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Abstract

The cartilage lesion resulting from osteoarthritis (OA) always extends into subchondral bone. It is of
great importance for simultaneous regeneration of two tissues of cartilage and subchondral bone.
3D-printed Srs(PO4),SiO4 (SPS) bioactive ceramic scaffolds may achieve the aim of regenerating
both of cartilage and subchondral bone. We hypothesized that strontium (Sr) and silicon (Si) ions
released from SPS scaffolds play a crucial role in osteochondral defect reconstruction.

Methods: SPS bioactive ceramic scaffolds were fabricated by a 3D-printing method. The SEM and
ICPAES were used to investigate the physicochemical properties of SPS scaffolds. The proliferation
and maturation of rabbit chondrocytes stimulated by SPS bioactive ceramics were measured in vitro.
The stimulatory effect of SPS scaffolds for cartilage and subchondral bone regeneration was
investigated in vivo.

Results: SPS scaffolds significantly stimulated chondrocyte proliferation, and SPS extracts distinctly
enhanced the maturation of chondrocytes and preserved chondrocytes from OA. SPS scaffolds
markedly promoted the regeneration of osteochondral defects. The complex interface
microstructure between cartilage and subchondral bone was obviously reconstructed. The
underlying mechanism may be related to Sr and Si ions stimulating cartilage regeneration by
activating HIF pathway and promoting subchondral bone reconstruction through activating Wnt
pathway, as well as preserving chondrocytes from OA via inducing autophagy and inhibiting
hedgehog pathway.

Conclusion: Our findings suggest that SPS scaffolds can help osteochondral defect reconstruction

and well reconstruct the complex interface between cartilage and subchondral bone, which
represents a promising strategy for osteochondral defect regeneration.

Key words: 3D-printing, strontium, osteoarthritis, osteochondral defects, cartilage regeneration.

Introduction

As a translucent elastic tissue, articular cartilage
adheres to subchondral bone [1, 2]. OA is the most
common disease that causes articular cartilage
degradation and lesion [3]. Numerous surgical
therapeutic methods, such as micro-fracturing and
mesenchymal stem cell implantation methods [4-6],

have been raised to regenerate cartilage over the
years. Nevertheless, the drawbacks, for example the
secondary trauma and low survival rate of exogenous
stem cells, restricted the effective regeneration
capability of these approaches. As cartilage has no
vasculature and lymphatic, and mature chondrocytes
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possess limited proliferation and migration ability,
thus cartilage regeneration remains a significant
challenge. Moreover, the cartilage lesion always
involves in the subchondral bone and develops into
osteochondral defect [7]. The reality suggests that
simultaneously  reconstructing  cartilage and
subchondral bone is of great importance for OA
osteochondral defect regeneration. Since cartilage and
subchondral bone possess different physiological
functions, it remains a major problem to develop one
single scaffold that can biologically meet the need for
simultaneously reconstructing both of cartilage and
subchondral bone within osteochondral defects.

It has been proved that the subchondral bone
tissue plays a significant role in OA onset and
progression [8]. Our previous studies showed that
bioactive ceramics could promote both of the
subchondral bone and cartilage regeneration [9, 10].
Numerous implantation materials, including
monophasic, biphasic and triphasic scaffolds, have
been manufactured for regeneration of osteochondral
defects [11-14]. However, poor mechanical properties
and insufficient biological activities have hampered
their further application for the scaffolds. To mimic
the natural structures and properties of cartilage and
subchondral bone, various multilayered structures,
such as biphasic and triphasic, have been fabricated.
Nevertheless, due to the complex interface
microstructure between cartilage and subchondral
bone, it is almost impossible to biologically mimic the
original structure and physiological functions of
osteochondral tissue [15-17]. Moreover, the adjacent
two layers might be delaminated due to insufficient
bonding force between them. Hence, developing an
intelligent scaffold with bi-lineage biological
properties to fulfill the requirements for the complex
interface microstructure between cartilage and
subchondral bone reconstruction is quite urgent.

It is known that Sr is an essential trace element,
which plays an important role for maintaining human
tissue functions, especially for bone. Previous studies
showed Sr could enhance the osteoconductive
property of calcium phosphates and elevate the
mechanical property of bone tissue [18]. Moreover, Sr
has been reported to promote osteoblast
differentiation, as well as inhibit osteoclast formation
and resorption [19, 20]. In addition, Sr plays a crucial
role in reducing cartilage degeneration and
decreasing  chondrocyte  apoptosis on  the
osteoarthritis therapy [21, 22]. Recent study proved
that Sr significantly promoted the early chondrogenic
differentiation of dedifferentiated fat cells [23].

Si is an important nutrient element in human
body, which plays a key role in healthy connective
tissue, such as articular cartilage and bone [24]. It was

reported that Si, involved in the mineralization
process of new bone formation, could promote
skeletal growth and development [25]. Furthermore,
Si could stimulate cartilage extracellular matrix
synthesis and integrity [26-28], as well as promote the
proliferation and osteogenic differentiation of rabbit
mesenhymal stem cells (rBMSCs) [29, 30]. In addition,
Si was reported to have positive effect on
osteoarthritis therapy [31].

As previously stated, both Sr and Si have
beneficial impacts on chondrocytes and rBMSCs. In
order to combine the beneficial effect of Sr and Si ions,
a Sr and Si containing bioactive ceramic was
fabricated. We supposed that the bioactive scaffolds
containing Sr and Si ions are beneficial for
osteochondral defect reconstruction and restore the
interface microstructure between cartilage and
subchondral bone, as well as protect cartilage from
degeneration in OA. SPS scaffolds were used to
investigate their osteochondral regeneration in vitro
and in vivo, and the underlying mechanism for Sr and
Si ions protecting cartilage from OA and stimulating

osteochondral reconstruction was further
investigated.

Materials and Methods

Materials

Strontium oxide (SrO) and silicon dioxide (SiO»)
were bought from Aladdin (China) and Sinopharm
Group Co. Ltd (China), respectively. Ammonium
dihydrogenphosphate (NHsH>PO;) and sodium
alginate were provided by Alfa Aesar (USA). Pluronic
F-127 (20 wt %) was obtained from Sigma-
Aldrich(USA),and tricalcium phosphate (TCP)
ceramics were purchased from Kunshan Chinese
Technology New Materials Co., Ltd.

Fabrication and characterization of SPS
scaffolds

Pure Sr5(PO4):SiO4 (SPS) bio-ceramics were
synthesized by a solid-state reaction method, and SPS
scaffolds were manufactured by using a 3D plotting
device (Dresden, Germany) with a computer assist
design (CAD) model. We mixed the sodium alginate
and SPS powders in a mass ratio of 3:100, then added
20 wt% F-127 (Poloxamer) in the mixture and stirred
until becoming homogeneous. Subsequently, the
paste was loaded into the printing tube and extruded
through nozzles (needle standard: 22 G) to fabricate a
primary scaffold. To obtain SPS scaffolds, the primary
scaffolds were dried over night at room temperature
and then sintered at 1450°C for 3 h. Also, we prepared
TCP scaffolds in the same way, which was used as a
control group. Macro-photograph and surface
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morphology of SPS scaffolds were obtained from
optical microscopy (S6D, Leica, Germany) and
scanning electron microscope (SEM, SU8220,
HITACH]I, Japan), respectively. Micro-CT images and
porosity of the scaffolds were obtained from a
SKYSCAN 1173 CT scanner (Bruker, Germany). To
assay the Sr, Si, Ca ions release from SPS scaffolds, the
scaffolds were soaked in Dulbecco’s modified Eagle’s
medium low-glucose (DMEM) (Thermo Fisher
Scientific, Grand Island, America) for 1, 2,7, 11, 14, 21,
28, 35 and 42 days in a 37°C shaking water bath. A
ratio of 200 mg/mL was used to add scaffold mass to
DMEM volume. At the setting different time points, a
pH dollars (PHSJ-4A, Leici Co., Ltd., Shanghai, China)
was used to measure the average pH value, and
inductively coupled plasma atomic emission
spectroscopy (ICPAES; Varian, USA) was used for Sr,
Si and, Ca ions assessment.

Cell culture experiments with chondrocytes

Chondrocytes from one month old rabbit knee
growth plate were obtained from Nanjing Medical
University Nanjing Hospital, and the use of the cells
for the in vitro study got permission from the ethics
commission of Nanjing Medical University. The
DMEM contained 10% fetal calf serum (Thermo Fisher
Scientific), 100 pg/mL streptomycin and 100 U/mL
penicillin (Thermo Fisher Scientific) was used for
chondrocytes culturing. The cells were cultured in an
incubator with 5% CO, at 37°C.

The stimulatory effect of SPS extracts on the
proliferation and maturation of chondrocytes

Extracts of SPS and TCP were prepared
according to the following steps: the ratio of SPS or
TCP mass to DMEM volume was 200 mg/mL and the
mixture was vibrated at 37°C for 24 h with a speed of
120 rpm. Subsequently, the mixture was centrifuged
at a speed of 4000 rpm and filtrated with 0.22 pm
filters. Lastly, the original extracts (200 mg/mL, set as
1) of SPS and TCP were diluted into 1/2 (100
mg/mL), 1/4 (50 mg/mL), 1/8 (25 mg/mL), 1/16
(12.5 mg/mL), 1/32 (6.25 mg/mL) and 1/64 (3.125
mg/mL), respectively. To analyze the concentrations
of Sr, Si and, Ca ions, ICP-AES analysis was used. A
CCK-8 (cell counting kit-8, Beyotime, China) assay
was used to analyze the proliferation of chondrocytes.
Extracts of SPS bio-ceramics were prepared and
chondrocytes were inoculated for 1, 3, 7 days in
96-well plates. Subsequently, chondrocytes were
incubated with 10% CCK-8 reagent diluted by DMEM
for 2 h in 5% CO; incubator at 37°C. The OD values
were obtained from a multifunction microplate reader
(Spectra Fluor Plus, Tecan, Crailsheim, Germany) at
450 nm.

To analyze the mRNA transcript level of
chondrocytes specific genes (COL 1I, Aggrecan, SOX9
and N-cadh), the total RNA was collected by using an
RNA prepare Micro Kit (TaKaRa, Japan). After
measured at 260 nm with a multifunction microplate
reader(Spectra Fluor Plus, Tecan, Crailsheim,
Germany), the total RNA was reverse into cDNA by
using a Prime Script 1st Strand cDNA sysnthesis kit
(TOYOBO, Japan). Subsequently, RT-qPCR (Quanti-
tative real-time reverse transcriptase polymerase
chain reaction) analysis was conducted by using a
SYBR Green QPCR Kit (TaKaRa, Japan) with a Light
Cycler apparatus (Bio-rad, CFX-Touch) as the
following protocol: firstly, reverse transcription at
60°C for 20 min; secondly, activation of Hot Star Taq
DNA polymerase/inactivation of reverse transcript-
ase at 95°C for 1 min; the last, 40 cycles of 95°C for 15
s, 60°C for 15 s, and 72°C for 45 s. To calculate the
relative expression levels of target genes a 2 2ACt
method was conducted. The relative gene expression
levels of blank control were set as 1, and GAPDH gene
was selected as a reference gene. Oligo 7.0 software
was used to design primer sequences (BioSune
Biotechnology Co., Ltd, Shanghai, China) and the
primer sequences were summarized in Table S1.

SPS extracts promoted the expression of type
Il collagen protein in chondrocytes

The SPS extracts were used to culture
chondrocytes for 3 days in an incubator with 5% CO;
at 37°C. According to the manufacturer’s protocol, a
type II collagen staining kit (Abcam, USA) was
applied to measure the expression of type II collagen
protein in chondrocytes. In brief, chondrocytes were
anchored with 2.5% gluteraldehyde (Sinopharm
Group Co. Ltd., China), following by incubated with
1% bovine testicular hyaluronidase. Subsequently,
chondrocytes were treated with primary antibody (5
pug/mL, Abcam, ab3092) and second antibody (1
pg/mL, Abcam, abl75472) according to the
manufacturer’s protocol. Lastly, cytoskeleton and
nuclei were stained with FITC (fluorescein
isothiocyanatephalloidin, Sigma-Aldrich, USA) and
DAPI (4',6-diamidino-2-phenylindole, Sigma-Aldrich,
USA), respectively. Images were obtained with an
Argon laser line of 405 nm (DAPI channel, blue), 488
nm (FITC channel, green) and 568 nm (COL II
channel, yellow). The collected and analysed number
of CLSM images was 3. An image pro-plus 6 software
was used for quantification of COL II protein.

The western blot analysis was further conducted
to evaluate the expression of COL II protein. In brief,
after the chondrocytes were cultured with SPS
extracts for 3 days, the whole-cell extracts were
prepared by using a protein extract kit (P0027,
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Beyotime, China). The total protein from each sample
was separated on SDS-PAGE gels, and then
transferred onto a nitrocellulose membrane. After
being blocked for 1 h, the nitrocellulose membranes
were incubated with the primary antibodies against
COL II and GAPDH (antibodies against COL II and
GAPDH were Santa Cruz Biotechnology) overnight,
and then incubated with the corresponding
fluorescent secondary for 1 h (LI-COR Biosciences,
USA). Finally, Odssey CLx was used to observe the
protein bands (LI-COR Biosciences, USA).

Stimulated effect of Sr and/or Si ions on the
maturation of chondrocytes in vitro

The method we used to prepare different
concentrations of Sr and/or Si ions solution was the
same with that we prepared SPS extracts. SO and
mesoporous silica were used to obtain Sr and Si ions,
respectively. SrO was bought from Aladdin (China)
and mesoporous silica was self-made. An ICP-AES
method was used to analyze the concentrations of Sr
and Si ions. After chondrocytes were cultured with Sr
and/or Si ions solutions for 3 days, the total RNA was
extracted. And the expression of related genes (COL
II, Aggrecan, SOX9 and N-cadh) of chondrocytes and
genes in HIF-1a pathway was measured. In order to
investigate the stimulatory effect of Sr and/or Si ions
on type II collagen protein expression, confocal laser
scanning microscope (CLSM) was used. After
culturing with Sr and/or Si ions solutions,
chondrocytes were treated by using the method we
described before. CLSM images were acquired from
an Argon laser line of 405 nm (DAPI channel, blue),
488 nm (FITC channel, green) and 568 nm (COL II
channel, yellow). The collected and analysed number
of CLSM images was 3. An image pro-plus 6 software
was used for quantification of COL II protein.
Furthermore, the western blot analysis was
performed to investigate the COL II protein of
chondrocytes cultured with Sr and/or Si ions
solutions.

The underlying mechanism of Sr and/or Si ions
preserved chondrocytes from OA in vitro

The related genes of matabolic activity (MMP3,
MMP13 and Adamts-5) and autophagy markers (P62,
Atgb, Atgl2 and Atgl6éLl), as well as Indian
hedgehog pathway (IHH, Patched-1 and Gli-1) were
investigated in order to explore the underlying
mechanism of Sr and/or Si ions protected
chondrocytes from OA. Before Sr and/or Si ions were
added to culture with chondrocytes, interleukin-1p
(IL-1B, 10 ng/mL) was used to fabricate an OA model
of chondrocytes. In OA chondrocytes the smoothened
antagonist (SANT-1, 5 pM) was used to inhibit IHH

signaling and fabricated a positive control group.
After culturing for 3 days, the total RNA was
extracted and related genes were investigated. Oligo
7.0 software was used to design primer sequences
(BioSune Biotechnology Co., Ltd, Shanghai, China)
and the primer sequences were summarized in Table
S1.

The adhesion and proliferation of
chondrocytes in SPS scaffolds

To evaluate the proliferation of chondrocytes in
SPS scaffolds, a CCK-8 kit was used. After the
chondrocytes were seeded in SPS scaffolds for 1, 3 and
7 days, 10% CCK-8 solution was used to incubate the
cells for 2 h. The absorbance of the CCK-8 solution
was measured with a multifunction microplate reader
at 450 nm. In order to observe the morphology of
chondrocytes in SPS scaffolds, SEM and CLSM were
used. After chondrocytes were seeded in SPS scaffolds
and incubated for 1 day, the cells were fixed with 2.5%
glutaraldehyde and dehydrated in graded ethanol (30,
40, 50, 60, 70, 80, 90, 95, 100, 100, 100 v/v %) as well as
treated  with  hexamethyldisilazane = (HDMS)
(Sinopharm Chemical Reagent Co., Ltd, China). A
SU8220 SEM (HITACHI, Japan) was used to obtain
the morphological characteristics of cells. Before cells
were observed with CLSM, 4,6-diamidino-2-phenyl-
indole (DAPI, Sigma-Aldrich, USA) and fluorescein
isothiocyanatephalloidin (FITC, Sigma-Aldrich, USA)
were used to stain the nuclei and cytoskeleton,
respectively. Lastly, we used an Argon laser line of
405 nm (DAPI channel, blue) and 488 nm (FITC
channel, green) to obtain CLSM images.

In vivo regeneration of cartilage and bone for
SPS scaffolds

All New Zealand rabbits were handled
according to the guidelines authorized by the Nanjing
Medical =~ University = Ethics = Committee.  An
osteochondral defect model was created in eighteen
eligible rabbits (2-2.5 kg, 3 months old) for evaluating
the regeneration effect of SPS and TCP scaffolds. After
general anesthesia, osteochondral defects (diameter: 4
mm, height: 5 mm) were created on the groove of
knees, and then the SPS or TCP scaffold (n=6 for each
group) was implanted into the defect, the blank
control group was untreated. After surgery, all of the
rabbits were treated with Penicillin for five days and
stayed singly in cages. The knee joints were collected
for gross observation and Micro-CT analysis, as well
as histological analysis after the rabbits were
sacrificed at 8 and 12 weeks post-surgery.
Subsequently, regeneration tissues were assessed
with the international cartilage repair society (ICRS)
macroscopic assessment scale by three observers.
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Furthermore, a Micro-CT scanner (Bruker, Germany)
was used to obtain the relative bone volume fraction
(BV/TV) and trabecular thickness (Tr. Th) as well as
reconstruction images. In addition, Hematoxylin-
eosin (HE), Safranin-O/Fast Green (Safranin-O) and
Toluidine blue (TB) were used to stain six PMMA
specimens from each group to further investigate the
regeneration effect, respectively.

Statistical Analysis

All of the experimental data were presented as
means * standard deviation (SD) and conducted by
one-way ANOVA with a post hoc test. A value of p
<0.05 was considered statistically significant and the
data were indicated with (*) for 0.01 < p < 0.05, (**) for
0.001 < p <0.01, and (***) for p < 0.001.

Results

Analysis of Sr, Si and Ca ionic concentrations
in SPS extracts

The ionic concentrations of Sr, Si, Ca and P in
SPS extracts are shown in Table 1. The concentration
of Sr and Si ions was 0.04 and 0.06 mg/L in CTR,
respectively. While the concentration of Sr and Si ions
in SPS extracts was gradually elevated as the extract
concentrations increased from 3.125 to 200 mg/mL.
The Ca and P in SPS extracts were mainly within the
range 13-73 mg/L and 11-32 mg/L, respectively.

Characterization of SPS scaffolds

Digital photographs and SEM images of TCP
and SPS scaffolds were shown in Figure 1. The
controllable structure and uniform macropores of
TCP and SPS scaffolds were prepared via a
3D-printing method (Figure 1A, B and, Figure S1).
The SEM images further verified that the 3D-printing
scaffolds had uniform macropore morphology (Figure
1C, D), the high magnification images exhibited the
size of crystalline grains of SPS scaffolds were above 5
pm, which were much greater than that of TCP
scaffolds (Figure 1E, F).

The original pH value of DMEM is ~8.2, while
the pH value of DMEM was ~ 8.5 and ~8.7 after
soaking TCP and SPS scaffolds for 1 day, respectively.
The pH values decreased gradually with soaking time
prolonging, and the pH value of DMEM was ~8.2
after soaking TCP and SPS scaffolds for 42 days,
which was closed to the original pH value of DMEM
(Figure 2A). It can be found in Figure 2 that SPS
scaffolds maintained a sustained release of Si and Sr
ions. The Ca ions released from TCP scaffolds was
~0.8 mg, while there were no Ca ions released from
SPS scaffolds after soaking for 42 days (Figure 2B).
Furthermore, the Si and Sr ions released from SPS
scaffolds was ~0.1 mg and ~0.3 mg respectively, while

there were no Si and Sr ions released from TCP
scaffolds after soaking for 42 days (Figure 2C, D).

Stimulatory effects of SPS extracts on
chondrocytes in vitro

The results of CCK-8 assay exhibited that the
proliferation of chondrocytes cultured with SPS and
TCP extracts has no significant difference with the
CTR (blank control) groups (Figure S2). RT-qPCR
analysis displayed that SPS extracts distinctly
elevated the chondrocytes specified genes (COL II,
Aggrecan, SOX9 and N-cadh) expression within the
concentration range of 3.125-50 mg/mL at day 3 and 7
as compared to that of CTR and TCP groups (Figure
3). Furthermore, the expression of COL II protein in
chondrocytes was also enhanced (Figure 4). Results of
western blot demonstrated that the COL II protein
expression in chondrocytes of SPS groups was
significantly higher than that of CTR and TCP groups
at the concentration of 50 mg/mL.

The stimulatory effect of Sr and/or Si ions on
the maturation of chondrocytes

Base on the study of Sr and Si ions concentration
in SPS extracts, the chondrocytes response to the
culture medium  which contained different
concentrations of Sr and Si ions was further
investigated (Figure 5). Sr ions enhanced chondrocyte
typical markers expression by activating HIF-1a
pathway within the concentration range of 0.25-4
mg/L. Furthermore, Sr and Si ions distinctly elevated
COL II, Aggrecan, SOX9, N-cadh expression within
the concentration range of Sr ions 0.25-4 mg/L and Si
ions 0.5-8 mg/L, respectively. In addition, the
expression of COL II gene was significantly increased
by Sr and Si ions at the concentration of Sr ions 0.25
mg/L and Si ions 0.5 mg/L. The expression level of
Aggrecan gene was elevated by Sr and Si ions
together within the concentration range of Sr ions 1-4
mg/L and Si ions 2-8 mg/L, as well as the expression
of SOX9 gene was enhanced by Sr and Si ions at the
concentration of Sr ions 4 mg/L and Si ions 8 mg/L.
Also, N-cadh gene was stimulated by Sr and Si ions
cooperatively within the concentration range of Sr
ions 0.25-2 mg/L and Si ions 0.5-4 mg/L.

Moreover, to evaluate the stimulatory effect of Sr
and Si ions on chondrocytes, the expression of COL 1I
protein was further evaluated (Figure 6). The results
showed that Sr ions enhanced the expression of COL
II protein in chondrocytes within the concentration
range of 0.25-4 mg/L, and that of Si ions 0.5-8 mg/L.
Interestingly, Sr and Si ions together promoted COL II
protein expression within the concentration range of
Srions 0.25-1 mg/L and Si ions 0.5-2 mg/L.
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Table 1. The ionic concentrations of Sr, Si, Ca and P in SPS extracts
Ionic Con. (mg/L) Powders extracts concentrations (mg/mL)
0 (CTR) 3.125 6.25 125 25 50 100 200
Sr 0.04+0.01 0.79+0.10 1.54+0.10 2.86+0.21 5.39+0.30 10.47+1.15 19.19+2.06 35.96+3.85
Si 0.06£0.01 1.80+0.01 3.54+0.01 6.99+0.14 13.97£0.47 27.28+1.17 54.38+2.16 108.37+4.39
Ca 72.61+1.03 72.30+1.12 68.87+2.70 64.53+3.69 60.30+2.18 51.15+0.74 54.38+1.11 13.18+0.42
P 31.08+0.62 30.69+0.35 29.59+0.21 26.82+0.18 23.30+0.16 20.37+0.14 16.23+£0.12 11.44+0.11
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Figure 1. The overview and SEM images of TCP and SPS scaffolds. (A, B) Gross morphology, (C-F) SEM images. The prepared 3D-plotted TCP and SPS scaffolds with
controlled pore size (~100 pm) and strut size (~300 um). The size of crystalline grains in SPS scaffolds was above 5 pm, which was much greater than that of TCP

scaffolds.

The underlying mechanism of Sr and Si ions
preserving chondrocytes from osteoarthritis

To further elucidate the mechanism of Sr and Si
ions preserving chondrocytes from OA, the
expression of hedgehog signaling pathway and
autophagy related genes, as well as chondrocyte
metabolic activity related genes was evaluated (Figure
7 and Figure 8). IL-1p plays a key role in OA
pathogenesis, SANT-1 is a hedgehog signaling
inhibitor. Sr and Si ions significantly down-regulated
the expression of hedgehog pathway (IHH, Patched-1,

Gli-1) and suppressed chondrocyte metabolic activity
related genes (MMP3, MMP13, Adamts-5) within the
concentration range of Sr ions 0.25-4 mg/L or Si ions
0.5-8 mg/L. Moreover, Sr and Si ions cooperatively
inhibited the hedgehog pathway related genes (IHH,
Patched-1, Gli-1) and MMP13 gene expression within
the concentration range of Sr ions 0.25-4 mg/L and Si
ions 0.5-8 mg/L to protect chondrocytes from OA. In
addition, the inhibitory effect on hedgehog pathway
was superior to that of SNAT-1 at the concentration of
Srions 1 mg/L and Si ions 4 mg/L.
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Figure 2. Characterization of SPS scaffolds. The pH value (A), the accumulative release profiles of Ca (B), Si (C) and Sr (D) in DMEM. DMEM is a kind of basic cell
culture medium. The pH value of DMEM after soaking TCP and SPS scaffolds was close to the original pH value of DMEM. The original pH value of DMEM is ~8.2. The
accumulative released quantity of Ca, Si and Sr from SPS scaffolds showed a steady rise. The accumulative release rate of Ca in TCP and SPS scaffolds was 0.55% and
0.00%, respectively. The accumulative release rate of Si and Sr in SPS scaffolds was 0.61% and 0.11% respectively, while there was no Si and Sr released from TCP

scaffolds. Repeat number: n=3.

Additionally, Sr or Si ions significantly enhanced
the expression of autophagy related markers (P62,
Atg5, Atgl2 and Atgl6L1) within the concentration
range of Sr 0.25-4 mg/L or Si 0.5-8 mg/L (Figure 8).
Furthermore, Sr and Si ions together promoted the
expression of P62 gene at the concentration of Sr 4
mg/L and Si 8 mg/L, as well as enhanced Atg5 gene
expression at the concentration of Sr 1 mg/L and Si 2
mg/L. In addition, Sr and Si ions cooperatively
promoted the expression of Atgl2 gene within the
concentration range of Sr 0.25-4 mg/L and Si 0.5-8

mg/L.

Chondrocytes response in SPS scaffolds in vitro

As compared to TCP scaffolds, the proliferation
of chondrocytes in SPS scaffolds was significantly
enhanced (Figure 9E). Morphology and attachment of
chondrocytes in SPS scaffolds were detected with
SEM and CLSM (Figure 9). SEM images exhibited that
chondrocytes had close contact with SPS scaffolds by
numerous filopodia, while the chondrocytes in TCP
scaffolds had less filopodia. CLSM images displayed
that there were more chondrocytes evenly spread in
SPS scaffolds as compared to the TCP scaffolds where
chondrocytes were observed.

SPS scaffolds stimulated the in vivo
osteochondral defects regeneration

To further study the in vivo stimulatory efficacy
of SPS scaffolds for osteochondral defects, a rabbit

osteochondral defect model was used. Figure 10
showed the overall observation and Micro-CT
analysis of specimens collected at 8 and 12 weeks.
There was no inflammatory reaction in all specimens,
and well-integrated tissue was found in SPS group,
while discontinuous tissue was found in the rest of
specimens (Figure 10A1-F1). The defects in SPS group
were filled with well-integrated newly formed bone
and cartilage-like tissues at both 8 and 12 weeks,
while the defects of TCP and CTR groups remained
empty and discontinuous. The Micro-CT analysis
displayed that much more calcified tissue was found
in TCP and SPS groups as compared to CTR group
(Figure 10A>-F4). In addition, the trabecula thickness
(Tb.Th) and relative bone volume fraction (BV/TV) in
the specimens of SPS group were significantly
elevated as compared to CTR and TCP groups at
week 8 and 12 (Figure S3).

To further evaluate the stimulatory effect of SPS
scaffolds for osteochondral defect reconstruction,
histological analysis included H&E (Hematoxylin-
eosin), S-O (Safranine O/Fast Green) (Figure 11) and
TB (Toluidine Blue) (Figure S4) staining, was
conducted. H&E staining showed that considerable
fibrous tissue formation and poor bone reconstruction
as well as large residual void space was found in the
CTR group at week 8 and 12 (Figure 11Gi2and J12). A
mixture of neo-bone and fibrous tissues as well as
residual void space was found in TCP group (Figure
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11H:» and Kip), while a large amount of newly
formed bone tissue was found in the defect region of
SPS group at 12weeks (Figure 11l and Lipo).
Safranin-O/Fast Green staining showed SPS group
possessed a certain amount of hyaline cartilage-like

group has no significant distinction with that of pure
TCP group at 8 weeks (Figure 11A:-C;).The CTR and
TCP groups exhibited a mixture of fibrous tissue and
hyaline cartilage-like tissue in the discontinuous
defect region at 12weeks, while the SPS group was

tissue, which was more than that of the CTR group, filled with considerable amount of hyaline

and the new hyaline cartilage-like tissue of the SPS

3d E

kkk

cartilage-like tissue (Figure 11D;-F3).
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Figure 3.The relative genes expression level of chondrocytes cultured with SPS extracts. The expression of COL Il gene (A, E), Aggrecan gene (B, F), SOX9 gene (C,
G) and N-cadh gene (D, H) in chondrocytes post culturing with SPS extracts for 3 and 7 days, respectively.SPS extracts distinctly elevated the chondrocytes specified
genes (COL I, SOX9 and N-cadh) expression within the concentration range of 3.125-50 mg/mL at day 3 and 7, as compared to that of CTR and TCP groups. Also,
Aggrecan gene expression was significantly enhanced as compared to TCP extracts after co-culturing for 7 days within the whole experimental concentration range.
The relative gene amount of CTR groups was set as |, the value of expression gene was the fold change relative to CTR. Repeat number: n=3. (*p<0.05, **p<0.01,

#p<0.001).
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The expression of COL Il protein was enhanced significantly in SPS group (50 mg/mL) as compared to TCP and CTR groups. CTR stands for blank control.

Moreover, calcified tissue and tide mark were
found in SPS group at 12 weeks, which demonstrated
natural continuous structure between hyaline
cartilage and neo-subchondral bone which was highly
similar to the natural tissue (Figure 11F1.3), while CTR
and TCP groups exhibited disorder and
discontinuous structure between cartilage and
neo-bone. The Toluidine blue stained analysis was
shown in Figure S4. At 8 weeks, a mixture of fibrous
tissue and neo-bone tissue was found in CTR and TCP
groups, while considerable amount of neo-bone tissue
was found in the SPS group. At 12 weeks, partial
repair of the defect with hyaline cartilage and
subchondral bone was observed at the periphery of
the defect in the CTR group, while the surfaces of
defect region in TCP and SPS groups were covered
with  well-integrated hyaline cartilage tissue.
Nevertheless, the subchondral bone tissue in TCP
group was disordered and uneven, while SPS group
showed an orderly continuous and smooth structure
between cartilage and neo-bone in subchondral bone.
In addition, histological scoring assessment was
processed to measure the quantity of neo-cartilage

tissue. SPS group exhibited a higher ICRS
(International Cartilage Repair Society) score than
CTR and TCP groups (Figure S5).

Discussion

In this study, bioactive SPS scaffolds were
applied to regenerate osteochondral defect in vivo. It
was found that SPS scaffolds were a reliable platform
for delivering Sr and Si ions. The Sr and Si ions
released from SPS bioactive ceramics promoted
chondrocyte maturation in vitro, and protected the
chondrocytes from OA. Interestingly, SPS scaffolds
possessed the ability of promoting the reconstruction
of cartilage and subchondral bone tissues
simultaneously, as well as restoring the complex
interfaces between them. The underlying mechanism
may be related to Sr and Si stimulating cartilage
reconstruction through activating HIF pathway and
promoting subchondral bone regeneration by
activation of the Wnt pathway, as well as preserving
chondrocytes from OA via increasing autophagy and
inhibiting hedgehog pathway.
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Figure 9. The attachment and morphology of chondrocytes cultured in SPS scaffolds. SEM images showed that chondrocytes attached to TCP scaffolds (Ai-As) and
SPS scaffolds (B1-B3). CLSM images exhibited the morphology and cytoskeleton of chondrocytes cultured in TCP scaffolds (Ci-C3) and SPS scaffolds (Di1-D3). Ai and
Bi: 500%, Az and Ba: 3,000%, Az and Bz: 10,000%; Ci and Di: DAPI, Cz and D2: FITC, C3 and D3: merge images. (E) The proliferation of chondrocytes cultured in SPS
and TCP scaffolds. Both TCP and SPS scaffolds supported the attachment of chondrocytes, and the chondrocytes in SPS scaffold exhibited better-defined

i
microfilaments and cytoskeletons as compared to that of TCP scaffold. Compared with TCP scaffolds, SPS scaffolds distinctly elevated chondrocyte proliferation at
3 and 7 days. Repeat number: n=6. (*p<0.05, **p<0.01, ***p<0.001).
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Figure 10. The overall photographs and Micro-CT imaging analysis of the defects at 8 and 12 weeks post-surgery. (Ai-Fi) The gross morphology of the defects, (A2-F2) 2D
projection images of the defects, (A3-F3) and (A4-F4) showed the transverse view and sagittal view of 3D construction images. In 2D projection images, the off-white color and
white color stand for primary bone and scaffolds, respectively. In 3D reconstruction images, the off-white color, green color and red color stand for primary bone, new bone and
scaffold, respectively. As compared to CTR and TCP groups, Micro-CT analysis of defect space exhibited distinctly greater level of bone formation in the SPS group.
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Figure 11. The cartilage and subchondral bone regeneration in vivo. (Ai-F3) Safranin-O/Fast Green staining at 8 (Ai-C3) and 12 weeks (Di-F3) of post-surgery. Ai3 and Di.3: CTR
group, Bi.3 and Ei.3: TCP group, Ci.3 and Fi.3: SPS group. (Gi-L2) H&E staining at 8 weeks (Gi-l2) and 12 weeks (Ji-L2) of post-surgery. Gi,2 and Ji,2: CTR group, Hi,2 and K;,2: TCP
group, li,2and Ly, 2: SPS group. Safranin-O/Fast Green staining showed SPS groups possessed a certain amount of hyaline cartilage-like tissue, which was more than that of the CTR
group and has no significant distinction with that of pure TCP group at 8 weeks. However, CTR and TCP groups exhibited a mixture of fibrous tissue and hyaline cartilage-like
tissue in the discontinuous defect region at 12 weeks, while that of SPS group was filled with considerable amount of hyaline cartilage-like tissue. Moreover, SPS group displayed
well-integrated and orderly continuous structure between cartilage and neo-bone, while CTR and TCP groups exhibited disordered and discontinuous structure between
cartilage and neo-bone. H&E staining indicated that the defect region of SPS group was filled with a great amount of bony tissue at 12 weeks, and that of pure TCP group possessed
less and incomplete bony tissue, while CTR group displayed a mixture of fibrous and bony tissue in the defect region.

In our study, SPS extracts significantly enhanced  increasing COL II protein expression in chondrocytes.
SOX9 production, following by elevating Aggrecan,  Furthermore, @~ TCP  extracts  promoted the
COL 1II, N-cadh genes expression, as well as chondrogenic genes expression, which was consistent
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with the previous studies [32, 33]. Previously, calcium
(Ca) ions could promote the proliferation and
differentiation of tissue cells, as well as have a positive
effect on chondrocytes and cartilage [34, 35].
Consequently, the calcium ions in TCP extracts may
have a positive effect on enhancing the expression of
chondrogenic genes. Previously, the foundation for
chondrocytes regeneration and matrix synthesis for
cartilage reconstruction could be prepared via
activating HIF signal pathway to improve the SOX9
and other related genes (Aggrecan, COL II and
N-cadh) expression [36-40]. Furthermore, autophagy
is of great importance for maintaining -cartilage
balance [41]. Additionally, hedgehog pathway plays
an important role in OA onset and development via
regulating the expression of the IHH gene [42-46].
Consequently, it is probable that Sr and Si ions
released from SPS  bio-ceramics stimulated
chondrocytes maturation and promoted -cartilage
regeneration via activating HIF signal pathway, and
protected chondrocytes from OA by suppressing
chondrocyte metabolic activity and increasing
autopahgy as well as inhibiting hedgehog pathway.
To test this hypothesis, the related genes of HIF
pathway (HIF-1a), hedgehog signal pathway (IHH,
Patched-1 and Gli-1) and metabolic activity (MMP3,
MMP13 and Adamts-5), as well as autophagy related
markers (P62, Atgb, Atgl2 and Atgl6Ll) were
investigated. = The  results  indicated  that
SrstimulatedHIF-1a, COL 1II, SOX9, Aggrecan and
N-cadh genes expression within the concentration
range of 0.25-4 mg/L. Interestingly, the expression of
COL 1II, SOX9, Aggrecan and N-cadh genes was
stimulated by Sr and Si ions together within the whole
experimental concentration range (Sr 0.25-4 mg/L
and Si 0.5-8 mg/L), and the expression of COL II
protein was also elevated within the same
concentration range. In OA development, the related
genes of metabolic activity (MMP3, MMP13 and
Adamts-5) and hedgehog signal pathway (IHH,
Patched-1 and Gli-1) were over-expression. Within the
whole experimental concentration range, hedgehog
pathway and metabolic activity induced by IL-1§
were inhibited, while autophagy was increased. In an
in vitro OA model, Sr and Si ions inhibited IHH,
Patched-1, Gli-1 and MMP13 expression.
Furthermore, the expression of P62 gene (Sr 4 mg/L
and Si 8 mg/L) and Atgb gene (Sr 1 mg/L and Si 2
mg/L) was cooperatively promoted at a specific
concentration. In addition, Sr and Si ions together
promoted the expression of Atgl2 gene within the
whole experimental concentration range. More
interestingly, the inhibitory effect of Sr combined with
Si ions on hedgehog pathway was superior to
SANT-1. It was reported that SANT-1 could protect

cartilage from degradation via inhibiting hedgehog
pathway [47-49]. On the basis of these studies, it is
reasonable to conclude that the Sr and Si ions released
from SPS scaffolds promoted chondrocytes
maturation in vitro and stimulated cartilage legion
regeneration in vivo via activation of HIF pathway,
and protected chondrocytes from OA by suppressing
chondrocytes metabolic activity and increasing
autophagy as well as inhibiting hedgehog pathway.

Interestingly, SPS scaffolds not only promoted
the regeneration of cartilage, but also stimulated the
reconstruction of subchondral bone in vivo. In this
study, the histological analysis and Micro-CT results
indicated that SPS scaffolds significantly promoted
the subchondral bone regeneration as compared to
TCP scaffolds, gold standard bio-ceramic scaffolds for
bone regeneration. Series of studies demonstrated that
Sr could promote bone formation in vitro and in vivo
[50-52]. Furthermore, it was reported that Sr and
Si-containing bioactive ceramics could enhance bone
regeneration [51]. Additionally, Sr has been proved to
stimulate the osteogenic differentiation of MSCs by
up-regulating extracellular matrix (ECM) gene
expression and activating Wnt/p-catenin pathway
[63]. It was also reported that Si stimulated MSCs
differentiation by activating Wnt pathways [54, 55].
Hence, it is reasonable to speculate that in this study,
Sr and Si ions released from SPS bioactive scaffold
may together contribute to promote subchondral bone
regeneration via activation of the Wnt pathway.

In clinic, medicines such as strontium ranelate or
smoothened antagonist are used for OA therapy.
Whereas these medicines may lead to osteophyte
overgrowth and reduce subchondral bone remolding,
as well as other serious side-effects. Furthermore,
various kinds of scaffolds have been fabricated for
reconstruction of osteochondral defects, for example
biphasic scaffolds, triphasic scaffolds and other
multilayered scaffolds. However, these constructions
could not biologically mimic the original structure
and functional characteristics of osteochondral tissue.
Although many BMSCs-specific-affinity peptides and
signaling molecules have been incorporated into
scaffolds to  promote osteochondral defect
reconstruction, these strategies often induce various
side effects. For instance, some peptides can
specifically recognize and recruit pluripotent stem
cells as well as promote osteogenesis in subchondral
bone, which has the potential to increase cartilage
calcification [15, 56, 57]. Some molecules which could
preserve cartilage from degradation, such as TGF-f
signaling trigger molecules, may trigger osteoarthritis
via perturbing subchondral bone homeostasis [58-60].
There are few reports that used one single scaffold for
regeneration of both cartilage and subchondral bone
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simultaneously, as well as restored the complex
interface  microstructure  between them. The
osteochondral interface is described by the interaction
of calcified cartilage and the underlying subchondral
bone. Structurally, osteochondral interface includes
tidemark and calcified cartilage. Hereupon, a single
type and bi-lineage SPS scaffold containing
multi-bioactive ions was applied to regenerate
osteochondral defect in wvivo. Compared with
traditional therapy, such as oral administration
medicines, SPS scaffolds acted in a local scope and
avoided systemic toxicity, and Sr combined with Si
ions inhibited on hedgehog pathway was superior to
SNAT-1 (hedgehog signaling inhibitor). Furthermore,
SPS scaffolds with monophasic structure could avert
the delamination issues, which are superior to
multilayered scaffolds. Additionally, SPS scaffolds
well regenerated the tidemark and calcified cartilage
in the osteochondral interface. On the basis of the in
vitro and in vivo physiological studies, it is probable
that Sr and Si ions stimulating cartilage reconstruction
may activate HIF pathway and promote subchondral
bone regeneration by activation of Wnt pathway, and
further protect chondrocytes from OA via
suppressing chondrocytes metabolic activity and
increasing autophagy as well as inhibiting hedgehog
pathway together.

Conclusion

Hereupon, SPS scaffolds were successfully
fabricated by a modified 3D-printing method, which
enabled sustained release of Sr and Si ions in situ. The
released Sr and Si ions promoted chondrocyte
maturation and preserved chondrocytes from OA, as
well as stimulated cartilage and subchondral bone
regeneration. The underlying mechanisms might refer
to Sr and Si ions stimulating cartilage reconstruction
by activating HIF pathway and promoting
subchondral bone regeneration through activation of
Wnt pathway, as well as preserving chondrocytes
from OA via activating autophagy and inhibiting
hedgehog pathway. Consequently, bioactive SPS
scaffolds possess bi-lineage bio-activities for
regeneration of osteochondral interface between
cartilage and subchondral bone, which is beneficial
for OA therapy and regeneration of osteochondral
defects by harnessing multi-bioactive ions in a
monophasic scaffold.
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