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Abstract 

Heterogeneous osteochondral regeneration remains a significant challenge due to the distinct microenviron-
ments across the cartilage, calcified cartilage, and subchondral bone layers. The natural gradient of vascularization 
from the superficial to deep layers of osteochondral tissue plays a critical role in guiding the differentiation of bone 
marrow stem cells (BMSCs) into chondrocytes and osteoblasts. In this study, we propose a strategy for gradient het-
erogeneous osteochondral regeneration using cartilage organoids derived from single BMSCs, leveraging the natural 
vascularization gradient within osteochondral tissue. We successfully isolated BMSCs from rabbits and generated car-
tilage organoids via in vitro three-dimensional chondrogenic culture. To mimic the pro-vascular microenvironment, 
we introduced vascular endothelial growth factor, which promoted the hypertrophic differentiation of the cartilage 
organoids. We then prepared cartilage organoid/GelMA complexes, with or without the anti-vascular drug Axitinib, 
and implanted them subcutaneously in nude mice. The vascularized subcutaneous microenvironment induced 
osteogenic differentiation, while Axitinib treatment created an anti-vascular microenvironment, inhibiting osteogen-
esis and preserving chondrogenesis within the complexes. Both in vitro and in vivo data demonstrated the crucial role 
of the vascular microenvironment in regulating osteogenic differentiation of cartilage organoids. Finally, organoid/
GelMA cylinders were implanted into a rabbit osteochondral defect, where the gradient vascularization at the defect 
site guided the organoids to differentiate into both cartilage and bone. This single BMSC-derived cartilage organoid 
approach enables precise gradient heterogeneous osteochondral regeneration, guided by the natural microenviron-
ment within the osteochondral defect site, representing a significant advancement for clinical applications.  

Keywords Cartilage organoid, BMSC, Gradient vascular microenvironment, Osteochondral regeneration, Tissue 
engineering

Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by- nc- nd/4. 0/.

Journal of Nanobiotechnology

†Zhenying Chen, Qitao Bo and Chao Wang these authors are equal to this 
work.

*Correspondence:
Yong Xu
xuyong@tongji.edu.cn
Xiang Fei
387681863@qq.com
Ru Chen
cr106@163.com
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-025-03403-0&domain=pdf


Page 2 of 20Chen et al. Journal of Nanobiotechnology          (2025) 23:325 

Introduction
Injuries to articular cartilage and subchondral bone, typi-
cally caused by trauma or osteoarthritis, often progress 
to osteochondral defects (OCDs) [1]. The natural osteo-
chondral structure of the knee joint consists of three 
layers: articular cartilage, calcified cartilage, and sub-
chondral bone, which transition seamlessly with gradient 
heterogeneity [2]. Articular cartilage, primarily com-
posed of collagen type II and proteoglycans, is avascu-
lar and relies on synovial fluid for oxygen and nutrients. 
In contrast, subchondral bone is a highly vascularized 
hard tissue, with its extracellular matrix (ECM) compris-
ing collagen type I and hydroxyapatite, providing struc-
tural support and stiffness. The calcified cartilage layer 
serves as a transitional structure, naturally bridging the 
articular cartilage and subchondral bone. Together, these 
three components form a gradient heterogeneous osteo-
chondral tissue. However, the regeneration and repair of 
OCDs face significant challenges: the avascular nature 
of cartilage limits its intrinsic self-repair capabilities [3], 
and the gradient heterogeneity complicates biomimetic 
repair strategies [4]. These factors make the development 
of effective therapeutic strategies for OCD a critical chal-
lenge in current research.

Despite the availability of various clinical treatments 
for OCDs, such as arthroscopic debridement, microfrac-
ture, stem cell transplantation, and autologous/allogeneic 
grafts, none have achieved integrated regeneration of 
cartilage and subchondral bone with gradient heteroge-
neity [5, 6]. These methods often fail to reconstruct the 
natural gradient structure, and graft failure remains a sig-
nificant issue. Traditional tissue engineering approaches, 
while showing some progress in animal models [7, 8], 
still struggle to replicate the smooth transitions found 

in native osteochondral tissues, leaving a gap between 
research outcomes and clinical needs [9].

Organoid technology, which enables the construction 
of functional tissues in  vitro, offers a promising avenue 
for OCD repair. Organoids are 3D cell spheres derived 
from pluripotent or adult stem cells through self-assem-
bly, and they have been widely used in organ develop-
ment, disease modeling, drug discovery, and regenerative 
medicine [10]. The concept of organoids dates back to 
the early twentieth century [11], but significant progress 
was made in 2009 when Clevers and colleagues success-
fully constructed self-organized 3D structures replicat-
ing the intestinal epithelium [12]. Since then, organoid 
research has expanded to various tissues, including the 
pancreas, liver, and lungs [13]. However, the application 
of organoids in OCD repair is still in its early stages, with 
numerous technical challenges to overcome.

Cartilage organoid construction is relatively mature, 
with successful examples dating back to the 1990s [14]. 
For instance, spherical cartilage organoids have been 
developed, capable of secreting endogenous ECM to pro-
tect chondrocytes during regeneration [15, 16]. In con-
trast, bone organoid construction remains challenging 
due to the need for precise regulation of ECM minerali-
zation and deposition [17]. Although some progress has 
been made, such as the use of BMP-2-loaded scaffolds to 
induce bone formation in vivo [18], no mature methods 
for bone organoid construction have been established. 
Therefore, a key challenge in preparing gradient hetero-
geneous osteochondral tissues using organoid technol-
ogy lies in how to guide the regeneration of subchondral 
bone tissue beneath the cartilage layer.

A key challenge in OCD repair lies in integrating car-
tilage and bone organoids to mimic the natural gradient 
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structure. Constructing separate cartilage and bone orga-
noids may be feasible, but this approach faces significant 
scientific and practical challenges, including the lack of 
established protocols for bone organoids, the complexity 
of simultaneously constructing two distinct organoids, 
and the difficulty of achieving a seamless gradient tran-
sition between them. Therefore, constructing organoids 
from the same type of stem cells that can simultaneously 
guide the regeneration of both cartilage and bone tissues 
may offer a solution to these problems. By using appro-
priate stem cells to develop a single type of organoid with 
both chondrogenic and osteogenic differentiation capa-
bilities, and by providing a suitable microenvironment for 
directed differentiation, it is possible to simplify the com-
plex process of regenerating heterogeneous osteochon-
dral tissues. Additionally, introducing induction methods 
that more closely mimic the natural microenvironment 
may simultaneously resolve the scientific challenges of 
gradient biomimicry in osteochondral regeneration.

Bone mesenchymal stem cells (BMSCs), with their dual 
differentiation potential into chondrocytes and osteo-
blasts [19], provide a promising solution for constructing 
gradient osteochondral tissues. Recent studies have dem-
onstrated the feasibility of using BMSCs to regenerate 
both cartilage and bone, highlighting their potential for 
OCD repair [20]. Constructing BMSC-based organoids 
holds the promise of simultaneously repairing cartilage 
and subchondral bone injuries while markedly enhancing 
gradient biomimetic structures. However, to achieve this 
vision, it is essential to identify a suitable gradient biomi-
metic microenvironment that matches the natural gra-
dient structure, ensuring that the induction process can 
genuinely accommodate individual variability.

A gradient microenvironment transitioning from low 
vascularization and hypoxia to high vascularization and 
ample oxygenation may represent the essential biomi-
metic environment we require. In the case of cartilage 
tissue, its inherent avascularity allows it to maintain a 
hypoxic state, which is crucial for the homeostasis of 
chondrocytes [21, 22]. Consequently, this hypoxic envi-
ronment may serve as a critical inductive microenviron-
ment for constructing cartilage organoids. A calcified 
interface layer was developed to prevent vascular inva-
sion from the subchondral bone layer into the cartilage, 
thereby reducing endochondral ossification within the 
cartilage and promoting osteochondral regeneration [23]. 
Similarly, mesenchymal stem cells (MSCs) were precon-
ditioned under hypoxic conditions, significantly enhanc-
ing their proliferation, migration, and matrix deposition 
capabilities in  vitro [24]. A composite scaffold of slow-
releasing PLGA microspheres and PLLA nanofibers was 
engineered to simulate a 3D hypoxic microenvironment, 
successfully facilitating the regeneration of cartilage 

tissue from BMSCs [25]. Additionally, 3D-printed biolog-
ical scaffolds were utilized to induce MSCs to construct 
high-quality transparent cartilage under hypoxic condi-
tions [26]. These studies collectively confirm the pivotal 
role of a hypoxic microenvironment in the construction 
of cartilage organoids.

In contrast to cartilage, subchondral bone is a highly 
vascularized organ where angiogenesis plays a crucial role 
in osteogenesis. Enhanced angiogenesis in animal models 
has been shown to promote bone regeneration effectively 
[27, 28]. For example, 3D-printed biological scaffolds 
were modified with EPLQLKM and SVVYGLR peptides 
to impart pro-angiogenic properties, thereby enhancing 
BMSC-mediated osteogenic repair of osteoporotic bone 
defects [29]. This directly validates the importance of 
vascularization as a critical microenvironment for bone 
organoid ossification. Moreover, recent findings dem-
onstrated that Notch1 signaling downregulates SRY-box 
transcription factor 9 (Sox9) and upregulates VEGFA 
expression, promoting angiogenesis and successfully 
guiding the endochondral ossification process within car-
tilage [30]. This further underscores the significance of 
a vascularized microenvironment in the construction of 
bone organoids from another perspective.

In natural joints, the transition from cartilage to sub-
chondral bone involves a gradient change from avascular 
hypoxia to well-vascularized oxygenation. This gradient 
alteration in the microenvironment may be key to induc-
ing BMSC-based organoids to form gradient osteochon-
dral heterogeneous biomimetic structures. Therefore, 
this study aims to preconstruct a cartilage organoid 
based on BMSCs in vitro, which can regenerate a match-
ing gradient heterogeneous biomimetic structure from 
cartilage to subchondral bone within a gradient microen-
vironment ranging from avascular to highly vascularized 
at OCD sites. This research uniquely proposes the use 
of natural gradient microenvironment to construct gra-
dient heterogeneous biomimetic structures, providing a 
novel guidance direction for the clinical repair of OCDs 
(Scheme 1).

Materials and methods
Isolation, identification, and differentiation evaluation 
of rabbit BMSCs
Isolation of BMSCs
Eighteen 6-month-old New Zealand white rabbits (pur-
chased from Yunde Biotechnology Co., Ltd.) weighing 
3.0–3.5  kg were intravenously anesthetized. The surgi-
cal area was shaved and disinfected before performing 
bone marrow aspiration to collect 3  mL of iliac bone 
marrow using a syringe preloaded with 2  mL of hepa-
rin. The collected marrow was transferred to a 10  mL 
centrifuge tube, mixed with 3 mL of phosphate-buffered 
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saline (PBS, Gibco, USA), and centrifuged at 1000  rpm 
for 10 min. The supernatant and fat layer were discarded, 
and the cells were washed twice with 3 mL PBS under the 
same centrifugation conditions.

The extracted cells were resuspended in low-glucose 
Dulbecco’s Modified Eagle Medium (LG-DMEM, Gibco, 
USA) containing 10% fetal bovine serum (FBS, Gibco, 

USA) and 1% penicillin–streptomycin. They were then 
seeded at a density of 1.4 ×  104 cells/mL in culture flasks 
and incubated at 37 °C with 5%  CO2. The culture medium 
was replaced every 2–3 days. When cells reached 80–85% 
confluency, they were digested with trypsin and passaged 
at a 1:2 ratio. The same method was applied for subse-
quent passages. The growth of primary (P0) BMSCs was 

Scheme 1 Schematic Flowchart of Experimental Design. a Pre-quantified BMSCs were seeded into customized agarose wells for in vitro cultivation 
of BMSC spheroids. b Cartilage organoids were generated through in vitro chondrogenic culture of BMSC spheroids. Notably, cartilage organoids 
without VEGF addition retain chondrogenic induction, whereas cocultured with VEGF present hypertrophic tendency. c The in vitro cultured 
cartilage organoids were encapsulated into GelMA to prepare organoid/GelMA complexes. Subcutaneous implantation of these complexes 
supported bone formation in the subcutaneous vascular niche without Axitinib, while guiding cartilage regeneration at Axitinib created avascular 
microenvironment. d Organoid/GelMA complexes facilitated separately cartilage and subchondral bone formation due to the natural avascular 
microenvironment in the upper layer and the blood-rich microenvironment in the sublayer, giving rise to gradient heterogeneous osteochondral 
regeneration of in a rabbit OCD model
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observed from days 3–12 under a light microscope, and 
the morphology of second through sixth-passaged cells 
(P2–P6) was evaluated using phalloidin staining (No. 
C2201S, Beyotime, China) under a confocal microscope.

Identification of BMSCs
The surface markers CD29 and CD44 (MSC-related), as 
well as CD34 and CD45 (hematopoietic-related), were 
analyzed by flow cytometry and immunofluorescence 
staining in passaged BMSCs (P0, P1, P3, P5, and P7).

For flow cytometry, BMSCs at 80% confluency were 
digested with 1  mL of 0.25% trypsin and neutralized 
with 4  mL of LG-DMEM containing 10% FBS. The cell 
suspension was pipetted to ensure uniformity, and the 
density was adjusted to 2 ×  105 cells/mL. A 1 mL aliquot 
was transferred to 15  mL centrifuge tubes, centrifuged 
at 1200  rpm for 5  min, and the supernatant discarded. 
The BMSCs were washed with 1 mL of 5% bovine serum 
albumin (BSA, Gibco, USA) solution, centrifuged again, 
and resuspended in 100  µL of 5% BSA. The suspension 
was divided into five groups and incubated overnight at 
4  °C with the corresponding antibodies (Table  S1, Sup-
plemental Information): anti-CD29, anti-CD44, anti-
CD34, anti-CD45, and a blank control. The following day, 
the cells were washed with 1 mL of 5% BSA, centrifuged, 
and resuspended in 500  µL of 0.1  mol/L PBS. Analysis 
was performed using a Cytomics FC500 (Beckman Coul-
ter, Miami, FL, USA) or Accuri C6 Plus (BD Biosciences, 
San Jose, CA, USA) and Csampler software (n = 5).

For immunofluorescence staining, cell slides were 
prepared by coating glass slides with poly-L-lysine for 
120  min, followed by air-drying and sterilization under 
ultraviolet (UV) light for 1 h. Slides were placed into cul-
ture plate wells to facilitate cell attachment. Cells were 
fixed with 4% paraformaldehyde for 10 min, washed three 
times with PBS, and subjected to antigen retrieval in alka-
line urea buffer at 95  °C for 10 min. After cooling, cells 
were permeabilized with 0.1% Triton X-100 for 10  min, 
washed with PBS, and blocked. Primary antibodies for 
CD29, CD44, CD34, and CD45 (Table  S2, Supplemen-
tal Information) were incubated overnight at 4 °C. After 
washing with PBST, secondary antibodies (Table S2, Sup-
plemental Information) were applied, followed by nuclear 
staining with 4′,6-diamidino-2-phenylindole dilactate 
(DAPI, No. HY-D1738, MedChemExpress, USA). The 
slides were mounted with anti-fade reagent and observed 
under a confocal microscope. The relative expression lev-
els of CD29, CD44, CD34, and CD45 at various passages 
were quantified using ImageJ software.

Differentiation potential evaluation of passaged BMSCs
The differentiation potential of BMSCs was assessed 
through osteogenic and chondrogenic induction. 

Passaged BMSCs (P0, P1, P3, P5, and P7) at 70% conflu-
ency were cultured in osteogenic medium (LG-DMEM 
supplemented with 10% FBS, 50  µM α-ascorbate-2-
phosphate, 10  mM β-glycerophosphate, and 0.1  µM 
dexamethasone) or chondrogenic medium (LG-DMEM 
supplemented with 1% antibiotic–antimycotic, 1 ×  10–3 M 
ascorbate-2-phosphate, 100 ×  10–9  M dexamethasone, 
40  µg/mL proline, insulin–transferrin–sodium selenite 
premix, 6.25  µg/mL insulin, 6.25  µg/mL transferrin, 
6.25  µg/mL sodium selenite, 1.25  µg/mL BSA, 5.35  µg/
mL linoleic acid, 100 ng/mL growth differentiation factor 
5, and 10 ng/mL transforming growth factor beta-3). Half 
of the medium was replaced every 2–3 days.

Dual-lineage differentiation of BMSCs (P0–P7) was 
performed using: (i) Alizarin Red S staining to evalu-
ate osteogenic potential and (ii) Alcian Blue staining to 
assess chondrogenic potential.

For Alizarin Red S staining (No. C0138, Beyotime, 
China), passaged BMSCs were incubated with the stain-
ing solution for 30  min at 37  °C, rinsed with distilled 
water, and imaged under a light microscope. For Alcian 
Blue staining (No. C0153S, Beyotime, China), BMSC 
slides were prepared, fixed, and stained with Alcian Blue 
solution for 30  min. After rinsing under running water 
and washing with PBS, slides were dehydrated, mounted, 
and imaged. The intensity of staining was quantified 
using ImageJ software.

Development of cartilage organoids using P3 BMSCs
Preparation of organoid mold
A 25,000 DPI photo-plotting printer (Koenen, Germany) 
was employed to fabricate polydimethylsiloxane (PDMS) 
master molds (Sylgard 184, Dow Corning, USA), contain-
ing cylindrical arrays with diameters of 200  µm, depths 
of 150 µm, and inter-cylinder spacings of 100 µm. Subse-
quently, 3% (w/v) agarose (Invitrogen, China) was poured 
into the molds. Upon solidification, agarose replicas, 
approximately 1.8  cm2 in area, were carefully punched 
out and placed into 24-well plates. The PDMS mold and 
agarose gel replica were photographed and documented. 
Following this, the agarose gel replicas were freeze-dried 
and analyzed using Scanning Electron Microscopy (SEM, 
FEI Inspect F50, USA). Each well was then filled with 
1  mL of PBS and sterilized under UV light for 30  min. 
Each agarose gel replica contained approximately 2000 
microwells, which served as inserts for high-throughput 
BMSC spheroid culture.

Development of cartilage organoids
P3 BMSCs, expanded in LG-DMEM containing 10% 
FBS, were used for cartilage organoid development. The 
BMSCs were harvested and seeded into each well of a 
24-well plate (pre-loaded with agarose microwells) at a 



Page 6 of 20Chen et al. Journal of Nanobiotechnology          (2025) 23:325 

density of 1 ×  106 cells per well. After self-aggregation, 
approximately 500 BMSCs were present per microw-
ell. The BMSC spheroids were induced using the previ-
ously described chondrogenic medium, with half of the 
medium replaced every 2–3 days.

After 7 days, the BMSC spheroids were transferred to 
96-well plates for further cartilage organoid develop-
ment over an additional 21 days. This organoid prepa-
ration method was defined as 3D culture. As a control, 
P3 BMSCs were cultured on flat culture dishes with 
the same chondrogenic medium, referred to as 2D cul-
ture. Photographs were taken at different time points 
throughout the 28-day culture period using a light 
microscope.

To assess BMSC proliferation under 2D and 3D con-
ditions on days 1, 3, 7, and 14, live/dead staining (Invit-
rogen, USA) was performed to investigate cell survival, 
and a cell counting kit-8 (CCK-8, No. C0041, Beyotime, 
China) was used to measure cell viability [31]. Phalloidin 
staining (No. C2203S, Beyotime, China) was applied to 
visualize the cell cytoskeleton. Chondrogenic differentia-
tion was evaluated by immunofluorescence staining for 
aggrecan, Sox9, and COL II in BMSCs derived from both 
3D organoid and 2D cultures (Table  S2, Supplemental 
Information). Quantitative analysis of DNA, COL II, and 
glycosaminoglycan (GAG) content was conducted as pre-
viously described [32], with results expressed as COL II/
DNA and GAG/DNA ratios.

Chondrogenic evaluation of cartilage organoids
To confirm the successful development of cartilage orga-
noids, hematoxylin and eosin (H&E, No. C0105S, Beyo-
time, China) staining was performed. Briefly, organoids 
were fixed, dehydrated, and sectioned. After rehydration 
through graded ethanol, the sections were stained with 
hematoxylin and eosin, followed by mounting for struc-
tural observation and imaging. Safranin O/Fast Green 
(Saf-O/FG) staining (No. C0621S, Beyotime, China) was 
also performed. Sections were stained with Fast Green 
for 5 min, rinsed with tap water, differentiated in acetic 
acid for 30  s, washed, and stained with Safranin O for 
8 min. After rapid dehydration with absolute ethanol, the 
sections were mounted and analyzed.

Additionally, immunofluorescence staining for COL II 
and aggrecan (Table S2, Supplemental Information) was 
conducted on organoid sections. Following rehydration, 
antigen retrieval, antibody incubation, and DAPI stain-
ing were performed as described in Sect.  "Identification 
of BMSCs". The slides were mounted, and images were 
acquired for analysis. Finally, COL II and GAG content 
were measured at different time points to further evalu-
ate chondrogenic protein expression.

In vitro differentiation evaluation of cartilage organoids 
in avascular and vascular microenvironments
In vitro incubation of cartilage organoids in avascular 
and vascular microenvironments
Cartilage organoids, after 28  days of chondrogenic cul-
ture, were subjected to either a vascular (with vascular 
endothelial growth factor, VEGF) or avascular (without 
VEGF) medium for further chondrogenic and hyper-
trophic evaluation. Organoids were divided into three 
groups (n = 5): (−)VEGF, (+)VEGF, and Control. The (−)
VEGF group was induced using the previously described 
chondrogenic medium, while the (+)VEGF group was 
treated with the same medium supplemented with VEGF 
(5  ng/mL, No. GMP-VE5H23, ACROBiosystems, USA). 
The Control group consisted of cartilage organoids col-
lected after 28  days of chondrogenic culture, prior to 
further induction (without VEGF treatment). Half of the 
medium was replaced every 2–3  days. After 4  weeks of 
induction, cartilage organoids from all groups were col-
lected for analysis.

Hypertrophic differentiation of cartilage organoids 
with VEGF treatment
For quantitative real-time polymerase chain reaction 
(qPCR) analysis, total mRNA was extracted and purified 
from the induced cartilage organoids using Trizol rea-
gent (Thermo Fisher Scientific, USA) [33]. The quantity 
and quality of the mRNA were determined by measuring 
absorbance at 260  nm with a NanoDrop 2000 spectro-
photometer (Thermo Scientific, Wilmington, DE, USA). 
cDNA was synthesized from 1  µg of mRNA using the 
Maxime RT PreMix kit (Intron Biotechnology, Seoul, 
Korea) in a Bio-Rad Thermocycler (Bio-Rad Laboratories, 
Hercules, CA, USA). For amplification, a 10 µL reaction 
system was prepared with 5 µL SYBR Green PCR Premix 
(Roche, Switzerland), 2  µL RNA-free water, 2  µL prim-
ers, and 1 µL cDNA. The mixture was placed in a qPCR 
system and subjected to the following thermal cycling 
conditions: 95  °C for 10  min (denaturation); 40 cycles 
of 95 °C for 15 s (annealing) and 60 °C for 1 min (exten-
sion); followed by a melting curve from 60  °C to 95  °C, 
with 0.5  °C increments every 5  s. Primer sequences are 
listed in Table S3 (Supplemental Information). The rela-
tive fold changes in gene expression for the (+)VEGF and 
(−)VEGF groups were normalized to the Control group.

To further assess hypertrophic differentiation in VEGF-
treated cartilage organoids, western blotting was per-
formed [34]. Cartilage organoids were lysed on ice for 
30  min using RIPA buffer (50  mM Tris–HCl pH 8.0, 
150 mM NaCl, 1% Triton X-100, 100 µg/mL PMSF, and 
a protease inhibitor cocktail). The lysates were clari-
fied by centrifugation at 12,000 rpm for 20 min at 4  °C, 
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and protein concentrations were measured using a BCA 
assay. Equal amounts of protein (20 µg) were loaded onto 
10% SDS-PAGE gels for electrophoresis and transferred 
to PVDF membranes. The membranes were blocked 
with 5% non-fat milk for 1  h at room temperature and 
incubated overnight at 4  °C with primary antibodies 
(Table  S2, Supplemental Information). HRP-conjugated 
secondary antibodies (Table  S2, Supplemental Infor-
mation) were incubated for 2  h at room temperature. 
Enhanced chemiluminescence detection was used to vis-
ualize the blots, and quantitative analysis was performed 
using ImageJ software to evaluate target protein expres-
sion levels.

To validate differentiation outcomes, immunofluores-
cence staining was conducted to analyze the expression 
of chondrogenic proteins (COL II and GAG) and hyper-
trophic proteins (Matrix metalloproteinase-13 (Mmp13) 
and collagen type X (COL X)). The staining procedure 
followed the protocol described in Sect. "Identification of 
BMSCs". Quantitative analysis of fluorescence intensity 
was performed to assess differentiation.

Genomic analysis of cartilage organoids in avascular 
and vascular microenvironments
RNA sequencing was performed on cartilage organoids 
treated with or without VEGF using standard sequenc-
ing procedures provided by Cloud-seq Company, China 
[35]. A gene was considered expressed in a sample if its 
expression value was ≥ 1. Differentially expressed genes 
were identified with a fold change of ≥ 4 and a p-value 
of ≤ 0.05. Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analyses were con-
ducted using DAVID and REVIGO (https:// david. ncifc 
rf. gov; http:// revigo. irb. hr/). Target gene screening was 
performed using the GeneCards database (https:// www. 
genec ards. org/). For each group, three biological rep-
licates were collected, and their RNA was extracted, 
sequenced, and analyzed.

In vivo cartilage and bone regeneration of Organoid/
GelMA complexes in avascular and vascular 
microenvironments
Preparation of double‑layer organoid/GelMA complexes 
with or without axitinib
The gelatin methacryloyl (GelMA, No. LBH020001, Lab 
of Health, China) precursor solution was prepared by dis-
solving GelMA (pre-loaded with the blue light initiator 
lithium phenyl-2,4,6-trimethylbenzoylphosphinate) in 
PBS to a final concentration of 0.15 g/mL. To prepare the 
organoid/GelMA complexes, induced cartilage organoids 
were suspended in the GelMA precursor solution at a 
1:1 volume ratio. To create an avascular microenviron-
ment, the anti-angiogenic drug Axitinib (No. HY-10065, 

MedChemExpress, USA) was added to the organoid/
GelMA complex at a final concentration of 0.40  nM, 
designated as the (+)Axitinib layer solution. The vascu-
lar group did not include Axitinib and was designated as 
the (−)Axitinib layer solution. These two solutions were 
transferred to cylindrical molds with a diameter of 4 mm 
and height of 1.5 mm, and solidified after 15  s of expo-
sure to Blu-ray light (wavelength 405  nm), resulting in 
two types of cylinders. These cylinders were then stacked 
to form a double-layer cylinder with an overall diameter 
of 4 mm and a height of 3 mm, yielding three experimen-
tal groups: (+)Axitinib/(+)Axitinib, (−)Axitinib/(−)Axi-
tinib, and (+)Axitinib/(−)Axitinib.

Cartilage and bone regeneration of organoid/GelMA 
complexes in avascular and vascular microenvironments 
in a nude mouse model
Six-week-old female nude mice (n = 5) were purchased 
from Shanghai SLAC Laboratory Animal Co., Ltd. The 
double-layer organoid/GelMA complexes from each 
group were subcutaneously implanted into the dorsal 
region of the mice. After 4 weeks, the mice were eutha-
nized under deep anesthesia, and the regenerated tissues 
were harvested for analysis.

Micro-computed tomography (Micro-CT) was used 
to evaluate the osseous characteristics of the double-
layer organoid/GelMA complexes after subcutane-
ous implantation. The regenerated tissues were fixed 
in 4% paraformaldehyde, then scanned at 40  kV, 600 
µA, and a resolution of 8.75 µm using the Skyscan 1176 
Micro-CT system (Bruker, Germany). The images were 
reconstructed with a dynamic range of 0–0.16, a beam 
hardening setting of 20, and a ring artifact correction 
of 10. 3D reconstructions were generated using CTVox 
software (Bruker, Germany). To quantify osseous fea-
tures, the region of interest (ROI) was defined using 
CTAnalyser software (Bruker, Germany), and key param-
eters, including trabecular number (Tb.N) and trabecular 
thickness (Tb.Th), were calculated within the ROI (n = 3). 
These analyses provided quantitative metrics for evaluat-
ing the osseous ECM deposition of the organoid/GelMA 
complexes.

The harvested tissues were sectioned for histologi-
cal analysis, including H&E and Saf-O/FG staining. 
Briefly, tissues were fixed in 4% paraformaldehyde for 
24 h, decalcified in 10% ethylenediamine tetraacetic acid 
(Chelatocal, National Diagnostics, Atlanta, GA, USA) 
for 4 weeks, then dehydrated, embedded, and sectioned. 
H&E and Saf-O/FG staining were performed to assess 
the chondrogenic and osteogenic potential of the regen-
erated tissues. Quantification of COL II and GAG con-
tent was performed as described in Sect.  "Development 
of cartilage organoids".

https://david.ncifcrf.gov
https://david.ncifcrf.gov
http://revigo.irb.hr/
https://www.genecards.org/
https://www.genecards.org/
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To evaluate the effect of the vascular microenviron-
ment on cartilage and bone regeneration, CD31 immuno-
fluorescence staining was performed on tissue sections. 
Semi-quantitative analysis of CD31 expression followed 
the protocol outlined in Sect.  "Development of cartilage 
organoids", using antibodies listed in Table  S2 (Supple-
mental Information).

Gradient heterogeneous osteochondral regeneration 
of organoid/GelMA cylinder in a rabbit OCD model
Preparation of intact organoid/GelMA cylinder
To prepare an intact organoid/GelMA cylinder, the 
GelMA precursor solution, with cartilage organoids 
added, was transferred into a cylindrical mold (4  mm 
diameter, 3  mm height). The mixture was fully solidi-
fied after 30  s of exposure to Blu-ray light (wavelength 
405 nm). A pure GelMA cylinder of the same size as the 
organoid/GelMA cylinder was also prepared as a control.

Implantation of organoid/GelMA cylinder in a rabbit OCD 
model
A full-thickness OCD model was created in adult male 
New Zealand white rabbits. The rabbits were sedated 
with Zoletil50 (0.35 mL/kg, Virbac, France), and preop-
erative antibiotics (10  mg/kg, Baytril, Bayer Korea) and 
analgesics (5 mg/kg, Tramadol HCl, HanAll Biopharma, 
Korea) were administered subcutaneously to prevent 
complications. A lateral parapatellar approach was used 
to expose the patellar groove, with sequential incisions 
through the skin, subcutaneous tissue, and joint capsule. 
The patella was dislocated medially to reveal the troch-
lear groove. A 4-mm diameter cylindrical defect, 3  mm 
in depth, was created in the femoral trochlea using a 
high-speed drill (Colibri II, Depuy Synthes, Oberdorf, 
Switzerland).

The rabbits were randomly divided into three groups: 
the empty group, the GelMA group, and the organoid/
GelMA group (n = 6). The defect sites were implanted 
with either a GelMA cylinder or an autologous orga-
noid/GelMA cylinder, while the empty group received no 
implant. The joint capsule and subcutaneous tissue were 
sutured with absorbable sutures, and the skin was closed 
with nylon sutures. Postoperative care involved 7 days of 
monitoring, with the surgical site disinfected with chlo-
rhexidine and antibiotics and analgesics administered 
subcutaneously. The rabbits were housed for 12  weeks 
post-surgery. At the endpoint, the rabbits were eutha-
nized under deep anesthesia (5 MAC isoflurane) and 
intravenous KCl (150  mg/kg). The repaired knee joints 
were harvested, photographed, and fixed in 4% paraform-
aldehyde for further analysis.

Evaluation of gradient heterogeneous osteochondral tissue 
regeneration
Regenerated tissue was assessed using the International 
Cartilage Repair Society (ICRS) scoring system (Table S4, 
Supplemental Information). Final scores were deter-
mined by averaging the results from five independent 
researchers (n = 5).

Micro-CT analysis was performed on the repaired joint 
tissue to obtain 2D and 3D images. Parameters were set 
at 40 kV, 600 μA, and a resolution of 8.75 μm. Tb.Th and 
bone volume fraction (BV/TV) were quantified within 
the region of interest (ROI) using CTAnalyser software, 
as described in Sect. "Cartilage and bone regeneration of 
organoid/GelMA complexes in avascular and vascular 
microenvironments in a nude mouse model".

Histological analyses were conducted to evaluate car-
tilage and subchondral bone regeneration in the knee 
joint. Tissue sections were stained with H&E and Saf-O/
FG. For toluidine blue staining (No. HY-D0220, Med-
ChemExpress, USA), hydrated sections were incubated 
with toluidine blue staining solution at room temperature 
for 30 min, followed by differentiation in 1% hydrochlo-
ric acid-alcohol and further rinsing. Sections were then 
dehydrated and mounted for observation. Immunohisto-
chemical staining for COL II was performed to confirm 
cartilage formation. After rehydration, antigen retrieval 
was conducted using an alkaline urea buffer. Permeabili-
zation was done with 0.1% Triton X-100 in PBS, followed 
by blocking. Sections were incubated with primary and 
secondary antibodies (Table  S2, Supplemental Informa-
tion). DAB staining (No. P0203, Beyotime, China) was 
used for visualization, followed by hematoxylin counter-
staining and mounting. Results were imaged and semi-
quantitatively analyzed.

Biosafety assessment
To assess the biosafety of the organoid/GelMA cylinder, 
tissue samples from the heart, liver, spleen, lungs, and 
kidneys were collected from treated rabbits for histo-
logical analysis (n = 5). Abdominal aortic blood was also 
collected for complete blood count and liver and kidney 
function tests (n = 5) to evaluate systemic biosafety.

Statistical analysis
Statistical analysis was performed using SPSS software 
(Version 22.0, SPSS Inc., USA), ImageJ software (Version 
1.8.0, National Institutes of Health, USA), and Graph-
Pad Prism (Version 9.0, GraphPad Software Inc., USA). 
All data are presented as mean ± standard deviation (SD) 
and were derived from at least three independent experi-
ments. For two-group comparisons, the Student’s t-test 
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was used. For multi-group comparisons, one-way analy-
sis of variance (ANOVA) was conducted. A p-value of 
less than 0.05 was considered statistically significant.

Results and discussion
Isolation, identification, and differentiation evaluation 
of rabbit BMSCs
The morphology of P0 BMSCs was observed under a 
light microscope. Adherent BMSCs primarily exhibited 
triangular, spindle-shaped, or fusiform morphologies. 
By day 3 of culture, the BMSCs adhered to the bottom of 
the culture flask and gradually became denser and more 
uniform in appearance. By day 5, the BMSCs had reached 
confluence and completely covered the bottom of the 
culture dish by day 12 (Fig. 1a).

Passaged BMSCs from P2 to P6 were subjected to 
phalloidin staining. The results showed that P2 and P3 
BMSCs exhibited uniform cytoskeleton morphologies 
and were well-stretched. In contrast, P4 BMSCs began to 
exhibit signs of morphological shrinkage, and P5 and P6 
BMSCs showed severe contraction (Fig. 1b).

Flow cytometry analysis of surface markers in passaged 
BMSCs revealed that MSC markers CD29 and CD44, ini-
tially high in P0 (71.9% and 98.4%, respectively), gradually 
decreased with increased passages, reaching their lowest 
levels at P7 (67.3% and 87.5%), though they remained 
relatively high throughout. In contrast, the hematopoietic 
markers CD34 and CD45, which were low in P0 (0.5% 
and 4.31%, respectively), further decreased to 0.36% and 
0.29% at P7, maintaining negative results throughout. 
Notably, these markers showed significantly low expres-
sion already at P3 (0.4% and 0.7%, respectively) (Fig. 1c, 
d). Immunofluorescence staining confirmed these trends, 
with CD29 and CD44 gradually declining but remaining 
positive, while CD34 showed minimal fluorescence, and 
CD45 fluorescence almost completely disappeared by P3 
(Fig. S1a, b, Supplemental Information).

The osteogenic and chondrogenic differentiation 
potential of BMSCs was assessed using Alizarin Red S 
and Alcian Blue staining. Alizarin Red S staining revealed 
clear orange-red calcium deposition in P0, P1, and P3 
BMSCs (Fig. 1e, f ). These regions significantly weakened, 
and the stained areas visibly shrank in P5 and P7 BMSCs. 
Similarly, Alcian Blue staining demonstrated substantial 
sulfated mucopolysaccharides in P0 and P1 BMSCs, with 
a significant decrease after P3. By P5 and P7, the stained 
areas were further reduced (Fig.  1g, h). These findings 
confirmed that passaged BMSCs possessed osteogenic 
and chondrogenic differentiation potential, though this 
ability declined after P3.

Maintaining BMSC viability and stemness under 
conventional culture conditions is critical for advanc-
ing the development of BMSC-derived organoids. Our 

data suggest that BMSCs undergo a gradual decline in 
stemness with increased passaging, primarily due to cel-
lular senescence, oxidative stress, and epigenetic changes. 
Telomere shortening and DNA damage during passaging 
lead to senescence [36], while the accumulation of reac-
tive oxygen species damages cellular components and 
inhibits differentiation potential. Additionally, epigenetic 
modifications, such as DNA methylation and histone 
alterations, suppress the expression of stemness-related 
genes [37]. Metabolic shifts from glycolysis to mito-
chondrial oxidative phosphorylation also contribute to 
reduced stemness, as increased reactive oxygen species 
production accelerates aging [38].

Based on these findings, we concluded that at least 
three passages are required to eliminate hematopoietic 
cells during BMSC isolation. However, to obtain a suffi-
cient quantity of BMSCs while maintaining their prolifer-
ative capacity, optimal cell morphology, and multi-lineage 
differentiation potential, only BMSCs before P3 should 
be used. Thus, P3 BMSCs were selected for subsequent 
cartilage organoid development.

Development of cartilage organoids using passaged 
BMSCs
A photolithography technique was employed to design a 
cylindrical array on a silicon wafer, with each pillar having 
a diameter of 200 μm, a depth of 150 μm, and an inter-pil-
lar spacing of 100 μm (Fig. 2a). The cylindrical structures 
of the molds were clearly observed under both macro-
scopic and microscopic examination (Fig.  2b). Using 
this master mold, replicas were produced in 3% agarose, 
resulting in a non-adherent surface (Fig. S2a, Supplemen-
tal Information). Freeze-drying induced a morphological 
change, with the microcavities transitioning from a cir-
cular to a honeycomb-like shape; however, the distinct 
distribution of individual microcavities remained clearly 
visible (Fig. S2b, Supplemental Information). Each rep-
lica contained approximately 2000 microcavities, provid-
ing isolated growth spaces for the development of BMSC 
spheroids. The agarose gel replicas were subsequently 
transferred into wells of a 24-well plate, with the micro-
cavities oriented upwards. Photographic documentation 
revealed that the agarose replicas faithfully replicated the 
shape of the PDMS mold, and both the PDMS mold and 
the replica fit well within the 24-well plate, preventing 
displacement during subsequent organoid culture (Fig. 
S2c, d, Supplemental Information).

A total of 1 ×  106 P3 BMSCs were seeded into each 
well of the 24-well plate, resulting in approximately 500 
BMSCs per microcavity. The 150 μm depth of the micro-
cavities provided sufficient space for the formation of 
BMSC spheroids. After 7  days of culture in chondro-
genic medium, the BMSC spheroids were individually 
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Fig. 1 Isolation and Identification of Rabbit-derived BMSCs. a Morphological observation of P0 BMSCs cultured in vitro for 3, 5, 7, 10, and 12 days, 
visualized using a light microscope. b Morphology of passaged BMSCs from P2 to P6, imaged with a confocal microscope. c Flow cytometry analysis 
of BMSCs from P0 to P7, illustrating the expression of MSC surface markers CD29 and CD44, as well as hematopoietic marker CD34 and CD45. 
d Quantification of positive BMSCs percentages for surface marker CD29, CD44, CD34, and CD45 across P0 to P7. e Osteogenic differentiation 
of BMSCs from P0 to P7, determined by Alizarin Red S staining of mineralized ECM. f Quantification of Alizarin Red S intensities based on Alizarin Red 
S staining. g Chondrogenic differentiation of BMSCs from P0 to P7, determined by Alcian Blue staining of proteoglycans. h Quantification of Alcian 
Blue intensities based on Alcian Blue staining. n = 3; *p < 0.05, **p < 0.01
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Fig. 2 Development of Cartilage Organoids Using a High-Throughput Agarose Platform. a Schematic diagram of the mold design 
for high-throughput platform. b General appearance and its enlarged details of the high-throughput PDMS mold platform. c Compared 
to traditional 2D cultures in standard dishes, BMSCs self-assembled into cartilage organoids after 28 days of chondrogenic cultivation based 
on the agarose platform. d H&E staining images of cartilage organoids at 2, 5, 9, 14, 20, and 28 days of chondrogenic culture. e Representative 
immunofluorescence images showing COL II and aggrecan expression in cartilage organoids at 28 days. White dotted squares in the upper panel 
indicate regions that are enlarged in the lower panel for detailed visualization
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transferred to a 96-well plate for an additional 21 days of 
chondrogenic culture.

Over the total 28-day chondrogenic culture, the 
3D-cultured BMSC spheroids gradually developed into 
cartilage organoids, as observed under a light micro-
scope (Fig. 2c). The diameter of the organoids increased 
progressively over time, from 23.38 ± 2.20  μm on day 2, 
to 34.44 ± 4.89  μm on day 5, 58.90 ± 38.99  μm on day 9, 
72.99 ± 6.63 μm on day 14, 138.05 ± 32.86 μm on day 20, 
and 190.29 ± 29.17 μm on day 28 (Fig. S3, Supplemental 
Information). In contrast, while 2D-cultured BMSCs pro-
liferated normally and eventually covered the surface of 
the culture dish, they failed to transition from a 2D struc-
ture into 3D spherical aggregates (Fig. 2c).

Cell viability and proliferation under 2D and 3D culture 
conditions were further investigated. Compared to the 
3D culture, 2D-cultured BMSCs exhibited a higher per-
centage of dead cells, with the percentage increasing over 
time from days 1, 3, 7, and 14 (Fig. S4a, b, Supplemental 
Information). These results suggest that 3D culture effec-
tively mitigates the cell damage associated with tradi-
tional 2D methods. Furthermore, CCK-8 assays revealed 
significantly higher proliferative activity in the 3D-cul-
tured group compared to the 2D group (Fig. S4c, Supple-
mental Information), highlighting the superior ability of 
3D culture to sustain cell proliferation.

Phalloidin staining revealed significant cytoskeletal 
morphological differences between the two groups [39]. 
In the 3D group, BMSCs exhibited elongated spindle 
shapes that were maintained up to day 14, whereas in 
the 2D group, the cytoskeleton gradually collapsed, with 
this phenomenon becoming more pronounced with pro-
longed culture (Fig. S4d, Supplemental Information). 
These findings confirm that 3D culture offers better sup-
port for BMSC proliferation and morphology compared 
to traditional 2D culture.

Immunofluorescence staining of BMSCs after 28  days 
of culture revealed significant positive expression of 
chondrogenic markers (aggrecan, Sox9, and COL II) in 
the 3D group, while these markers were nearly absent in 
the 2D group, indicating a lack of chondrogenic differ-
entiation in the 2D group (Fig. S5a, Supplemental Infor-
mation). Furthermore, BMSCs from the 3D-cultured 
organoids contained significantly higher levels of COL 
II/DNA and GAG/DNA compared to the 2D-cultured 
condition, further demonstrating the superiority of 3D 
culture in supporting chondrogenic differentiation and 
cartilage organoid formation (Fig. S5b, c, Supplemental 
Information).

Collectively, our data suggest that BMSCs in the 3D 
culture group exhibited superior proliferation, better cell 
morphology, and more stable maintenance of stemness, 
leading to the formation of favorable cartilage organoids 

compared to the 2D culture. It has been observed before 
that BMSCs secrete a greater amount of ECM within 
the 3D space [40]. This increased ECM secretion pro-
vides favorable attachment sites for the cells, which may 
facilitate continued cell proliferation. Similarly, it was 
demonstrated that BMSC/scaffold-hydrogel complexes 
in 3D culture exhibited lower cell death and better main-
tenance of stem cell characteristics compared to 2D cul-
ture, which was identified as the reason why BMSCs in 
2D culture failed to form organoid spheroids [41]. Addi-
tionally, BMSCs cultured under 2D conditions exhibited 
a typical single, dispersed morphology, while BMSCs 
under 3D culture conditions formed complex network 
structures and interacted with surrounding cells and the 
scaffold [42]. These differences explain why BMSCs in 2D 
culture fail to form organoids, which aligns with the cur-
rent research trend towards tissue engineering and 3D 
organoid construction technologies that aim to transition 
MSCs from conventional 2D culture to more biomimetic 
3D environments.

From a more intuitive standpoint, the transition from 
2D planar culture to 3D spatial culture for BMSCs can 
be viewed as a process of establishing a more biomimetic 
living environment. In vivo, BMSCs naturally reside in a 
3D physiological environment, where they are exposed 
to extensive cell–cell and cell–matrix interactions [43]. 
However, the isolation and culture of BMSCs on 2D 
surfaces disrupts this native microenvironment. The 2D 
culture conditions, which deviate significantly from the 
in vivo 3D environment, inevitably hinder the formation 
of cartilage-like organoids.

H&E staining of cartilage organoids at days 2–28 
revealed circular sections consistent with the gross 
appearance observed under a light microscope. These 
sections suggested more densely packed cells and a more 
homogeneously distributed cartilage-like ECM with 
increasing culture duration (Fig.  2d). Saf-O/FG staining 
demonstrated that organoid size increased progressively 
over the 28-day culture period, consistent with H&E 
staining results (Fig. S6, Supplemental Information). The 
intensive deposition of chondroitin sulfate stained by 
Safranin O dye confirmed enhanced chondrogenic char-
acteristics during this period [44]. After 28  days of 3D 
culture, BMSC-derived cartilage organoids were substan-
tial and visible to the naked eye, appearing as spherical, 
opaque, white aggregates sedimented at the bottom of 
the 96-well plates (Fig. S7, Supplemental Information).

Immunofluorescence imaging further showed the grad-
ual enlargement of cartilage organoids on days 9, 20, and 
28, accompanied by increasing fluorescence intensity of 
chondrogenic markers (COL II and aggrecan). On day 9, 
COL II was nearly undetectable, and aggrecan exhibited 
weak fluorescence. Both markers displayed enhanced 
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fluorescence intensity from day 20 to day 28 (Fig. S8a, b, 
Supplemental Information; Fig. 2e). The results of Saf-O/
FG staining and immunofluorescence were further cor-
roborated by the quantification of GAG and COL II con-
tent, which showed an increasing trend with culture time 
(Fig. S9a, b, Supplemental Information). These findings 
validate the successful construction of cartilage orga-
noids by day 28.

In vitro differentiation evaluation of cartilage organoids 
in avascular versus vascular microenvironments
To evaluate how a vascular microenvironment regu-
lates the differentiation of cartilage organoids in  vitro, 
VEGF was used for co-culturing the cartilage organoids 
obtained after 28 days of chondrogenic culture (Fig. 3a). 
Compared to the pre-induced control group (cartilage 
organoids after 28  days of culture), qPCR data indi-
cated that after 4  weeks of co-culture with VEGF, the 
(−)VEGF group showed significantly increased expres-
sion of chondrogenic-related genes Col2a1 (p < 0.001) 
and Sox9 (p < 0.001), alongside decreased expression 
of hypertrophic-related genes Col10a1 (p < 0.05) and 
Mmp13 (p < 0.05). In contrast, the (+)VEGF group exhib-
ited significantly higher expression of hypertrophic-
related genes Col10a1 (p < 0.001) and Mmp13 (p < 0.001), 
but decreased expression of chondrogenic-related genes 
Col2a1 (p < 0.01) and Sox9 (p < 0.001) (Fig. 3b).

Western blot analysis further confirmed these find-
ings, showing trends in protein levels consistent with the 
qPCR results for both chondrogenic and hypertrophic 
markers in the (+)VEGF group, when compared to the 
control group (Fig. 3c, d). Quantification of immunofluo-
rescence staining revealed that the expression of chon-
drogenic markers COL II (p < 0.01) and GAG (p < 0.01) 
was significantly higher in the (−)VEGF group than in 
the (+)VEGF group. Conversely, hypertrophic markers 
Mmp13 (p < 0.01) and COL X (p < 0.001) were signifi-
cantly more expressed in the (+)VEGF group compared 
to the (−)VEGF group (Fig. 3e, f ).

Considering that hypertrophic differentiation of 
BMSCs in cartilage organoids could eventually lead to 
endochondral ossification [3], these findings demonstrate 
that cartilage organoids possess bidirectional differentia-
tion potential toward both chondrogenic and osteogenic 
lineages under VEGF treatment. This highlights their 
excellent stemness maintenance capability. Moreover, 
the avascular microenvironment facilitates chondrogenic 
differentiation, whereas the vascular niche guides osteo-
genic differentiation. In the natural anatomy of osteo-
chondral tissues, cartilage typically resides in an ischemic 
microenvironment, while bone tissue is associated with 
a vascular-rich environment. These results suggest that 
the natural gradient of the vascular microenvironment 

in  vivo could potentially drive the regeneration of 
both cartilage and bone tissues from a single cartilage 
organoid.

Mechanistic study on the regulation of differentiation 
potential in cartilage organoids by the vascular 
microenvironment
Whole RNA sequencing was performed on cartilage 
organoids at day 28 to explore the underlying mecha-
nisms of VEGF signaling in inducing chondrogenic 
and osteogenic tendencies. The resulting volcano plot 
revealed that 41 genes were upregulated, and 12 genes 
were downregulated in the VEGF-treated group of car-
tilage organoids (Fig.  4a). Differential analysis of gene 
expression profiles between the (−)VEGF and (+)VEGF 
groups revealed significant differences (Fig. 4b). Specifi-
cally, genes associated with angiogenesis (e.g., VEGFA, 
ANGPT1, NOTCH1, MMP9, and DLL4), hypertro-
phy (e.g., RUNX2, COL10A1, MMP13, OSTERIX, and 
COL1A1), and osteogenesis (e.g., BMP2, BGLAP, Osteo-
pontin, CTNNB1, and DLX5) were upregulated in the (+)
VEGF group compared to the (−)VEGF group. In con-
trast, genes associated with chondrogenesis (e.g., SOX9, 
COL2A1, ACAN, COMP, and PRG4) were significantly 
downregulated in the (+)VEGF group compared to the 
(−)VEGF group (Fig. 4c). Detailed enrichment analysis of 
the differentially expressed genes further highlighted dis-
tinctive gene expression patterns related to angiogenesis, 
hypertrophy, osteogenesis, and chondrogenesis in the 
cartilage organoids treated with or without VEGF (Fig. 
S10a, d, Supplemental Information).

GO analysis revealed that upregulated genes in the (+)
VEGF group were enriched in processes related to angi-
ogenesis, hypertrophy, and osteogenesis (Fig.  4d), while 
downregulated genes were associated with chondrogenic 
differentiation (Fig. 4e). These biological pathways could 
be facilitated by VEGF-induced angiogenesis, hypertro-
phy, and osteogenesis. KEGG pathway analysis further 
indicated the activation of angiogenetic, hypertrophic, 
and osteogenic signaling pathways in the (+)VEGF group 
(Fig. 4f ). Additionally, KEGG analysis revealed suppres-
sion of chondrogenic-related pathways, including TGF-β 
signaling, Wnt signaling, and Hedgehog signaling, in the 
(+)VEGF group (Fig.  4g). Overall, our RNA sequencing 
data demonstrate that the addition of VEGF positively 
regulates cartilage organoid development by enhancing 
angiogenetic, hypertrophic, and osteogenic activities, 
while concurrently suppressing chondrogenesis.

Evaluation of chondrogenic and osteogenic activities 
of organoid/GelMA complexes in vivo
To validate the regulatory effects of vascular and avascu-
lar microenvironments on the differentiation of cartilage 
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organoids in  vivo, double-layer organoid/GelMA com-
plexes were subcutaneously implanted in nude mice 
(Fig.  5a). The subcutaneous environment, naturally rich 

in vasculature, served as the vascular microenvironment, 
while the anti-angiogenic drug Axitinib was used to cre-
ate an avascular niche. The mice were divided into three 

Fig. 3 In Vitro Hypertrophic Potential of Cartilage Organoids in the Presence of VEGF. a Schematic illustrating that cartilage organoids maintain 
chondrogenesis without VEGF but shift toward osteogenesis with VEGF. b qPCR analysis of chondrogenic genes (Col2a1 and Sox9) and hypertrophic 
genes (Col10a1 and Mmp13) in cartilage organoids cocultured with or without VEGF for 4 weeks (control group: cartilage organoids before VEGF 
treatment). c Western blot analysis of chondrogenic proteins (COL II and Sox9) and hypertrophic proteins (COL X and Mmp13) in cartilage organoids 
cocultured with or without VEGF for 4 weeks (control group: cartilage organoids before VEGF treatment). d Quantitative analysis of COL II, Sox9, COL 
X, and Mmp13 protein levels from western blot images. e Immunofluorescence staining for COL II, GAG, Mmp13, and COL X in cartilage organoids 
cocultured with or without VEGF for 4 weeks. f Quantitative analysis of COL II, GAG, Mmp13, and COL X fluorescence intensities. n = 5; *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 4 Whole Transcriptome RNA Sequencing Analysis for Cartilage Organoids in the Presence or Absence of VEGF In Vitro. a Volcano plot 
displaying upregulated and downregulated genes in cartilage organoids with or without VEGF treatment. b Heatmap illustrating the expression 
levels of these genes. c Relative expression of genes related to angiogenesis, hypertrophy, osteogenesis, and chondrogenesis in cartilage organoids 
with or without VEGF treatment. GO enrichment analyses of d upregulated genes and e downregulated genes. KEGG pathway enrichment analyses 
of f upregulated genes and g downregulated genes
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groups based on Axitinib loading in the upper and lower 
layers: (1) (+)Axitinib/(+)Axitinib group (both layers 
contain Axitinib), (2) (−)Axitinib/(−)Axitinib group (no 
Axitinib in either layer), and (3) (+)Axitinib/(−)Axitinib 
group (Axitinib only in the upper layer).

H&E and Saf-O/FG staining at 2 weeks post-implanta-
tion revealed homogeneous cartilage tissue regeneration 

in the (+)Axitinib/(+)Axitinib group and bone tissue 
regeneration in the (−)Axitinib/(−)Axitinib group. In the 
(+)Axitinib/(−)Axitinib group, cartilaginous ECM secre-
tion was observed in the upper layer, while osseous ECM 
deposition occurred in the lower layer (Fig.  5b). This 
pattern became more pronounced at 4  weeks (Fig.  5c). 
Quantitative analysis showed higher GAG and COL II 

Fig. 5 In Vivo Chondrogenic and Osteogenic Modulation of Organoid/GelMA Complexes by Avascular and Vascular Microenvironments. 
a Schematic representation of the subcutaneous implantation of organoid/GelMA complexes in nude mice. The complexes were divided 
into two layers, with the upper and lower layers treated with or without Axitinib, resulting in three groups: (+)Axitinib/(+)Axitinib, (−)Axitinib/
(−)Axitinib, and (+)Axitinib/(−)Axitinib. b, c Representative H&E and Saf-O/FG staining of implanted organoid/GelMA complexes in the different 
groups at 2 and 4 weeks. Cartilage matrix is denoted by #, and bone matrix is denoted by *. The upper and lower layers are delineated by white 
dashed lines. d, e Quantitative analysis of GAG and COL II levels in implanted organoid/GelMA complexes across the groups at 2 and 4 weeks. f, 
g Immunofluorescence staining and quantitative analysis of CD31 expression in implanted organoid/GelMA complexes across the groups at 2 
and 4 weeks. n = 3; *p < 0.05
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levels in the Axitinib-loaded groups, with increasing 
levels from 2 to 4  weeks (Fig.  5d, e). Micro-CT imag-
ing further confirmed greater osseous ECM deposition 
and bone trabecula formation in the Axitinib-free lay-
ers, with an increasing trend observed from 2 to 4 weeks 
(Fig. S11a, Supplemental Information). Quantification of 
Tb.N and Tb.Th confirmed higher values in the Axitinib-
free layers (Fig. S11b, c, Supplemental Information), sup-
porting the inhibition of osseous feature production by 
Axitinib.

CD31 immunofluorescence staining and quantification 
of the subcutaneous regenerated tissue revealed sparse 
CD31 expression in the Axitinib-loaded layers and abun-
dant CD31 expression in the Axitinib-free layers (Fig. 5f, 
g). These results underscore the vascular microenviron-
ment as a key determinant in directing the endochondral 
ossification of cartilage organoids. In conclusion, this 
study successfully established an avascular microenvi-
ronment via Axitinib treatment in a nude mouse model, 
demonstrating that osseous regeneration occurred in 
the Axitinib-free layers while cartilage regeneration was 
observed in the Axitinib-loaded layers.

Gradient heterogeneous osteochondral regeneration 
of organoid/GelMA cylinder in a rabbit OCD model
To facilitate integrative osteochondral regeneration, 
we prepared an intact organoid/GelMA cylinder for 
in  situ osteochondral implantation. An OCD model 
was established in rabbit knee joints, with three treat-
ment groups: an empty group (control), a pure GelMA 
cylinder implantation group, and an organoid/GelMA 
cylinder implantation group (Fig. 6a). At 12 weeks post-
surgery, gross observations revealed limited tissue repair 
in the empty group, while the GelMA and organoid/
GelMA groups showed improved tissue repair. Notably, 
in the organoid/GelMA group, newly formed tissue inte-
grated seamlessly with the surrounding native cartilage, 
closely resembling the natural state (Fig. 6b). 3D micro-
CT imaging confirmed these differences among groups, 
in line with the gross observations (Fig. 6b). Additionally, 
2D micro-CT images showed the highest levels of newly 
formed bone trabeculae in the organoid/GelMA group, 
intermediate levels in the GelMA group, and the lowest 
levels in the empty group (Fig. 6b). Quantitative analysis 
of repaired joint tissue demonstrated that the organoid/
GelMA group achieved the highest ICRS histological 
scores, as well as the highest osseous-related BV/TV and 
Tb.Th levels, confirming superior osteochondral regen-
eration in this group (Fig. 6c).

H&E staining revealed distinct differences among the 
three groups in the cartilage layer, transitional layer, and 
subchondral bone layer (Fig.  6d). In the empty group, 
defects were present across all three layers. In the GelMA 

group, defects remained in the cartilage layer, the tran-
sitional layer was undetectable, and the subchondral 
bone layer was present. In contrast, the organoid/GelMA 
group showed well-integrated cartilage and transitional 
layers, along with an intact subchondral bone layer.

Saf-O/FG staining provided detailed insights into the 
cartilage and bone ECM. In the empty group, neither 
cartilage nor bone ECM was stained, indicating a lack of 
osteochondral regeneration. In the GelMA group, bone 
ECM was present in the subchondral bone and transi-
tional layers, but no cartilage ECM was detected in the 
cartilage layer. In the organoid/GelMA group, the carti-
lage layer was intensely stained orange-red, indicating 
mature cartilage deposition, while the subchondral bone 
was stained blue, indicating mature bone formation. The 
transitional layer displayed a natural gradient and was 
perfectly integrated with both the cartilage and subchon-
dral bone layers (Fig. 6e).

Additional evidence was provided by toluidine blue 
staining and COL II immunohistochemical analysis. 
Toluidine blue staining showed cartilage tissue in the 
cartilage layer and the upper half of the transitional layer 
in the organoid/GelMA group, with no cartilage regen-
eration observed in the empty or GelMA-only groups 
(Fig. S12a, Supplemental Information). Similarly, COL 
II immunostaining was observed exclusively in the car-
tilage layer and the upper half of the transitional layer 
in the organoid/GelMA group (Fig. S12b, Supplemental 
Information).

The biosafety of the organoid/GelMA cylinder was also 
assessed. H&E staining revealed normal structural mor-
phology in the major organs of rabbits across all groups 
at 12  weeks post-implantation (Fig. S13a, Supplemental 
Information). Quantitative analysis of routine blood, liver 
function, and kidney function tests showed no significant 
systemic toxicity among the three groups (Fig. S13b, Sup-
plemental Information), demonstrating the safety of the 
organoid/GelMA cylinder for in vivo use.

In summary, these results provide strong evidence 
for gradient heterogeneous osteochondral regeneration 
facilitated by the organoid/GelMA cylinder, driven by the 
modulation of the natural gradient vascular microenvi-
ronment. This supports our hypothesis that a single stem 
cell-derived organoid can achieve gradient heterogeneous 
osteochondral regeneration. The successful regeneration 
of osteochondral tissue using single cartilage organoids 
can be attributed to the following factors: (1) P3 BMSCs 
were selected to ensure cell purity while maintaining 
optimal cell morphology, proliferation capacity, and 
multidirectional differentiation potential; (2) A favora-
ble 3D culture system in chondrogenic medium was 
employed to successfully generate cartilage organoids. 
The 3D environment enhanced cell–cell and cell-ECM 
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Fig. 6 Gradient Heterogeneous Osteochondral Regeneration by Organoid/GelMA Cylinder Guided by a Gradient Vascular Microenvironment 
in a Rabbit OCD Model. a Schematic representation of gradient heterogeneous osteochondral regeneration in a rabbit OCD model via in situ 
implantation of organoid/GelMA cylinder. b Gross observation, 3D reconstruction, and 2D imaging of repaired joint tissue at 12 weeks 
post-treatment in the empty, GelMA, and organoid/GelMA groups. Red dotted circles and squares indicate the OCD regions. c Quantitative analysis 
of ICRS macroscopic scores, Tb.Th, and BV/TV for the regenerated joint tissue in the empty, GelMA, and organoid/GelMA groups. n = 5; **p < 0.01, 
***p < 0.001, ****p < 0.0001. Representative d H&E and e Saf-O/FG staining of regenerated joint tissue at 12 weeks. OCD areas are highlighted by two 
black arrows. Enlarged views of the cartilaginous zone (green squares), transition zone (red squares), and subchondral osseous zone (yellow squares) 
are shown. Cartilage matrix is denoted by #, and bone matrix is denoted by *
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interactions, promoting superior proliferation, improved 
cell morphology, and better stemness maintenance; (3) 
Both in  vitro studies and subcutaneous implantation in 
nude mice showed that the organoid/GelMA complex 
could regenerate cartilage ECM under avascular condi-
tions, while the vascular niche guided bone ECM regen-
eration; (4) The organoid/GelMA cylinder implanted at 
the OCD site integrated to form an intact platform for 
gradient heterogeneous osteochondral regeneration; 
(5) In native joint tissue, the cartilage, calcified cartilage 
transitional, and subchondral bone layers form a gradi-
ent vascular microenvironment, transitioning from an 
avascular niche in the upper layer to a vascular niche in 
the lower layer. This natural gradient vascular microen-
vironment played a pivotal role in enabling osteochon-
dral regeneration in the rabbit OCD model following the 
implantation of the organoid/GelMA cylinder.

Conclusion
This study demonstrates the feasibility and efficacy of 
using single BMSC-derived cartilage organoids for gra-
dient heterogeneous osteochondral regeneration. By 
leveraging the natural vascularization gradient within 
osteochondral tissue, we successfully guided the site-spe-
cific differentiation of cartilage organoids into chondro-
cytes and osteoblasts, achieving simultaneous cartilage 
and bone regeneration. The introduction of pro-vascular 
and anti-vascular microenvironments further highlighted 
the critical role of vascularization in modulating the 
osteogenic and chondrogenic differentiation processes. 
The implantation of organoid/GelMA complexes into 
rabbit osteochondral defects confirmed the translational 
potential of this strategy, offering a robust and clinically 
relevant approach to address the challenges of heteroge-
neous osteochondral repair. This work provides a prom-
ising foundation for future advancements in regenerative 
medicine and tissue engineering.
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