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Tissue engineering provides a new approach for the treatment of osteochondral defects. However, the lack of an
ideal double-layer scaffold with osteochondral-biomimetic microenvironment and interface similar to native
articular tissue greatly limits clinical translation. Our current study developed a double-layer acellular osteo-
chondral matrix (AOM) scaffold with natural osteochondral-biomimetic microenvironment and interface by
integrating ultraviolet (UV) laser and decellularization techniques. The laser parameters were optimized to
achieve a proper pore depth close to the osteochondral interface, which guaranteed complete decellularization,
sufficient space for cell loading, and relative independence of the chondrogenic and osteogenic microenviron-
ments. Gelatin-methacryloyl (GelMA) hydrogel was further used as the cell carrier to significantly enhance the
efficiency and homogeneity of cell loading in the AOM scaffold with large pore structure. Additionally, in vitro
results demonstrated that the components of the AOM scaffold could efficiently regulate the chondrogenic/
osteogenic differentiations of bone marrow stromal cells (BMSCs) by activating the chondrogenic/osteogenic
related pathways. Importantly, the AOM scaffolds combined with BMSC-laden GelMA hydrogel successfully
realized tissue-specific repair of the osteochondral defects in a knee joint model of rabbit. The current study
developed a novel double-layer osteochondral biomimetic scaffold and feasible strategy, providing strong support
for the tissue-specific repair of osteochondral defects and its future clinical translation.

1. Introduction sufficient autologous graft that is associated with injury to a donor site [8,

9]. Tissue engineering provides a new direction for the treatment of

Trauma, aging, and disease easily lead to articular cartilage defects,
which are usually accompanied by a subchondral bone defect. The repair
of osteochondral defects is always an intractable problem in clinical
practice. At present, the current clinical treatment methods for physio-
logical repair and regeneration of osteochondral defects mainly include
microfractures [1-3], autologous chondrocyte transplantation [4,5], and
autologous osteochondral grafts [2,6,7]. However, the treatments either
achieve limited repair effects with inferior tissue integration or lack

osteochondral defects, which benefit from autologous living osteochon-
dral tissue that is hopefully regenerated by combining with autologous
cells and a biodegradable scaffold [10-12]. Although there were a few
osteochondral systems, such as MaioRegen (a scaffold composed of
collagen and hydroxyapatite) and Agili-C™ (a scaffold based on arago-
nite), have been reported clinical improvements (significant improve-
ment in IKDC and Tegner scores) after more than 3 years follow-up [13,
14], it was hard to prepare an ideal double-layer scaffold with natural
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osteochondral-biomimetic microenvironment and interface similar to
native articular tissue.

To solve the above problem, the key challenge is preparing an ideal
double-layer scaffold. Such a double-layer scaffold should simulta-
neously meet the following requirements: 1) biomimetic chondrogenic
microenvironment and structure of the cartilage layer for supporting
cartilage regeneration [15-17]; 2) biomimetic osteogenic microenvi-
ronment and structure of the bone layer for supporting bone regeneration
[18-21]; 3) biomimetic interface between the cartilage layer and bone
layer similar to the native osteochondral interface [22-25]; 4) high
mechanical strength suitable for surgical operation and immediate
function maintenance [26-30]; and 5) a biomimetic three dimensional
(3D) morphology that matches the osteochondral defect. Apparently, it is
very difficult to prepare such a challenging scaffold with the above
multiple requirements via artificial synthesis. The development of acel-
lular technology provides a new strategy for the preparation of a natural
biomimetic scaffold [31]. Theoretically, acellular osteochondral matrix
(AOM) scaffold based on natural osteochondral tissue is hopefully to
simultaneously meet all of the above requirements. However, there have
been no reports on whether natural osteochondral tissue can be prepared
into an AOM scaffold suitable for cell loading and tissue-specific repair.

To successfully prepare such an AOM scaffold for tissue-specific
repair of osteochondral defects, the following challenges and questions
should be solved and clarified: 1) How to prepare a porous AOM scaffold
with natural interface and biphasic osteochondral microenvironment? 2)
Can the AOM scaffold achieve high cell seeding efficiency? If not, how to
solve this problem? 3) Whether the AOM scaffold has the ability of ac-
curate biphasic regulation for both chondrogenic and osteogenic differ-
entiation? What are the possible mechanisms? 4) Whether the cell-
scaffold constructs can achieve satisfactory tissue-specific repair of
osteochondral defects?

To address the above questions, we proposed a novel strategy for
preparing an AOM scaffold. The porous structure of bone tissue was
easier to achieve decellularization and cell loading [32], while the dense
and imporous structure of articular cartilage limited the efficiency of
decellularization and cell loading [33]. Although this intractable prob-
lem could be solved by freezing grinding and cutting into thin slices [15,
34], it was greatly destroyed the structure of natural cartilage and had
low mechanical strength, which was not conducive to clinical trans-
formation. In current research, the application of UV picosecond laser
drilling technology to generate a porous structure in the cartilage layer of
the osteochondral tissue likely a promising approach to solve this chal-
lenge, while still maintained basic structure of natural cartilage and high
mechanical properties. The depth of the micropores was optimized to
ensure the integrity of the natural interface between the cartilage layer
and bone layer, so that the relatively independent microenvironment in
the cartilage layer and bone layer did not interfere with each other during
osteochondral repair in vivo. Then, GelMA hydrogel was used as a cell
carrier to enhance the cell seeding efficiency in the oversize pores (both
the artificial micropores in the cartilage layer and the native bone
trabecular interval in the bone layer) of AOM scaffold. In addition, the
tissue-specific induction ability of AOM scaffold for bone marrow stromal
cells (BMSCs) and potential mechanisms were also investigated in vitro.
Finally, the AOM scaffolds combined with BMSC-laden GelMA hydrogel
were implanted in vivo to explore the feasibility of tissue-specific repair of
osteochondral defects. The current study developed a novel biomimetic
microenvironment scaffold with osteochondral biphasic regulation for
BMSCs and provided a novel strategy for tissue-specific repair of osteo-
chondral defects.

2. Materials and methods
2.1. Preparation of materials

Preparation of the AOM scaffold: Porcine knee joints were pur-
chased from Shanghai Jiagan Experimental Animal Raising Farm
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(Shanghai, China). Osteochondral tissues with a cylindrical shape were
obtained from the femoral condyle using a bone drill (inner diameter 4
mm). The thickness of the cartilage layer was cut to approximately 1 mm
and the thickness of the bone layer was cut to approximately 2 mm. All of
the animal procedures were approved by the Animal Care and Experi-
ment Committee of Shanghai Jiao Tong University School of Medicine
(SH9H-2021-A655-SB). The osteochondral tissues were then placed in
the Ultraviolet Picosecond Laser Machine (PX100-3-GF, Edgewave,
North Rhine-Westphalia, Germany) with the cartilage layer facing up.
The laser parameters were set to 88% power and 400 KHz, and the laser
repetitions (10, 15, and 20) were adjusted to optimize the depth and
diameter of the cartilage layer micropores. AOM scaffold were obtained
after the decellularization process using previously reported method with
some modification [35]. Fresh osteochondral samples were sequentially
treated in a shaking table (37 °C, 120 rpm) with 0.25% trypsin in
Phosphate-Buffered Saline (PBS) solution for 24 h, nuclease solution (40
U/ml DNAse and 1 U/ml RNAse A in 10 mM Tris-HCL, PH = 7.5) for 12 h,
hypotonic Tris-HCL solution for 24 h, and 1% Triton X-100 solution
(v/v) for 24 h. Finally, all the samples were washed in PBS solution for
24 h to obtain the AOM scaffolds, which were stored at —20 °C for
subsequent use. All solutions used in the decellularization process were
replaced with the fresh one at every 6 h.

Preparation of GelMA hydrogel: GelMA hydrogel was prepared as
described in the previous study [36,37]. Briefly, Ge]MA was synthesized
by the reaction of gelatin (from porcine skin) with methacrylic anhydride
(MA). MA was added to prepare a solution of gelatin with vigorous
stirring until completely dissolved. After reacting for 3 h, the mixture was
dialyzed against distilled water for 1 week at 40 °C and then freeze-dried
to obtain the white porous foam-like GelMA prepolymer. Finally,
freeze-dried GelMA at concentrations of 7% (w/v) was dissolved in PBS
solution with 0.15% (w/v) lithium phenyl-2,4,
6-trimethylbenzoylphosphinate (LAP) photo initiator [38].

2.2. Characterization of materials

Scanning electron microscopy (SEM): The samples from the
osteochondral tissues, AOM scaffolds, and BMSC-laden AOM constructs
were immobilized in 0.05% glutaraldehyde and dehydrated in a series of
ethanol solutions. After dried and gold-sputtered, the samples were
observed by SEM (JSM6490, JEOL, Kyoto, Japan) at an accelerating
voltage of 15 kV.

Decellularization effect assessment of the AOM scaffold: Hema-
toxylin and eosin (HE) staining, 4’,6-diamidino-2-phenylindole (DAPI)
staining, and DNA quantitative analysis were used to evaluate whether
the cells were removed completely in the AOM scaffold [15]. Then, the
glycosaminoglycan (GAG) content, total collagen content, and mechan-
ical strength of the samples before and after acellularization were
quantitatively analyzed [15,39]. Galactose-a-1,3-galactose (alpha-gal)
content of the samples before and after decellularization was examined
by using antigen quantitative detection kit (70101, Sanyao Science,
China) according to the method provided by the manufacturer.

Characterization of GelMA hydrogel and GelMA-AOM: Rheology
test of pure GelMA hydrogel was analyzed on a HAAKE MARS III photo
rheometer with a parallel-plate (P20 TiL, 20 mm diameter) and 365 nm
light irradiation (50 mW/cmZ) at 37 °C [40]. Swelling, degradation, and
mechanical strength tests of the pure GelMA hydrogel and GelMA-AOM
(GelMA hydrogel inoculated into AOM scaffold) samples were evaluated
after 365 nm light irradiation in accordance with previously reported
methods with some modifications [15,41,42]. Briefly, the samples were
fully immersed in PBS solution (37 °C, pH = 7.4) to perform the swelling
test. The samples were fully immersed in PBS solution (pH = 7.4) con-
taining 0.15% (w/v) collagenase (Worthington Biochemical Corp.,
Freehold, NJ, USA) to perform the degradation test (placed in a shaking
table, 37 °C, 120 rpm). Samples were prepared as cylindrical shapes for
the Young's modulus test [15].
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2.3. Preparation of cell-scaffold constructs

Isolation and culture of BMSCs: Twenty-four healthy New Zealand
rabbits weighing 2.5 kg-3 kg were used to obtain bone marrow aspirate,
which was then cultured for 5 days without changing the culture medium
to promote cell adhesion on the culture dish. The isolated BMSCs were
cultured in Dulbecco's Modified Eagle Medium (DMEM; Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum (FBS; Hyclone,
Logan, UT, USA) and 1% penicillin/streptomycin at 37 °C with 5% CO»
[43].

Cell seeding: AOM scaffolds were sterilized under an electron
accelerator (dose = 25 kGy) before cell seeding. In the GelMA group,
BMSCs were suspended by the GeIMA hydrogel (cell density = 30 x 10°
cells/mL) to inoculate the AOM scaffolds under mild negative pressure.
The constructs of the GelMA group were irradiated with 365 nm light
until the GeIMA hydrogel solidified. In the Control group, BMSCs in the
conventional DMEM medium were seeded on the AOM scaffolds under
mild negative pressure, and then incubated for 4 h at 37 °C. Finally, all
constructs of the two groups were cultured in DMEM medium containing
10% FBS and 1% penicillin/streptomycin at 37 °C with 5% CO-.

2.4. Biocompatibility of the AOM scaffold

Gross observation: Macroscopic and SEM images were used to
observe appearance changes of the constructs from the Control group and
GelMA group after 1-, 4-, and 7-days in vitro culture, including the
cartilage layer (Front view) and bone layer (Reverse view).

Cell seeding efficiency: The cell seeding efficiency was measured
after 24 h of in vitro culture, the constructs from two groups were gently
washed with PBS to remove dead cells. The number of cells in the
washing solution and petri dish were denoted by N. The cell seeding
efficiency of the AOM scaffold was calculated using the following for-
mula: ((Total number of cells—N)/Total number of cells) x 100%.

Cell viability test: After in vitro culture for 1, 4, and 7 days, the
constructs from GelMA group and Control group were observed under
confocal microscopy (Nikon, Tokyo, Japan) using Live & Dead cell
straining (Invitrogen, Carlsbad, CA, USA) in accordance with the man-
ufacturer's instructions.

Cell proliferation test: After in vitro culture for 1, 4, and 7 days, the
total DNA was extracted from the constructs and quantitatively analyzed
using the PicoGreen dsDNA assay (Invitrogen, Carlsbad, CA, USA) based
on the above protocols [15].

Cytotoxicity of AOM scaffold: BMSCs were seeded at a density of 2
x 10*/mL in the extract solutions (supernatant from AOM scaffold
soaked in DMEM for 72 h) regular DMEM medium for 7 days. In accor-
dance with the manufacturer's instructions, the Cell Count Kit-8 (CCK-8;
Dojindo, Kumamoto, Japan) was used to measure the cytotoxicity of the
scaffold and the value was expressed by the average optical density (OD)
of 5 holes.

2.5. Tissue-specific differentiation of BMSCs induced by AOM scaffold

In vitro induction of BMSCs by the components of the AOM
scaffold: The AOM scaffold was incised along the interface to separate
the cartilage layer from the bone layer. After grinding, acellular cartilage
matrix (ACM) powder and acellular bone matrix (ABM) powder were
obtained. Then, BMSCs were in vitro culture for 14 days in ACM-added
medium (ACM group) for chondrogenic differentiation and medium
with ABM-added (ABM group) for osteogenic differentiation. In addition,
BMSCs were cultured in medium without powder was set as the Control
group.

Immunofluorescence staining: For immunofluorescence assay, the
positive expression (red color) of Type II collagen (COL II) and Type I
collagen (COL I) was detected to further confirm cartilage-specific and
bone-specific phenotype, respectively, after tissue-specificity induction.
Meanwhile, DAPI staining was used to detect nuclei [44].
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Quantitative reverse transcription polymerase chain reaction
(qRT-PCR): In accordance with the previous method [45], BMSCs of
each group were digested after in vitro culture for 14 days. Then
expression level of cartilage-related genes, such as COL II, aggrecan
(ACAN), and SOX9 were evaluated in the Control group and ACM group.
Similarly, bone-related genes, such as COL I, ALP, and osteocalcin (OCN)
were evaluated in the Control group and ABM group.

RNA sequencing (RNA-seq) analysis: For RNA-seq analysis, the
total RNA was extracted from the BMSCs using TRIzol Reagent (Invi-
trogen, Carlsbad, CA, USA), after in vitro culture for 14 days. The Tru-
Seq™ RNA Sample Preparation Kit (Illumina, San Diego, CA, USA) was
used to establish the library. The Illumina HiSeq XTEN/NovaSeq 6000
sequencing platform was then used for high-throughput sequencing of
the library. The mapped reads were assembled by StringTie. To identify
the differentially expressed genes (DEGs), the expression level of each
transcript was calculated by transcripts per million reads (TPM). Finally,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and
Gene Ontology (GO) functional enrichment were carried out by Goatools
and KOBAS.

2.6. Repair of osteochondral defects

In this study, twenty-four healthy New Zealand rabbits (4 months old)
weighing 2.5 kg-3 kg were used in the defect models. All animals were
randomly divided into three groups: defects without treatment (Un-
treated group), defects filled with AOM scaffolds combined with GelMA
hydrogel (Control group), and defects filled with AOM scaffolds com-
bined with BMSC-laden GelMA hydrogel (Experimental group). After
opening the knee joint, a stainless-steel drill was used to create an
osteochondral defect with a diameter of 4 mm and a depth of 3 mm at the
pulley. The rabbits were euthanized after 6 weeks and 12 weeks post-
implantation.

2.7. Gross observation and micro-CT analysis

After euthanizing the animals at 6 weeks and 12 weeks, the Inter-
national Cartilage Repair Society (ICRS) macroscopic assessment scale
was used to evaluate the effect of cartilage repair [46]. The samples were
then placed in 4% (w/v) paraformaldehyde buffer for 2 days and
micro-CT analysis was performed using a micro-CT p80 scanner (Scanco
Medical, Switzerland). The scanning parameters were set as follows:
voltage = 70 kV, current = 114 pA, resolution = 1024 x 1024 pixels.
Evaluation software (Scanco Medical, Switzerland) was used for data
analysis and 3D image reconstruction. Micro-CT analysis was conducted
to acquire 3D reconstruction images and two dimensional (2D)
cross-sectional images, which were calculated to obtain the relative bone
volume fraction (BV/TV), bone mineral density (BMD), and trabecular
thickness (Tb. Th) quantitative data.

2.8. Gene expression and histological analysis

Twelve weeks post-implantation, the expression levels of COL I, COL
I, ACAN, and OCN in the repair region of the three groups were analyzed
based on the method described in previous study [47]. HE, Safranin-Fast
green (S-F), and Masson's-Trichrome (M-T) were conducted to evaluate
the osteochondral repair effect by acquiring microscopic images.
Immunohistochemical (IHC) staining of COL I and COL II was conducted
to confirm cartilage-specific and bone-specific proteins [48,49], respec-
tively, in the osteochondral defect region. The expression of collagen I
and collagen II were detected using rabbit polyclonal antibody
(ab233080, abcam, Cambridge, USA) and (ab34712, abcam, Cambridge,
USA), respectively. Finally, the samples were evaluated using the
O'Driscoll histological assessment scale [50].
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2.9. Statistical analysis

All data were collected from at least three repetitions. The data are
presented as the means + SD. One-way analysis of variance was used to
evaluate the statistically significant differences between groups, and *P
< 0.05 was considered statistically significant.

3. Results
3.1. Preparation of AOM scaffold

As shown in Fig. 1, control of the porous structure of the cartilage
layer was the first step and important pretreatment for the preparation of
AOM scaffold. As shown in Fig. 2, the natural osteochondral tissue
comprised a dense cartilage layer and porous cancellous bone layer with
a dense and continuous interface between them (Fig. 2A1). After laser
drilling, homogeneously distributed U-shaped porous structures were
distinctly observed in the cartilage layer (Fig. 2B1). As the number of
laser repetitions increased, the diameter and depth of the U-shaped mi-
cropores increased gradually (Fig. 2E-F). At 10 laser repeats, the depth of
the micropores only reached approximately 700 pm, which was far away
from the interface of the cartilage and bone (Fig. 2B3, B4). At 15 laser
repeats, the depth of micropores reached approximately 900 pm, which
was very close to, but did not damage, the interface (Fig. 2C3, C4). At 20
laser repeats, the depth of the micropores reached more than 1300 pm,
which badly destroyed the interface (Fig. 2D3, D4). Collectively, 15 re-
peats of laser drilling were the relatively optimized parameter for control
of the porous structure of the cartilage layer that facilitated decellulari-
zation treatment, provided sufficient space for cell loading, and main-
tained relative independence of the chondrogenic and osteogenic
microenvironments.

The decellularized treatment was the essential step for decreasing the
immunogenicity of the AOM scaffold. As shown in Figure S1, both the
gross view and SEM images showed that the decellularized treatment did
not have a significant influence on the double-layer structure, micropore
structures, or the interface of AOM scaffolds. Histologically, HE staining
showed that abundant cell structures with distinct nuclei were observed

Osteochondral tissue Porcine knee joint

' Decellularization ﬁ‘ :
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in both the cartilage layer and bone layer (Fig. 3A1, C1); however, only
empty cartilage and bone lacunae were observed after the decellularized
treatment (Fig. 3B1, D1). DAPI staining further confirmed that the
abundant cell nuclei with blue fluorescence in the natural osteochondral
tissue (Fig. 3A2, C2) completely disappeared in both the cartilage layer
and bone layer after decellularization (Fig. 3B2, D2). SEM images
revealed that the lacuna structures containing cells were observed in the
natural cartilage layer, while obvious empty lacunae were observed after
decellularization (Fig. 3A3, B3). No obvious differences were observed in
the SEM images of the bone layer before and after decellularization,
likely because of the influence of the abundant mineralized matrices
(Fig. 3C3, D3). DNA quantitative analysis further confirmed that the DNA
content decreased from approximately 164.0 ng/mg to approximately
11.8 ng/mg (more than 92% of the DNA was removed) after decellu-
larized treatment (Fig. 3E). After the decellularization, alpha-gal quan-
titative analysis showed that the alpha-gal content was decreased from
approximately 8.6 U/mg to approximately 1.7 U/mg (more than 80%
was removed) (Fig. 3F). The removal of most of the DNA and alpha-gal
content was conducive to the reduction of immune rejection after xe-
nografts transplantation in the future clinical translation. Quantitative
analyses of the extracellular matrix (ECM) demonstrated that the GAG
content in the cartilage layer of AOM scaffolds decreased from approxi-
mately 48.1 mg/g to approximately 36.1 mg/g (maintained approxi-
mately 75% of the native level) (Fig. 3G). Similarly, the total collagen
content in the cartilage layer of AOM scaffolds decreased from approxi-
mately 3.6 mg/g to approximately 3.0 mg/g (maintained approximately
83% of the native level) (Fig. 3H). Importantly, compare to the native
level (approximately 13 MPa), the Young's modulus of the acellular
cartilage layer in the AOM scaffolds still maintained approximately 8.3
MPa (maintained approximately 63% of the native level) after decellu-
larization (Fig. 3I), which provided sufficient mechanical strength for
surgical operation and immediate function maintenance during the
repair of osteochondral defects. All of these results indicated that the
AOM scaffolds basically retained the main bioactive components of the
cartilage layer (such as GAG and collagen) with high mechanical strength
and low immunogenicity.

Rabbit bone marrow BMSCs expansion

o :
N B : N &% 2%
TRy :

BMSC-GelMA suspension

UV laser drilling AOM scaffold Cell seeding GelMA hydrogel
£ T — PASR
After 12 weeks / | I8 8 S .
- . Es,.' 1
g 2 o2 - \ 1
Osteogenic differentiation —— \\\ ’!:___,»

coL I1 OCNT ALPf Osteogenic pathway activation

Tissue-specific differentiation of BMSCs

Osteochondral tissue-specific repair

Fig. 1. Schematic illustration of the preparation of the AOM scaffold and BMSC-GelMA suspension for osteochondral tissue-specific repair. UV: ultraviolet. AOM:
acellular osteochondral matrix. BMSC: bone marrow stromal cell. GeIMA: Gelatin-methacryloyl.
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Fig. 2. Optimization of the laser drilling parameters for porous structure control of the cartilage layer. (A1-A4) Natural osteochondral tissue with a dense
cartilage layer before laser drilling. (B1-D4) Homogeneously distributed U-shaped porous structures are observed in the cartilage layer after laser drilling and different
laser repetition times lead to different diameters and depths of the micropores. The (E) diameter and (F) depth of the micropores increase gradually with the increase
of laser repetitions. The red dotted lines indicate the outline of the micropores and the solid green lines indicate the interface between the cartilage layer and bone

layer. (n = 4).
3.2. Invitro evaluation of GelMA hydrogel and AOM scaffold

The characteristics of the GelMA hydrogel integrating with the AOM
scaffold were first investigated to predict the feasibility of the GelMIA
hydrogel as a cell carrier for cell loading of AOM scaffold. As shown in
our results, the GelMA hydrogel showed excellent photocuring perfor-
mance with a fast gelation time of approximately 5s under in situ 365 nm
light irradiation (Figure S2A1-A5, C). GelMA hydrogel could easily enter
the pores of the AOM scaffold under a mild negative pressure condition
(Figure S2B1, B2). After light irradiation, the GelMA hydrogel rapidly
solidified and filled the porous structures of both the acellular cartilage

layer and acellular bone layer in the AOM scaffold (Figure S2B4-B5),
predicting that the GelMA hydrogel was probably an eligible cell carrier
for cell loading of the AOM scaffold. The swelling and degradation ratio
of the GelMA-AOM samples were significantly less than those of the pure
GelMA hydrogel (Figure S2D, E), which was mainly attributed to the
relatively solid structure and natural ECM components of the AOM
scaffolds. The mechanical analysis showed that the Young's moduli of
both the AOM scaffolds and GelMA-AOM constructs were significantly
greater than that of the GelMA hydrogel (after gelation) and the addition
of the GelMA hydrogel in the AOM scaffolds slightly enhanced the
Young's moduli of the samples (Figure S2F).
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Fig. 3. The qualitative and quantitative evaluations of the AOM scaffold. (A1-A3) Cartilage layer of the osteochondral tissue before decellularization. (B1-B3)
Cartilage layer of the AOM scaffold after decellularization. (C1-C3) Bone layer of the osteochondral tissue before decellularization. (D1-D3) Bone layer of the AOM
scaffold after decellularization. Quantitative analyses of the (E) DNA content, (F) alpha-gal content, (G) GAG content, (H) total collagen content, and (I) Young's
modulus before and after decellularization. The red arrows indicate the presence and absence of cell nuclei before and after decellularization. (n = 4).

The BMSC-laden GelMA hydrogel was seeded into the AOM scaffolds
to further confirm the feasibility and biocompatibility of the GelMA
hydrogel served as a cell carrier for cell loading of the AOM scaffolds. As
shown in Fig. 4A1-A6, the BMSC-laden GelMA hydrogel retained the fast
gelation characteristic of the GelMA hydrogel, filled the porous structures
of both the acellular cartilage layer and acellular bone layer, and inte-
grated well with the AOM scaffolds without obvious loss during the in
vitro culture. The SEM images further revealed that the pores in both the
acellular cartilage layer and acellular bone layer were filled well with the
BMSC-laden GelMA in the GelMA group (Fig. 4B1-B6). Live & Dead cell
staining showed that the BMSCs grew well with relatively homogeneous
distribution on the AOM scaffolds in the GelMA group (Fig. 4C1-C6).
Alternatively, the porous structure of the Control group with conven-
tional cell loading was distinctly observed in both the acellular cartilage
layer and acellular bone layer (Fig. 4D1-E6). Live & Dead cell staining
also showed that the number of BMSCs in the Control group was much
less than that in the GelMA group (Fig. 4F1-F6). Notably, homogeneously
distributed acellular regions similar to the pore of AOM scaffold were
distinctly observed in the Control group, which was attributed to the lack
of cell carrier in the central regions of the pores (Fig. 4F1-F6).

Quantitative analyses further demonstrated that the cell seeding ef-
ficiency in the GelMA group reached nearly 100% (Fig. 4G) and the DNA
content significantly increased with the culture time (Fig. 4H), which
were significantly greater than those in the Control group, indicating that
BMSCs could be well fixed into AOM scaffolds by solidified GelMIA

hydrogel and that the GelMA hydrogel had eligible biocompatibility for
supporting cell proliferation. The cytotoxicity test verified that the
extract solutions of the AOM scaffold had no negative effect on the sur-
vival and proliferation of BMSCs (Fig. 4I). These results demonstrated
that the integration of the GelMA hydrogel and AOM scaffold was an
excellent strategy for supporting cell loading, homogeneous distribution,
fixation, and proliferation. Therefore, we used this strategy (the inte-
gration of the GelMA hydrogel and AOM scaffold) for the subsequent in
vivo experiments of rabbit knee osteochondral defects.

3.3. Tissue-specific differentiations induced by the AOM scaffold

The roles of the AOM scaffold in regulating chondrogenic and oste-
ogenic differentiations of BMSCs were further detected by an immuno-
fluorescence and qRT-PCR assay. The results showed that the addition of
ACM powder derived from the acellular cartilage layer of the AOM
scaffold in the culture system obviously promoted the expression of COL
II (Fig. 5A) and significantly up-regulated the expression of cartilage-
specific genes (COL II, ACAN, and SOX9) (Fig. 5C), indicating a strong
chondrogenic-induced role of acellular cartilage layer in the AOM scaf-
fold. Meanwhile, the addition of the ABM powder derived from the
acellular bone layer of the AOM scaffold in the culture system could
obviously promote the expression of COL I (Fig. 5B) and significantly up-
regulate the expression of bone-specific genes (COL I, ALP, and OCN)
(Fig. 5D), indicating a strong osteogenic-induced role of the acellular
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observations of the Control group at the above time points. (E1-E6) SEM images of the Control group at the above time points. (F1-F6) Live & Dead cell staining of the
Control group at the above time points. The quantitative analyses of (G) cell seeding efficiency and (H) DNA content in the GelMA and Control groups. (I) Cytotoxicity
test for the AOM scaffold. (n = 5).

bone layer in the AOM scaffold. These results indicated that the AOM Furthermore, RNA-seq analysis was performed to reveal the potential
scaffold could regulate biphasic tissue-specific differentiations in mechanisms during the chondrogenic and osteogenic differentiations of
different layers by mimicking chondrogenic and osteogenic biomimetic the BMSCs regulated by AOM scaffold. As shown in Fig. 6, for chon-
microenvironments. drogenic induction, the results showed that 2966 DEGs were detected
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derived from the AOM scaffold. (C) Expression of cartilage-specific genes (COL II, ACAN, and SOX9) induced by ACM powder. (D) Expression of bone-specific genes

(COL I, ALP, and OCN) induced by ABM powder. (n = 4).

after culture in the ACM-added medium, with 1286 genes up-regulated
and 1680 genes down-regulated (Fig. 6B1). KEGG pathway analysis
and GO functional enrichment of up-regulated DEGs results (Fig. 6C1,
D1, Table S2A) found that several cartilage-related pathways and bio-
processes, as well as cartilage-specific genes (COL II, ACAN, and SOX9),
were significantly activated, such as the MAPK signaling pathway
[51-53], cartilage development, glycosaminoglycan biosynthetic pro-
cess, and negative regulation of smooth muscle cell proliferation. These
signaling pathways, bioprocesses, and specific genes were related to the
positive regulation of the chondrogenic differentiation, cartilage devel-
opment, ECM synthesis, and negative regulation of angiogenesis,
implying that ACM powder promoted chondrogenic differentiation and
cartilage regeneration of BMSCs and inhibited the development of blood
vessel, which benefited enhancing the stability of BMSC-regenerated

cartilage.

For osteogenic induction mediated by the ABM-added medium, 1188
genes were differentially expressed with 578 genes up-regulated and 610
genes down-regulated (Fig. 6B2). The KEGG and GO functional enrich-
ment of up-regulated DEGs results (Fig. 6C2, D2, Table S2B) showed that
several bone-related pathways and bioprocesses, as well as bone-specific
genes (COL I and ALP), were significantly activated, such as AMPK
signaling pathway [54,55], regulation of vascular associated smooth
muscle cell proliferation, and canonical Wnt signaling pathway [56],
which are highly related to osteogenic differentiation of BMSCs and
regulation of angiogenesis. These results implied that ABM powder likely
promoted bone regeneration by up-regulating osteogenesis- and
angiogenesis-related signaling pathways, bioprocesses, and specific
genes.
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Fig. 6. The potential mechanism analysis of tissue-specific differentiation of BMSCs mediated by the components of the AOM scaffold. The (A1) heatmap,
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and osteogenic differentiation of BMSCs.

3.4. Tissue-specific repair of osteochondral defects mediated by the AOM
scaffolds and BMSC-laden GelMA hydrogel

Tissue-specific repair of osteochondral defects mediated by AOM
scaffolds and BMSC-laden GelMA hydrogel was evaluated in a knee joint
model of rabbit (Fig. 7A1-A3). As shown in Fig. 7, gross view and micro-

CT images showed that obvious defects with fibrous-like tissue in both
cartilage and bone regions were observed in the Untreated group at 6
weeks and 12 weeks post-implantation (Fig. 7B1, B4). In the Control
group, the cartilage defects were distinctly observed with repair of
fibrous-like tissue at 6 weeks (Fig. 7B2) and the defects had obvious
shrinkage with little cartilage-like tissue regeneration at the edges of the
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Fig. 7. Gross observation, micro-CT analysis, and related gene expression of osteochondral tissue-specific repair. (A1-A3) Rabbit knee joint surgery images.
(B1-B6) Gross observation at 6 weeks and 12 weeks post-implantation. Micro-CT (C1-C6) 3D reconstructed images and (D1-D6) 2D cross-sectional images at 6 weeks
and 12 weeks post-implantation. (E) ICRS macroscopic score of cartilage repair. (F1) BV/TV, (F2) BMD, and (F3) Tb. Th quantitative analyses of micro-CT. (G1-G4)
Expression of cartilage-specific genes (COL II, ACAN) and bone-specific genes (COL I, OCN) at 12 weeks post-implantation. (n = 4).
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defect at 12 weeks (Fig. 7B5). Micro-CT showed that the bone defects in
the Control group were partially repaired by the implanted AOM scaf-
folds with inferior bone integration with surrounding native bone at both
6 weeks and 12 weeks (Fig. 7D2, D5). Excitingly, in the Experimental
group, both cartilage and bone defects were satisfactorily repaired by
cartilage-like tissue (Fig. 7B3, B6) at the cartilage defect regions and
bone-like tissue at the bone defect regions with seamless integration with
surrounding tissue (Fig. 7D3, D6) at both 6 weeks and 12 weeks.
Differently, the defect regions presented a relatively rough surface and
the partial residual of the AOM scaffold were observed at 6 weeks while
the defect regions presented a relatively smooth surface and almost no
residual of the AOM scaffold at 12 weeks (Fig. 7D3, D6).

Quantitative analyses demonstrated that the ICRS macroscopic scores
(Fig. 7E), bone mineral density (BMD), trabecular thickness (Tb. Th),
cartilage-specific gene expression (Fig. 7G1, G2), and bone-specific gene
expression (Fig. 7G3, G4) significantly increased in order of the Un-
treated group, Control group, and Experimental group, indicating the
best cartilage and bone regeneration in the Experimental group. Sur-
prisingly, no significant differences were observed in bone volume frac-
tion (BV/TV) between the Control and Experimental groups (Fig. 7F1),
which was probably attributed to the abundant residual of the AOM
scaffold with slower degradation rate in the Control group because of the
lack of sufficient BMSCs to support bone remodeling.

Histological examinations further confirmed that the defects in the
Untreated group were mainly repaired by fibrous tissue with an obvious
gap between the defect regions and adjacent normal tissue (Fig. 8;
Figure S3, S4). The repair of bone was improved in the implantation
period from 6 weeks to 12 weeks (Fig. 8; Figure S3). However, the repair
of cartilage effect was still poor at 12 weeks post-implantation (Fig. 8;
Figure S3). The cartilage regions of the defect in the Control group were
also repaired by fibrous tissue, except for a small amount of cartilage
regeneration at the edges of the defect adjacent to normal tissue where a
distinct boundary was observed (Fig. 8; Figure S3, S4). Consistent with
micro-CT, abundant un-degraded AOM scaffolds were observed in the
bone defect regions of the Control group, which was evidenced by
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abundant acellular trabecular structures (Fig. 8; Figure S3, S4). Consis-
tent with the gross view and micro-CT images, the cartilage defect re-
gions in the Experimental group were mainly repaired by the regenerated
cartilaginous tissue with a relatively smooth cartilage surface, relatively
normal articular cartilage thickness, specific ECM staining, and seamless
boundary healing between the neocartilage and surrounding native
cartilage (Fig. 8; Figure S3, S4). The regions of COLII (for cartilage-
specific protein) and COLI (for bone-specific protein) positively stained
were generally consistent with those in S-F and M-T staining (Fig. 8;
Figure S3, S4). For the repair of cartilage layer defects, the arrangement
of chondrocytes was similar to that of native hyaline cartilage, which was
showed that positive COLII staining and negative COLI staining (Fig. 8).
Moreover, the neocartilage showed gradual maturation from 6 weeks to
12 weeks (Fig. 8; Figure S3). Additionally, the bone defect regions in the
Experimental group mainly showed immature bony tissue and an
incompletely degraded acellular bone layer of the AOM scaffold at 6
weeks, which was repaired by the relatively mature bony tissue with
nearly no acellular bone layer residue of the AOM scaffold at 12 weeks.
The regenerated bone showed typical morphological characteristics of
subchondral bone (Fig. 8), and it was worth pointing out that the
structure of tide line performed better reconstructed (Figure S4) in the
Experimental group than that in the Control group and the Untreated
group, which was likely attributed to the osteochondral interface (tide
line) was not damaged during the preparation of AOM scaffolds and the
regulated by the surrounding microenvironment (AOM scaffold and in
situ microenvironment of the knee joint). The O'Driscoll histological
assessment scores in the Experimental group were significantly greater
than those in the Untreated and Control groups (Figure S5).

4. Discussion

Although osteochondral tissue engineering has achieved some prog-
ress in animal models [57], it was hard to prepare a biphasic scaffold with
accurate osteochondral-biomimetic microenvironment and interface
similar to native articular tissue. To solve this problem, a double-layer

M-T

coLl coLl

Fig. 8. Histological examinations of the regenerated osteochondral tissues at 12 weeks post-implantation. HE, Safranin O-Fast green (S-F), Masson's-Tri-
chrome (M-T), COL II, and COL I staining show that tissue-specific structure and ECM deposition in both cartilage and bone defect regions of the Experimental group
are very close to native articular osteochondral tissue, and were superior to those of the Untreated and Control groups. RR: regenerative region; UA: undegraded AOM.
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AOM scaffold with natural osteochondral-biomimetic microenvironment
and interface was successfully prepared in the current study. GelMA
hydrogel was further used as the cell carrier to significantly enhance the
efficiency of cell seeding and the homogeneity of cell distribution on the
AOM scaffold. Meanwhile, in vitro results demonstrated that the chon-
drogenic/osteogenic components of the AOM scaffold efficiently regu-
lated the differentiation of BMSCs by activating the
chondrogenic/osteogenic-related pathways. Finally, the AOM scaffolds
combined with BMSC-laden GelMA hydrogel successfully realized
tissue-specific repair of the osteochondral defects with engineered
cartilage and subchondral bone in a knee joint model of rabbit. These
results provided a novel biomimetic scaffold and feasible strategy for the
repair of osteochondral defects in the future.

How to prepare a porous AOM scaffold with natural osteochondral-
biomimetic microenvironment and interface was the first problem that
needed to be solved. The main difficulties were how to achieve successful
acellularization and how to produce an acellular porous cartilage layer of
natural osteochondral tissue suitable for cell loading, while ensuring the
osteochondral interface was not damaged so as to maintain the relative
dependence of chondrogenic and osteogenic microenvironments. Previ-
ous studies reported that CO, laser combined with decellularization
technologies could be used to prepare cartilage tissue into an acellular
porous scaffold with V-shaped micropore structures suitable for decel-
lularization and cell loading [33]. However, the size (diameter and
depth) of each V-shaped CO laser micropore was relatively inconsistent
under the same laser parameters, and easily led to low porosity, while the
deeper V-shaped micropores for enhancing the porosity inevitably
further decreased the consistency of the micropore size and increased the
risk of osteochondral interface damage. Additionally, the high heat of the
CO9, laser likely compromised the bioactivity of the treated tissue and
carbonized the treated tissue to increase the risk of harmful residual
substance. To solve the above problems, UV picosecond laser technology
with low heat was used to prepare a cartilage layer scaffold with
U-shaped micropores, which efficiently enhanced the porosity, decreased
the risk of tissue carbonization, and ensured the consistency of the
micropore shape. The current results showed that the 15 laser repeats
combined with decellularized treatment obtained a relatively optimized
porous structure of the cartilage layer in the AOM scaffold, which had
high mechanical strength (approximately 8.3 MPa) suitable for surgical
operation and immediate functional maintenance, appropriate micro-
pore interval for complete decellularization, accurate micropore depth
close to, but did not damage, the interface, and sufficient space to ensure
a high porosity for cell loading. In addition, no obvious carbonization
was observed in the AOM scaffolds.

After the AOM scaffold were successfully prepared, how to achieve
high cell seeding efficiency became an intractable problem. Direct
seeding of the cell suspension easily led to a large amount of cell loss from
the AOM scaffold because of the oversized pores (both the artificial mi-
cropores in the cartilage layer and the native bone trabecular interval in
the bone layer), as shown in the Control group. Previous studies
addressed this problem by increasing the chondrocyte density (up to 2.0
x 108 cells/ml) to enhance the viscosity of the cell suspension [33].
Obviously, such high cell density is relatively difficult for practical
clinical applications because of the high cost. To solve this problem,
GelMA hydrogel was introduced as a cell carrier, which had excellent
fluidity benefiting cell suspension and homogeneous seeding into the
AOM scaffold before exposure to 365 nm light, and GelMA hydrogel was
then fast gelation benefiting the firm fixation and homogenous distri-
bution of cells in the AOM scaffold after exposure to 365 nm light. The
results confirmed the feasibility of this strategy with high cell seeding
efficiency, homogeneous cell distribution, and sustained proliferation,
which ensured sufficient BMSCs for in vivo tissue-specific regeneration
directed by the chondrogenic and osteogenic microenvironments of the
AOM scaffold.

After successfully achieving a high cell seeding efficiency, whether
the AOM scaffold has the ability for tissue-specific osteochondral
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induction became another important issue. The current results demon-
strated that the ACM and ABM powders from the AOM scaffold could
significantly up-regulate the chondrogenic and osteogenic gene expres-
sion of BMSCs, respectively, indicating the tissue-specific regulation of
AOM scaffold. To further clarify the potential mechanism during the
AOM scaffold regulated chondrogenic and osteogenic differentiations of
BMSCs, functional enrichment analysis of the up-regulated differential
genes was performed to compare the differences in each group. The
current results showed that the addition of ACM powder efficiently
activated chondrogenic-related signaling pathways and bioprocesses,
which was conducive to the chondrogenic differentiation of BMSCs, the
secretion of ECM, and the prevention of the disordered growth of blood
vessels in cartilage tissue during the in vivo cartilage layer defect repair.
In addition, the addition of ABM powder also efficiently activated oste-
ogenic signaling pathways and bioprocesses related to the osteogenic
differentiation of BMSCs and the positive regulation of vascular
ingrowth, which was likely conducive to accelerating bone remodeling
during the in vivo bone defect repair. These results sufficiently confirmed
the regulation roles of AOM scaffold on the osteochondral tissue-specific
differentiation and further investigated the activated pathway during
tissue-specific differentiation, which provided a reasonable explanation
for the tissue-specific regeneration of the knee joint defect in the rabbit
model.

Finally, whether the AOM scaffolds combined with BMSC-laden
GelMA hydrogel can achieve satisfactory repair of osteochondral de-
fects was the most concerned issue for future clinical translation. The
current results confirmed that the blank group mainly exhibited mis-
placed fibrous tissue repair because of the lack of scaffold guidance and
sufficient cell source. The Control group achieved partial osteochondral
regeneration in the edge regions of the defect, which should benefit from
endogenous stem cell homing and their tissue-specific regeneration
directed by the chondrogenic and osteogenic microenvironment of AOM
scaffold in situ. Nevertheless, the central regions of the osteochondral
defects did not achieve satisfactory tissue-specific repair, which was
likely due to insufficient cells from endogenous stem cell homing. In
addition, the interface of the AOM scaffold and GelMA hydrogel might
block the influx of bone marrow blood containing stem cells in the
cartilage layer, leading to fibrous tissue formation in the central regions
of the cartilage layer defects. Excitingly, the Experimental group ach-
ieved relatively satisfactory tissue-specific repair of the osteochondral
defects with a relatively smooth cartilage surface, relatively mature
osteochondral tissue, and an interface similar to a native interface, which
was likely attributed to the following reasons: 1) The natural structure
and mechanical support of the AOM scaffold provided a guide for early
osteochondral tissue regeneration and avoided damage to the early tis-
sue; 2) Abundant BMSCs (immobilized by GelMA hydrogel) achieved
tissue-specific differentiation directed by the corresponding chondro-
genic and osteogenic microenvironments of the AOM scaffold after im-
plantation; 3) The natural interface of the AOM scaffold prevented
excessive growth of the blood vessels toward cartilage region and
maintained the relatively independent microenvironments of chondro-
genesis and osteogenesis; 4) The in situ microenvironment of the knee
joint (such as mechanical stress during articular movements) promoted
tissue-specific differentiation and maturation of implanted autologous
BMSCs. All of these results demonstrated that the microenvironment
biomimetic AOM scaffold combined with BMSC-laden GelMA hydrogel
was a satisfactory strategy for tissue-specific repair of osteochondral
defect.

To facilitate easier access to scaffold materials and facilitate clinical
translation, we manufactured xenogeneic (pig) AOM scaffold materials to
repair rabbit osteochondral defects. Although the current research has
achieved relatively satisfactory repair for osteochondral defects, it was
difficult to trim the thickness of porcine articular cartilage to be the same
as that of rabbit cartilage. Moreover, the natural articular cartilage had a
non-homogenous structure (such as collagen fiber thickness, GAG con-
tent, and other ECM proteins) in different zones. The trim of sample
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would destroy the natural non-homogenous structure. In addition, due to
the huge size difference between pigs and rabbits, the cartilage-bone
surface thickness would be very different. To avoid the above prob-
lems, preclinical large animal models (such as porcine model, whose
articular size and cartilage thickness were very close to human) should be
performed in future studies, which have been under investigation.

5. Conclusion

In summary, the current study developed a novel double-layer bio-
mimetic scaffold with natural chondrogenic and osteogenic microenvi-
ronments as well as an interface. The AOM scaffolds combined with
BMSC-laden GelMA hydrogel successfully repaired osteochondral de-
fects with a relatively smooth cartilage surface, relatively mature osteo-
chondral tissue, and an interface similar to natural tissue. Although other
concerned clinical issues (such as biosafety of the AOM scaffold and
osteochondral defect repair in a large animal model) remain to be
addressed, the current results provided strong support for osteochondral
tissue-specific repair and its future clinical translation.
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