicated
that an efficient load distribution mechanism in the nwHA2 group could
be ascribed to more host trabeculae formed around the bioceramic
implant. These findings suggested that the surrounding osteoporotic
bone tissue could largely benefit from a certain amount of nHA release.

A thorough and complete understanding of what happens at the
bone-implant interface is important to assess the extent of osteointe-
gration. Histological staining analysis of the retrieved samples was
consistent with the micro-CT results showing that the nwHA groups had
more new bone formed along the interior pore walls of the bioceramics
than the wHA group. Among them, the nwHA2 group had the highest
bone area ratio and osteoblast numbers. We then used nanoindentation
to probe new bone quality. Nanoindentation has emerged as a new tool
to assess the intrinsic mechanical properties of implant-bone in-
termediates at high resolution of displacement and load [53,54]. It al-
lows researchers to investigate the microlevel elasticity and hardness at
any region of interest and to distinguish the remaining material from the
new bone attached. Previously, we used a nanoindentation technique to
measure the biomechanical property changes in PEKK and bioceramics
after implantation [22,28,31], and in bones upon the application of
different anti-osteoporosis drug treatments [55]. We discovered that the
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average elastic modulus of the bony matrix reflected its collagen con-
tent, whilst the hardness was related to the hard mineral content. The bE
and bH values of the newly formed bone adjacent to the nwHA2 bio-
ceramics were comparable to those of the ibandronate- or PTH-treated
bones. This implied that a moderate amount of nHA released from the
implant might be an efficient way to increase osteoporotic bone strength
at the interface, almost equivalent to the level of drug administration.
Compared to wHA, a significantly higher bH value observed in the
nwHAZ2 group was in accordance with a higher calcium/phosphate ratio
characterized by SEM/EDS analysis, indicating a more mature bone
matrix with higher mineral content [32,56]. Aligned with our previous
findings, the retrieved bioceramic implants with poor osteointegration
ability, such as wHA here, possessed an abnormally higher mE and mH
than the host bone due to the undegraded material brittleness and phase
composition [31,57]. However, bioceramic implants that could inte-
grate well with host bone, such as nwHA2, often presented a
force-indentation depth curve similar to that of newly formed bone,
revealing a higher degree of ossification and homogenization [22].

An intriguing phenomenon was observed in sequential fluorescent
staining of the new bone mineralization edge at a time interval of 2
weeks. First, several patterns of vigorous active osteoconduction were
identified. The fabricated nwHA bioceramics were endowed with a
highly osteoconductive micro/nanostructure that permits bone growth
on its surface or down into pores via channels. Osteoconduction by
definition is general, which means that bone grows on a surface. Here,
we discovered various patterns of vivid osteoconduction in which the
new bone tissue may creep along the bioceramic pore wall, bridge two
distant bioceramic struts, infiltrate and attach into the pores, and con-
nect two pores through a narrow interconnection (<50 pm). Second, and
more importantly, we characterized two types of osteogenesis inside the
bioceramic pores, depending on the direction of growth of new bone. In
type I osteogenesis, the bone regeneration direction is towards the
adjacent pore wall, and in type II osteogenesis, the bone regeneration
direction is away from the adjacent pore wall. Type I and II osteogenesis
were not independent and could coexist even in a single bioceramic
pore. We then performed quantitative comparisons between these two
types. In the nwHA2 bioceramic with potent osteogenic ability, type I
osteogenesis contributed more to new bone formation, while the result
in the wHA group was the opposite. Pore diameter is the main limiting
factor of osteogenesis [58,59]. Among biomaterials, scaffolds with
200-300 pm pores have the best osteogenic effect when implanted [60].
Here, we observed that type I osteogenesis occurred in bioceramic pores
with a relatively larger diameter (200-300 pm), and type II osteogenesis
existed more in bioceramic pores with a smaller pore diameter
(150-250 pm). Osteogenesis does not occur without a proper blood
supply. In the current study, the nwHA2 and nwHA3 groups exhibited
more CD31 Emen™ double-positive capillaries than the other groups.
This newly discovered capillary type is able to mediate perivascular
osteoprogenitor differentiation and couple angiogenesis to osteogenesis
[34,35]. CD31"Emen® double-positive capillaries were specifically
embedded in the new bone matrix within the nwHA2 and nwHAS3 bio-
ceramic pores, indicating that an appropriate range of nHA loading
enhanced early angiogenesis related to osteoporosis. Overall, our find-
ings complement the current understanding of bioceramic-induced
osteogenesis.

5. Conclusion

In this study, we developed a series of nwHA bioceramics composed
of a microwhiskered scaffold reinforced with multiple layers of releas-
able nHA. Our goal was to exploit these nwHA bioceramics for appli-
cation in osteoporotic bone repair. Our results showed that all nwHA
bioceramics demonstrated good biocompatibility when cocultured with
osteoporotic bone-derived osteoblasts. Genes involved in intracellular
Ca?" uptake and osteoporotic bone formation were specifically upre-
gulated in the nwHA2 group loaded with moderate amounts of nHA. Not

Bioactive Materials 17 (2022) 379-393

only was in vivo new bone formation within the porous structure pro-
moted, but adjacent bone loss due to progression of osteoporosis was
also delayed by nwHA2 bioceramics. Furthermore, the intrinsic bone
mechanical quality at the microlevel was enhanced by the local release
of nHA, as reflected by FEA and nanoindentation analyses. For the first
time, two types of osteogenesis inside bioceramic pores were discovered,
depending on the direction of growth of new bone. These novel micro/
nanostructured nwHA bioceramics show good potential as bone grafts to
repair osteoporotic fractures.
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