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Abstract

When osteochondral tissues suffer from focal or degenerative lesions caused by trauma or disorders, it is a
tough challenge to regenerate them because of the limited self-healing capacity of articular cartilage. In this
study, a series of Mo-doped bioactive glass ceramic (Mo-BGC) scaffolds were prepared and then systematically
characterized. The released MoO42- ions from 7.5Mo-BGC scaffolds played a vital role in regenerating articular
cartilage and subchondral bone synchronously.

Methods: The Mo-BGC scaffolds were fabricated through employing both a sol-gel method and 3D printing
technology. SEM, EDS, HRTEM, XRD, ICPAES and mechanical strength tests were respectively applied to
analyze the physicochemical properties of Mo-BGC scaffolds. The proliferation and differentiation of rabbit
chondrocytes (RCs) and human bone mesenchymal stem cells (HBMSCs) cultured with dilute solutions of
7.5Mo-BGC powder extract were investigated in vitro. The co-culture model was established to explore the
possible mechanism of stimulatory effects of MoOa42- ions on the RCs and HBMSC:s. The efficacy of regenerating
articular cartilage and subchondral bone using 7.5Mo-BGC scaffolds was evaluated in vivo.

Results: The incorporation of Mo into BGC scaffolds effectively enhanced the compressive strength of
scaffolds owing to the improved surface densification. The MoOa42- ions released from the 7.5Mo-BGC powders
remarkably promoted the proliferation and differentiation of both RCs and HBMSCs. The MoO42- ions in the
co-culture system significantly stimulated the chondrogenic differentiation of RCs and meanwhile induced the
chondrogenesis of HBMSCs. The chondrogenesis stimulated by MoO42- ions happened through two pathways:
1) MoO4?2- ions elicited anabolic responses through activating the HIF-1a signaling pathway; 2) MoO42- ions
inhibited catabolic responses and protected cartilage matrix from degradation. The in vivo study showed that
7.5Mo-BGC scaffolds were able to significantly promote cartilage/bone regeneration when implanted into
rabbit osteochondral defects for 8 and 12 weeks, displaying bi-lineage bioactivities.

Conclusion: The 3D-printed Mo-BGC scaffolds with bi-lineage bioactivities and activated anabolic responses
could offer an effective strategy for cartilage/bone interface regeneration.

Introduction

Osteochondral tissues are mainly comprised of
two distinct compartments, namely articular cartilage
and underlying subchondral bone [1, 2]. The articular
cartilage is primarily composed of chondrocytes and
extracellular matrix (ECM) that mainly contains
water, collagen type II, and proteoglycans such as

aggrecan [3-5]. When articular cartilage suffers focal
or degenerative lesions caused by trauma or
disorders, it has a limited capacity for self-healing
because of its avascularity and low cellularity and
ultimately could evolve into osteoarthritis (OA) that
in turn could result in the degradation of articular
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hyaline cartilage and subchondral bone structural
remodeling [6-12]. Thus, it is extremely significant to
repair osteochondral defects and acquire new
cartilage and bone tissues. Currently, bone marrow
stimulation techniques such as microfracture and
drilling methods as well as autologous chondrocyte
implantation are useful treatments. However, they
have respective shortcomings. The bone marrow
stimulation techniques cannot fully remedy the
osteochondral defect and may inflict further tissue
damage. The autologous chondrocyte implantation
has problems of donor-site morbidity and disturbed
remodeling of the osteochondral wunit [13-15].
Additionally, the density of chondrocytes used for
autologous implantation is relatively low in the native
articular cartilage. The in vitro expansion and culture
of chondrocytes can lead to undesirable changes in
chondrocyte phenotype [16, 17]. The ideal therapeutic
strategy for osteochondral defects is that the
treatment can simultaneously regenerate the articular
cartilage and subchondral bone. Scaffolds are an
integral part of bone tissue engineering and the
scaffolds employed for bone tissue engineering
should have good biocompatibility, biodegradability,
mechanical properties as well as interconnected pore
structure with high porosity to guarantee cellular
penetration and adequate diffusion of nutrients to
cells [18-23]. In past years, some biphasic, triphasic,
and multilayered gradient scaffolds with specifically
designed scaffold-cell constructs have been fabricated
to repair osteochondral defects through simulating
the physiological microstructure of articular cartilage
and subchondral bone. However, they are unable to
completely mimic the biological construction and
properties of cartilage and subchondral bone owing to
the complex interface of the osteochondral tissues. In
addition, the mechanical stability between two phases
of the biphasic scaffold is questionable and the
multiphasic structures are too complex to control the
properties of each phase such as their degradation
behavior and shear forces between the phases [24-28].
Therefore, preparing a single kind of scaffold with

dual Dbioactivities that could simultaneously
regenerate both cartilage and subchondral bone is
highly desired.

Molybdenum (Mo) is an essential trace element
for plants, animals and microorganisms. When Mo
enters organisms, it can make up several Mo-enzymes
such as aldehyde oxidase (AO), xanthine oxidase
(XO), sulfite oxidase (SO), and nitrate reductase (NR).
These Mo-enzymes are involved in various
biochemical reactions through combining with
respective substrates and play important roles in
physiology [29-33]. In recent years, some metal alloys
containing Mo such as Co-Cr-Mo have been found to

possess excellent mechanical properties and good
biocompatibility, and have been widely used as
orthopedic and dental implants [34-36]. Kanaji et al.
showed that Mo ions did not result in cell death under
0.5 mM (48 ppm) and could promote the proliferation
of MLO-Y4 osteocytes at 0.5 mM [37], which indicated
that Mo ions may own great potential for biological
applications such as bone tissue engineering. To our
best knowledge, there are no reported studies about
the influences of Mo on chondrogenesis and
osteogenesis of RCs and HBMSCs. Additionally, a
study applying Mo to repairing osteochondral defect
has not been reported. We hypothesized that
Mo-containing scaffolds may have dual bioactivities
for cartilage/bone regeneration in osteochondral
defects. Therefore, in this study, Mo-BGC scaffolds
were successfully prepared using both a sol-gel
method and 3D printing technique. The capacity of
7.5Mo-BGC scaffolds for repairing osteochondral
defects and the corresponding mechanism for
stimulating  osteochondral regeneration were
systematically investigated, as shown in Graphical
abstract.

Methods

Materials

Tetraethyl orthosilicate ((C2Hs0)4Si, TEOS),
triethyl phosphate ((C2Hs0);PO, TEP), calcium nitrate
tetrahydrate (Ca(NOs3)2-4H>O) and ammonium
molybdate tetrahydrate ((NHi)sMo7Oz 4H2O) were
purchased from Sinopharm Chemical Reagent Co.,
Ltd. (China). Ammonium molybdate ((NH4)2MoO,)
was purchased from Macklin biochemical technology
Co., Ltd. (China). Pluronic F-127 was purchased from
Sigma-Aldrich (USA).

Synthesis of Mo-BGC powders through sol-gel
method

BGC and Mo-BGC powders were synthesized
through a sol-gel method. The detailed procedures
were as follows. Firstly, 157 mL of TEOS and 25 mL of
HNO; (2 M) were successively added to 200 mL of
deionized water, then stirred constantly by a magnetic
stirring apparatus for 30 min. After sufficient
hydrolysis, Ca(NO3)2-4H,O (59.00 g, 54.31 g, 47.23 g,
41.30 g), (NH4)sMo7O24 4H>O (0 g, 3.53 g, 8.83 g, 13.24
g) and 8.53 mL of TEP were then added into the TEOS
solution at molar ratios of 70:25:5:0, 70:23:5:2, 70:20:5:5
and 70:17.5:5:7.5 (Si:Ca:P:Mo) for further reaction to
obtain four different solutions. After 5 h, these
solutions were transferred to an air oven and
maintained for 48 h at 60 °C to generate wet gels.
Then, these wet gels were dried in an 120 °C air oven
for 24 h. The dried bioactive glass gel abbreviated as
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CaxsSiznPs01775 and Mo-doped bioactive glass gel
abbreviated as Cans.,SizoPsMoxO177.5+2¢ (X=2, 5, 7.5)
were milled for 5 h at a speed of 500 rpm through a
planetary high-energy ball mill and the ground
powders were then calcined by an energy-save-type
electric furnace (SSJ-14, China) for 3 h at 800 °C and
then filtered by a 300 mesh sifter to obtain final BGC
and Mo-BGC powders.

Preparation of Mo-BGC scaffolds through 3D
printing

The printable glass ceramic ink was prepared by
mixing 5 g of (2, 5, 7.5)Mo-BGC powders with 3.5 g of
pluronic F-127 (20 wt%) aqueous solution. After being
stirred to homogeneity, the ink was transferred into a
tube and printed by a needle (standard: 22 G) through
a 3D plotting device that was designed by the
Fraunhofer Institute for Materials Research and Beam
Technology (Dresden, Germany). The dosing pressure
was 1.5-3.0 bar and the printing speed was 5 mm/s.
The printing was conducted at room temperature. The
printed wet scaffolds were dried overnight at room
temperature and subsequently sintered at 1350 °C for
3 h at a heating rate of 2 °C/min in a Nabertherm
industrial furnace (LH 15/14, Germany) to obtain the
final scaffolds. BGC scaffolds were fabricated by the
same method as the control.

Characterization of Mo-BGC scaffolds

Macroscopic photographs of BGC and (2, 5,
7.5)Mo-BGC scaffolds were taken using a camera
(Nikon). The overall microscopic images of BGC and
(2, 5, 7.5)Mo-BGC scaffolds were acquired by optical
microscopy (S6D, Leica, Germany). The surface
morphology and elemental distribution of BGC and
(2,5, 7.5)Mo-BGC scaffolds were characterized using a
scanning electron microscope (SEM, SU8220,
HITACH]I, Japan) equipped with an energy dispersive
spectrometer (EDS). The phase compositions of BGC,
(2, 5, 7.5)Mo-BGC powders and scaffolds were tested
by a X-ray diffractometer using Cu Ka radiation
(XRD, D8 ADVANCE, BRUKER AXS GMBH,
Germany). The phase compositions of 5Mo-BGC were
checked by high-resolution transmission electron
microscopy (HRTEM, JEM-2100F, Japan). The
elemental contents of BGC and (2, 5, 7.5)Mo-BGC
scaffolds were measured by inductively coupled
plasma-atomic emission spectrometry (ICP-AES,
Vista AX, Varian, US).

Mechanical strength and degradation behavior
of Mo-BGC scaffolds

The compressive strengths of BGC and (2, 5,
7.5)Mo-BGC scaffolds (diameter: 8 mm; height: 9 mm)
were tested by a computer-controlled universal

testing machine (AG-I, Shimadzu, Japan) with a
cross-head speed of 0.5 mm/min (n=5 for each
group). Representative photographs of BGC and (2, 5,
7.5)Mo-BGC scaffolds used for compressive strength
tests are shown in Figure S1. To assess the
degradation behavior of BGC (control group) and (2,
5, 7.5)Mo-BGC scaffolds, tris-HCI solution (pH=7.4)
was added to BGC and (2, 5, 7.5)Mo-BGC scaffolds at
a ratio of 200 mL/g (tris-HCl solution
volume/scaffold mass) in 50 mL test tubes (n=3 for
each group). Then, these test tubes were put into a
shaker for 3, 7, 14, 21, and 28 days at 37 °C. After each
shaking time, the scaffolds were taken from the
tris-HCl solution and dried in a 60 °C air oven, and
the final weight of each scaffold was measured. The
weight loss of the scaffolds was expressed as the ratio
of the final weight to the initial weight. In addition,
the tris-HCl solutions at each time point were
collected and the concentrations of released Mo, Ca,
Si, P in solutions were measured by ICP-AES.

In vitro proliferation and differentiation of RCs
and HBMSC:s cultivated with dilute solutions of
7.5Mo-BGC powder extract

The proliferations of RCs and HBMSCs
cultivated with dilute solutions of BGC (control
group) and 7.5Mo-BGC powder extracts (200 mg/mL)
were tested by CCK8 assay (cell counting kit-8,
Beyotime, China). Firstly, both RCs and HBMSCs
were respectively incubated with dilute solutions in a
96-well plate (Thermo Fisher Scientific) for 1, 3 and 7
days (1000 cells/well, 100 pL/well). Afterwards, RCs
and HBMSCs were incubated with 10% CCKS8
solution in an incubator with 5% CO, for 1.5 h at 37
°C. Finally, the absorbance value of culture medium
was measured at 450 nm by a multifunction
microplate reader (SpectraFluor Plus, Tecan,
Crailsheim, Germany). The dilute solutions of BGC
and 7.5Mo-BGC powder extracts (200 mg/mL) were
prepared as follows. Firstly, 2.0 g BGC or 7.5Mo-BGC
powders were added to 10 mL Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) or HBMSCs basal
medium (Cyagen) and then vibrated for 24 h at 37 °C
at a rotation speed of 120 r/min. Subsequently, the
extract was centrifuged and filtered by a 0.22 pm
filter. Finally, the filtered extract (set as 1) was diluted
1/2,1/4,1/8,1/16, 1/32, 1/64, 1/128 in DMEM or
HBMSCs basal medium. The concentrations of Ca, Si,
P, Mo elements in the BGC and 7.5Mo-BGC powder
extracts (200 mg/mlL) along with their dilute
solutions (1/2, 1/8, 1/64 groups) were analyzed by
ICP-AES. The results are shown in Table S2.

Real-time polymerase chain reaction (PCR) assay
was conducted to study the effects of dilute solutions
of BGC and 7.5Mo-BGC powder extracts on
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chondrogenic and osteogenic differentiation-related
genes. In brief, both RCs and HBMSCs were
respectively incubated with dilute solutions (1/2,1/8,
1/64 groups) of BGC and 7.5Mo-BGC powder extracts
in a 6-well plate (Thermo Fisher Scientific) for 7 days
(200000 cells/well, 2.5 mL/well). Then these RCs and
HBMSCs were processed by a trizol reagent
(Invitrogen) for total RNA extraction to evaluate the
mRNA  transcript levels of  chondrogenic
differentiation-related genes (COL II, ACAN, SOX9
and N-cadh) and osteogenic differentiation-related
genes (COL I, OCN, BMP2, and RUNX2). The RNA
concentration was obtained by a multifunction
microplate reader (SpectraFluor Plus, Tecan,
Crailsheim, Germany) at 260 nm. The relative
expression level of each target gene was calculated by
the ACt method. The sequences of genes used for
real-time PCR are shown in Table S3.

ALP and alizarin red stainings of HBMSCs
cultivated with dilute solutions of 7.5Mo-BGC
powder extract

Alkaline phosphatase (ALP) staining was
conducted using an ALP histochemical diagnostic kit
(Beyotime, China). Firstly, HBMSCs were respectively
cultured with dilute solutions (1/2,1/8, 1/64 groups)
of BGC (control group) and 7.5Mo-BGC powder
extracts in a 6-well plate (Thermo Fisher Scientific) for
7 days (200000 cells/well, 2.5 mL/well), then these
HBMSCs were fixed with 4% paraformaldehyde
(Sinopharm Chemical Reagent Co., Ltd, China), then
incubated with a mixture of fast blue B salt and
Naphthol AS-MX phosphate. Lastly, HBMSCs were
rinsed in deionized water, then observed and
photographed by a light microscope (X7; Olympus,
Tokyo, Japan). To identify the formation of calcium
nodules in HBMSCs cultured with dilute solutions of
BGC and 7.5Mo-BGC powder extracts, alizarin red
staining was conducted. In brief, after culturing with
dilute solutions (1/2, 1/8, 1/64 groups) of BGC and
7.5Mo-BGC powder extracts in 6-well plates (Thermo
Fisher Scientific) for 7 days (200000 cells/well, 2.5
mL/well), the HBMSCs were incubated with alizarin
red solution (Cyagen Biosciences, America) at room
temperature for 5 min. Subsequently, cells were
washed thrice with DPBS to remove excess staining
solution. The calcium nodules were stained as red
spots and photographed by a light microscope (X7;
Olympus, Tokyo, Japan).

In vitro proliferation and attachment of RCs
and HBMSCs on Mo-BGC scaffolds

Both BGC (control group) and Mo-BGC scaffolds
were sterilized by steam. Then, RCs and HBMSCs
were cultured with BGC and Mo-BGC scaffolds in

48-well plates (Thermo Fisher Scientific) for 1, 3, 7
days (5000 cells/well, 0.5 mL/well). Subsequently,
the RCs and HBMSCs were incubated with 10% CCK8
solution in an incubator with 5% CO;for 1.5 h at 37 °C,
and the OD value was measured at 450 nm. Moreover,
to observe the morphology and adhesion of cells on
BGC and 7.5Mo-BGC scaffolds, RCs and HBMSCs
were cultured with BGC and 7.5Mo-BGC scaffolds for
1 and 7 days. Then, the culture medium was removed
and scaffolds were fixed with 2.5% glutaraldehyde for
20 min, washed with deionized water three times, and
then dehydrated in graded ethanol (30%, 50%, 70%,
80%, 90%, 95%, and 100%) and hexamethyldisilizane
(HMDS) in sequence. Finally, the dehydrated cellular
scaffolds were coated with gold and observed by SEM
(SU8220, HITACHI, Japan). Meanwhile, the
cytoskeleton and cell nuclei were stained by
fluorescein isothiocyanate phalloidin (Sigma-Aldrich,
USA) and DAPI (Sigma-Aldrich, USA), respectively.
Then the morphology of RCs and HBMSCs cultured
on BGC and 7.5Mo-BGC scaffolds was observed by
CLSM (Leica TCS SP8).

Effects of MoO4? ions on chondrogenic
differentiation of RCs and HBMSCs in a
co-culture system

An in vitro co-culture model of RCs, HBMSCs
and MoO,?* ions was established to explore the effect
of MoO,* ions on chondrogenic differentiation.
Firstly, HBMSCs were seeded onto the lower
chambers of a 6-well plate (Thermo Fisher Scientific)
and RCs were seeded onto Mllicell hanging cell
culture inserts (0.4 pm pore size; Millipore, Billerica,
MA, USA). The RCs and HBMSCs were respectively
seeded onto the insert and well at a ratio of 1:1 (200000
cells). The growth medium consisted of low-glucose
DMEM, 10% FBS, and 1% penicillin-streptomycin.
After the co-culture system was maintained in an
incubator with 5% CO, at 37 °C for 24 h, the co-culture
medium was replaced by growth medium containing
different concentrations of MoO4% ions (2, 6, 10 mg/L
of Mo), with the co-culture of RCs and HBMSCs
without MoO,?* ions (0 mg/L) as control group. After
3 days, cells were collected and total RNAs of HIF-1a,
HIF-2a, SOX9, COL II, ACAN, TIMP3, MMP13 and
ADAMTS5 from the co-cultured cells were extracted
for real-time PCR assay. The sequences of gene used
for real-time PCR are shown in Table S3.

In vivo repair of osteochondral defects by
7.5Mo-BGC scaffolds

The animal experimental protocol used in this
study was approved by the Nanjing Medical
University Ethics Committee. Twenty-eight New
Zealand white rabbits (2.5-3.0 kg, 6 months) were
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chosen as models for evaluating the efficacy of
repairing osteochondral defects of BGC (control
group) and 7.5Mo-BGC scaffolds. Two osteochondral
cylindrical cartilage defects were created (diameter: 4
mm, height: 5 mm) in the patellar groove, then BGC or
7.5Mo-BGC scaffolds were implanted into these
defects, respectively. The untreated defects were the
blank group (n=7 for each group). After 8 or 12 weeks,
rabbits were sacrificed and seven knee joint
specimens from each group were collected. The
collected specimens from each group were
photographed for evaluating the regeneration efficacy
of articular cartilage in accordance with the ICRS
macroscopic assessment scale for cartilage repair [38].
Additionally, a micro-CT scanner (Bruker, Germany)
was used to acquire 3D reconstruction images and
analyze the new cartilage and bone tissue formation.
After photographing and micro-CT analysis, six
sections from each specimen were stained with
safranin O and alizarin red to further evaluate the
regeneration efficacy of articular cartilage and
subchondral bone.

Statistical analysis

All data are expressed as mean * standard
deviation (SD) and were analyzed using one-way
ANOVA statistical analysis to evaluate the
significance of the experimental data. *P < 0.05, **P <
0.01, ***P < 0.001.

Results

The CaMoO; phase formed during the calcining
process of Mo-BGC powders at 800 °C and improved
compressive strength of the scaffolds through
enhancing the surface densification of scaffolds. The
in vitro experiment demonstrated that 1/8 dilute
solution of 7.5Mo-BGC powder extract significantly
promoted chondrogenic differentiation of RCs and
osteogenic differentiation of HBMSCs respectively as
compared to BGC. The in vivo animal experiment
showed that 7.5Mo-BGC scaffolds promoted
cartilage/bone regeneration simultaneously better
than BGC. The mechanism investigation indicated
that The MoOs* ions in the co-culture system
significantly stimulated the chondrogenic
differentiation of RCs and meanwhile induced the
chondrogenesis of HBMSCs.

Characterization of Mo-BGC scaffolds

Photographs of four kinds of scaffolds (BGC,
2Mo-BGC, 5Mo-BGC and 7.5Mo-BGC scaffolds) are
shown in Figure 1A. It could be seen that the color of
all the scaffolds was white and their macroscopic
appearances did not exhibit obvious differences
(Figure 1B). The shape of these scaffolds was

cylindrical with an approximate diameter of 8 mm
and height of 2 mm. However, the microstructure of
these scaffolds was very distinct. Different sizes of
micropores were distributed on the strut walls of the
BGC scaffold, while these micropores disappeared in
the Mo-BGC scaffolds.

Figure IM-N shows the XRD patterns of BGC
and (2, 5, 7.5)Mo-BGC powders calcined at 800 °C (M)
and sintered at 1350 °C (N). Some broad peaks
appeared at 23° according to the XRD patterns of the
BGC and (2, 5, 7.5)Mo-BGC powders, indicating that
some amorphous phases existed in the synthesized
powders. The BGC powders mainly consisted of
CaSiOs and Cai1o(PO4)s(OH)2 phases. Also, the
CaMoO, phase could be detected in the (2, 5,
7.5)Mo-BGC powders in addition to CaSiO; and
Cai10(PO4)s(OH)2 phases, indicating that CaMoO,
could form at the calcining process of (2, 5,
7.5)Mo-BGC powders at 800 °C. The diffraction peak
of the amorphous phase vanished after sintering at
1350 °C and new SiO, phases appeared in the BGC
and (2, 5, 7.5)Mo-BGC scaffolds. In addition, the
Cai9(PO4)s(OH)2 phase transformed to Cas(POs)2
phase at 1350 °C. The diffraction peaks of CaMoO;
were indexed to the tetragonal phase with the cell
parameters a=5.226 A, b=5.226 A and c=11.430 A
(ICDD/JCPDS Card No. 29-0351). Because of its low
melting point (965 °C), the CaMoOs phase melted
during the sintering process at 1350 °C, which thus
could enhance the surface density of Mo-BGC
scaffolds.

In order to further check the phase compositions
of Mo-BGC scaffolds, EDS analysis for element
mapping was conducted (Figure 2A). The CaMoO,,
5i0;, and CaSiOs crystal phases in 5Mo-BGC scaffold
could be clearly identified owing to the strong signal
intensities of Ca, Si and Mo elements, while the signal
intensity of P element was relatively weak. In
addition, selected area electron diffraction (SAED),
high-resolution transmission electron microscopy
(HRTEM) and energy dispersive spectrometry (EDS)
were performed to analyze randomly chosen
fragments from 5Mo-BGC scaffold. Figure 2B shows
the SAED, HRTEM and EDS results of CaMoOs. Some
ordered and sharp diffraction spots of CaMoO; crystal
(Figure 2B;) were acquired, which indicated that
CaMo0; exists in the Mo-BGC scaffolds in the form of
a monocrystal. The SAED pattern of CaMoO,
monocrystal was indexed to a tetragonal scheelite
structure. Figure 2B, shows the HRTEM image of
CaMoO4 monocrystal with an interplanar spacing of
0.198 nm corresponding to the crystal face (213) of
CaMoO;. The detected atomic percentages of Ca, Mo
and O elements in CaMoO; were 11.36+0.97%,
15.3720.96% and 72.67+1.87%, respectively. Figure
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2C-D show the SAED, HRTEM and EDS results of the
SiO,, and CaSiOs; phases. The diffraction spots of
monocrystal SiO> were well acquired according to the
SAED (Figure 2C;), while it was interesting that the
interplanar spacing of the SiO; phase could not be
well identified by HRTEM (Figure 2Cz). A possible

reason is that the crystal structure of monocrystal SiO»
was destroyed due to the high-energy electron beam.
In addition, the diffraction spots, interplanar spacing
of the crystal face (117) and detected atomic
percentages of Ca, Si and O elements of CaSiO;
monocrystal are shown in Figure 2D.

M = CaMoO, —BGC m CaMoO, ——BGC
. e CaSiO, — ::O-ggg = * Si0, —— 2Mo-BGC
— ohlo-| & Ca (PO) ——5Mo-BGC
—_ ¢ C2,PONOM, 7 5m0-86¢ —_ o C;S(io 7 smo-BGC
3 3 ** ’
s &
> >
= =
n 7]
c c
2 2
= =

= ;

15 20 25 30 35 40 45 50 55 60 65 70 75 80
(o]

15 20 25 30 35 40 45 50 55 60 65
2009

Figure 1. Photographs of 3D-printed BGC (A), 2Mo-BGC (B), 5Mo-BGC (C) and 7.5Mo-BGC (D) scaffolds. Optical microscopy images of BGC (E), 2Mo-BGC (F), 5Mo-BGC
(G) and 7.5Mo-BGC (H) scaffolds. SEM images of BGC (I), 2Mo-BGC (J), 5Mo-BGC (K) and 7.5Mo-BGC (L) scaffolds. XRD patterns of BGC, (2, 5, 7.5)Mo-BGC powders
calcined at 800 °C (M) and BGC, (2, 5, 7.5)Mo-BGC scaffolds sintered at 1350 °C (N). The CaMoOs phase was able to regulate the surface morphology of the scaffolds and

effectively improve the surface densification of Mo-BGC scaffolds.
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Figure 2. The element distribution images of 3D-printed 5Mo-BGC scaffold (Ai-Ag). SAED patterns (B1, Ci, D1), HRTEM images (B2, C2, D2) and EDS analyses (B3, C3, D3)
of CaMoO4 (Bi-B3), SiO2 (Ci-C3) and CaSiO; (D1-Ds) crystals in 5Mo-BGC scaffold. CaMoOs, SiO3, and CaSiO; phases in the 5Mo-BGC scaffold were clearly identified in the

form of monocrystal.

Compressive strength and degradation
behavior of Mo-BGC scaffolds

The compressive strength results of BGC and (2,
5, 7.5)Mo-BGC scaffolds are shown in Figure 3A-B.
The average compressive strengths of BGC,
2Mo-BGC, 5Mo-BGC and 7.5Mo-BGC were 11.77+0.65
MPa, 13.49+0.69 MPa, 17.66+1.20 MPa, 22.60+0.54
MPa, respectively. It could be seen that the
compressive strength of BGC scaffolds was

significantly improved through addition of Mo and
the compressive strength of Mo-BGC scaffolds
increased as the Mo content increased. The
degradation behavior (Figure 3C) of BGC and (2, 5,
7.5)Mo-BGC scaffolds revealed that all the scaffolds
could degrade in tris-HCl solution and the BGC
scaffolds possessed the largest weight loss at the same
time point. The weight losses of BGC, 2Mo-BGC,
5Mo-BGC, 7.5Mo-BGC scaffolds were respectively
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Figure 3. Compressive strength curves as a function of time (A) and compressive strength of BGC and (2, 5, 7.5)Mo-BGC scaffolds (B). The degradation behavior of BGC and
(2, 5, 7.5)Mo-BGC scaffolds immersed in tris-HCI solution (C). The average release of Mo from scaffolds in tris-HCI solution at each time point (D). The compressive strength
of BGC scaffolds was remarkably enhanced by adding Mo. The Mo-BGC scaffolds degraded effectively and released Mo (MoOa4?- ions) continuously.

calculated to be 20.95+0.47%, 15.79+0.50%,
10.43+0.68%, and 5.89+0.65% at day 28. The release
rate of Mo (MoOs? ions) from scaffolds immersed in
tris-HCI solution is shown in Figure 3D. The release
rates of Ca, Si and P from scaffolds are shown in
Figure S2. BGC did not release Mo. From 2Mo-BGC to
7.5Mo-BGC, the release rate of Mo increased
gradually, which was attributed to the increased Mo
contents in the Mo-BGC scaffolds (Table S1).
However, the release rates of Si and Ca exhibited the
inverse trend as compared to Mo, which was
consistent with the weight loss principle for BGC and
Mo-BGC scaffolds. In addition, the release rates of P
exhibited an inverse trend compared to Ca and Si. A
possible reason is that Ca in the solution could inhibit
the release of P through the common-ion effect
because the release of P was accompanied by release
of Ca from Caz(POs)».

In vitro proliferation and differentiation of RCs
and HBMSC:s cultivated with dilute solutions of
7.5Mo-BGC powder extract

Figure 4A and Figure 4F respectively show the
proliferation levels of RCs (A) and HBMSCs (F)
cultured with dilute solutions of BGC and 7.5Mo-BGC
powder extracts (200 mg/mL). The RCs and HBMSCs
presented different proliferation levels, which

indicated that the ion concentration in dilute solution
had a significant influence on their proliferation.
Compared to BGC, nearly all the dilute solutions of
7.5Mo-BGC powder extract could enhance the
proliferation of RCs at day 1, while only high
concentrations of dilute solutions (1, 1/2, 1/4, 1/8
groups) of 7.5Mo-BGC powder extract could
effectively promote proliferation of RCs at day 3 and
7. For HBMSCs, the proliferation performance did not
show an obvious difference at day 1 when cultured
with dilute solutions of BGC and 7.5Mo-BGC powder
extracts, while nearly all the dilute solutions of
7.5Mo-BGC powder extract could promote the
proliferation of HBMSCs at days 3 and 7 compared to
BGC. The gene expressions related to chondrogenic
differentiation of RCs (Figure 4B-E) and osteogenic
differentiation of HBMSCs (Figure 4G-J) cultured
with dilute solutions (1/2, 1/8 and 1/64 groups) of
BGC and 7.5Mo-BGC powder extracts at day 7 are
shown in Figure 4. It could be seen that all gene
expressions related to chondrogenic and osteogenic
differentiation in the dilute solutions were higher than
those of the blank group. The expressions related to
chondrogenic differentiation did not present obvious
differences between the 1/2 group of dilute solutions
of BGC and 7.5Mo-BGC powder extracts. The 1/8
dilute solution of 7.5Mo-BGC powder extract
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significantly upregulated the gene expressions of
SOX9, COL 1I, ACAN and N-cadh compared to BGC.
The 1/64 dilute solution of 7.5Mo-BGC powder
extract significantly upregulated the gene expressions
of SOX9, COL II and ACAN compared to BGC.
Therefore, it could be concluded that the low ion
concentration of dilute solutions of 7.5Mo-BGC
powder extract in the 1/8 and 1/64 groups better
promoted chondrogenic differentiation compared to
BGC. For the osteogenic differentiation of HBMSCs,
the 1/2 dilute solution of 7.5Mo-BGC powder extract
more significantly improved the expressions of OCN
and BMP2 genes than BGC. The 1/8 dilute solution of
75Mo-BGC powder extract more significantly
improved the gene expressions of COL I, BMP2 and
RUNX2 than BGC, while the 1/64 dilute solution of
7.5Mo-BGC powder extract did not show obvious
stimulation of the osteogenic differentiation of
HBMSCs compared to BGC. In summary, the 1/8
dilute solution of 7.5Mo-BGC powder extract
effectively enhanced chondrogenic differentiation of
RCs and osteogenic differentiation of HBMSCs
simultaneously as compared to BGC.

ALP and alizarin red stainings of HBMSCs
cultivated with dilute solutions of 7.5Mo-BGC
powder extract

Figure 5A-B shows ALP (A) and alizarin red (B)
stained images of HBMSCs. 1/2,1/8, and 1/64 dilute
solutions of BGC and 7.5Mo-BGC powder extracts
significantly =~ stimulated ALP expression and
enhanced the calcium nodule number in HBMSCs as
compared to the blank group. The 1/8 group more
effectively upregulated ALP expression and enhanced
more calcium nodules compared to the other groups.
In addition, the group exposed to 1/8 solution of
7.5Mo-BGC powder extract had more ALP expression
and calcium nodules than the group exposed to BGC.
The enhancement of ALP expression and calcium
nodules indicated the early mineralization of
osteogenic differentiation in HBMSCs. Therefore, it
could be concluded that the 1/8 dilute solution of
7.5Mo-BGC powder extract could be more conducive
to osteogenesis.

In vitro proliferation and attachment of RCs
and HBMSCs on Mo-BGC scaffolds

Figure 6A-B shows the proliferation of RCs (A)
and HBMSCs (B) cultured with BGC and Mo-BGC
scaffolds. The results revealed that 7.5Mo-BGC
scaffolds could significantly improve the proliferation
of RCs and HBMSCs as compared to BGC. This effect
was more obvious with cultivation. The 5Mo-BGC
scaffolds significantly stimulated the proliferation of
RCs at day 7 and stimulated the proliferation of

HBMSCs at day 1, 3 and 7 as compared to BGC
scaffolds. CLSM images of RCs at day 1, 7 and SEM
images of RCs at day 7 seeding on BGC and
7.5Mo-BGC scaffolds are shown in Figure 6C. It could
be seen that there were few RCs on the surface of BGC
and 7.5Mo-BGC scaffolds at day 1 and there were
more RCs at day 7, indicating that the RCs could
proliferate well on the scaffolds over the culture time.
The HBMSCs on the BGC and 7.5Mo-BGC scaffolds
presented a similar performance to RCs (Figure 6D).
Additionally, it could be seen that RCs on the
7.5Mo-BGC scaffold had better spread morphology
than those on the BGC scaffold, and HBMSCs on the
7.5Mo-BGC scaffold had more abundant filopodia
than those on the BGC scaffold, as observed by SEM
and confocal laser scanning microscopy (CLSM).

Effect of MoO42- ions on chondrogenic
differentiation of RCs in a co-culture system

In order to investigate the effect of MoO,? ions
on the chondrogenic differentiation of co-cultured
RCs as well as the related mechanism, different
concentrations of MoO4? ions were cultured with both
RCs and HBMSCs in a co-culture system. The results
showed that MoOs* ions could be involved in
motivating the anabolic responses of co-cultured RCs
(Figure 7). The gene expression of hypoxia inducible
factor-la (HIF-la) was remarkably upregulated by
MoO4? ions in the co-culture system, implying that
the HIF-1a signaling pathway of co-cultured RCs was
activated. The activated HIF-la signaling pathway
could stimulate the gene expression of chondrogenic
differentiation molecular switch SOX9 that could
further stimulate the gene expressions of COL II and
ACAN, indicating that MoO4? ions could promote the
phenotype and chondrogenic differentiation of RCs.

Furthermore, the gene expression of hypoxia
inducible factor-2a (HIF-2a) and its downstream
catabolic factors including matrix metalloproteinases
(MMP13), aggrecanase-2 (ADAMTS5) and key
anticatabolic factor TIMP3 were also explored. The
results showed that MoOs* ions decreased the
expression of HIF-2a, especially at high concentration.
The expression of TIMP3 was highly upregulated by
MoO42 ions, while MMP13 and ADAMTS5 were
effectively inhibited by MoO4* ions. In summary,
MoO4% ions stimulated the anabolic responses of
co-cultured RCs through initiating the HIF-1a
signaling pathway, which was indicated by the
upregulation of HIF-1a, SOX9, COL II and ACAN,
and simultaneously inhibited the catabolic responses
of co-cultured RCs, which was indicated by the
downregulation of HIF-2a, MMP13, ADAMTS5 as
well as upregulation of TIMP3.
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Figure 4. Proliferation of RCs (A) and HBMSCs (F) cultivated with dilute solutions of BGC and 7.5Mo-BGC powder extracts. The gene expressions of RCs (B-E) and HBMSCs
(G-)) cultivated with 1/2, 1/8 and 1/64 dilute solutions of BGC and 7.5Mo-BGC powder extracts at day 7. The 1/8 dilute solution of 7.5Mo-BGC powder extract effectively
enhanced chondrogenic differentiation of RCs and osteogenic differentiation of HBMSCs as compared to BGC.
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7.5Mo-BGC-1/64

ALP staining

Alizarin red staining

Figure 5. ALP staining (A) and alizarin red staining images (B) of HBMSCs cultured with 1/2, 1/8 and 1/64 dilute solutions of BGC and 7.5Mo-BGC powder extracts at day 7.
The dilute solutions of 7.5Mo-BGC powder extract, especially the 1/8 group, improved the expression of ALP and simultaneously stimulated the formation of more calcium

nodules as compared to BGC.

Effect of MoO42- ions on chondrogenic
differentiation of HBMSCs in a co-culture
system

The related gene expressions of the HIF-la
signaling pathway in co-cultured HBMSCs were also
analyzed. The gene expression of HIF-1a in groups
treated with MoOs* ions showed significant
upregulation compared to the control group without
MoO4% ions, indicating that the HIF-la signaling
pathway of co-cultured HBMSCs was also activated
by MoO4? ions (Figure 8).

Simultaneously, the gene expressions of COL II
and ACAN were remarkably enhanced by MoOs>
ions, indicating that the co-cultured HBMSCs could
be induced to chondrogenic differentiation under
stimulation by MoO,? ions in the co-culture system.
For the HIF-2a gene, there was no significant
expression difference between all groups treated with
MoO,? ions and the control group. However, it was
clear that MoOs* ions not only remarkably
upregulated the gene expression of TIMP3, but also
significantly downregulated the gene expressions of
MMP13 and ADAMTS5. Therefore, it can be
concluded that MoOs* ions promote anabolic
responses of co-cultured HBMSCs in the co-culture

system through activating the HIF-la signaling
pathway, and weaken catabolic responses through
upregulating the expression of anticatabolic factor
TIMP3, and simultaneously downregulating the
expression of catabolic factors including MMP13 and
ADAMTSS, finally stimulating the chondrogenic
differentiation of co-cultured HBMSCs.

In vivo repair of osteochondral defects by
7.5Mo-BGC scaffolds

The in wvivo repair efficacy of osteochondral
defects by 7.5Mo-BGC scaffolds was evaluated in a
rabbit osteochondral defect model. The representative
overall appearance and micro-CT analysis results of
knee joints collected at week 8 and 12 are shown in
Figure 9. It could be seen that osteochondral defects of
the blank group did not completely heal at week 8 and
12. The blank group had poor bone regeneration at
week 8, indicated by the large residual void spaces
with a few new tissues in the bottom. At week 12,
even though some new tissues began to form and fill
in the void space, there were remaining small void
spaces according to the micro-CT analysis. For the
BGC and 7.5Mo-BGC groups, the defects were ready
for complete healing with some new tissues covering
the tops of the scaffolds in the defects at week 8, and
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Figure 6. Proliferation of RCs (A) and HBMSCs (B) cultured with 3D-printed BGC and Mo-BGC scaffolds. (C) CLSM images at day 1, 7 and SEM images at day 7 of RCs
cultured on BGC and 7.5Mo-BGC scaffolds. (D) CLSM images at day 1, 7 and SEM images at day 7 of HBMSC:s cultured on BGC and 7.5Mo-BGC scaffolds. 7.5Mo-BGC scaffolds
significantly promoted the proliferation of RCs and HBMSCs as compared to the BGC scaffolds.

the whole tops of the scaffolds in the defects had been
covered by new tissue at week 12. It was hard to
identify the repair capacity of BGC and 7.5Mo-BGC
scaffolds only through the overall appearance of the
collected knee joints. However, the 7.5Mo-BGC
scaffolds had a better capacity for repairing defects
than BGC scaffolds according to micro-CT analysis.
The micro-CT analysis results showed that there were
more new bone tissues (red color) surrounding and in
the interior of the 7.5Mo-BGC scaffolds than BGC
scaffolds, especially at week 12.

To further evaluate the efficacy of 7.5Mo-BGC
scaffolds for repairing osteochondral defects,
histological sections of defect positions in blank, BGC
and 7.5Mo-BGC groups were stained by safranin O
and alizarin red, and then analyzed. The safranin O
staining results are shown in Figure 10. For the blank

group at week 8, large residual void spaces were
observed, indicating poor bone regeneration. For the
BGC and 7.5Mo-BGC groups, some hyaline
cartilage-like tissues, glycosaminoglycans (GAGs),
which are an indispensable ingredient in the
extracellular matrix of articular cartilage, were
gradually forming on the tops of the scaffolds. At
week 12, the tops and margins of the osteochondral
defects in the blank group were covered by some
GAGs, while there were still some residual void
spaces inside the defects. For the BGC and 7.5Mo-BGC
groups, numerous GAGs and some neo-bone tissues
could be seen on the tops of the scaffolds. The
7.5Mo-BGC scaffolds exhibited more GAGs and
neo-bone tissues than BGC scaffolds. In addition,
some GAGs could be observed in the interior voids of
the 7.5Mo-BGC scaffolds, indicating that 7.5Mo-BGC
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scaffolds could be more conducive to generation of
GAGs. The alizarin red staining results are shown in
Figure 11. For the blank group, residual void spaces
were very visible owing to the limited bone
regeneration capacity at week 8 and some relatively
small void spaces still remained at week 12. In
contrast, 7.5Mo-BGC significantly promoted more

new bone formation, which was characterized by
more alizarin red than the blank and BGC groups. In
addition, some new bone tissues filled the interior
voids of the 7.5Mo-BGC scaffolds, indicating that
7.5Mo-BGC scaffolds possess a better ability to induce
osteogenesis than BGC scaffolds.

A B
3.2 16
s **HIF-Ta = “THIF-2a
g - % g 1.4 T
o % 912] |
g 24 | s
% 1.0
%) _L| g
< 2.0 < 08
& z
£ 161 % 0.6
4]
£ 1.2- g 0.4
[1+] -
_— @ 0.2
& 0.8 E
0 2 6 10 w0 2 6 10
Concentration of Mo (mg/L) Concentration of Mo (mg/L)
c Co-culture D Co-culture
2.4 26
< 1SOX9 ,.]jCOLI
0 22 .
@ 22 &=

g
=)
1

Relative mRNA expres:
2EERER &
J*
Fx
B
%

Concentration of Mo (mg/L)
Co-culture

JACAN

sion M
NN
F -

*
L

i
[N}
h

Relative mRNA expres
Sa2axaa
(=]
J*
. it

Ing
=)
N

Concentration of Mo (mg/L)

*%
w*kk

g
=)
N

Relative mRNA expression
S2Riss
o J
N
o)
| |
(=]

0.6-
Concentration of Mo (mg/L)
Co-culture

2.4
221TIMP3 &
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4]
0.2

Relative mRNA expression T

g

Concentratlon of Mo (mgIL)

G Co-culture H Co-culture
16 1.6
= “TMMP13 s JADAMTSS5
'% 1.4 = 1.4
*%k e
B 1.2 ooy § 1.2
3'10 10
g U4 b .04
< 0.8
=z

Relative mR
e o o o
B

Concentration of Mo (mg/L)
Co-culture

Relative mRNA
°© © o o o
o N B (2] [
L i 1 1 1
E x-

Concentratuon of Mo (mgIL)
Co-culture

Figure 7. The effect of MoO42- ions on the chondrogenic differentiation of co-cultured RCs. MoO42- ions stimulated the anabolic responses of co-cultured RCs through initiating
the HIF-1a signaling pathway, indicated by the upregulation of HIF-1a, SOX9, COL II, and ACAN genes expressions, and simultaneously inhibited the catabolic responses of
co-cultured RCs, indicated by the downregulation of HIF-2a, MMP13, ADAMTSS genes expressions as well as upregulation of TIMP3 gene expression.
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Figure 8. The effect of MoOa42 ions on the chondrogenic differentiation of HBMSC:s in the co-culture system. MoO42- ions promoted the anabolic responses of co-cultured
HBMSCs through activating the HIF-1a signaling pathway, indicated by the upregulation of HIF-1a, SOX9, COL Il, and ACAN genes expressions, and weakened catabolic
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7.5Mo-BGC
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Figure 9. Digital photographs and micro-CT imaging analyses of defects in blank, BGC and 7.5Mo-BGC groups at weeks 8 and 12. Digital photographs showed the overall
appearance of defects of blank (A), BGC (G), and 7.5Mo-BGC (M) groups at week 8 and blank (D), BGC (J), and 7.5Mo-BGC (P) groups at week 12. The transverse view of
3D reconstruction images of blank (B), BGC (H), and 7.5Mo-BGC (N) groups at week 8 and blank (E), BGC (K), and 7.5Mo-BGC (Q) groups at week 12. The vertical view
of 3D reconstruction images of blank (C), BGC (I), and 7.5Mo-BGC (O) groups at week 8 and blank (F), BGC (L), and 7.5Mo-BGC (R) groups at week 12. In the 3D
reconstruction images, the off-white, red and green colors stand for primary bone, new bone, and scaffold, respectively. Digital photographs and micro-CT analyses of
osteochondral defects demonstrated that 7.5Mo-BGC effectively enhanced the regeneration of both cartilage and subchondral bone as compared to blank and BGC groups at

weeks 8 and 12.
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Figure 10. In vivo articular cartilage regeneration evaluation by safranin O staining. Safranin O-stained images of blank (A-B), BGC (E-F), and 7.5Mo-BGC (I-J) groups at week
8 and blank (C-D), BGC (G-H), and 7.5Mo-BGC (K-L) groups at week 12. The safranin O staining results showed that the 7.5Mo-BGC group possessed more hyaline

cartilage-like tissues than the blank and BGC groups.

Discussion

Molybdenum (Mo) is an essential trace element
for plants, animals and microorganisms and it
constitutes several Mo-enzymes that play important
roles in physiology. Even though a few investigations
have focused on preparing bioactive glass ceramics
containing Mo, the effects of Mo on RCs and HBMSCs
as well as the application of Mo to bone tissue
engineering have not been reported so far. Therefore,
Mo-BGC scaffolds were successfully fabricated
through combining a sol-gel method with 3D printing
technique. The effects of Mo in the bioactive glass on
the maturation, proliferation and differentiation of
RCs and HBMSCs were firstly systematically
investigated. Finally, the 7.5Mo-BGC scaffolds were
applied to osteochondral defects to evaluate their
prospect in bone tissue engineering.

When introducing Mo into the bioactive glass,

Mo reacted with Ca and O elements to form CaMoO4
phase during the calcining process at 800 °C, as
evidenced by XRD characterization. After sintering at
1350 °C, the Mo-BGC scaffolds were composed of
CaMoOs, SiO;, and CaSiOs; and Caz(POs)2 phases. It
was interesting that the incorporation of Mo into the
bioactive glass scaffolds significantly enhanced the
compressive strength of the scaffolds and the
compressive strength increased as the Mo content
increased. In addition, the weight loss of the scaffolds
decreased as the Mo content increased. The related
reasons are described as follows: When the original
3D-printed scaffolds were sintered at 1350 °C, the
CaMoO, phase melted because of its low melting
point (965 °C). The melted CaMoO; phase plays an
important role in connecting other phases such as
5i0,, CaSiOs; and Ca3(POs)2, as shown in the EDS
images and boosts the surface densification of the
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BGC

Figure 11. Invivo subchondral bone regeneration evaluation by alizarin red staining. Alizarin red-stained images of blank (A-B), BGC (E-F), and 7.5Mo-BGC (I-J) groups at week
8 and blank (C-D), BGC (G-H), and 7.5Mo-BGC (K-L) groups at week 12. The alizarin red staining results showed that 7.5Mo-BGC better promoted the formation of

subchondral bone than the blank and BGC groups.

scaffolds. According to the SEM images in Figure
1I-L, the surface of the scaffold became more compact
with the increase of Mo content and some micropores
in the BGC scaffold disappeared. The improved
densification of the scaffolds could be beneficial for
enhancement of their compressive strength.
Therefore, the compressive strength of the scaffolds
increased as the Mo content increased. During
evaluation of the degradation behavior of BGC and
Mo-BGC, it was found that the weight loss of the
scaffold decreased as the Mo content increased. A
possible reason is that the improved surface
densification of Mo-BGC scaffolds decreases the
micropores and makes the surface contact area
between the scaffolds and tris-HCl solution decrease
in comparison with BGC scaffold.

One important result from this study is that the
prepared 7.5Mo-BGC powder extract significantly

promoted the proliferation and differentiation of RCs
and HBMSCs in vitro. The proliferation results of RCs
cultured with dilute solutions of BGC and 7.5Mo-BGC
powder extracts (200 mg/mL) showed that high
concentration (1, 1/2, 1/4, 1/8 groups) of 7.5Mo-BGC
powder extract promoted proliferation of RCs more
than BGC with cultivation. The expression levels of
typical markers (COL II, ACAN, SOX9 and N-cadh)
for chondrogenic differentiation in the cells treated
with 1/8 and 1/64 dilute solutions of 7.5Mo-BGC
powder extract were also significantly improved as
compared to those of cells treated with BGC. The in
vitro proliferation results of HBMSCs showed that
1/2, 1/8 and 1/64 dilute solutions of 7.5Mo-BGC
powder extract more effectively stimulated the
proliferation of HBMSCs at day 3 and day 7 than
BGC. The expression levels of typical markers (COL],
BMP2, OPN, and RUNX2) for osteogenic
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differentiation in the group treated with 1/8 dilute
solution of 7.5Mo-BGC powder extract were
significantly improved compared to those of the BGC
group, indicating that the 1/8 solution could
effectively promote osteogenic differentiation. In
addition, there existed obvious gene expression level
differences of SOX9, N-cadh, BMP2 between different
groups treated with dilute solutions of 7.5Mo-BGC
powder extract. However, most of the gene
expressions did not have apparent differences
between different groups of dilute solutions of BGC
powder extract. Therefore, it could be inferred that
MoO,?* ions played a critical role in regulating gene
expressions related to chondrogenic and osteogenic
differentiation. And, different concentrations of
MoOg4?> ions could discriminatively regulate gene
expression. Gene expression largely depends on ionic
concentration, which has been reported in the
literature. For example, Deng et al. investigated the
effect of Mn?* on chondrogenesis. The results showed
that the N-cadh gene expression level increased with
the increase of Mn?* concentration when the Mn?*
concentration was in the range of 0-0.5 pg/mL, while
the N-cadh gene expression level decreased with an
increase of Mn?* concentration when the Mn?*
concentration was in the range of 0.5-2.0 png/mL [39].
Mao et al. investigated the synergistic effect of
bioactive Sr and Si ions on osteogenesis,
osteoclastogenesis and angiogenesis. The results
showed that the gene expression level of
OPN/RANKL stimulated by 3.07 mg/L Sr ions was
higher than that of the blank group, while the gene
expression level of OPN/RANKL stimulated by 6.15
mg/L Sr ions decreased compared to treatment with
3.07 mg/L Sr ions [40]. Therefore, it could be
concluded that the concentration of bioactive ions
plays a vital role in regulating gene expression. When
the ion species is the same, each gene has the optimal
ionic concentration range to stimulate its expression.
When the HBMSCs were cultured with dilute
solutions of 7.5Mo-BGC powder extract, ALP gene
expression and calcium deposit formation in HBMSCs
were significantly enhanced as compared to those
cells treated with BGC. The ALP gene expression
upregulation marked early mineralization of
osteogenic differentiation in HBMSCs. Additionally,
the 7.5Mo-BGC scaffolds also significantly improved
the proliferation and attachment of RCs and HBMSCs
in vitro as compared to BGC.

Another interesting result was that 3D-printed
7.5Mo-BGC scaffolds not only promoted the
preservation of hyaline cartilage-like tissues, but also
stimulated the reconstruction of subchondral bone in
vivo. In the past, different types of scaffolds have been
developed to repair osteochondral defects, such as

biphasic, triphasic, and multilayered gradient
scaffolds, but they could not biologically mimic the
natural structure and functional properties of
cartilage and subchondral bone. Moreover, different
kinds of signaling molecules have been incorporated
into scaffolds to further enhance their efficacy for
repairing osteochondral defects [41, 42]. However,
some adverse side effects would be caused by these
signaling molecules [43, 44]. Therefore, our prepared
single scaffold shows some distinct advantages

through repairing cartilage/bone defects
simultaneously.
In order to investigate the underlying

mechanism of MoO4* ions affecting chondrogenic
differentiation, a co-culture system of RCs and
HBMSCs was established based on the following
considerations. A co-culture system can better mimic
the native cartilage microenvironment in vivo.
Additionally, a co-culture of both chondrocytes and
HBMSCs has been extensively reported to effectively
prevent the dedifferentiation of chondrocytes and
could reduce the number of chondrocytes needed
[45-47]. Therefore, the adoption of an in vitro RCs and
hBMSCs co-culture model helped to more objectively
investigate the effect of MoOs* ions on
chondrogenesis. The potential mechanism of
7.5Mo-BGC promoting RCs maturation and cartilage
regeneration may be closely related to MoO,* ions
activating anabolic responses (HIF-la signaling
pathway) and suppressing catabolic responses. It was
reported that HIF-1a, as an important regulator of
cartilage homeostasis, could induce chondrogenesis
by regulating the expression of chondrogenic
differentiation molecular switch SOX9 in hypoxic
pre-chondrogenic cells and protect articular cartilage
through promoting the chondrocyte phenotype,
maintaining chondrocyte viability, and supporting
metabolic adaptation to a hypoxic environment
[48-50]. The results showed that HIF-la signaling
pathway was activated by MoO4? ions in RCs and the
upregulated HIF-1a further promoted the expression
of SOX9, which subsequently enhanced the
expression of COL II and ACAN, indicating that
MoO4* ions could promote the phenotype and
chondrogenic differentiation of chondrocytes.

HIF-2a is a catabolic transcription factor in the
osteoarthritic process and it directly induces the
expression of catabolic factors in chondrocytes such as
matrix metalloproteinases and aggrecanase, and
finally causes cartilage destruction and accelerates
osteoarthritis progression [48, 51, 52]. Additionally,
the MMP13 and ADAMTS5 are able to degrade COL
II, lead to articular cartilage destruction and initiate
osteoarthritis [53-56]. Meanwhile, TIMP3, a key
anticatabolic factor and one of the endogenous
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inhibitors of MMP13 and ADAMTS5 [57-59], was also
studied. The results showed that MoOs* ions
inhibited catabolic responses of co-cultured RCs
indicative of downregulation of HIF-2a, MMP13,
ADAMTSS as well as upregulation of TIMP3.

It was noteworthy that the gene expression
levels of COL II and MMP13 in RCs and HBMSCs
stimulated by different concentrations of MoO4? ions
were obviously different, which further suggested
that ionic concentration plays a vital role in regulating
gene expression, as previously discussed. When the
concentration of Mo in MoO4? increased from 0 to 10
mg/L, the COL II gene expression level decreased
gradually. It could be concluded that the low
concentration of MoO,? ions was more beneficial for
COL 1II gene expression. Even so, the COL II gene
expression level stimulated by 10 mg/L of Mo was
still higher than that of the control group (0 mg/L),
which indicated that high concentration of MoOs*
ions could also play a role in promoting anabolism.
MMP13 is a catabolic factor, which has the opposite
effect of anabolic factors such as COL II, and can
degrade cartilage matrix. Here, the MMP13 gene
expression level increased as the Mo concentration
increased. When the Mo concentration was 2 mg/L,
the gene expression level of MMP13 was lowest,
which indicated that the low concentration of MoO4*
ions could protect cartilage matrix from the
degradation of MMP13 to a large extent and played
an important role in inhibiting catabolism.
Conversely, at high concentration of Mo (e.g., 10
mg/L), the gene expression level of MMP13 was still
lower than that of the control group, which indicated
that a high concentration of MoO,?* ions could also
play a part in inhibiting catabolism. This result was
consistent with the gene COL II expression. Similarly,
the related gene expressions of anabolic responses
(HIF-1a signaling pathway) and catabolic responses
in HBMSCs co-cultured with RCs and MoO4?* ions
were also analyzed. The results showed that MoO4*
ions promoted anabolic responses of co-cultured
HBMSCs through activating the HIF-la signaling
pathway and weakened catabolic responses through
upregulating the expression of anticatabolic factor
TIMP3, and simultaneously downregulating the
expression of catabolic factors including MMP13 and
ADAMTSS5, and finally stimulated the chondrogenic
differentiation of co-cultured HBMSCs.

Conclusion

In this study, Mo-BGC scaffolds were
successfully prepared through combining a sol-gel
method with 3D printing technique. The
incorporation of Mo into BGC not only effectively
enhanced the surface density and compressive

strength of BGC scaffolds, but also significantly
stimulated the proliferation and differentiation of
both RCs and HBMSCs in vitro. Moreover, 7.5Mo-BGC
scaffolds showed bi-lineage bioactivities for
regeneration of articular cartilage and subchondral
bone tissues in vivo. The related mechanisms are that
the MoO4? ions not only triggered anabolic responses
and stimulated chondrogenesis of co-cultured RCs
and HBMSCs through activating the HIF-1a signaling
pathway, but also restrained catabolic responses
through upregulating the expression of anticatabolic
factor TIMP3 and downregulating the expressions of
catabolic factors MMP13 and ADAMTS5. These
results suggest that Mo-BGC scaffolds with activated
anabolic responses can biologically satisfy the
requirement for regenerating articular cartilage and
subchondral bone tissues simultaneously, providing a
more extensive selection for cartilage/bone
regeneration.
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