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A B S T R A C T   

Repairing cartilage/subchondral bone defects that involve subchondral bone is a major challenge in clinical 
practice. Overall, the integrated repair of the structure and function of the osteochondral (OC) unit is very 
important. Some studies have demonstrated that the differentiation of cartilage is significantly enhanced by 
reducing the intake of nutrients such as lipids. This study demonstrates that using starvation can effectively 
optimize the therapeutic effect of bone marrow mesenchymal stem cells (BMSCs)-derived extracellular vesicles 
(EVs). A hyaluronic acid (HA)-based hydrogel containing starved BMSCs-EVs displayed continuous release for 
more than 3 weeks and significantly promoted the proliferation and biosynthesis of chondrocytes around the 
defect regulated by the forkhead-box class O (FOXO) pathway. When combined with vascular inhibitors, the 
hydrogel inhibited cartilage hypertrophy and facilitated the regeneration of hyaline cartilage. A porous meth-
acrylate gelatine (GelMA)-based hydrogel containing calcium salt loaded with thrombin rapidly promoted 
haematoma formation upon contact with the bone marrow cavity to quickly block the pores and prevent the 
blood vessels in the bone marrow cavity from invading the cartilage layer. Furthermore, the haematoma could be 
used as nutrients to accelerate bone survival. The in vivo experiments demonstrated that the multifunctional 
lineage-specific hydrogel promoted the integrated regeneration of cartilage/subchondral bone. Thus, this 
hydrogel may represent a new strategy for osteochondral regeneration and repair.   

1. Introduction 

Osteochondral defects typically involve articular cartilage and deep 
subchondral bone [1]. Due to increasingly serious medical needs, 
various surgical treatments have been performed to repair OC defects, 
including autologous chondrocyte implantation, microfracture, inlay 
and autotransplantation [2]. These traditional therapies are typically 
complex and result in the lack of biomechanical functions in fibro-
cartilage [3]. The development of tissue engineering materials based on 
cells, biomaterials and active factors exhibits advantages in repairing OC 
defects. The tissue repair materials developed in this study are based on 
natural polymers and mineral matrices with good biocompatibility. 
Hyaluronic acid and gelatine are both natural extracellular matrices 
existing in cartilage and bone [4–7]. They are widely used in tissue 
regeneration due to their good biocompatibility, degradability and rapid 

regeneration abilities. To further compensate for their deficiencies in OC 
defect repair, it is necessary to introduce active ingredients to improve 
biological activity. However, due to the significant differences between 
chemical composition and biological lineage, the design and application 
of lineage-specific multifunctional scaffolds are needed (see Scheme 1). 

In the lineage-specific regeneration process, the cell source and 
biological cues are important. Regarding the cell source, although 
mesenchymal stem cells (MSCs) from the bone marrow exhibit ability to 
differentiate into multiple different lineages, including cartilage and 
osteogenic tissue, the formed cartilage often undergoes endochondral 
osteogenesis (ECO), leading to cartilage tissue repair failure. Therefore, 
the aim here is to activate the vitality of chondrocytes around cartilage 
defects to accelerate repair while promoting the osteogenic differenti-
ation of bone marrow mesenchymal stem cells to accelerate subchondral 
bone repair. Because the slow proliferation of chondrocytes limits 
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repair, suitable biological cues regulating cell function are necessary. 
Such a microenvironment consists of two basic components: the extra-
cellular matrix (ECM) and the growth factors secreted by cells. As the 
functional paracrine factor of mesenchymal stem cells (MSCs), extra-
cellular vesicles (EVs) derived from MSCs can transmit genetic and 
functional information and exhibit comparative advantages over stem 
cells [8,9]. Furthermore, EVs exhibit lower immunogenicity, better 
safety and experimental control [10]. EVs have become an attractive 
alternative to cell therapy in regenerative medicine because they can 
differentiate into multiple lineages, such as chondrocytes, osteoblasts, or 
adipocytes [11,12]. The hypoxic microenvironment of cartilage lacks 
blood vessels and is thus different from the metabolic milieu of bone 
tissue. Some studies have demonstrated that starvation treatment, 
compared with normal treatment, reduces chondrocyte apoptosis under 
starvation conditions [13]. Furthermore, some studies have suggested 
that cartilage differentiation is significantly enhanced by reducing the 
intake of nutrients such as lipids [14]. Therefore, hydrogel-loaded 
starved BMSCs-EVs were developed as an intraarticular delivery plat-
form for accelerating cartilage regeneration. Furthermore, the infiltra-
tion of endothelial cells and the formation of vessels could regulate the 
hypertrophy and vascularization of cartilage during the process of 
endochondral solidification, which ultimately leads to the formation of 
granulation tissue and bone tissue to replace hyaline cartilage. Notably, 
antiangiogenic therapies for cartilage regeneration have already suc-
cessfully promoted the regeneration of hyaline cartilage [15]. 

An attractive strategy to prepare lower layer hydrogels that can 
quickly repair bone is by haematoma formation in situ. During tissue 
healing, a series of biological events, including haematoma formation, 
occur, which not only prevents blood loss but also fills defects. As a 
temporary scaffold for further repair, the haematoma contains various 
factors that can promote the repair process [16]. The quality of the blood 
clots (haematomas) impacts subsequent inflammatory regulation, callus 
formation, and bone remodelling [17,18]. Next, endothelial cells and 
fibroblasts invade the haematoma and form capillaries and fibrous tissue 
to establish a more stable microenvironment for subsequent osteo-
genesis [19,20]. Inspired by the natural coagulation process, bionic 

scaffold/hydrogel and blood prefabrication strategies have aroused 
great interest when developing functional bone substitutes. Changes in 
fracture haematomas can significantly accelerate or damage the whole 
bone healing process [16]. Blood coagulation during tissue healing can 
not only prevent blood loss but also act as a scaffold to promote tissue 
repair and regeneration [21,22]. 

Based on the above, in this study, functional EVs were prepared by 
starvation, and a vascular inhibitor (bevacizumab, a silencer of VEGF 
(sVEGF)) was loaded in HA hydrogels to prepare cartilage-layered 
hydrogels for cartilage repair. Additionally, a porous GelMA-based 
hydrogel containing calcium salt and thrombin was prepared to pro-
mote the rapid adsorption and coagulation of blood in the marrow cavity 
[18]. Moreover, calcium-containing hydrogels have been shown to 
stimulate the proliferation, differentiation and maturation of osteoblasts 
in vitro [23–25]. The haematoma formed can not only prevent later 
vascular invasion into the cartilage layer, which makes the cartilage 
unstable, but also accelerate bone survival. This lineage-specific multi-
functional double-layer scaffold provides a new strategy and novel 
materials for the integrated regeneration of cartilage and subchondral 
bone. 

2. Materials and methods 

2.1. Materials 

Methacrylated Hyaluroninc acid (MAHA), GelMA (82% degree of 
substitution) and calcium chloride were purchased from Aladdin. 
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was pur-
chased from Sigma‒Aldrich. Thrombin was purchased from Macklin. 
Bevacizumab was purchased from MedChemExpress (MCE). 

2.2. Extraction and identification of EVs 

BMSCs (2 × 105) were cultured in 25T flasks under starvation (serum 
and glucose deprivation) conditions. EV isolation was performed using 
ultracentrifugation. Briefly, when the cells reached 80% confluence, 

Scheme 1. Lineage-specific multifunctional double-layer scaffolds accelerate the integrated regeneration of cartilage and subchondral bone. The upper layer is 
composed of an HA-based hydrogel loaded with starved BMSCs-Evs and sVEGF. By releasing starved BMSCs-Evs and sVEGF, the hydrogel can activate the activity of 
chondrocytes, promote the proliferation and biosynthesis of a small number of chondrocytes in the cartilage defect after in situ implantation, and reduce the cartilage 
hypertrophy, thus forming stable cartilage. The lower layer is composed of collagen-based hydrogel containing calcium and thrombin. By optimizing the structure of 
the gel and the content of thrombin, the blood in the bone marrow cavity can be quickly absorbed and solidified to form a haematoma after being implanted into the 
body to promote bone formation and prevent the blood vessels in the bone marrow cavity from invading the cartilage layer. 
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cells under normal or starved conditions were washed with PBS, and а- 
MEM without serum was added to continue culture for 24 h to collect the 
EVs. The supernatant of the culture medium was collected and centri-
fuged at 1500 g for 10 min to remove cell fragments. The collected su-
pernatant liquid was further centrifuged at 5000 g in an Amicon Ultra-15 
ultrafiltration tube (Millipore, USA) for 15 min and again at 100000 g in 
a sterile Ultra-ClearTM tube (Beckman Colter, USA) for 90 min to obtain 
concentrated extracellular vesicles. All processes were conducted at 
4 ◦C. The concentrated EVs were stored at − 80 ◦C for subsequent ex-
periments. The EV concentration was determined by nanoparticle 
tracking analysis (NTA). The original concentration was diluted to 1 ×
1010 for storage and use. 

The morphology of starved BMSCs-EVs was observed by trans-
mission electron microscopy (TEM) (JEM 1400, Tokyo, Japan). The 
particle size distribution was determined by NTA. EV surface markers, 
including CD81, TSG101, and calnexin, were analysed by Western blot 
assays. To detect the phagocytosis of starved BMSCs-EVs by BMSCs and 
chondrocytes, starved BMSCs-EVs labelled with the dye PKH26 at a 
concentration of 1 × 1010 were cocultured with 5000 cells in 96-well 
plates. The medium was removed after 24 h, and the cells were 
washed with PBS three times and fixed with 4% paraformaldehyde. 
Then, the cytoskeleton and nucleus were characterized and observed 
under a laser confocal microscope (Leica, Germany). 

2.3. Preparation and characterization of hydrogels 

2.3.1. Preparation of the porous Gel-Ca hydrogel 
The porous Gel-Ca hydrogel was prepared by dissolving different 

concentrations of GelMA (8%, 12%, and 15%) into 0.1 M CaCl2 solution 
containing 0.1% LAP photoinitiator. The solution was placed under a 
blue light at 405 nm for crosslinking. To obtain a hydrogel loaded with 
thrombin, the Gel-Ca hydrogel was freeze-dried to obtain a sponge 
scaffold, allowed to absorb the thrombin solution, and then freeze-dried 
again. 

2.3.2. Preparation of HA hydrogel-loaded EVs 
To prepare a HA hydrogel containing functional EVs and sVEGF, EVs 

were mixed in 8% HA solution containing 0.1% LAP initiator, and the 
hydrogel was prepared under 405 nm light irradiation with or without 
3.75 mg/mL bevacizumab. 

2.3.3. Scanning electron microscopy (SEM) and EDS analyses 
The porous structures of the hydrogels were observed by SEM. Sin-

gle- or double-layer hydrogels were freeze-dried and cut into pieces in 
the longitudinal direction. Each sample was sputter-coated with gold for 
60 s and then directly visualized. Images were taken with a scanning 
electron microscope (Hitachi, S-4800). Moreover, the element distri-
bution on the double-layer hydrogel was detected by EDS. 

2.3.4. The effects of concentration on blood clotting 
Different concentrations of thrombin were dropped into the freeze- 

dried Gel-Ca sponge scaffold until it was fully absorbed, and then the 
sponge was frozen again to obtain the Gel-Ca/Thr sponge scaffold 
loaded with thrombin. Fresh anticoagulated blood was treated with 0.1 
M CaCl2 at a 9:1 vol ratio and then added to the freeze-dried sponge to 
observe coagulation. After 1 min, the sponge was placed on filter paper, 
the blood was squeezed out, and blood coagulation was observed. After 
the optimal concentration of thrombin was identified, the treated blood 
was removed from the bottom of the Gel-Ca/Thr sponge scaffold to 
allow swelling and then photographed for observation. 

2.3.5. Preparation of the lineage-specific multifunctional double-layer 
scaffold 

To prepare a double-layer functional hydrogel with a stable and 
inseparable interface layer, GelMA at different concentrations was dis-
solved in 0.1 M CaCl2 solution containing 0.1% LAP and gelatinized by 

irradiation with blue light. When the surface had a certain fluidity, the 
viscous HA solution was poured in, part of the solution was allowed to 
penetrate, and crosslinking was rapidly performed under blue light. 
Moreover, the two layers of the surface were exposed to blue light to 
fully react. 

2.3.6. EV release analysis 
For the release test, 200 μl of HA solution loaded with 1 × 1010/mL 

EVs was added to the upper chamber of a 24-well Transwell plate for 
light crosslinking (0.4 μm to prevent the gel degradation products from 
affecting the test results). Then, 1 ml of PBS was added to the chamber, 
and 1 ml of PBS was added to the bottom of the plate. Then, the trans-
well plate was incubated at 37 ◦C. For testing, 10 μL of solution from the 
lower chamber was removed every 2 days, and the concentration of sEVs 
was measured by NTA. 

2.4. Isolation and culture of BMSCs and chondrocytes 

2.4.1. Isolation and culture of the cells 
The femurs and tibias of 4-week-old SD rats were used to extract 

BMSCs and chondrocytes. For BMSCs extraction, after the SD rats were 
euthanized under excessive anaesthesia, the marrow cavity was washed 
under sterile conditions and placed in a 25 T culture flask for primary 
culture. The primary cells were grown in alpha-modified MEM (α-MEM; 
HyClone, USA) containing 15% foetal bovine serum (FBS, Gibco) and 
1% penicillin/streptomycin (Gibco, USA) and incubated at 37 ◦C with 
5% CO2. When the cells reached 80% confluence, trypsin containing 
0.25% EDTA was used for digestion and passage, and passage 2–3 cells 
were used for subsequent experiments. 

For the extraction of rat or rabbit chondrocytes, the transparent 
cartilage layer on the cartilage surface was carefully scraped with a 
surgical blade and washed in a dish containing cold PBS. Then, the 
cartilage fragments were collected in a centrifuge tube, and pancreatin 
containing 0.25% EDTA was added for digestion for 0.5 h. The frag-
ments were collected by centrifugation and digested in DMEM (high 
glucose) containing 0.2% type II collagenase for 8 h. The suspension was 
filtered through 100-μm nylon mesh filters to obtain the primary 
chondrocytes. The primary chondrocytes were cultured in DMEM con-
taining 10% FBS at 37 ◦C with 5% CO2. The medium was changed every 
three days. When the cells reached 80% confluence, they were passaged, 
and passage 2–3 cells were used for subsequent experiments. 

2.4.2. Flow cytometry 
A suspension of 1 × 106 BMSCs at passage 3 was stained with fluo-

rescently labelled antibodies for marking and detection by flow 
cytometry. The following antibodies were used: CD45-APC (BioLegend), 
CD44-PB (BioLegend), and CD29-PE/Cy7 (BioLegend). 

2.5. Biocompatibility and cytotoxicity assay 

Cytotoxicity was evaluated using the Cell Counting Kit-8 (CCK-8) 
assay (Dojindo, Japan). BMSCs or chondrocytes were cultured at a 
density of 3000 cells per well in a 96-well plate in growth medium and 
incubated at 37 ◦C for 24 h in a humid atmosphere containing 5% CO2 
with different treatments. After 24 h, 48 h and 72 h, the cells were 
washed with PBS again, and 100 μl of CCK-8 solution was added to the 
cells for another 2 h. The absorbance of each well was measured at 450 
nm with an enzyme marker (SpectraMax iD3, USA). 

The activity and morphology of the cells were observed by live/dead 
staining. BMSCs and chondrocytes were cultured with different treat-
ments at 37 ◦C under 5% CO2 for 72 h. Subsequently, the sample solu-
tion was removed, and calcein-AM/propidium iodide (PI) (Bestbio, 
Shanghai, China) was added. After 30 min, the cells were washed with 
PBS three times. Finally, the dye was washed away, and PBS was added. 
Fluorescence images were observed under a confocal microscope at Ex/ 
Em = 488/515 nm to observe AM, and Ex/Em = 561/617 nm to observe 
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PI. 

2.6. Chondrocyte and differentiation assay 

2.6.1. Quantitative RT‒PCR analysis 
Total RNA was extracted and purified from cells by using TRIzol 

reagent (TaKaRa), and cDNA was synthesized by reverse transcription of 
RNA (1200 ng) using the reverse first strand cDNA synthesis kit (Bio- 
Rad) [26]. The gene expression of Col 2, Acan, and Col 10 was deter-
mined and evaluated with a qPCR system (Bio-Rad) using a 20 μl reac-
tion volume according to the manufacturer’s instructions. The 2− ΔΔCT 

method was applied to calculate the fold change in gene expression [27]. 
GAPDH was used as a housekeeping gene. The primers are listed in 
Table S1. 

2.6.2. Western blot analysis 
Protein expression levels were detected by Western blotting as pre-

viously described [28]. Total protein was extracted and isolated from 
cell lysates with RIPA buffer, and the protein concentration was 
measured using a BCA protein assay kit. Equivalent amounts of proteins 
were separated by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS‒PAGE) and transferred to 0.22 μm polyvinylidene 
difluoride (PVDF) membranes. The membranes were incubated with 5% 
BSA solution for blocking and then incubated with primary antibodies 
(CD81 (CST), Tsg 101 (CST), calnexin (CST), aggrecan (Agg, Abcam), 
GAPDH (CST), SOX 9 (Abcam), Col 2 (Abcam), and Col 10 (Abcam)) 
overnight at 4 ◦C. After washing, the membranes were incubated with 
horseradish peroxidase-conjugated secondary antibodies at room tem-
perature for 1 h. The protein bands were visualized with enhanced 
chemiluminescence-based detection reagent (ECL, Tanon). 

2.6.3. Pellet culture and histologic analysis 
The effects of different treatment methods on cartilage formation 

were observed by coagulating stem cells for culture as previously 
described [29]. Briefly, each pellet consisted of 2.5 × 105 cells and was 
cultured in medium (DMEM +10% FBS +1% penicillin/streptomycin) 
for 2 weeks. The culture medium was supplemented or not with 3.75 
mg/mL bevacizumab. 

2.6.4. Alkaline phosphatase (ALP) staining and alizarin red staining 
BMSCs (1 × 104) were seeded in a 24-well plate and cultured with or 

without the construct for 14 d. The medium was changed every 2 days. 
After 14 d, ALP staining was conducted by using the BCIP/NBT Alkaline 
Phosphatase (ALP) Color Development Kit (Beyotime, China), where 
deep blue represents positive expression. For ARS staining, the cells 
were fixed with 4% paraformaldehyde and then stained with alizarin red 
(Solarbio, China) for 3 h to observe calcium deposits. 

2.7. mRNA-seq analysis 

In brief, total RNA was extracted from rat chondrocytes seeded in 6- 
well plates using TRIzol. After extraction and sedimentation, RNA was 
dissolved in DEPC-treated water and quantified with a NanoDrop. After 
evaluation on an Agilent Technologies 2100 bioanalyzer, qualified 
samples were used to establish the final library. DNA nanoballs were 
loaded, and single-end 50-base reads were applied on the BGIseq 500 
platform (BGI-Shenzhen, China). 

2.8. In vivo evaluation using a rabbit osteochondral defect model 

Animal experiments were reviewed and approved by the ethical re-
view committee of Animal Research Committee of Shanghai Jiao Tong 
University General Hospital. Adult male New Zealand white rabbits 
weighing 3.0–3.5 kg were used for the in vivo study. Fifteen rabbits were 
randomized into five groups: control group without any treatment, 
HA@EV/Gel scaffold group, HA@EV/Gel-Thr scaffold group, HA@St- 

EV/Gel-Thr scaffold group and HA@St-EV + sVEGF/Gel-Thr scaffold 
group. After anaesthesia with ethyl carbamate (0.2 g/mL) through the 
ear vein, the knee joints of the rabbits were shaved and exposed using an 
anteromedial parapatellar incision. The osteochondral defect (5 mm in 
diameter, 4 mm in depth) was created using a corneal trephine on the 
trochlear groove of the distal femur. Then, double-layer scaffolds were 
implanted to match the defect. Eight weeks after the operation, the 
rabbits were sacrificed to harvest the knee joints. The International 
Cartilage Repair Society (ICRS) macroscopic evaluation scale was used 
for each group of samples and is shown in Table S2. MRI analysis was 
performed by a Siemens TIM Trio 2.0 T (T) MRI scanner (Siemens, 
Erlangen, Germany) and microcomputed tomography (μCT) scanning 
was carried out by a micro-CT system (SkyScan 1172, Bruker, Belgium). 
Sections (4 μm thick) in the centre of the operative site of the decalcified 
tissue samples were sliced using a tissue slicer and stained with H&E, 
Safranin O, fast green and alcian blue. 

2.9. Statistical analysis 

The data are expressed as the mean ± standard deviation (s.d.). The 
experiments were repeated at least three times. The groups were 
compared using one-way or two-way analysis of variance (ANOVA) 
followed by Tukey’s post hoc test for multiple comparisons. A value of P 
< 0.05 was considered to indicate statistical significance. 

3. Results and discussion 

3.1. Extraction and identification of starved BMSCs-EVs 

Starved BMSCs-EVs were collected by ultracentrifugation (Fig. 1A). 
EVs with a typical cup-shaped morphology were observed by TEM 
(Fig. 1B). The results of NTA showed that the diameter of the extracted 
EVs had a narrow distribution, and the average diameter was approxi-
mately 141 nm. The expression of the markers CD81, TSG and calnexin 
in starved BMSCs-EVs was detected by Western blotting, and starved 
BMSCs-EVs exhibited EV-specific surface markers such as CD81 and 
TSG101 but not calnexin. After incubating PKH26-labelled starved 
BMSCs-EVs with chondrocytes or BMSCs at a concentration of 1 × 109/ 
mL for 12 h, confocal images were taken. The 2D image in Fig. 1E 
demonstrates the effective uptake of starved BMSCs-EVs by chon-
drocytes and BMSCs. 

3.2. Preparation and characterization of the double-layer hydrogel 

We next set out to prepare a porous hydrogel layer that can quickly 
absorb blood and form a haematoma to repair subchondral bone. First, 
to determine the appropriate concentration, GelMA-Ca hydrogels with 
polymer concentrations of 8%, 12% and 15% were prepared (Fig. 2A). 
The morphology of the hydrogel was observed by SEM (Fig. 2B). With 
increasing concentrations, the pores of the porous structure gradually 
became smaller. The HA layer containing starved BMSCs-EVs and the 
Gel-Ca layer with different concentrations were prepared into a double 
hydrogel layer (Fig. 2C). During the preparation of the double hydrogel 
layer, before crosslinking of the lower layer was complete, the viscous 
upper liquid was poured in for crosslinking. Due to partial penetration, 
the two layers bound tightly and did not separate. The bonding strength 
between the two layers was observed by SEM and forced bending ex-
periments. The results showed that the two layers formed tight junctions 
that are difficult to separate (Fig. 2D and E). The element distribution of 
the double hydrogel was observed by EDS, and the amount of calcium in 
the Gel-Ga layer was significantly greater than that in the HA layer 
(Fig. 2E). Next, a double-layer gel containing thrombin was prepared. 
First, the appropriate concentration of thrombin was determined. Gel-Ca 
sponge layers with different concentrations of thrombin was prepared 
were absorption and freeze drying. The same amount of blood was 
absorbed into the sponge for 1 min, and the sponge was placed on dust- 
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free paper to observe blood coagulation. Finally, a concentration of 0.5 
mg/mL thrombin was selected to prepare the lower layer (Fig. 2F). 
Blood absorption and coagulation experiments were performed on 
double-layer scaffolds with different concentrations of Gel-Ca contain-
ing thrombin. The results demonstrated that after the same amount of 
blood was added from the bottom surface, the HA/8% Gel-Ca hydrogel 
with a macroporous structure could absorb blood quickly, but the blood 
invaded the cartilage layer during blood coagulation. As the pore size 
decreased, the blood coagulation interface gradually decreased, and the 
formed haematoma also decreased in size (Fig. 2G). Therefore, to absorb 
more blood to form a haematoma and prevent it from entering the 
cartilage layer, the HA/12% Gel-Ca double-layer gel was finally selected 
for subsequent experiments. Fig. 2H presents the hydrogel morphology 
before and after coagulation. The kinetic behaviour of gel release from 
starved BMSCs-EVs was tested by transwell assays (0.4 μm to prevent 
hydrogel degradation particles from affecting the test) and NTA. The 
results demonstrated slow release (Fig. 2I). 

3.3. The HA hydrogel containing starved BMSCs-sEVs and sVEGF 
promoted the proliferation of chondrocytes 

Hyaluronic acid (HA) is a natural extracellular matrix in tissues that 
is of great significance in biomaterial science and biomedical engi-
neering [30,31]. Therefore, HA was used as the matrix material to 
promote cartilage differentiation and regeneration. Chondrocyte pro-
liferation is required and important for cartilage regeneration via 
chondrocytes [32]. Previous reports have demonstrated that starved 
BMSCs-EVs significantly reduce chondrocyte apoptosis and promote 
proliferation and vitality [33]. Here, the results of the CCK-8 (Fig. 3A) 
and live/dead staining (Fig. 3B) assays demonstrate that the HA 

hydrogel loaded with starved BMSCs-EVs promotes the proliferation and 
vitality of BMSCs and chondrocytes. 

3.4. The Gel-Ca/Thr hydrogel promoted the proliferation of BMSCs 

BMSCs were identified by flow cytometry, and the results showed 
that these BMSCs highly expressed CD44 and CD29 (99.28%) but did not 
express CD45 (≤2%). High cell viability is necessary for ensuring suc-
cessful differentiation and tissue regeneration [34]. The CCK8 assay and 
live/dead staining were used to evaluate the viability of the BMSCs 
cocultured with different GelMA-based hydrogels. As shown in Fig. 3C 
and D, compared with the control group, Gel-Thr slightly promoted the 
proliferation of stem cells; however, stem cells planted on the Gel-Ca gel 
exhibited more obvious promotion of proliferation. These results indi-
cate that the gel layer used for promoting bone formation can promote 
the proliferation of bone marrow-derived stem cells, which is conducive 
to subsequent osteogenic differentiation. As previously reported, 
calcium-containing hydrogels can stimulate the proliferation of BMSCs 
and the differentiation of osteoblasts in vitro [35]. 

3.5. The HA hydrogel containing starved BMSCs-sEVs and sVEGF 
significantly enhanced chondrocyte function 

When cartilage is damaged, it is difficult for chondrocytes adjacent to 
the cartilage defect to achieve self-healing due to impaired chondrocyte 
function and low chondrocyte vitality [36]. Therefore, enhancing the 
proliferation and biosynthetic processes of chondrocytes is crucial for 
the healing process. We investigated the effects of starved BMSC-EVs 
and sVEGF on the function of chondrocytes. The expression of genes 
and proteins related to cartilage differentiation and hypertrophy was 

Fig. 1. Characterization of the starved BMSCs-Evs. A. Schematic illustration of the isolation of starved-BMSCs-Evs. B. TEM image of starved-BMSCs-Evs. C. The 
particle size distribution of starved-BMSCs-Evs measured by nanoparticle tracking analysis. D. Western blot analysis of sEV-specific surface markers. E. Chondrocyte 
and BMSCs uptake of PKH26-labelled starved BMSCs-Evs. 
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investigated by qPCR, WB and staining. On the 7th and 14th days, the 
HA hydrogel containing starved BMSC-EVs stimulated the upregulation 
of the cartilage-related genes Acan and Col 2, as shown in Fig. 4A and B. 
In addition, although Col 10 was upregulated on the 7th day after 
combination with sVEGF, the expression of Col 10 was significantly 
decreased on the 14th day, which demonstrated that the combination of 
starved BMSCs-EVs and sVEGF could promote cartilage differentiation 
and effectively prevent hypertrophy. Similarly, the expression of 
cartilage-associated proteins in chondrocytes after 14 days of coculture 
was examined. The HA hydrogel containing starved BMSCs-EVs upre-
gulated the protein expression of aggrecan and Col 2 (Fig. 4 C, D), 
indicating that starved BMSCs-sEVs benefited the formation of glycos-
aminoglycan. After 21 days of 3D culture, the cells were examined 
(Fig. 4E). After sectioning the formed globules and observing the Alcian 
blue staining and collagen staining images, the microspheres treated 
with the HA hydrogel containing starved BMSCs-EVs expressed more 
GAG and Col 2. Moreover, the expression of Col 10 could be effectively 
reduced in the presence of sVEGF. Other studies have reported that the 
use of VEGF blockers and cartilage differentiation-inducing factors has a 
synergistically stronger ability to promote differentiation than the use of 

these factors alone while reducing the tendency of hypertrophy [37,38]. 
These results demonstrate that starved BMSC-EVs could significantly 
enhance chondrocyte function, including cartilage phenotype and 
cartilage formation, and the ability to form hyaline cartilage was syn-
ergistically improved with sVEGF. 

To elucidate the underlying mechanism, we profiled mRNA expres-
sion in BMSCs-EVs and starved BMSCs-EVs through high-throughput 
mRNA sequencing. As shown in Fig. 5, there were 722 downregulated 
genes and 640 upregulated genes in chondrocytes treated with starved 
BMSCs-EVs compared to BMSCs-EVs (Fig. 5A). The top 20 KEGG path-
ways of the upregulated genes are listed in Fig. 5B. Among them, the 
foxo signalling pathway was found to be an important pathway related 
to regeneration. To further confirm the impact of the foxo pathway on 
the effects of starved BMSC-EVs, we analysed the expression of the foxo1 
and foxo3a proteins. The results showed that treatment with starved 
BMSCs-EVs did indeed increase the expression of the foxo protein in 
chondrocytes (Fig. 5C) while simultaneously increasing the expression 
of the cartilage-related transcription factor SOX 9 (Fig. 5D). The FOXO 
inhibitor AS1842856 prevented the upregulation of SOX 9 (Fig. 5D). 

Fig. 2. Preparation and characterization of the cartilage and bone layer hydrogels. A. Gel-Ca hydrogels containing calcium salt and different polymer concentrations 
for repairing the subchondral bone layer. B. SEM images of the Gel-Ca hydrogels. C. Appearance of the double-layer hydrogels. D. The tight junction interface was still 
observed after the double-layer hydrogels were bent under force. E. EDS images of the HA/12% Gel-Ca double-layer hydrogel. F. Blood coagulation on Gel-Ca 
hydrogels with different concentrations of thrombin. G. Blood absorption and coagulation on the HA/Gel-Ca double-layer hydrogel. H. SEM images of the HA/ 
12% Gel-Ca double-layer hydrogel before and after coagulation. I. Total release of starved BMSCs-EVs from the HA/12% Gel-Ca double-layer hydrogel after 21 days. 
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3.6. Lineage-specific multifunctional double-layer scaffold 

ALP and Alizarin red staining showed that the lower layer distinctly 
promoted the expression of ALP and the formation of calcium nodules 
(Fig. 6A). The release of calcium ions promotes the osteogenic differ-
entiation of BMSCs. To prepare a double-layer scaffold with the poten-
tial to differentiate, especially guided by the gel structure and bioactive 
factors, an HA-based solution with bioactive factors and a GelMA-based 
solution were prepared under sterile conditions and crosslinked 

successively. Transwell assays were used to culture the lineage-specific 
multifunctional scaffold and to observe region-specific differentiation 
(Fig. 6B). After 21 days of incubation, Col 2 and ALP expression were 
measured by PCR and immunofluorescence. The upper layer of HA@St- 
EVs + sVEGF exhibited higher expression of extracellular matrix Col 2, 
whereas the lower layer Gel-Ca exhibited more obvious expression of 
extracellular matrix ALP. Together, these data demonstrate that this 
double layer could trigger the differentiation of BMSCs into chon-
drocytes and osteoblasts because the cells were in different culture 

Fig. 3. Effect of starved BMSCs-sEVs and hydrogels on the viability of BMSCs and chondrocytes. A. CCK-8 values were measured in chondrocytes at 24, 48 and 72 h 
after coincubation. *P < 0.05, **P < 0.01, ****P < 0.0001. B. Live/dead staining of chondrocytes at 72 h after coincubation. C. CCK-8 values were measured in 
BMSCs at 24, 48 and 72 h after coincubation. **P < 0.01, ****P < 0.0001. D. Live/dead staining of BMSCs at 72 h after coincubation. Fluorescence staining with AM 
(green) representing live cells and PI (red) representing dead cells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

C. Ma et al.                                                                                                                                                                                                                                      



Materials Today Bio 23 (2023) 100800

8

microenvironments. Thus, the double-layer scaffold had good ability to 
promote lineage-specific induction (Fig. 5C–E). 

3.7. In vivo evaluation of the integrated regeneration of cartilage and 
subchondral bone 

New Zealand white rabbits were utilized in this study to investigate 
the regeneration of osteochondral tissues. Before the animal experiment, 
we investigated and confirmed the effect of starved BMSCs-EVs on the 

Fig. 4. Starved BMSCs-Evs enhanced the matrix synthesis of chondrocytes. Cartilage-related gene expression of aggrecan, Col2 and Col 10 was measured by qPCR, 
and the statistical results are presented. C-D. Cartilage-related protein expression tested by western blot and the statistical results. E. Alcian blue- and collagen-related 
staining of rBMSC microspheres. *P < 0.05, **P < 0.01, ****P < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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proliferation and biosynthesis of rabbit chondrocytes (Fig. S2). An 
osteochondral defect in rabbit knees was established to evaluate carti-
lage and subchondral bone regeneration after implanting the lineage- 
specific multifunctional hydrogel. Gross observation of the defects in 

the distal femur was performed (Fig. 7A). In the control, HA@EVs/Gel, 
and HA@EVs/Gel-Thr groups, obvious defects could still be seen. 
However, defect repair in the HA@St-EVs/Gel-Thr group and HA@St- 
EVs + sVEGF/Gel-Thr group was greatly improved, particularly in the 

Fig. 5. RNA sequencing analysis. (A) Venn diagram of the overlapping differentially expressed genes between BMSCs-EVs and starved BMSCs-EVs (q < 0.05). (B) 
KEGG pathway analysis of the upregulated genes in chondrocytes treated with starved BMSCs-EVs. (C–E) Protein expression of foxo 1 and foxo 3a determined by 
Western blotting and analysed by ImageJ. (F–G) Protein expression of SOX 9 after different treatments (1 μM AS1842856 was used to inhibit the foxo pathway). 

Fig. 6. The lineage-specific multifunctional scaffold induced zone-specific col 2 and alkaline phosphatase (ALP) expression, as determined by staining of each layer. 
A. The effect of the lower layer on the expression of ALP and calcium deposition (alizarin red staining) after 14 days of culture determined by transwell assays. B. 
Schematic illustration of the culture process with the bilayered constructs in the transwell assays. C. Differential expression of chondrogenesis- and osteogenesis- 
related genes induced in vitro after treatment with the bilayer constructs. D-E. Immunofluorescence staining of cartilage (col 2)- and bone (ALP)-related pro-
teins. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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HA@St-EVs + sVEGF/Gel-Thr group, in which the defects were almost 
completely repaired after 8 weeks (Fig. 7B). The average ICRS grading 
score in the HA@St-EVs + sVEGF/Gel-Thr group was significantly 
higher than that in the other groups at 8 weeks (Fig. 7D). Micro-CT 
imaging was then used to observe the formation of new bone 8 weeks 
after surgery. The control group exhibited less calcified tissue, which 
was only detectable at the edge of the defect area. The amount of 
calcified bone tissue in the HA@EVs/Gel group increased. Compared 
with these two groups, the three groups containing thrombin exhibited 
the formation of more calcified tissue, while the defects in the HA@St- 
EVs/Gel-Thr and HA@St-EVs + sVEGF/Gel-Thr groups exhibited the 
densest subchondral bone. In accordance with these observations, the 
HA@St-EVs + sVEGF/Gel-Thr group was undoubtedly associated with 
the highest bone volume/total volume (BV/TV) ratio (Fig. 7E). For 
further evaluation, the knee joint cartilage was examined by MRI. At 8 
weeks after surgery, obvious defects were observed in both the control 
and HA@EVs/Gel groups. In contrast, in the HA@St-EVs/Gel-Thr group 
and HA@St-EVs + sVEGF/Gel-Thr group, full cartilage tissues were 
observed with surfaces that were more continuous and smoother than 
those in the control and HA@EVs/Gel groups (Fig. 7 C). Consistent with 
the gross observation, MRI and micro-CT results, HA@St-EVs + sVEGF/ 
Gel-Thr was suitable to regenerate osteochondral defects. Repairing 
cartilage has always been a challenge in clinical osteochondral regen-
eration due to the low number and vitality of chondrocytes retained in 

the defect, especially in larger defects [39]. Therefore, some studies 
have tried to introduce chondrocytes into cartilage defects to induce 
cartilage regeneration. However, the need to expand a large number of 
cells in vitro requires considerable economic and time costs, and 
proliferating cells are prone to losing their ability to differentiate, which 
limits their application [40]. Therefore, this study has significant ad-
vantages in inducing and activating the vitality of chondrocytes in situ, 
promoting their proliferation and differentiation. 

Finally, we observed the microstructure of the regenerated tissue by 
staining tissue sections and evaluated the ability of the lineage-specific 
multifunctional double-layer hydrogels to repair cartilage and sub-
chondral bone in vivo (Fig. 8). In the untreated control group, the 
cartilage defect was covered by some regenerative tissue, but the 
regenerative tissue was disorderly arranged with abnormal staining 
different from the normal cartilage, and this group still exhibited 
obvious bone defects and cartilage defects. In the HA/Gel-Ca loaded 
with BMSC-EV group, the lower bone layer exhibited obvious defects, 
and no induced cartilage tissue was observed in the cartilage layer (weak 
alcian blue staining and safranin staining). After treatment with the 
double-layer hydrogel containing thrombin, although the cartilage layer 
did not regenerate significantly, the regeneration of the subchondral 
bone layer was significantly improved, which demonstrates that the 
regeneration of the lower bone layer could be accelerated by promoting 
blood coagulation and forming a haematoma. In the HA@St-EV/Gel-Thr 

Fig. 7. In vivo evaluation of a lineage-specific multifunctional scaffold on integrated regeneration improvements in the rabbit model. (A) Gross images of the 
repaired osteochondral defects in each group at 8 weeks postsurgery. (B) micro-CT analysis of the repaired subchondral bone was conducted at 8 weeks in each 
group. (C) MRI imaging of repaired knees in each group at 8 weeks. The yellow arrow represents the defect. The red arrow represents new cartilage. (D)ICRS score 
grading of the cartilage defect. (n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (E) The volume ratio of the newly formed bone to defect regions. (n =
3. *p < 0.05, **p < 0.01, ****p < 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 8. Histological analysis of the regeneration of cartilage and subchondral bone tissues through HE staining, safranin-O and fast green staining and alcian blue 
staining, and immunochemistry for col 2 and col 10 expression. The lineage-specific multifunctional scaffold promoted the regeneration of osteochondral defects at 8 
weeks. The red box represents the cartilage defect area, while the yellow box represents the subchondral bone defect area. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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and HA@St-EV + sVEGF/Gel-Thr groups, the ability of the cartilage to 
regenerate was significantly improved, especially in the HA@St-EV +
sVEGF/Gel-Thr group, as shown by Col 2 immunohistochemical stain-
ing. Furthermore, the Col 10 expression was lower in the HA@St-EV +
sVEGF/Gel-Thr group than in the HA@St-EV/Gel-Thr group. Addition-
ally, Col 2 was the predominant collagen in the regenerated cartilage in 
the HA@St-EV + sVEGF/Gel-Thr group, suggesting that the regenerated 
area mainly contained hyaline-like cartilage without fibrillation, which 
demonstrates that starved BMSC-sEVs and sVEGF could synergistically 
accelerate the regeneration of hyaline-like cartilage. By using a 
biomaterial-based antiangiogenic drug release system to block angio-
genesis and combining it with functionalized exocrine secretion to 
provide activated chondrocyte activity, this system effectively enhanced 
chondrocyte function, promoted proliferation, metabolism, and extra-
cellular matrix secretion, and provided a suitable environment for stable 
cartilage formation after implantation. These results demonstrate that 
the HA@St-EV + sVEGF/Gel-Thr lineage-specific multifunctional 
double-layer hydrogel can effectively promote the integrated regener-
ation of cartilage and inferior bone. 

4. Conclusion 

The integrated regeneration of cartilage and inferior bone is impor-
tant for achieving not only structural recovery but also functional re-
covery of the whole joint. In this study, the combination of starvation- 
treated functional EVs and the angiogenesis inhibitor sVEGF signifi-
cantly promoted the proliferation and biosynthesis of chondrocytes and 
reduced cartilage hypertrophy, which is of great significance during the 
formation of hyaline cartilage. Moreover, the pores of the hydrogel can 
be blocked by rapidly forming a haematoma in situ to prevent the blood 
in the marrow cavity from invading the cartilage layer and thus affecting 
the stability of subsequent cartilage. On the other hand, the haematoma 
can accelerate bone survival. Here, a double-layer multifunctional 
hydrogel that can repair both the cartilage layer and the lower bone 
layer was prepared. The HA@St-EV + sVEGF/Gel-Thr hydrogel exhibi-
ted superior repair of integrated cartilage and lower bone in vivo. In 
summary, these results demonstrate the promising application of this 
construct for fabrication into OC tissues with lineage-specific multi-
functional double-layer scaffolds. 
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