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ARTICLE INFO ABSTRACT
Keywords: Osteochondral defects are still facing a significant challenge in clinical surgery, making post-trauma repair
Biphasic biomimetic scaffolds difficult. Tissue engineering has provided a promising approach to solving these defects. However, existing

Endochondral ossification
Osteochondral repair
Pre-chondrogenic microspheres
Axitinib

scaffolds cannot replicate the complex biphasic cartilage-bone microenvironment with accuracy. We aimed to
develop a biphasic biomimetic scaffold with regionally regulated vascularization that promoted chondrogenesis
and osteogenesis through bidirectional regulation of endochondral ossification. This scaffold consisted of pre-
chondrogenic microspheres (PCMs) and a decalcified bone frame prepared by decalcifying the cartilage layer
and bone layer of the scaffold to varying degrees. Incorporation of PCMs into the cartilage layer created a
microenvironment that promoted cartilage regeneration while axitinib was modified to inhibit vascularization
and enhance cartilage regeneration. The bone layer provided a microenvironment that promoted endochondral
ossification and facilitated bone repair. In vitro studies have shown that axitinib-modified cartilage layers
significantly inhibit the VEGF expression of pre-chondrogenic cells, while decalcified bone powder from the bone
layer significantly promotes the ossification of PCMs. In vivo experiments indicated that this decalcified bone
frame controls the endochondral ossification of PCMs through regionalized angiogenesis, promoting the inte-
grated regeneration and reconstruction of osteochondral defects in rabbit knee joints. These results suggest that
our designed demineralized bone frame can precisely engineer the osteochondral regeneration microenviron-
ment, providing theoretical guidance for the integrated regeneration and repair of anisotropic tissue injuries.

1. Introduction approaches for treating osteochondral defects. Among them,
multi-layered biomimetic scaffolds have achieved encouraging results in

Osteoarthritis (OA) is a chronic degenerative disease that often in- the regeneration of osteochondral tissues [11,12]. Additionally, tissue
volves both the articular cartilage and subchondral bone [1-4]. Artic- engineering strategies based on bone marrow mesenchymal stem cells
ular cartilage has a limited capacity for self-repair in vivo and effective (BMSCs) are considered an ideal treatment for osteochondral defects
repair of articular cartilage defects post-injury has been challenging in [13-15]. Endochondral ossification is an important strategy for bone
clinical surgery [5-10]. Tissue engineering strategies are promising tissue repair in which BMSCs, after being induced to differentiate into
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chondrocytes in vitro, promote bone injury repair through endochondral
ossification in vivo [16-19]. Acceleration of the progression of endo-
chondral ossification promotes bone regeneration [18,20]. Inhibiting
vascular formation during cartilage regeneration can suppress ossifica-
tion and contribute to the regeneration of more stable cartilage [21].
Therefore, the design of a biomimetic scaffold that can locally regulate
vascular formation in combination with pre-chondrogenic BMSCs is
likely to facilitate the integrated regeneration of both cartilage and
bone. Previously, we designed a hydrogel microsphere osteogenesis in-
duction system as a bone regeneration unit and combined it with a
decalcified bone framework to achieve satisfactory long bone repair in
rabbit femoral defects [22]. Based on this strategy, we hypothesized that
pre-chondrified hydrogel microspheres would achieve integrated
regeneration of cartilage and bone through modulating the biphasic
differentiation of endochondral ossification.

Decalcified bone matrix (DBM) has become a promising scaffold for
bone repair due to its natural cancellous bone structure, low immuno-
genicity, good biocompatibility, and tunable mechanical properties
[23-26]. Additionally, a combination of the DBM as a framework ma-
terial and engineered cartilage gel has shown promise for repairing
cartilage defects in animals [27]. Therefore, DBM scaffolds with
adjustable matrix stiffness appear promising for the development of
biomimetic scaffolds that mimic the microenvironment of natural
osteochondral bone. An integrated stratified DBM scaffold with different
stiffness levels prepared through a controlled paraffin layer embedding
has been shown to simulate the mechanical properties of articular
cartilage [23,28,29]. Therefore, we hypothesized that paraffin layer
embedding could be utilized to achieve layered modification of vascu-
larization inhibitors on the DBM scaffold, thereby enabling localized
regulation of vascular formation.

Axitinib acts as a tyrosine kinase inhibitor which can block vascular
endothelial growth factor receptor (VEGFR)-mediated endothelial cell
migration and growth, induces early endothelial cell apoptosis, prevents
vascularization, and inhibits cancer cell growth and invasion through
targeting VEGF receptors [30,31]. Research has shown that axitinib
facilitates regeneration of stable cartilage in the body [32,33]. There-
fore, loading axitinib into the cartilage layer of a biphasic biomimetic
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scaffold could be considered potentially effective. However, simply
adsorbing the drug onto the surface of the DBM scaffold would likely
result in low drug-carrying efficiency and sudden release. To address
this issue, the surface of the DBM was modified with polydopamine
(PDA) to increase the carrying capacity of axitinib. PDA, with its highly
reactive catechol groups, can form strong bonds with various material
surfaces and facilitate the secondary modification of substrates through
interactions with other molecules [34-37]. This approach could enable
the preparation of a biphasic biomimetic scaffold that synergistically
regenerated the cartilage and subchondral bone, inhibited vasculariza-
tion in the cartilage layer, and promoted ossification in the bone layer.
In this research, we aim to develop a novel approach for the treat-
ment of full-thickness articular cartilage defects using a biphasic bio-
mimetic scaffold based on a decalcified bone framework and pre-
chondrogenic microspheres (PCMs) (Scheme 1). A biphasic DBM scaf-
fold with regional differences in matrix stiffness was created through a
stratified decalcification, while a biphasic biomimetic scaffold with
regionalized vascular regulation was prepared through modifying the
upper layer of the scaffold with axitinib and combining it with PCMs to
achieve osteochondral defect repair. In addition, a biphasic biomimetic
scaffold loaded with PCMs can enable subcutaneous ectopic cartilage
and bone regeneration in nude mice. The full-thickness osteochondral
defect model of a rabbit knee joint was then repaired using a biphasic
biomimetic scaffold, which showed a satisfactory treatment effect.

2. Materials and methods
2.1. Materials and animals

Gelatin, methacrylic anhydride, and phenyl-2,4,6-
trimethylbenzoylphosphonate (LAP) were purchased from Sigma-
Aldrich. Insulin-transferrin-sodium selenite was purchased from Scien-
Cell. The microfluidic devices and chips were purchased from Shanghai
Pengzan, China. All chemicals are reagent grade and prepared using
deionized water. In addition, nude mice and New Zealand white rabbits
(2.5-3.0 kg) were supplied and reared by Shanghai Yunde Experimental
Animal Raising Farm (Shanghai, China). All animal experimental

Chondrocyte

Scheme 1. Schematic diagram of the biphasic biomimetic scaffold based on DBM frame and PCMs for full-thickness osteochondral defects.
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methods performed have been approved by the Animal Research Com-
mittee of Xinxiang Medical University (Xinxiang, China) (License
number: XYLL-20230329).

2.2. Gelatin methacryloyl (GelMA) synthesis

GelMA was synthesized using methacryloyl-modified gelatin, as
previously described [38]. Weigh 20 g of gelatin and dissolve it in 200
mL of phosphate-buffered saline (PBS) solution (pH, 7.4) and then stir at
60 °C using a magnetic stirrer. Then, the methacrylate anhydride solu-
tion (16 mL) was slowly added dropwise, and the reaction continued for
2 h after the dropwise addition was completed. Finally, the solution was
collected and dialyzed in a dialysis membrane (8000-14000 KDa) at
37 °C for 7 d. GelMA is obtained after freeze-drying.

2.3. GelMA microspheres production

GelMA microspheres were prepared as per previous methods [22,39,
40]. Briefly, 1 g of GelMA and 25 mg of the LAP photoinitiator were
dissolved in 10 mL of PBS solution. The solution was dissolved at 60 °C
for 30 min in the dispersed phase (water phase). In addition, 10 mL of
droplet-generating oil was used in the oil phase. A microfluidic pump is
used to inject the two liquids separately into the channels of the chip,
and the aqueous phase is sheared to form microspheres by the shearing
action of the oil phase. By manipulating the velocity of the aqueous and
oil phases, it is possible to obtain hydrogel microspheres with controlled
size. The microspheres were collected in a 15 mL centrifuge tube. The
collected droplets are solidified by a UV flashlight (405 nm, 20
mW/cm?) for 30 s and then polymerized into stable microspheres. The
size of the resultant microspheres was determined using microscope
images and NIH ImageJ software. The microspheres were first treated
with a demulsifying agent, followed by three successive rinses with
distilled water, and ultimately lyophilized for later use.

2.4. Characterization of GelMA microspheres

The morphology and structure of GelMA microspheres were detected
by scanning electron microscopy (ZEISS Gemini 300). Prior to obser-
vation, all samples were sprayed with gold for 60 s (Oxford Quorum
SC7620).

Mechanical tests on the GelMA microspheres were performed using a
universal material-testing machine (Shimadzu AGS-X-50N, Japan). A
compression test was performed at a speed of 1 mm/min, and the elastic
modulus was calculated using the resulting stress-strain curve, which
was defined as the slope of the linear region at 5%-10 % strain. The
modulus of elasticity was calculated as the average of three
measurements.

2.5. Invitro GelMA microspheres degradation

For the in vitro degradation experiment, 1 mg of the lyophilized
microsphere sample was placed in 1 mL PBS solution (pH 7.4) con-
taining 5 U/mL collagenase. In the dry state, the initial weight of the
sample was Wy. Lyophilized microspheres were incubated for one week
in a shaker at 37 °C. The collagenase solution in the tube was changed
daily to ensure a constant concentration, a sample was removed every
24 h to remove the supernatant liquid, and the sample was washed three
times with deionized water and then lyophilized, until the weight was
Wi

Degradation ratio = W1/Wy x 100%
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2.6. PCMs preparation and biocompatibility

2.6.1. PCMs preparation

BMSCs were obtained from adult rabbit bone marrow blood and
cultured and expanded in a 37 °C 5 % CO5 incubator. The medium was
changed every 3 d for use when the cells were expanded to the second
generation.

BMSCs of 20 mil/mL were mixed with lyophilized microspheres,
placed in ultra-low adhesion 6-well plates, and incubated at 37 °C for 6 h
to allow the cells to spread fully on the microspheres surface. After 48 h
of amplification and culture, cartilage induction medium was added,
and the culture was continued for 28 d to obtain PCMs. The culture was
stored in a 37 °C 5 % CO incubator and the medium was changed every
2 d to ensure adequate nutrient supply to the cells.

2.6.2. Cell viability of PCMs

Cell viability was assayed after 1, 7, 14, and 28 d of in vitro co-
culture, and survival was quantified. As previously described [22], cell
viability was assayed using the Calcein-AM/PI Double Staining Kit
(DOJINDO, C542, Japan). Specifically, 4 pL of calcein-AM and 6 pL of PI
were first added to 2 mL of PBS to prepare a live/dead dye working
solution. Approximately 20 mg of PCMs was then added to 2 mL of
live/dead dye working solution for live/dead staining, followed by a 15
min incubation at 37 °C protected from light. Photographs were taken
using a laser confocal microscope and the number of live and dead cells
was quantified by NIH ImageJ software, and finally the ratio of the
number of live cells to the total number of cells was calculated to assess
cell viability.

2.6.3. Cell spreading of PCMs

Cell adhesion and spreading were measured at 1, 7, 14, and 28 d of in
vitro co-culture, respectively. F-actin and nuclei were stained with
phalloidin and 4',6-diamidino-2-phenylindole (DAPI) staining solution,
respectively. First, after three gentle rinses with PBS solution, fix with 4
% paraformaldehyde solution for 15 min. The sample is permeabilized
using a 0.5 % Triton X-100 solution for a duration of 5 min at ambient
temperature. After washing with PBS, add 5 pg/mL phalloidin dropwise
and incubate for approximately 1 h. The samples were then stained with
DAPI staining solution (1:1000 dilution) for nuclei. Finally, images were
taken by a laser confocal microscope and the number of cells was
measured by NIH ImageJ software.

2.6.4. Pre-chondrogenic differentiation

To prepare PCMs, cell-carrying microspheres were co-cultured in a
chondrogenic induction culture medium for 4 w. The expression of
cartilage-related genes in the PCMs was assayed using real-time quan-
titative PCR (RT-qPCR) at 1, 14, and 28 d after chondrogenic induction.
In addition, cartilage-induced chondrocyte-associated protein expres-
sion in the PCMs at 28 d was detected using immunofluorescence
staining.

2.7. Preparation and characterization of biphasic biomimetic DBM
scaffolds

2.7.1. Preparation of biphasic biomimetic DBM scaffolds

Fresh pork femurs were purchased from a local slaughterhouse. As
previously study, the head of the femur was cut using a saw blade and
soaked in a normal saline solution [23]. The femoral head was divided
into cylinders 5 mm in diameter and 6 mm thick for the cell and sub-
cutaneous implantation experiments. The cancellous bone was cut into
cylinders (diameter, 4 mm; thickness, 4 mm) for the repair of osteo-
chondral defects in the rabbit knee joint. The process of decellularization
and degreasing was carried out utilizing Triton X-100 and methanol,
respectively. Since the shape and size of the decalcified bone scaffold
can be artificially controlled, we used a scaffold with an upper layer of 2
mm and a lower layer of 4 mm in cell experiments and subcutaneous
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experiments in nude mice. In animal experiments, the upper layer of our
scaffold was 0.5 mm and the lower layer was 3.5 mm. For example, in
the cell experiments, the scaffolds were divided into upper (2 mm) and
lower (4 mm) layers, and the lower layer (4 mm) was embedded in
paraffin, cooled, and placed in an ethylenediamine tetraacetic acid
(EDTA) decalcification solution for 2 d. The scaffolds were cleaned with
deionized water and dewaxed using xylene after freeze-drying. Double
DBM scaffolds were obtained after treatment for 5 d. All scaffolds were
then placed in a decalcification solution for one day to partially decalcify
the lower layer. After washing with distilled water and freeze-drying, we
obtained a layered DBM (LDBM) scaffold with regional variations in
matrix stiffness. Finally, the lower layer of LDBM scaffolds was
embedded in paraffin. However, the wax-sealed lower scaffold was not
loaded with axitinib as it could not be modified via the PDA surface. The
upper layer was immersed in 1 mg/mL PDA solution for 24 h to obtained
LDBM@PDA (LPD) scaffold. Following washing with distilled water, we
obtained a biphasic scaffold with PDA modification on the upper layer
and no modification on the lower layer. The scaffold was soaked in 0.16
mg/mL axitinib solution, and xylene was subsequently dewaxed to
obtain biphasic biomimetic LPD@Axitinib (LPDA) scaffolds. Finally,
xylene was washed with distilled water and freeze-dried to obtain a
biphasic bionic scaffold.

2.7.2. Characterization of biphasic biomimetic LPDA scaffolds

The degree of decalcification and stratification of the biphasic bio-
mimetic DBM scaffolds was measured using micro-computed tomogra-
phy (Micro-CT, PINGSENG Healthcare, VENUS 001) to enable
quantification of the bone density in the upper and lower layers of the
scaffolds.

Scanning electron microscopy was used to detect the internal pore
structure of the scaffold after 60 s of gold spray treatment. The pore size
of the scaffold was measured using NIH ImageJ software.

A universal testing machine (Shimadzu AGS-X-50N, Japan) was used
to detect and determine the mechanical properties of the scaffold, which
was decalcified for 1 d (lower layer of the scaffold) and 3 d (upper layer
of the scaffold). Prior to testing, the scaffolds were soaked overnight in
PBS. The upper pressure plate was lowered at a compression speed of 1
mm/min to measure the compression modulus. The modulus of elas-
ticity was obtained in a range of 2-5% of the stress-strain curve.

2.7.3. Biocompatibility of the biphasic biomimetic LPDA scaffold

The viability of the BMSCs in the biphasic biomimetic scaffold was
assessed using live/dead staining. Five d after inoculation of BMSCs on
the scaffold, the scaffold was removed and washed three times with PBS
to determine cell viability using a Calcein-AM/PI Double Stain Kit
(DOJINDO, C542, Japan). After adding the working solution, the scaf-
fold was incubated at 37 °C for 15 min and then observed, with images
taken using confocal microscopy (Leica, DMi8, Germany).

The proliferation of BMSCs in the biphasic biomimetic scaffold was
evaluated using a cell counting kit-8 (CCK-8) (Beyotime, C0038, China).
A 96-well plate was used for this experiment with a cell count of 2000
cells per well. After co-incubating BMSCs with the extract of the scaffold
for 1, 3, and 5 d, the original medium was aspirated and a 10 % CCK-8
working solution was added for incubation at 37 °C for 1.5 h. We then
measured the absorbance value at 450 nm with a microplate instrument
(Synergy H1, BioTek).

2.7.4. Functional assessment of the biphasic biomimetic DBM scaffold in
vitro

To further evaluate the in vitro functionality of the biphasic bio-
mimetic scaffold, hydrogel microspheres loaded with BMSCs were sub-
jected to pre-chondrogenic induction for 4 w, followed by the detection
of cartilage-related gene expression (SOX9, COL2 and ACAN). After co-
culturing well-maintained passage 3 (P3) BMSCs with the upper layer of
the scaffold for 14 d, the expression level of the vascular endothelial
growth factor (VEGF) gene was assessed. Additionally, BMSCs subjected
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to pre-chondrogenic induction for 2 w were switched to a low-glucose
complete culture medium supplemented with 0.4 % bone powder and
co-cultured for another 14 d, followed by the detection of osteogenesis-
related gene expression (ALP and OCN) (Table S1).

2.8. In vivo implantation of PCMs constructs

We selected nude mice aged 4-6 w (n = 3 per group). Due to the lack
of functional T cells in nude mice, they can accept cells, tissues, or tumor
transplants from other species (such as humans or rabbits) without
triggering significant immune rejection. When rabbit-derived cells are
transplanted into nude mice, the absence of T cell functionality prevents
the recognition of rabbit cells as "foreign" by the adaptive immune
system. This allows the rabbit cells to survive and continue to grow in
the nude mouse, providing a suitable model to study the characteristics
of rabbit cells or their interactions with the surrounding environment.
Subcutaneous injections were administered under sterile conditions. We
collected PCMs at a dose of 300 pL and injected them into nude mice
subcutaneously using a 1 mL syringe. At 4 and 8 w post-implantation,
the samples were fixed with 4 % (w/v) paraformaldehyde solution,
ossification of the PCMs was detected using micro-CT, and inflammation
and tissue production were detected using histological staining.

2.9. In vivo implantation of the composite biphasic biomimetic LPDA
scaffold

Approximately 1 mL of the PCMs was injected into the biphasic
biomimetic scaffold for subcutaneous implantation into nude mice after
ensuring uniform dispersion. Tissue analysis was performed 4-8 w post-
implantation.

2.10. Repair of rabbit articular osteochondral defects

New Zealand white rabbits weighing 2.5-3.0 kg (n = 3 per group)
were used, and the experimental method was approved by the Animal
Research Committee of Xinxiang Medical University. Eighteen white
rabbits were divided into an untreated group (only joint defect surgery),
a control group (biphasic biomimetic scaffold implanted after surgery),
and an experimental group (PCMs composite biphasic biomimetic
scaffold implanted after surgery). Under strict sterile conditions, each
rabbit was operated on after general anesthesia, and the knee joint was
incised through a medial parapatellar approach. Sterile drilling was used
to create full-thickness osteochondral defects (diameter, 4 mm; depth, 4
mm) at the lateral trochlear ridge of the distal femur on both legs. The
incision was sutured after surgery was completed, and antibiotics were
administered for 3 d after surgery to prevent infection.

2.11. Gross observation and micro-CT analysis

The rabbits were sacrificed 6 and 12 w after surgery to remove the
joints and were evaluated by three blinded observers. The International
Society for Cartilage Repair (ICRS) Total Scoring System was used to
score the degree of repair, integration, surface regularity, and overall
condition (Table S2). All samples were fixed with 4 % para-
formaldehyde. To assess regeneration of the subchondral bone at 6 w, all
samples were scanned and reconstructed using micro-CT. Avatar3 soft-
ware was used to analyze the ratio of bone volume-to-tissue volume
(BV/TV) and trabecular spacing.

2.12. Histological analysis

Joint samples were decalcified in EDTA for 6 and 12 w and then
sliced in paraffin for histological analysis. Histology included hema-
toxylin & eosin (H&E), Masson trichrome (MT), Safflower O and Fast
Green staining (SO-FG), as well as immunohistochemical staining of
OCN and COL2. Finally, an ICRS score was used to evaluate
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osteochondral repair.
2.13. Statistical analysis

All samples and data were presented as mean + standard deviation
(n = 3 per group). Differences between values were evaluated using a
one-way analysis of variance (ANOVA) and values of *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001 were considered statistically
significant.

3. Results

3.1. Microfluidic fabrication and characterization of GelMA microspheres
GelMA microspheres were prepared with water-in-oil emulsification

using a microfluidic device. Microspheres prepared using this method

had high dispersion and good stability after 30 s of crosslinking with
ultraviolet radiation at 405 nm (Fig. 1A and B). Through controlling the
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velocities of the oil and water phases, we obtained microspheres with an
approximate diameter of 115 pm (Fig. 1C). Following crosslinking, the
microspheres was washed with a demulsifying agent, washed three
times with deionized water, and lyophilized for preservation. The sur-
faces of the lyophilized spheroids displayed numerous folds that favored
cell adhesion and proliferation (Fig. 1D). The particle size profile
(Fig. 1E) showed that the microspheres had good monodispersity. To
assess the mechanical strength of the GelMA microspheres, their force-
displacement curves were measured using a universal testing machine
(Fig. 1F). In addition, degradation experiments in vitro showed that the
spheroids exhibited gradual mass degradation under the influence of in
vitro collagenase, with complete degradation observed after 6
d (Fig. 1G).

To evaluate the biological activity of the GelMA microspheres,
BMSCs and spheroids were co-cultured in vitro at a concentration of 20
million cells/mL. Following 1, 7, 14, and 28 d of in vitro culture, live/
dead and phalloidin staining was performed (Fig. 1H). The results
showed that BMSCs displayed high viability throughout the culture
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period (Fig. 1I) and exhibited continuous proliferation (Fig. 1J). At 28 d,
the cells had covered the entire surface of the microspheres. These
findings indicated that microspheres prepared using this method had
high dispersion and stability, while facilitating cell adhesion and pro-
liferation. Therefore, these microspheres have the potential to serve as
excellent carriers for seed-cell delivery.
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3.2. Fabrication and characterization of biphasic biomimetic LPDA
scaffolds

Considering the different matrix stiffnesses of cartilage and sub-
chondral bone, scaffold preparation conditions were designed to mimic
the mechanical properties of the respective tissues. Micro-CT was used
to observe the layered structure of the biphasic scaffolds (Fig. 2A and B).
A distinct stratified biphasic scaffold was achieved through selectively
decalcifying the scaffold’s upper and lower layers to varying degrees;
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Fig. 2. Fabrication and characterization of the biphasic biomimetic DBM scaffold. A-B) The micro-CT image of the biphasic DBM scaffold. C) The gross view of the
biphasic DBM scaffold. D) The SEM image of the biphasic DBM scaffold. E) The BMC analysis of upper and lower layers of the biphasic DBM scaffold. F) Elastic
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the lower scaffold exhibited a significantly higher hydroxyapatite con-
tent than the upper layer, as quantitatively analyzed (Fig. 2E). Scanning
electron microscope results revealed the porous structure of the scaffold
(Fig. 2C and D), with the pore size being approximately 300-400 pm.
This ensured that Ge]MA microspheres with a size of 115 pm could be
easily injected into the scaffolds without flowing out (Fig. S1). A
compression test performed on the scaffold showed that the elastic
modulus of the lower layer was significantly higher than that of the
upper layer, resembling the characteristics of natural tissue (Fig. 2F).
Finally, through surface modification of the upper layer with PDA and
electrostatically adsorbed axitinib to maintain the upper scaffold only, a
biphasic biomimetic scaffold was achieved. The loading efficiency of
axitinib in the PDA modified cartilage layer was significantly higher
than that in the bone layer (Fig. 2G). In addition, our findings demon-
strated that the cumulative release curve of axitinib from PDA modified
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cartilage layer lasted for 40 d (Fig. 2H).

BMSCs were cultured to further confirm the biocompatibility of the
biphasic biomimetic scaffold. Live/dead staining showed uniform and
robust growth of cells in both the upper and lower regions of the scaf-
fold, with a survival rate >95 % and a minimal presence of dead cells
(Fig. 2I and J). The CCK-8 assay showed that the cells continued to
proliferate with increasing culture time (Fig. 2K).

These results suggest that the layered decalcification- and surface-
modification-based biphasic biomimetic scaffold exhibited a porous
structure, similar mineral content, and an elastic modulus comparable to
those of cartilage and subchondral bone. Moreover, it displayed excel-
lent biocompatibility and provided a suitable microenvironment for
repairing osteochondral defects.
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D) Osteogenesis-specific genes ALP and OCN were analyzed by qPCR after addition of decalcified bone powder to pre-chondrogenic BMSCs.
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3.3. In vitro biological functional evaluation of PCMs and biphasic

biomimetic scaffolds

It has previously been reported that during endochondral ossifica-
tion, mesenchymal stem cells differentiate into a callus, which
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eventually hypertrophies and calcifies [17]. In our study, we obtained
PCMs after the pre-chondrogenic induction of GelMA microspheres
loaded with BMSCs for 28 d. Through adding different inducing factors
to PCMs, we achieved bidirectional differentiation toward both bone
and cartilage. During pre-chondrogenic induction, the expression of

N
|
€

H&E

__SO-FG_

MT

¢

OCN{(8w)
£

Cartilage layer Bone layer

Cartilage layer

Bone layer

&

Rekokok

—
=
1

th
1

CD31 intensity
(fold of cartilage layer, 4 w)

=
|

Cartilage laver Bone layer

F
25 P
o=
Y
% e
£ =
s ! = T104
;) = 8
MmO 5
- — ) S =
=
g0
Carlilage layer  Bone layer
1 A COL2 (dw) J COL2 (8 w)
® ok ok 0.4+ * ok 3k

e
I
h
=
i
1

&
-
]
=
-
1

1]

Cartilage layer Bone layer

(—]
I

Mean density( 10D/area)
Mean density( IOD/area)
[—]

B

—]
1

Cartilage luyer Bone layer

Fig. 4. The biphasic biomimetic scaffold loaded with PCMs can promote cartilage and bone regeneration in vivo. A, B) General view and subcutaneous implantation
of PCMs-loaded biphasic biomimetic DBM scaffold. C) Gross observation and histological staining of H&E, SO-FG, and MT staining after 4 and 8 w of implantation.
The green arrow indicates PCMs. D) Immunofluorescence staining of CD31 and immunohistochemical staining of OCN and COL2 after 4 and 8 w of implantation. E,F)
Representative images of the fluorescence intensity of CD31 after 4 and 8 w of implantation. G,H) Quantification of the immunohistochemical staning of OCN after 4
w and 8 w of implantation. I,J) Quantification of the immunohistochemical staning of COL2 after 4 w and 8 w of implantation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)



Z. Liang et al.

cartilage-related genes (SOX9, COL2, and ACAN) was analyzed. Strong
gene expression was observed in PCMs (Fig. 3A and B). Additionally,
RT-qPCR results showed significant upregulation of cartilage-related
genes at 14 and 28 d of induction compared with that at 1 d of induc-
tion, indicating successful in vitro preparation of PCMs.

Subsequently, we verified the in vitro biological functions of the
biphasic biomimetic scaffolds. BMSCs were induced in the upper scaf-
fold for 14 d following pro-chondrogenic induction to investigate the
inhibitory effects of axitinib on vascularization in vitro. Simultaneously,
decalcified bone powder was added to the BMSCs after pre-
chondrogenic induction to verify whether the lower scaffold promoted
bone formation in vitro. The qPCR results in Fig. 3C show that the use of
Axitinib after pre-chondrogenic induction effectively inhibited the
expression of the vascular-associated gene VEGF. Moreover, the
expression of the osteogenesis-specific genes ALP and OCN significantly
increased after the addition of decalcified bone powder (Fig. 3D). This
can be attributed to the minerals present in the decalcified bone powder
as well as the presence of calcium and phosphate ions, which promote
the differentiation of pre-chondrogenic stem cells toward bone forma-
tion. In summary, the biphasic biomimetic scaffold provided a favorable
microenvironment for cartilage and bone regeneration and differentia-
tion in vitro.

3.4. Subcutaneous cartilage ossification of PCMs

To verify the cartilage and endochondral bone regeneration potential
of the PCMs in vivo, we injected 300 pL of PCMs into the subcutaneous
tissue of nude mice, as depicted in Fig. S2A. Gross and micro-CT eval-
uations at 4 w post-implantation revealed ossification, with most of the
tissue retaining a cartilage-like appearance. At 8 w post-implantation,
increased bone formation was observed (Fig. S2B). These results sug-
gest that bone regeneration can be achieved through endochondral
ossification, and they provide favorable evidence that the cartilage layer
may be vascularized. Quantitative analysis of bone volume (mm®) and
BV/TV (%) was consistent with the above results (Figs. S2C and D).
Histological examination further confirmed that PCMs cultured pro-
duced slight vascularization and small bone regeneration after 4 w of
subcutaneous injection. At 8 w, the PCMs exhibited relatively mature
vascularization and ossification (Fig. S2E, F and G). These results sug-
gest that PCMs in the subcutaneous environment are vascularized and
ossified, making it challenging to maintain stable cartilage regeneration.
This finding further supports the inclusion of axitinib in biphasic bio-
mimetic scaffolds.

3.5. Biphasic biomimetic DBM scaffolds loaded with PCMs implanted
subcutaneously in vivo to promote the synergistic differentiation of
cartilage and osteogenesis

The cartilage layer and bone layer of the biphasic biomimetic scaf-
fold loaded with PCMs were implanted subcutaneously into nude mice
to evaluate their ability to promote synergistic cartilage and bone
regeneration. The PCMs were uniformly injected into the scaffold, which
was then buried in the back skin of the nude mice (Fig. 4A and B). After 4
and 8 w of implantation, both the cartilage layer and bone layer of the
scaffold still retained the original size and shape, and the scaffold was
evenly filled with PCMs. Additionally, the bone layer exhibited the
formation of reddish tissue resembling bone (Fig. 4C). Histological
staining analysis showed that the cartilage layer maintained the char-
acteristics of the cartilage, as evidenced by the expression of the
cartilage-related protein COL2 at 4 and 8 w. The bone layer showed new
bone formation, and the new bone tissue was connected to the scaffold
to form complete bone tissue (Fig. S3). Additionally, the bone-associated
protein OCN was strongly expressed only in the bone layer (Fig. 4D-G
and H). The cartilage-associated protein COL2 was strongly expressed
only in the cartillage layer (Fig. 4D-I and J) The vascular marker CD31
was expressed only in the bone layer at 4 and 8 w, indicating that
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axitinib loaded into the cartilage layer effectively inhibited vasculari-
zation, thereby promoting cartilage development (Fig. 4D, E and F).
These findings indicated that when loaded with PCMs, the biphasic
biomimetic scaffold can promote osteochondral regeneration through
creating a conducive cartilage microenvironment and an osteogenic
microenvironment, while also facilitating the regulation of endochon-
dral ossification.

Furthermore, the biphasic scaffold was implanted subcutaneously in
rat to assess its ability to regulate regionalized angiogenesis. After 4 w of
subcutaneous implantation, a large number of CD31-positive cells and
microvascular were observed in the bone layer region (Fig. S4A). In
stark contrast, the cartilage layer region had few CD31-positive marked
cells and microvascular structures. At 8 w post-implantation, similar
trends were observed in both the bone and cartilage regions (Fig. S4B).
The results demonstrate that the stratified modification with axitinib
can achieve regionalized angiogenesis regulation in an integrated
scaffold.

3.6. Osteochondral repair based on LPDA scaffolds loaded with PCMs

To investigate the effectiveness of biphasic cartilage-bone-integrated
tissue regeneration in vivo, we used a rabbit knee joint model. Refer to
the previous method [41] a cylindrical osteochondral defect (diameter,
4 mm; depth, 4 mm) was created at the trochlea of the rabbit knee using
a dental drill, and LPDA loaded with PCMs was implanted (Fig. S5A and
B). The untreated group received unfilled scaffolds, whereas the control
group received biphasic biomimetic scaffolds without PCMs.

As shown in Fig. 5C, the surgical area remained evident in the un-
treated group at 6 w, with fibrous tissue repair becoming visible at 12 w.
The control group exhibited some fibrous tissue repair at 6 w, and the
defect area was significantly reduced at 12 w, with a small amount of
cartilage-like tissue forming at the edges.

Micro-CT results indicated that the bone defect area was partially
repaired by the scaffold in the control group; however, a large number of
defects were still visible in the center at 6 w (Fig. 5D). In the experi-
mental group, a substantial amount of newly formed cartilage-like tissue
was shown in the cartilage defect area at 6 and 12 w, and bone defect
area exhibited satisfactory regeneration. Both the cartilage and bone
defects were effectively repaired. At 6 w, the surface of the cartilage
defect area appeared relatively rough and incomplete; however, at 12 w,
the defect area had a relatively smooth surface, indicating better
chondrogenesis.

Quantitative analysis, including ICRS macroscopic scores (BV/TV)
and trabecular spacing at 6 w, indicated that the experimental group
exhibited excellent cartilage and bone regeneration outcomes (Fig. 5E, F
and G). However, there was no significant difference between the con-
trol group and the experimental group in terms of bone-related in-
dicators. This may be attributed to blood gushing during surgery in the
control group, which provided a small number of BMSCs to sustain bone
remodeling.

These observations were proved using histological staining (Fig. 6A).
The untreated group mainly showed repair with fibrous tissue at 6 and
12 w, and there were obvious defects in the cartilage and subchondral
bone in the defect area. At 12 w, the cartilage layer in the control group
mainly showed repair in the cartilage region with both fibrous and
cartilaginous tissue, whereas the subchondral bone region was
comparatively better repaired than that in the untreated group owing to
the filling of the scaffold. Consistent with these general observations, in
the experimental group, cartilage-like tissue was regenerated from the
cartilage defect area, and at 6 w, a large amount of cartilage layer was
observed to be filled and showed smoothness, and a large number of new
bone formations were observed in the subchondral bone area. Some
defects in the subchondral bone region remained present at 6 w. How-
ever, both the cartilage and subchondral bone exhibited robust regen-
eration with a clear interface between the two tissues at 12 w.
Histological examination using H&E, Masson, and SO-FG staining
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Fig. 5. In vivo repair of osteochondral defects was performed in a rabbit knee model (6 w and 12 w post-surgery). A) A schematic of surgery processes for rabbit knee
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revealed an increased number of newly formed cartilage lacunae, with
chondrocytes displaying a regular arrangement. Immunohistochemical
staining for COL2 and OCN showed positive results (Fig. 6B).

4. Discussion
We developed a novel strategy for a biphasic biomimetic scaffold

consisting of a regionally vascularized decalcified bone framework and
PCMs with the aim of providing an alternative approach for repairing

10

full-thickness joint defects. Hydrogel microspheres with a diameter of
approximately 115 pm were prepared using microfluidics. PCMs were
then obtained through pre-chondrogenic induction for 28 d. The
biphasic biomimetic scaffold exhibited mineral content and mechanical
stiffness similar to those of natural cartilage and subchondral bone. The
cartilage scaffold inhibited VEGF gene expression in the cartilage
regeneration unit, whereas the bone scaffold promoted osteogenic dif-
ferentiation of the PCMs, providing suitable mechanical support and an
optimal induction environment for cartilage and subchondral bone
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regeneration. Through combining PCMs with biphasic biomimetic
scaffolds, full-thickness articular cartilage defects were successfully
repaired in a rabbit knee joint model, thereby offering a promising
alternative to joint bionic repair materials.

Two challenges were encountered during the preparation of PCMs.
We first ensured that the sizes of the hydrogel microspheres matched
that of the decalcified bone framework. Considering that the decalcified
bone frame’s size was approximately 300-400 pm, which was too large
to be injected into the scaffold’s interior, we prepared 115 pm hydrogel
microspheres through adjusting the speed of the oil and water phases. In
vitro experiment findings indicated that these microspheres exhibited
good biocompatibility (Fig. 1H), facilitating the long-term culture of
cartilage regeneration units. It is also essential to determine the duration
of pre-chondrogenic induction for the loaded hydrogel microspheres. If
the induction time is too short, the microspheres do not develop a
relatively stable cartilage phenotype [42]. Conversely, an excessively
long induction time hinders the internal ossification of the cartilage
tissue [43,44]. Based on previous studies [17], we selected a 4 w
pre-cartilage induction period for subsequent experiments. Immuno-
fluorescence staining and RT-qPCR  experiments targeting
cartilage-specific proteins confirmed that PCMs induced after 4 w of
pre-cartilage induction exhibited relatively mature cartilage character-
istics (Fig. 3A and B).

Scaffolds play a significant and essential role in tissue regeneration.
Osteochondral tissue is composed of cartilage and subchondral bone.
Therefore, it is important to explore new strategies to promote the in-
tegrated regeneration of osteochondral tissue. Previous monophasic
biomimetic scaffolds have had difficulty providing an ideal microenvi-
ronment for osteochondral tissue repair. Moreover, the current widely
applied biphasic biomimetic scaffold strategies have shown poor me-
chanical strength and stratification at the cartilage-subchondral bone
interface, failing to promote the integrated repair of bone-cartilage in a
way that is both independent and tightly integrated [45,46]. The DBM
scaffolds is widely used in cartilage and bone repair owing to its natural
cancellous bone structure, good biocompatibility, and low immunoge-
nicity. Completely decalcified DBM has matrix stiffness similar to nat-
ural cartilage and diminished osteoinductive potential. However, the
DBM, as a matrix material with good bone induction, may cause carti-
lage differentiation into bone, and it is difficult to obtain stable cartilage
regeneration if the surface is not modified. To ensure stable cartilage
generation, we loaded the scaffold with axitinib to inhibit vasculariza-
tion during cartilage repair. The analysis of cellular compatibility in-
dicates that the modified axitinib scaffold still possesses excellent
biocompatibility. The RT-qPCR results showed that PCMs co-cultured
with axitinib-loaded scaffolds effectively reduced VEGF expression
(Fig. 3C), thus preventing vascularization during chondrogenesis.
Furthermore, the partially decalcified DBM scaffold simulated the ma-
trix stiffness of natural bone tissue and provided high osteoinduction
activity, thereby providing a favorable microenvironment for endo-
chondral ossification. Quantitative analysis of osteogenesis-related
genes also indicated that the regeneration unit with pre-chondrogenic
induction for 4 w promoted bone regeneration through endochondral
ossification using the osteoinductive activity of decalcified bone
(Fig. 3D). These results suggest that the bone layer scaffold has the po-
tential to induce PCM bone formation.

Following the in vitro construction, it was essential to determine
whether the composite scaffold loaded with PCMs could regenerate
stable cartilage and bone tissues in vivo. Subcutaneous implantation
results showed that the composite scaffold loaded with PCMs partially
regenerated cartilage and bone at 4 w and successfully regenerated
stable cartilage and bone structures at 8 w, indicating reliable and stable
osteochondral regeneration. Finally, determining whether a composite
scaffold loaded with PCMs can achieve integrated joint regeneration in
vivo is a challenging issue in clinical practice. In the repair and regen-
eration of osteochondral defects in the rabbit knee joint, both macro-
scopic observations and pathological staining results demonstrated that
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the composite biphasic biomimetic scaffold loaded with pre-
chondrogenic stem cell microspheres successfully repaired and recon-
structed the osteochondral defects at the femoral trochlea. In the
experimental group, newly formed chondrocytes appeared at 6 w post-
surgery, and over time, by 12 w post-surgery, the chondrocytes
matured further. These findings were consistent with the results of H&E,
Masson, SO-FG, and COL2 immunohistochemical staining. Additionally,
as time progressed, the subchondral bone repair also exhibited signifi-
cant regenerative effects. These results indicate that our synthesized
scaffold, through regional vascular formation regulation and precise
control of matrix mechanical properties to modulate the endochondral
ossification process of PCMs, achieves bidirectional differentiation
control of chondrogenesis and osteogenesis.

Our findings showed that the biphasic biomimetic scaffold without
PCMs exhibited a certain degree of regenerative effect in bone regen-
eration, possibly due to the filling and presence of a substantial amount
of blood in the subchondral bone defect area, which provided some seed
cell sources and contributed to bone repair [47,48]. Similar to the bone
layer, a large amount of blood filling the defect area to some extent
promotes cartilage regeneration. The microfracture technique, utilized
for addressing injuries in articular cartilage, aims at fostering cartilage
regeneration by leveraging mesenchymal stem cells and growth factors
derived from the surgical site’s blood supply. This process necessitates a
substantial quantity of seed cells. However, the release of mesenchymal
stem cells from the subchondral bone layer is often limited, and these
cells must traverse the subchondral bone to reach the cartilage. Conse-
quently, the cartilage frequently receives an inadequate number of
mesenchymal stem cells to facilitate regeneration. In contrast to the
control group, PCMs (presumably particulate joint matrix) can offer the
requisite seed cells for cartilage regeneration. Moreover, the introduc-
tion of blood not only supplies these essential cells but also provides the
necessary nutrients to support the regeneration process of PCMs. In
addition, the mechanism of axitinib-loaded scaffold inhibiting the
vascularization of the cartilage layer is quite important. We have
explored and preliminarily studied this mechanism through tran-
scriptome sequencing, and axitinib can inhibit the activity of matrix
metalloproteinase MMPs by reasonably regulating the VEGF/TIMP
signaling pathway during advanced chondrogenesis, thereby inhibiting
vascularization and ultimately maintaining the stability of cartilage
phenotype [33]. In contrast, biphasic biomimetic scaffolds loaded with
PCMs achieved stable regeneration of both cartilage and continuous
bone tissue, indicating that the addition of PCMs significantly improved
osteochondral repair outcomes. Additionally, satisfactory articular
cartilage repair results can be attributed to the stable microenvironment
provided by the biphasic biomimetic scaffold, its appropriate mechani-
cal stiffness, and the abundant cell sources provided by the PCMs.

5. Conclusion

We developed a novel strategy for osteochondral defect repair and
successfully constructed a biomimetic scaffold through combining PCMs
with biphasic biomimetic scaffolds and achieved reliable cartilage and
bone regeneration in a subcutaneous environment. This biphasic bio-
mimetic scaffold containing PCMs was used for full-thickness osteo-
chondral defects in rabbits and satisfactory osteochondral regeneration
was achieved. While its effectiveness in large animal models has not yet
been investigated, this study provides a promising method for repairing
osteochondral defects.
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