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Osteochondral defects include the damage of cartilage and subchondral bone, which are still clinical challenges.
The general replacements are difficult to simultaneously repair cartilage and subchondral bone due to their
various requirements. Moreover, appropriate printable bioactive materials were needed for 3D bioprinting
personalized scaffolds for osteochondral repairing. Herein, the novel hydrogel was developed by hybridizing the
alginate sodium (SA) and gellan gum (GG) with the inorganic thixotropic magnesium phosphate-based gel (TMP-
BG) in the pre-crosslinking of Mg?* to enhance osteochondral repairing. SA-GG/TMP-BG hybrid hydrogels
possessed controllable rheological, injectable, mechanical properties and porosities by tuning their ratio. The
shear-thinning of SA-GG/TMP-BG was responsible for its excellent injectability. SA-GG/TMP-BG hybrid hydrogels
displayed good cell compatibility, on which MG-63 and BMSCs cells attached and spread well with the high
proliferation and up-regulated osteogenic genes. In addition, the inorganic TMP-BG gel hybridized with SA-GG
hydrogel released Mg?* was conducive to recruiting BMSCs and promoting the osteogenic and chondrogenic
differentiation of BMSCs. Histological results confirmed that SA-GG/TMP6040 significantly promoted the
osteogenesis of subchondral bone and then further facilitated the cartilage repairing after being implanted in
osteochondral defects of rabbits for 6 and 12 weeks.

Our finding revealed that the inorganic TMP-BG endowed the excellent osteogenic activity of the hybrid
hydrogels, which played a key role in successful osteochondral repairing. The newly SA-GG/TMP-BG hybrid
hydrogels appeared to be promising materials for osteochondral repairing and the further 3D bioprinting.

1. Introduction

Osteochondral lesions usually involve simultaneous injuries to the
cartilage and subchondral bone, which seriously affect the life quality of
patients [1]. Moreover, the ability of cartilage and subchondral bone to
heal is also impaired by the injuries due to the lack of blood supply and
metabolic activity [2,3]. Common clinical treatment strategies involve
transplantation of autogenous bone [4], autologous chondrocytes [5],
and micro-fracture surgery [6]. These options, however, are limited by
the limited donor availability, immune rejection and unsatisfactory
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long-term outcomes [7]. Although hydrogel-based tissue engineering
scaffolds are expected to be an effective method for osteochondral repair,
simultaneous repair of cartilage and subchondral bone remains a chal-
lenge [8,9]. A common method is to prepare two materials and they are
bonded for transplantation [10]. However, the poor interfacial bonding
force easily leads to the separation of the two materials during implan-
tation. Recently, 3D printing is emerging as a feasible technique to
fabricate scaffolds with a gradient structure of osteochondral repair [11].
Nevertheless, there is a lack of appropriate printable bioactive materials.
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In addition, minimally invasive surgery is the mainstream of joint repair.
Therefore, it is urgent to develop materials with high injectability and
bioactivity for both minimally invasive surgery and 3D printing.

Hydrogels are widely used as bioactive biomaterials due to their
excellent biocompatibility, 3D network structure similar to extracellular
matrix, good permeability and controllable mechanical properties [12,
13]. Natural hydrogels provide more adhesion sites for cells and subse-
quently promote their functional expression and reduce immune rejec-
tion in vivo, but are frequently unsatisfactory in mechanical strength [14].

Hence, composites with tunable properties are expected to solve the
above problems. In particular, inorganic phase plays important roles in
the bone. Du et al. constructed a hydroxyapatite (HA)/PCL composite
scaffold with gradient mechanical properties and ingredients via 3D
printing to promote osteochondral repair [15]. In addition, the me-
chanical strength of the composite scaffolds could be accurately
controlled by adjusting the ratio of inorganic bioactive components of
polymer materials [16]. However, it is still difficult to satisfy the multiple
demands of osteochondral repair due to the complicated preparation
process, limited bioactivity, and high cost. Preparation of hybrid tissue
engineering materials by combing bioactive ingredients and hydrogels is
expected to improve the osteochondral repaired ability of materials [17].
However, when the size of cartilage lesions are large accompanying with
the subchondral bone, it is still a severe challenge [18]. In addition,
studies reported that the core problem of osteochondral repair is fast
regeneration of the subchondral bone, which provides a good mechanical
support for subsequent repair of the cartilage [19]. Therefore, how to
improve the priority repairing of subchondral bone is one of the chal-
lenges for osteochondral regeneration.

Magnesium is the fourth largest metal element in the human body.
About 60% of the magnesium is found in the bone matrix, promoting the
adhesion, proliferation and differentiation of cells, inducing the deposi-
tion of bone minerals, and facilitating osteogenesis [20,21]. Magnesium
phosphate bone cement and magnesium metal have been extensively
used for orthopaedics [22,23]. However, magnesium phosphate bone
cement generally has complicated components accompanied by a rela-
tively intense heat release during setting [24]. The in vivo degradation
rate of magnesium metal is too fast, resulting in a local alkaline envi-
ronment and gas accumulation [25]. Nano-magnesium phosphate ma-
terial has good biological activity, which can promote bone tissue
regeneration, thereby advancing the potential application for cartilage
healing [20]. Our previous study prepared a thixotropic
nano-magnesium phosphate-based gel material (TMP-BG) mainly
composed of MgNasH(PO4)2, which combined bioactivity, injectability
and formability due to its formulation and thixotropic properties [26].
Moreover, sodium alginate (SA) and gellan gum (GG) were added into
TMP-BG to prepare a homogeneous SA-GG/TMP-BG hybrid bioink by
pre-crosslinking of Mg?" for 3D bioprinting [27]. Interestingly, me-
chanical properties of SA-GG/TMP-BG hybrid bioinks depended strongly
on their composition. This hybrid bioinks were expected to be printed
into cell-loaded scaffolds via 3D bioprinting for tissue repair. However,
the application of the SA-GG/TMP-BG hybrid material for osteochondral
repair has not been studied.

In this study, the effects of TMP-BG on the physicochemical properties
of SA-GG/TMP-BG scaffolds were examined. The biocompatibility and
bioactivity of SA-GG/TMP-BG were investigated via cell culture and in
vivo rabbit cartilage defect model implantation. The mechanism of
osteochondral repair regulation by this new SA-GG/TMP-BG hybrid
material was revealed.

2. Materials and methods
2.1. Synthesis of hybrid hydrogel scaffolds
Inorganic TMP-BG were prepared as described previously [26].

Briefly, the molar ratios of NaOH/H3PO4/Mg(OH), were chosen to be
2.87/2/1 to give a stable inorganic gel. Secondly, the 2.5% sodium
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Table 1
Proportion of hybrid organic/inorganic sodium alginate-gellan gum/magnesium
phosphate-based.

Samples SA-GG (v/V %) TMP-BG (v/v %)
SA-GG 100 0
SA-GG/TMP8020 80 20
SA-GG/TMP6040 60 40
SA-GG/TMP4060 40 60

alginate (SA, 180,947, Sigma) —3.0% gellan gum (GG, G3251, Phyto-
Tech) with good gelation properties and mechanical strength was
selected as the organic component [27]. The SA-GG and TMP-BG were
mixed thoroughly to prepare SA-GG/TMP-BG hybrid hydrogel. Finally,
hybrid hydrogel scaffolds were produced by crosslinking with 0.5 M
CaCly for 24 h. Four formulations of SA-GG/TMP-BG hydrogels are
studied (Table 1).

2.2. Physicochemical characterization

2.2.1. Rheology

The rheological behavior of four hybrid pre-gel (paste) was measured
on a Rotational Rheometer (DHR-1, TA, USA) with a parallel plate
configuration (diameter 20 mm, gap 1 mm) by three procedures. First,
the linear viscoelastic region (LVR) of four samples was measured by the
amplitude (strain) sweep, with the oscillating strain increase from
0.001% to 50% at a constant frequency of 1 Hz. Second, the dynamic
viscosity of four samples was evaluated by the shear rate increasing from
0.001 to 50 s~!. Finally, the frequency range of 0.1-100 Hz was per-
formed at the fixed shear strain within the LVR to measure the dynamic
storage modulus (G’) and loss modulus (G”). Each test procedure requires
500 pL of samples to be added to the plate.

2.2.2. Compressive test

Compressive testing of different hydrogel discs (® 20 x 8 mm) was
determined by using a Universal Mechanical Machine (5567, Instron,
USA) on the compression rate of 0.5 mm/min until a 70% compressive
strain. The compressive stiffness was calculated on the basis of the linear
deformation region of the stress-strain curve from 5% to 15% of
compressive strain [28]. The maximum compressive stress was identified
as the stress, by which all the hydrogel discs were subjected to being
destroyed.

2.2.3. FTIR and TGA

Fourier Transform Infrared Spectroscopy (FTIR, 5700, Nicolet, USA)
was utilized to investigate whether there was an interaction of functional
groups among TMP-BG and SA/GG. All the hydrogels were dried,
powdered, mixed with KBr and then pressed into disks prior to charac-
terization. Thermal Gravimetric tests were performed using a thermal
analyzer (TG209F1, Netzsch, German) where the sample was heated at a
rate of 10 °C/min under a dynamic Nj flow with a temperature range
from room temperature to 800 °C.

2.2.4. Microstructure

The morphology of four hydrogels was characterized by scanning
electronic microscopy (SEM, QUANTA FEG 250, FEI, USA). Samples were
freeze-dried by Lyophilizer (FreeZone, Labconco, USA) for 3 d. Then, the
porosity of these samples was determined using the software Image-J.

2.2.5. Biomineralization

The crosslinked hydrogels were cut into discs (#20 x 8 mm) and then
suspended in 40 mL of simulated body fluids (SBF) at 37 °C for 15 d. The
SBF was changed once a week and prepared according to a previous study
[29]. After 15 d, the samples were taken out and rinsed twice with
deionized water, and then freeze-dried for 3 d. The surface morphology
and composition was measured by SEM and X-Ray Diffraction (XRD,
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Philips, Netherlands).
2.3. In vitro cytocompatibility

2.3.1. Cell culture

The human osteoblastic cell MG-63 was cultured in DMEM (Gibico,
USA) with a 10% fetal bovine serum (FBS, ExCell, China), 1% penicillin
and streptomycin (Sigma-Aldrich, USA), which were kindly provided by
Sichuan University (Chengdu, China). Four hydrogel discs (#20 x 8 mm)
sterilized by pasteurization were placed in 6-well plates, seeded with MG-
63 cells (5 x 10* cells/sample) and incubated for 1-7 d. Culture medium
was exchanged every two days. The only MG-63 cells without the sam-
ples were treated as the control group. Each group was in triplicate.

2.3.2. Cell staining and analysis of proliferation

The MG-63 cells were stained with Rhodamine 123 (Rh123, R8004,
Sigma-Aldrich, USA) and 4/, 6-diamidino-2-phenylindole (DAPI, 4A
Biotech, China). In detail, 3 mL of 10 pg/mL Rhodamine 123 was added
to 6-well plates and incubated at 37 °C for 30 min. Subsequently, 1 mL of
1 pg/mL DAPI solution was poured into each well for 5 min of culture.
Cells were viewed under a fluorescence microscope (MXH-100, Motic,
China).

Proliferation of MG-63 cells was measured by Alamar blue (AB,
Invitrogen, USA) assay. After culture for 1, 3, 5 and 7 d, the cell culture
medium was replaced with the fresh cell culture medium containing 10%
Alamar Blue reagent. The 6-well plates were then cultivated for 4 h.
Subsequently, 100 pL of incubated medium were aspirated and measured
with a microplate reader (pQuant, Bio-Tek, USA) at 570 and 600 nm,
respectively [30].

2.3.3. Real-time qPCR assay for bone-specific genes

At the scheduled incubation time, the MG-63 cells were digested with
Trypsin (Sigma-Aldrich, USA) and collected. Total RNA was collected
using Trizol reagent (Ambion, USA) following the manufacturer's pro-
tocol. The cDNA was synthesized using a cDNA reverse transcription kit
(Thermo, USA) with the manufacturer's instruction. The resulting cDNAs
were conducted by using SYBR Green detection reagent (DBI-2220 Bes-
tar, German) on a real-time quantitative PCR (Bio-Rad, CFX96, USA).
Relative expression was evaluated using the 2722t method and the
housekeeping gene GAPDH was employed as a reference gene. To
calculate the relative value of gene expression, the MG-63 cell culture
plate served as a control and was set as 1. Primers used to amplify bone-
specific genes are shown in Table.S1.

2.4. Regulation of materials on biological functions of BMSCs

2.4.1. Scratch test and transwell assay

Bone marrow-derived mesenchymal stem cells (BMSCs) were isolated
bilaterally from the femurs of 3 week-old male SD rats [31]. The BMSCs
(1 x 10°) were seeded in a 12-well plate and cultured for 24 h. The cell
surface was with scratched a sterile 200 pL pipette tip. Then, the cells
were cultured with the samples of PBS (control group), SA-GG,
SA-GG/TMP6040 hydrogels in the F12 DMEM medium. Light photomi-
crographs were taken at O and 24 h.

Transwell assays were performed using Transwell chambers (Corn-
ing, New York, USA). BMSCs (5 x 104) were seeded in the upper chamber
containing serum-free medium and then the samples of PBS, SA-GG, SA-
GG/TMP6040 hydrogels were added. Then the Transwell was placed into
a 24 well-plate with serum-containing medium. After culture for 24 h, the
BMSCs in the upper chamber were removed. The cells migrating to the
lower layer were stained by immersing the Transwell in 0.1% crystal
violet solution for 30 min (Solarbio, China), and then observed under a
light microscope.

2.4.2. Proliferation and cell morphology of BMSCs cultured with hydrogels
BMSCs (5 x 10%, passage 3) were seeded on the surface of petri dish,
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SA-GG, SA-GG/TMP6040 hydrogels. The proliferation and cell
morphology of BMSCs were measured by the Live/Dead cell staining kit
(Meilunbio, China) and Alexa Fluor 594 labeled phalloidin cell staining
(Biotech, China) after 3 d of incubation with hydrogels. Cells were
observed under a fluorescence microscope (MXH-100, Motic, China).

2.4.3. Effects of hydrogels on differentiation of BMSCs

The BMSCs (2 x 10% passage 3) were plated into 12-well plates and
cultured in F12 DMEM medium for 12 h, after which the culture medium
was changed to osteo-inductive medium (complete medium supple-
mented with 10 mM f-glycerophosphate, 10 nM dexamethasone, and 50
uM vitamin c). The hydrogels were added and cultured with BMSCs for 7
d. The medium was changed 3 times per week. To evaluate the ability
osteogenic differentiation of BMSCs, the alkaline phosphatase (ALP) and
mineralization nodule were measured by using ALP kit (Beyotime insti-
tute of Biotechnology, China) and alizarin red S (Solarbio, China)
staining after then the BMSCs were fixed with 4% paraformaldehyde. For
cartilage differentiation, the medium was changed to chondrogenic
medium (10 ng/mL transforming growth factor-p3, 100 nM dexameth-
asone, 50 uM ascorbic acid 2-phosphate and 20 pM r-proline). The sub-
sequent treatment of BMSCs in the 7 d culture was consistent with
osteogenesis induction, and then the BMSCs were fixed and stained with
Alcian blue staining solution (Solarbio, China). Also, the immunofluor-
escence staining of collagen II (CoL II) was used to analyze chondrogenic
differentiation. All the images were captured with a fluorescence mi-
croscopy (LSCM, Al, Nikon, Japan).

2.5. In vivo animal experiments

2.5.1. Hybrid hydrogel scaffolds implantation

All the animal experiments were approved by the Animal Ethics
Committee of Southwest Jiaotong University. As illustrated in Fig. 1, the
SA-GG was hybridized with TMP-BG and then was crosslinked with CaCl,
to form SA-GG/TMP-BG hybrid hydrogel scaffold. After cutting into
discs, the hybrid hydrogel scaffolds were implanted into the knee defects.
Briefly, a total of 18 New Zealand white rabbits (male, 2.5 + 0.2 kg) were
used for the in vivo test. The rabbits were randomly divided into three
groups: the control group (non-implantation) and two experimental
groups (SA-GG and SA-GG/TMP6040). After anesthetization with so-
dium pentobarbital solution (3% w/v, 1 mL/kg)) through the ear vein, a
hole was drilled on the patellar groove of the right femur through the
articular cartilage and subchondral bone to create a full-thickness defect
(® 3.5 mm, height: 3 mm) [32]. The hydrogels (® 3.5 x 3 mm) were
transplanted into the osteochondral defects. The inflammation of rabbits
were detected and monitored by blood sample analysis 3 d after im-
plantation. Briefly, the blood cell (WBC), granulocyte, lymphocyte, and
intermediate cell, were analyzed with a XT-1800i automated hematology
system (Sysmex, Shanghai, China). The ratio of inflammatory cells to
WBC was calculated. After 6 and 12 weeks of implantation, the rabbits
were killed by injection of sodium pentobarbital, and the knee joints
containing hydrogels were harvested.

2.5.2. Gross observation

The harvested knee joints were pictured with a digital camera to
evaluate tissue repair. Tissue regeneration was preliminarily determined
according to the International Cartilage Repair Society (ICRS) histolog-
ical grading system [33,34].

2.5.3. Histological analysis

The harvested samples were rinsed with PBS, fixed in 10% neutral-
buffered formalin for 7 d, decalcified with 10% EDTA solution for 1
month, dehydrated with gradient ethanol solutions, cleared with xylene
and embedded in paraffin. The samples were cut into 2 pm sections
perpendicular to the bone. After then, the sections were stained with
hematoxylin and eosin (H&E), safranin-O (Saf-O) and Collagen II (CoL II)
to evaluate cartilage and subchondral bone regeneration and maturity of
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Fig. 1. (a) Schematic of the preparation of SA-GG/TMP-BG hybrid hydrogel scaffolds and its implantation of osteochondral injury of rabbit knee joint. The EDS
element distribution of Mg indicates uniform distribution of inorganic TMP-BG. (b) The mechanism of TMP-BG promoting bone regeneration and (c) description

of legend.

the newly regenerated tissue. The histological assessment of the cartilage
effect of tissue regeneration was determined according to the ICRS his-
tological grading system [35]. The rate of subchondral bone regeneration
was confirmed with the Image-J software. Briefly, the calculation of the
subchondral bone area ratio was based on the percentage of the area of
bone matrix in the x 4 images.

2.5.4. Fluorescent bone labeling

Three fluorescent bone markers, calcein, tetracycline and alizarin,
were used to determine the new bone formation during tissue regener-
ation. These markers were injected into rabbits through the ear vein at 6,
8 and 10 weeks of implantation (Table.S2). Briefly, three different con-
centrations of fluorescent bone markers were dissolved 2% NaHCOj sa-
line and then injected into rabbits at different schedules. The knee joints
were harvested after 12 weeks of implantation. Then these samples were
fixed, dehydrated and embedded in poly (methylmethacrylate). The
embedded specimens were cut into 100 pm sections perpendicular to the
bone and then grounded and polished to a final thickness of ~50 pm for
imaging with a laser scanning confocal microscope (LSCM, Al, Nikon,
Japan). Fluorescent labeling with new bone formation was quantified
using Image-J software (National Institutes of Health, latest version).

2.6. Statistical analysis

Data were analyzed by one-way analysis of variance (ANOVA) fol-
lowed by Tukey test. A value of p < 0.05 was considered statistically
significant.

3. Results and discussion

3.1. Synthesis and characterization of hybrid SA-GG/TMP-BG pre-gels
Fig. 2a shows the appearance of four SA-GG/TMP-BG hybrid hydro-

gels with different ratios. They did not flow when positioned upside

down, and the transparency of the hybrid hydrogels gradually decreased
with the increase of TMP-BG. It suggested that four hybrid hydrogels

with different ratios appeared in a gel-like state, which was caused by the
crosslinking of GG by the magnesium ions of TMP-BG to forming a weak
gel [27]. The pH of SA-GG, SA-GG/TMP8020, SA-GG/TMP6040 and
SA-GG/TMP4060 were 6.63 + 0.12,7.13 +0.11,7.33 £ 0.12 and 7.50 +
0.10, respectively (Fig. 2b). Compared with SA-GG group, the pH of
hybrid hydrogel slightly increased, which may be attributed to the in-
crease of alkaline TMP-BG content (7.65 + 0.01) [26]. The pH value of all
hybrid scaffolds are within the safe range of cell compatibility, so there
will be no cell damage.

Fig. 2¢ shows the results of the rheological properties of four hybrid
hydrogels. Amplitude sweeps found that the storage modulus (G') and
loss modulus (G”) of four hybrid hydrogels passed through a plateau with
increasing oscillation strain, and then slowly decreased until the inter-
section of G’ and G". The front plateau area was the linear viscoelastic
area (LVR) of the hybrid hydrogels [26]. Rheological properties are
related to the structural stability, fluidity and dispersion stability of
material [36]. Present rheological properties indicated that the structure
of the hybrid hydrogels was not destroyed within the LVR whereas
exhibited a flow state when the G’ and G” intersected [37]. Fig. 2¢ shows
that the LVR of SA-GG was the largest (black dotted line), and the strain
was < 0.8%, while the LVR of SA-GG/TMP-BG8020, SA-GG/TMP6040
and SA-GG/TMP4060 was < 0.008% (blue dotted line), 0.02% (pink
dotted line) and 0.1% (red dotted line), respectively. It indicated that the
addition of inorganic TMP-BG hydrogel reduced the structural stability of
the hybrid SA-GG/TMP-BG. Fig. 2d shows the shear thinning behavior of
different four SA-GG/TMP-BG hybrid hydrogels with different ratios,
which was accelerated by the increase of TMP-BG owing to the thixot-
ropy of TMP-BG (Fig. Sla-c). TMP-BG formed a “house of cards”
reversible structure (Fig. S1d) revealed by SEM through electrostatic
attraction between particles (Fig. S1e), which resulted in the thixotropy
of TMP-BG [26]. The G’ and G” of SA-GG/TMP-BG hybrid hydrogels did
not change significantly with the increase of shear frequency (Fig. 2e),
which indicated a good dispersion of hybrid hydrogels [26]. In addition,
the value of Tan 8§ = G'/G” was less than 1 during the change of shear
frequency (Fig. 2f), which further confirmed that all four samples
exhibited a gel-like state [38]. Gel-like and well-dispersed hybrid
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Fig. 2. (a) The optical images of SA-GG/TMP-BG with different ratios (SA-GG: TMP-BG) and (b) their pH values. Rheological results of four different proportions of
SA-GG/TMP-BG hybrid pre-gel: (c) Amplitude scanning results, strain range from 0.001% to 50%; (d) Viscosity versus shear rate curves; (e) Results of frequency

scanning and (f) Results of tan & result graph. *p < 0.05, **p < 0.01; n = 3.

hydrogels would be better used as injectable and printable biomaterials.
The preliminary results of 3D bioprinting experiments are shown in
Fig. S2. In addition, not only the complex three-dimensional structures
could be printed (Fig. S2a-d), but also loaded cells in hybrid bioinks could
be printed. After printing, the cells possessed a good survival rate
(Fig. S2e, f), which was reported in detail in our previous work [27].
These results indicated that the hybrid hydrogels were expected to
construct a cell-loaded tissue engineering scaffold for in vivo tissue
repairing or organoid model for drug screening or disease studying in the
future.

3.2. Characterization of hybrid hydrogel scaffolds

The crosslinked hybrid hydrogels appeared as gel discs (Fig. 3a),
which appeared smooth and translucent. With increasing TMP-BG, the
hybrid hydrogel scaffolds changed from opaque to white with a rough
surface, which may facilitate cell adhesion and tissue integration. The
compressive stiffness of the SA-GG hydrogel scaffold reached 400 kPa
(Fig. 3b), which was higher than some natural hydrogels [e.g., gelatin
acrylate (35 kPa), polyvinyl alcohol acrylate (20 kPa), agarose 18 (kPa),
alginate (5 kPa)] [39]. When the content of TMP-BG in the SA-GG was

increased to 20%, 40%, and 60% (all v/v), the compressive stiffness of
the scaffolds decreased to 200 kPa, 125 kPa, and 110 kPa, respectively,
which are higher than some hydrogel scaffolds used in tissue engineering
[40,41]. The results indicated that the mechanical properties of the
hybrid hydrogel scaffolds could be tuned by adjusting the
SA-GG/TMP-BG ratio.

As is well known, the mechanical strength of scaffolds is a key factor
affecting bone regeneration. Reasonable control of the mechanical
strength of the scaffolds is beneficial to reduce the interfacial stress be-
tween the material and the defects, and to accurately control the differ-
entiation potential of mesenchymal stem cells into bone or cartilage [42].
The compressive stiffness of the knee joint hyaline cartilage, fibro-
cartilage and cartilage in the depth zone was 0.2-2 MPa [43], 0.1-0.3
MPa [44,45], and 10 MPa [43], respectively. The present hybrid scaffolds
were suitable for fibrous cartilage and hyaline cartilage, but there was
still a challenge to the application of high-strength cartilage and
load-bearing bone. It is expected that the mechanical strength of these
hybrid scaffolds will be further improved by changing the concentration
of SA-GG and the cross-linking method in the future. The stress-strain
curves in Fig. 3c show that the ultimate strain of the SA-GG was 55%
when it reached 70% for the SA-GG/TMP8020, which suggested the
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Fig. 3. (a) The formed of SA-GG/TMP-BG hybrid hydrogels indicated in the upper of images; (b) Results of compression modulus; (c) Typical stress-strain curves;
(d) The maximum compressive stress when the sample was compressed to failure. (e) FTIR results of SA-GG/TMP-BG hybrid samples; (f) Thermogravimetric curves

of SA , GG and SA-GG/TMP-BG hybrid scaffolds.

addition of TMP-BG improved the toughness of the hybrid hydrogel
scaffold. However, it would decrease the toughness of the hybrid
hydrogel scaffold when the added TMP-BG was excessive. For example,
the ultimate strains of SA-GG/TMP6040 and SA-GG/TMP4060 were
reduced to 60% and 48%, respectively. Fig. 3d shows the maximum load
stress of the hybrid hydrogel scaffolds before structural failure during
compression testing. The SA-GG/TMP8020 hydrogel scaffold could
withstand the load stress of 811 + 94 kPa and then decreased with the
increase of TMP-BG (367 + 43 kPa for SA-GG/TMP6040 and 181 + 17
kPa for SA-GG/TMP4060), which was similar to the trend of compressive
stiffness.

On FTIR spectra, a strong stretching vibration absorption attributed to
C-OH groups of SA-GG appeared at about 1034 cm™! and 1078 cm™!
(Fig. 3e), and the presence of COO ™ of SA-GG was confirmed according to
the vibrational modes at the band at 1424 cm ™! and 1617 cm™! in SA-GG
[46]. There was no significant change in the spectrum of the hybrid
hydrogel scaffold when it was incorporated with TMP-BG. Compared with
the SA-GG, two new peaks appeared at 561-605 cm ', which were
assigned to the symmetrical bending vibration absorption peak of PO3~ in
TMP-BG [47]. In addition, the absorption peak of C-OH with SA-GG
around 1000 cm™! was smooth and wide owing to the addition of
TMP-BG, which was due to the superposition of the symmetric stretching
vibration of PO3~ peaked at 1037 cm™! and the absorption peak of C-OH

*p < 0.05, **p < 0.01; n = 3.

group. The positions of characteristic absorption peaks for COO™ and
PO3~ in SA-GG and TMP-BG did not shift significantly, which indicated no
obvious interaction between SA-GG and TMP-BG [48]. Fig. 3f represents
the thermogravimetric (TG) diagram of SA, GG and SA-GG/TMP-BG
hybrid hydrogel scaffolds with different ratios. The TG curve for GG
shows the fastest weight loss rate at around 30-200 °C, followed by SA,
and finally SA-GG, which was attributed to water loss. In addition, thermal
decomposition temperatures of GG and SA were about 249 °C [49] and
237 °C [50], respectively. Therefore, the weight loss of the SA, GG and
SA-GG was enhanced when above 200 °C owing to polymer chains
breaking and gradually decomposing. In addition, the weight loss of SA,
GG and SA-GG were about 50%, 65% and 50% under the temperature of
800 °C, respectively. After adding TMP-BG, the loss weight rate of SA-GG
became slow before 250 °C, mainly including the decomposition of water
and part of SA and GG. In addition, the weight loss rate of the ternary
hybrid hydrogel of SA-GG/TMP-BG was slower than that of SA, GG and
SA-GG during the process of heating to 800 °C, and the weight loss rate of
SA-GG/TMP4060 was the slowest. The weight loss of SA-GG/TMP8020,
SA-GG/TMP6040 and SA-GG/TMP4060 at 800 °C was 44%, 46% and
38%, respectively. It might be that the hybrid hydrogel scaffolds had more
crystallization zone and interpenetrating network structures, which
resulted in reducing the thermal decomposition rate and improved ther-
mal stability of the hybrid hydrogel scaffolds [49].
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3.3. Microstructure of hybrid hydrogel scaffolds

Fig. 4 shows the morphology of the hybrid hydrogel scaffolds. As
shown in Fig. 4b, the SA-GG exhibited a non-uniform porous structure
with pore sizes ranging from 100 to 210 pm. The pore size of hybrid
scaffolds gradually decreased with the increase of TMP-BG, which were
~40, 25 and 10 pm for SA-GG/TMP8020 (Fig. 4b), SA-GG/TMP6040
(Fig. 4c) and for SA-GG/TMP4060 (Fig. 4d), respectively. In addition,
the porosity of SA-GG, SA-GG/TMP8020, SA-GG/TMP6040, and SA-GG/
TMP4060 were about 80%, 70%, 57%, and 48%, respectively (Fig. 4e).
Inorganic particles filled partially the network of hydrogel, which
resulted in a decrease of porosity [41,51]. Therefore, we speculated that
TMP-BG nanoparticles (Fig. S1f, g) could easily fill the macropore of
SA-GG hydrogel, thus reducing the porosity and pore size of SA-GG
hydrogel. A porous structure of biomaterials or tissue engineering scaf-
fold could be beneficial to the ingrowth of tissue and cell [52]. It was
reported that the scaffolds with 5-15 pm pores were conducive to the
growth of fibroblasts, 20-125 pm were conducive to the penetration of
mammalian cells, and 40-100 pm was promoted to the growth of osteoid
[53]. Therefore, it is important to adjust the porosity and pore size of the
scaffolds. Fig. 4f shows that the colors of the four hybrid scaffolds
gradually fade with the increase of TMP-BG, which indicated the ability
of samples of absorbing medium was reduced. In addition, the swelling
rate of the hybrid scaffolds further confirmed the above results (Fig. S3).
Therefore, the porosity and pore size of SA-GG could be adjusted by
changing the ratio of TMP-BG, which was better for a scaffold with bone
repair performance.

3.4. Biomineralization

Fig. 5 shows the morphology and phase component of the hybrid
scaffolds after soaking in SBF for 15 d. The products were generated on
the surface of the SA-GG scaffold (Fig. 5a), while the clustered, flaky and
dense rod-like bone-like apatite appeared on the surface of SA-GG/
TMP8020 (Fig. 5b), SA-GG/TMP6040 (Fig. 5¢) and SA-GG/TMP4060
(Fig. 5d), respectively. The higher the TMP-BG content, the more
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osteoid apatite was acquired. This indicated that the different contents of
TMP-BG in hybrid scaffolds could promote the formation of bone-like
apatite with various amounts and shapes. XRD results showed that the
diffraction peaks of the surface substances of the four samples matched
well the diffraction peaks of hydroxyapatite (HA, JCPDS 09-0432)
(Fig. 5e). Three maximum diffraction peaks of (211), (002), and (222) of
HA appeared no shift in position, which suggested that the hybrid scaf-
folds enhanced the formation of HA. Studies reported that the scaffold
enhanced its in vitro mineralization in SBF, confirming it's good osteo-
genic activity [29]. Therefore, the addition of TMP-BG enhanced the
osteogenic activity of the hybrid hydrogel scaffolds.

3.5. Invitro cytotoxicity

Fig. 6a shows the results of cell staining after the co-culture of MG-63
cells and scaffolds for 1 d and 3 d. On day 1, the MG-63 cells were
spindle-shaped with protruded pseudopodia as the normal morphology
of MG-63 cells. After 3 d of co-culture, the number of MG-63 cells
increased significantly, which showed normal morphology with a spread
and large nucleus (blue) and the visible cytoplasm (green) was visible. It
was consistent with our previous results, that the TMP-BG was conducive
to promoting cell adhesion and proliferation [26,27]. Previous reports
also showed that magnesium phosphate-based materials could promote
the adhesion and proliferation of cells [20]. The quantitative results
calculated by Image-J software showed that the cells increased signifi-
cantly after 3 d of co-culture as shown in Fig. 6b. The proliferation rate of
MG-63 cells gradually increased at 1 d, 3 d, and 5 d, and a slight decline
was observed at 7 d due to the large number of cells resulting in insuf-
ficient space for cell growth (Fig. 6¢). After co-culture for 5 d, the cellular
proliferation rate on SA-GG, SA-GG/TMP8020, SA-GG/TMP6040 and
SA-GG/TMP4060 were 141%, 143%, 160%, and 152%, respectively.
Therein, SA-GG/TMP6040 had the largest cell proliferation rate at
different time and possessed the best cell compatibility. In addition, it
was shown that the cell proliferation rate increased with the TMP-BG
increasing among the groups of SA-GG, SA-GG/TMP8020, and
SA-GG/TMP6040. However, the proliferation rate slightly decreased
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Fig. 4. SEM images of cross-section of hybrid hydrogel scaffolds (a) SA-GG, (b) SA-GG/TMP8020, (c) SA-GG/TMP6040, (d) SA-GG/TMP4060 and (e) The quantitative
porosities. (f) Optical images of the hybrid hydrogel scaffolds after soaking in culture medium for 1d. *p < 0.05, **p < 0.01; n = 3.
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Fig. 5. The surface morphologies of (a) SA-GG, (b) SA-GG/TMP8020, (c) SA-GG/TMP6040 and (d) SA-GG/TMP4060 after immersed in SBF for 15 d. (e) The XRD

patterns of mineralized samples.

when the content of TMP-BG was more than 60% (v/v), which indicated
that more than 40% (v/v) of TMP-BG in the hybrid hydrogel scaffolds
might not be conducive to cell growth. It is speculated that the param-
eters, i.e. the stiffness, released inorganic ions and surface characteristics
of the SA-GG/TMP scaffold with more than 60% of inorganic TMP-BG,
were not suitable for the growth of cells.

3.6. Osteogenic gene expressions

Osteogenesis-related genes results are plotted in Fig. 7 for MG-63 cells
after being cultured with SA-GG, SA-GG/TMP8020, SA-GG/TMP6040

and SA-GG/TMP4060 hybrid hydrogel scaffolds for 7 d. These include
collagen type I (Col-I), runt-related transcription factor 2 (RunX2),
alkaline phosphatase (ALP), osteopontin (OPN), and osteocalcin (OCN).
Col-I is an essential component of the extracellular matrix of bone tissue
and expresses in the middle phase of osteogenesis [54], RunX2 is a
specific transcription factor in early bone formation [55]. The expression
levels of Col-I and RunX2 reached a peak at 5 d of culture. The upregu-
lation of Col-I and RunX2 by the hybrid hydrogel scaffolds was more
significant compared with those of SA-GG. Col-I showed an enhanced
upward trend with the increase of TMP-BG (Fig. 7a and b). ALP is a
marker of the middle phase of osteogenic differentiation during bone
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formation accompanied by the synthesis of extracellular matrix. Over the
culture time, the expression of ALP was upregulated in four groups and
then stabilized at 7 d, and there was no significant difference among the
four samples (Fig. 7c). OPN and OCN are specific markers in the late stage

ability

of osteogenic differentiation during bone formation in the mineralization
of the extracellular matrix stage, which improves the bone mineralization

[55]. The expression levels of both OPN and OCN had similar

upward trends in the four groups. The expression levels of OPN and OCN
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further increased with the increase of culture time until 7 d. The
up-regulation levels of these two genes were associated with the rise of
the TMP-BG, in which SA-GG/TMP4060 possessed the highest expression
levels of OCN and OPN (Fig. 7d, e), indicating the best potential for bone
repairing.

Considering the results of Col-I/RunX2/ALP/OPN/OCN gene
expression comprehensively, bone-related genes were upregulated in
four groups. The SA-GG/TMP-BG scaffolds exhibit a better ability to
upregulate genes related to bone formation in comparison to those of
pure SA-GG. This is attributed to the magnesium element in the hybrid
hydrogel scaffold, which can promote bone growth as an essential
component of bone [20,56]. The slow releasing of Mgt the hybrid
hydrogel was beneficial to long-term bone repairing from TMP-BG in the
hybrid hydrogel scaffold (Fig. S4).

As a result, SA-GG/TMP6040 group was chosen for further in vivo
osteochondral repairing experiment due to its better physicochemical
properties, and results of cell experiment and osteogenic gene expression.

3.7. Regulation of materials on biological functions of BMSCs

The scratch distance of the BMSCs in the SA-GG/TMP6040 group
(89.5 + 9.0 um) was significantly lower than those of control (332.1 +
17.0 pm) and SA-GG group (330.0 + 24.0 pm) after 24 h of culture
(Fig. 8a, c). The Transwell assay showed that the number of migrated
BMSCs were nearly 2-fold higher than other two groups (Fig. 8b, d).
Interestingly, there were no statistical differences between SA-GG and
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group in the scratch distance and migrated cell number. These results
suggest that the Mg?" released from the hybrid hydrogels was the main
reason for enhancing BMSCs migration. Some previous studies reported
that the Mg?" could promote cells migration [57]. The recruitment of
BMSCs to the bone defects was conducive to promoting osteochondral
repair [58]. The biocompatibility of the hydrogels was further assessed
by BMSC culture. Fig. 9a shows that, the results of Live/Dead assay
showed that the number of live cell (green) of all samples increased
between day 1 and day 3, and there were negligible dead cells (red) in the
SA-GG and SA-GG/TMP6040 groups. Furthermore, there was no obvious
difference on the cell density of BMSCs grew on the surface of hydrogel
on day 3. A normal F-actin spreading of BMSCs was observed in all
groups (Fig. 9b). These results indicated that the hydrogels possessed a
good BMSCs compatibility.

The pluripotentiality of BMSCs was determined by osteogenic and
chondrogenic differentiation assays. After of culture with the samples for
7 d, ALP activity and calcium nodules appeared in all groups. Compared
with the control and SA-GG group , BMSCs showed enhanced ALP
(Fig. 9d) and Alizarin red (Fig. 9e) staining in the SA-GG/TMP6040
groups, suggesting that the inorganic components of Mg in the
hybrid hydrogels promoted osteogenic differentiation. Additionally, the
formation of proteoglycan was confirmed by the CoL II and Alcian blue
staining. After 7 d of cultured with the SA-GG/TMP6040 hydrogels,
immunofluorescence for CoL II showed high intensity of red fluorescence
in the SA-GG/TMP6040 group (Fig. 9¢). In addition, the proteoglycan
expression (blue) was viewed in cytoplasm (black arrow) of BMSCs, but
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Fig. 8. Regulation of hybrid hydrogel scaffolds on biological functions of BMSCs. Migration of BMSCs analyzed using the scratch assay (a) and the Transwell assay
(b). The Semi-quantitative analysis of the scratch assay (c) and the Transwell assay (d). The control group contained only culture medium. *p < 0.05, **p < 0.01;
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Fig. 9. Effects of hydrogels on differentiation of BMSCs. The Live/Dead staining (a) and morphology (b) of BMSCs after co-cultured with hydrogels for 3 d. Results of
CoL II (c), ALP (d), Alizarin Red (e) and Alcian staining (f) of BMSCs treated with hybrid hydrogel after 7 d of culture. The control group contained only culture
medium. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

no expression in the other two groups (Fig. 9f). The results of suggested
the enhanced effect of chondrogenic differentiation in the SA-GG/
TMP6040 group. In order to further observe the mature chondrocytes,
a longer time is needed.

Taken together, all the above results indicate that the hybrid hydro-
gels can promote osteogenic and chondrogenic differentiation of BMSCs
simultaneously, although the specific mechanism remains unclear. Pre-
vious study showed that, the Mg-doped hybrid scaffolds possessed posi-
tive effect on the osteogenic and chondrogenic induction [18]. The
mechanism of SA-GG/TMP6040 hybrid hydrogel regulating cell function
still needs further exploration.

3.8. Gross view and histological examination

Fig. S5 shows samples before and after implantation. It can be seen
that, the rabbit wounds healed completely after implantation for 2 weeks.
Compared with the control group, there were no significant differences in
the proportion of granulocytes, lymphocytes, and intermediate cells in
the implanted groups (Fig. S6), 3 d after operation. It indicated that the
scaffolds did not cause a significant inflammatory reaction. The average
weight of rabbits in SA-GG, SA-GG/TMP6040 and the control groups
increased from 2 kg, 2.5 kg and 2.4 kg — 3 kg or so (Fig. S7) after the
operation for one month, respectively. It is inferred that the scaffolds
posed a negligible toxicity to animals. As shown in Fig. 10a, the osteo-
chondral defective parts of the three groups appeared to be repaired with
a certain degree after implantation for 6 weeks, but there were still clear
boundaries. In particular, it was observed that there was a clear boundary
between the osteochondral defect and the surrounding tissue, covered
with a layer of connective tissue in the control and SA-GG groups after 12
weeks of implantation (Fig. 10b). Thus, it indicated an unsatisfactory
regeneration of osteochondral defect for the control and SA-GG groups
[59]. On the contrary, it was observed that the newly formed tissues had
a similar smooth appearance to that of the adjacent native cartilage in the
SA-GG/TMP6040 group. Specifically, regeneration of osteochondral
defect was enhanced with an increase in the implantation period from 6
weeks to 12 weeks, indicating complete repair [3,59]. The ICRS
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macro-scoring results were shown in Fig. 10g, the ICRS scores of the
SA-GG/TMP6040 group were 8 + 1.7 and 10 + 1, and those of the SA-GG
group were 8.3 + 0.58 and 8.7 + 0.6 after 6 and 12 weeks of implan-
tation, respectively, which were greater than those of the control group
6.6 £ 0.5and 7.6 £ 0.57. According to the ICRS rating level, there was an
incomplete repair when the score was 4-7, whereas it showed a better
defect repair when the score was 8-11 [34]. Therefore, both the SA-GG
and the SA-GG/TMP-BG6040 could promote cartilage regeneration,
and the SA-GG/TMP-BG6040 group possessed the best repairing effect.

Fig. 10c—f shows the HE staining results of rabbit osteochondral
defect repair 6 weeks and 12 weeks after operation. Firstly, SA-GG, SA-
GG6040 groups and the control all were observed the ingrowth of new
tissue (Fig. 10c) after 6 weeks of implantation. In addition, a large
number of disordered cells with cartilage lacuna were observed in the SA-
GG and the SA-GG/TMP6040 groups, including mainly new chon-
drocytes and some connective tissue (Fig. 10d), which indicated the
preliminary cartilage repairing [60]. However, some cells without
cartilage lacuna were disorganized in the magnified sections (black
wireframe) of the control group, which inferred them to be the newly
formed connective tissue. After post-implantation for 12 weeks
(Fig. 10e), there was a layer of cartilage with deeply being stained and a
string of chondrocytes arranged in the SA-GG/TMP6040 group. In
contrast, a layer of new cartilage with disordered chondrocytes was
observed in the chondral region of the control and the SA-GG groups
(Fig. 10f). Fig. 10h shows the ICRS cartilage scoring result of HE. After
post-implantation for 6 and 12 weeks, the ICRS scores were 11 + 3.46
and 15.3 £ 0.58 for the SA-GG/TMP6040 group, 11.7 + 1.2 and 12.7 +
0.6 for the SA-GG group, and 9 + 1 and 10.6 + 1.5 for the control group,
respectively. The ICRS scores of the SA-GG/TMP6040 groups were
significantly higher than that of SA-GG and the control groups at 12
weeks of implantation although there was no significant difference
among the three groups at 6 weeks. It indicated that the cartilage tissue in
the SA-GG/TMP6040 group more mature than that of the other groups
according to the ICRS standard [35]. In addition, there were plenty of
new bone tissues in the subchondral bone region (Fig. 10c—f) of
SA-GG/TMP6040 group. Fig. 10i shows the quantitative area ratio of
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Fig. 10. The histological staining evaluation of 6 and 12 weeks of osteochondral repair. (a, b) The gross observation results after harvested specimens; (c-f) HE
staining sections black wireframes indicated the repairing cartilage and subchondral bone, respectively; (g, h) ICRS scoring of cartilage repairing; (i) The areas of
newly formed subchondral bone calculated from the HE images by Image-J software *p < 0.05, **p < 0.01; n = 3.

newly formed subchondral bone in three groups. The subchondral bone
area ratio was 22.57% =+ 3.07 and 35.27% =+ 2.21 for SA-GG/TMP6040,
11.23% + 1.91, 25.48% =+ 0.15 for SA-GG group, and 12.35% + 1.61 and
16.87% =+ 0.54 for the control group after implantation for 6 and 12
weeks, respectively. The subchondral bone area ratio of
SA-GG/TMP6040 group all was significantly higher than that of the
control and the SA-GG groups after implantation for 6 and 12 weeks.
Furthermore, the subchondral bone area ratio of SA-GG/TMP6040 group
was around 2 times and 1.5 times compared to that of the control and
SA-GG group at 12 weeks, respectively. Thus, the present results indi-
cated that SA-GG/TMP6040 exhibited great potential for cartilage repair.

Results of safranine O/solid green staining images (Fig. 11) showed
that the staining of the cartilage area of SA-GG/TMP6040 gradually
deepened as the repair time increased by repairing time from 6 weeks
(Fig. 11a and b) to 12 weeks (Fig. 11c and d). A complete tidemark
appeared at 12 weeks, which is an essential sign of mature cartilage [32].
However, control and SA-GG groups still had an incomplete cartilage
layer after 12 weeks of repair (Fig. 11c and d), resulting in frustrating
cartilage regeneration. Results of subchondral bone regeneration show
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that the SA-GG/TMP6040 group had more subchondral bone formation
(blue) than that of the control and SA-GG groups at 12 weeks, which was
consistent with the results of HE staining. Furthermore, Fig. 11e shows
that CoL II was positively stained in both scaffold groups at week 12, and
the protein expressions in the SA-GG/TMP6040 were more prominent
than those of SA-GG and the untreated control groups. Enlarged images
of CoL II staining showed that the typical elongated chondrocytes that
embedded in lacunae only viewed in the SA-GG/TMP6040 group. These
results suggested that enhanced cartilage subchondral bone regeneration
was observed in the hybrid hydrogel group. Studies have demonstrated
that Mg2+ can promote bone defect regeneration [16], but its mechanism
is unclear.

For the regeneration of subchondral bone, most researchers believe
that Mg?* can stimulate periosteal nerve endings to upregulate the
expression of calcitonin gene-related peptide (cGRP), thereby promoting
bone formation [61]. Mg2+ as the bioactive elements has been widely
used to enhance the attachment and differentiation of osteoblastic cells,
as well as accelerating vascularization and mineralization to enhance
bone regeneration [62]. Additionally, Mg?" can promote the polarization
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Fig. 11. Results of safranin-O/solid green staining after 6 weeks (a, b) and 12 weeks (c, d) bone/cartilage repair. Regions with red and blue indicate the newly formed
cartilage and bone, respectively. (e) Immunohistochemical staining of collagen II at the 12 weeks. Black wireframe shows the cartilage layer. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

of macrophages from M1 to M2 phenotype and reduce the inflammation
in the repair area, which is another important mechanism to promote
bone repair [63]. Therefore, for the SA-GG/TMP6040 group, the slowly
released Mg?" from the TMP-BG was positive to accelerate the regener-
ation of subchondral bone (Fig. S4). In addition, the Ca®t used in
crosslinked hydrogel network might have a positive impact on osteo-
blasts and bone formation. The dynamic changes in Ca®" concentrations
in the bone microenvironments could directly accelerate the minerali-
zation process of new bone and effectively modulate MSCs phenotype
and thereby contribute to bone regeneration [64].

For cartilage regeneration, Mgt can not only directly promote the
proliferation of chondrocytes, but also indirectly promote the chondro-
genesis of human synovial mesenchymal stem cells by inhibiting the
production of inflammatory cytokines and using integrins [65,66]. In
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addition, there was closely cross talk between articular cartilage and
subchondral bone [67]. Previous studies in vivo suggested that articular
cartilage nutrition was mediated by subchondral bone [68]. In addition,
the biomechanical characteristics and the chemokines, cytokines and
proteases of subchondral bone were conducive to promoting chondrocyte
activation to promote cartilage regeneration [67]. We speculate that the
implantation of a hybrid SA-GG/TMP6040 scaffold firstly promoted the
restoration of subchondral bone, and then induced the regeneration of
the cartilage layer. Therefore, the SA-GG/TMP6040 group exhibited
higher osteogenic activity than SA-GG and the control groups did.
However, the specific mechanism still needs further studies in our next
work.
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3.9. Fluorescent bone labeling

Various fluorescent dyes can combine with the newly formed bone
and subchondral bone to observe the dynamic regeneration process of
bone at different times, which will not affect the mineralization of new
bones [16,69]. As shown in Fig. 12, the dynamic regeneration of sub-
chondral bone was revealed by the new mineralization bone matrix
marked with different colors by calcein (green), tetracycline (blue) and
alizarin red (red) after implantation for 12 weeks, respectively. The re-
sults of confocal microscopy showed the mineralization of the new bone
matrix during the dynamic regeneration process. The overlay bone
fluorescence labeling results showed that the newly formed subchondral
bone was significantly higher in the SA-GG/TMP6040 than that of the
control and the SA-GG groups (Fig. 12a). Calcein labeled bone matrix
formation possessed the highest green fluorescence intensity (from 6 to 8
weeks, Fig. 12b), followed by tetracycline with blue fluorescence (from 8
to 10 weeks, Fig. 12¢) and alizarin red with red fluorescence (from 10 to
12 weeks, Fig. 12d). In particular, the SA-GG/TMP6040 group exhibited
a more intense and extensive fluorescence signal than that of the control
and the SA-GG groups. In addition, quantitative overlay fluorescence
intensities were 38.2%, 26.1% and 17.9% for the SA-GG/TMP6040, the
SA-GG and control groups, respectively, and the first one was signifi-
cantly higher than that of the control and SA-GG groups (Fig. 12e).
Separately, the fluorescence intensity of calcein was significantly higher
in the SA-GG/TMP6040 group (11.3%) than in the control group (5.5%)
and the SA-GG group (5.3%) (Fig. 12f). Also, the significantly higher
intensities of tetracycline and alizarin red were observed in the
SA-GG/TMP6040 group (19.4% and 16.7%, respectively) related to the
control (9.2% and 12.6%, respectively) and the SA-GG groups (14.1%
and 14.5%, respectively) (Fig. 12g and h). The highest tetracycline
fluorescence intensity was observed in SA-GG/TMP6040 group, sug-
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gesting a rapid new bone matrix mineralization process during the first 8
weeks of implantation. Between 10 and 12 weeks, the reduction or the
similarity of the fluorescence intensity of the SA-GG/TMP6040 and the
SA-GG groups was mainly attributed to the period of bone mature [69]. It
could be found that the subchondral bone in all groups was slowly
repaired and matured after implantation from 6 to 12 weeks, but the
highest new subchondral bone formation appeared in the
SA-GG/TMP6040 group. It indicated that the SA-GG/TMP6040 had the
best performance to promote the repairing of subchondral bone.
Combining with results of HE, safranin-O and solid green staining, it
confirmed that the SA-GG/TMP6040 could successfully promote the
integration repairing of osteochondral defects. However, there is still a
challenge for improvement in the repairing rate of the bone defect of the
SA-GG/TMP6040 scaffolds at 12 weeks. In the future, we will print the
SA-GG/TMP-BG6040 hybrid bioink into porous scaffolds loaded with
cells or bioactive factors, e.g. TGF-f or BMPs via a 3D printing technique
to further improve their osteochondral repairing rate.

4. Conclusion

This study developed a novel hybrid hydrogel composed of organic
SA-GG and thixotropic inorganic TMP-BG to enhance its osteochondral
repair. SA-GG/TMP-BG hybrid hydrogels presented the controllable
mechanical, injectability, rheology properties and porosities, as well as
superior osteogenic activity to meet the repairing of subchondral bone
and cartilage. Compared with pure SA-GG hydrogels, the hybrid hydrogel
scaffolds promoted the attachment, viability and proliferation of MG-63
cells in vitro. Additionally, the up-regulation of an osteogenic related gene
was found in the hybrid groups. The SA-GG/TMP6040 hybrid hydrogel
promoted BMSCs migration, adhesion, osteogenic and chondrogenic
differentiation. In vivo animal evaluation further verified that the hybrid
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hydrogel scaffolds could successfully firstly induce subchondral bone
repairing, and then promote the cartilage reconstruction. The inorganic
TMP-BG endowed the excellent osteogenic activity of SA-GG/TMP,
which plays a key role in successful osteochondral repairing. Although
a long term in vivo study is needed, the current work confirmed that the
SA-GG/TMP-BG hybrid scaffolds are suitable for osteochondral regen-
eration and might have great potential in other tissue repairs. Excellent
injectability and bioactivity of the hybrid hydrogels are expected to
enable potential applications in 3D bioprinting and minimally invasive

surgery.
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