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The tendon-bone junction (TBJ), a critical transitional zone where tendons and bones connect, is 
particularly prone to injury due to the forces from muscle contractions and skeletal movements. Once 
tendon-bone injuries occur, the complex original tissue structure is difficult to restore, increasing the 
risk of re-tear. In this study, we initially established a rabbit model of tendon-bone injury and treated 
it using either interference screw or suture anchor. Biomechanical testing demonstrated the maximum 
tension and strength of TBJ with interference screw fixation were superior. However, histologic and 
immunohistochemical results showed more tissue regeneration and expression of cartilage markers 
at the site of injury with suture anchor fixation. Moreover, Gelatin Methacryloyl encapsulated with 
exosomes from mesenchymal stem cell (GelMA-exosomes) were prepared, showing a consistent and 
stable exosome release characteristic. The combined application of GelMA-exosomes with either 
interference screws or suture anchors further enhanced the healing of tendon-bone injuries, which may 
be achieved by promoting cellular proliferation as well as regulating the decreased expression of local 
pro-inflammatory factors IL-1β, IL-6 and TNF-α and increased expression of anti-inflammatory factors 
IL-10 and TGF-β. This provides a viable therapeutic strategy to enhance tendon-bone healing.
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The tendon-bone junction (TBJ), where the soft tissue tendon attaches to the bone, is a site with a complex 
structure. The TBJ can be divided into four parts: tendon tissue, uncalcified fibrocartilage tissue, calcified 
fibrocartilage tissue, and bone1–3. The tendon tissue is mainly composed of type I collagen. The uncalcified 
fibrocartilage is made up of mainly type II and III collagen and a small amount of type I and X collagen. Calcified 
fibrocartilage is mainly composed of type II and X collagen. The bone tissue mainly consists of type I collagen 
and apatite. The fibrocartilage tissue is mechanically weaker than the tendon and bone tissue and thus is prone 
to injury4–8. Tissue repair is usually dominated by fibrous scar tissue after injury. The disturbed scar tissue is 
mainly composed of type III collagen, which is much less mechanically robust than normal tissue, resulting 
in a high rate of postoperative retears. Some studies have reported that retear rates are as high as 20–94% after 
tendon-bone reconstruction9. Therefore, tendon-bone injury repair is a notable challenge in orthopedics and 
sports medicine.

Bone marrow-derived mesenchymal stem cells (BMSCs) are adult stem cells derived from the mesoderm 
which can self-regenerate, with multidirectional differentiation and immunomodulatory potential10–12. 
Numerous studies have applied BMSCs to the repair of TBJ injuries13–16. BMSCs have been demonstrated 
to promote the regeneration of fibrocartilage and tendon tissue in the early stages of injury, which enhances 
the biomechanics of the tendon-bone healing site17. However, the implantation of BMSCs may also result in 
teratomas or ectopic bone formation in the tendon18. Recent studies revealed extracellular vesicles from BMSCs 
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can promote tissue repair through a paracrine pathway, indicating that it could be used as an alternative treatment 
for transplantation of BMSCs19.

Exosomes are a type of extracellular vesicle that almost all types of cells can secrete. They transmit mRNA, 
miRNA, proteins, and other substances secreted by the donor cell to the recipient cell, participating in intercellular 
material communication and tissue repair20–22. The study of Han et al. found that BMSCs-derived exosomes 
(BMSCs-exosomes) could upregulate the expression of tendon and cartilage-related factors to treat rotator cuff 
injuries23. There are also some studies have found that BMSCs-exosomes were able to reduce inflammation 
and increase cartilage factor expression around the injured tissue9,24,25. However, few studies have explored the 
therapeutic effect of interference screw or suture anchor incorporated with BMSCs-exosomes in TBJ.

In addition, BMSCs-exosomes injected into the injury site as an aqueous solution are not conducive to its 
prolonged retention and make it difficult to fully perform its biological function. The studies of Chen and Ju et 
al. reported GelMA hydrogel-loaded exosomes for the treatment of tissue damage26,27. GelMA hydrogels have 
good biocompatibility and loose and porous structural properties, which can be used as a carrier for exosomes 
to facilitate their prolonged retention and stable release at specific sites27. Therefore, our study used GelMA 
hydrogel-loaded exosomes and implanted it into the TBJ to investigate its repair effect.

Interference screws and suture anchors are commonly used for tendon-to-bone fixation in clinical surgery28–31. 
The interference screw places the tendon in the bone tunnel while the suture anchor implants the anchor into the 
bone to form the fixation32. The suture connected to the anchor stitches the tendon, refixing the tendon to the 
bone surface33. However, there are few studies comparing the therapeutic effects of the two methods at the TBJ.

This study aimed to investigate the therapeutic effect of GelMA-exosomes at the TBJ during interference 
screw or suture anchor fixation and compare the two fixation methods. We hypothesized that GelMA-exosomes 
may promote tendon-bone healing through its biological activity. Meanwhile, due to the large contact area 
between tendon and bone during interference screw fixation, we hypothesized that interference screw fixation 
would be more stable.

Results
Multi-lineage differentiation and identification of rabbit BMSCs
In this study, rabbit BMSCs were isolated and cultured by the whole bone marrow apposition method. Primary 
cultures showed oval or spherical colony-like adherent growth (Fig. 1A). The BMSCs were gradually and evenly 
distributed after the first generation, with most cells growing in a swirling pattern and some cells showing a 
spindle-like morphology (Fig. 1B). After the third generation, a uniform and regular distribution of cells can be 
observed growing in a long shuttle pattern attached to the wall (Fig. 1C). Flow cytometry showed high expression 
of CD44 and negative expression of CD34 and CD45 34. The results of the induced differentiation showed that 
the osteogenic-differentiated cells were stained with alizarin red and found to be orange in color and aggregated 
into calcareous nodules, indicating that the rabbit BMSCs were capable of osteogenic differentiation (Fig. 1D). 
Chondrogenic differentiation-induced cells were stained with Alisin Blue, and reticulate blue chondrocytes were 
found, indicating that rabbit BMSCs are capable of chondrogenic differentiation (Fig. 1E). Adipogenic-induced 
differentiation of cells was stained with Oil Red O, where the lipid droplets stained red, indicating that rabbit 
BMSCs are capable of adipogenic differentiation (Fig. 1F).

BMSCs-exosomes characterization
The exosomes were photographed by TEM, and their typical teacup-like vesicle structure could be observed 
(Fig.  1G). NTA examined the particle size of the exosomes and found that the extracted particles were 
concentrated around 100–200 nm in size (Fig. 1H). Western Blot assay detected signature proteins on the surface 
of exosomes and found positive expression of CD9, CD81, TSG101 and negative expression of Calnexin in 
exosomes (Fig. 1I).

Distribution and release dynamics of BMSCs-exosomes in GelMA Scaffolds
The scaffolds were prepared with two different densities of 5% GelMA-30 and 5% GelMA-60. The pictures 
were taken using scanning electron microscopy and analyzed using ImageJ software. The results revealed that 
GelMA-30 had larger pores and overall relaxation, while GelMA-60 had higher porosity (Fig. 2A). In order to 
ensure the loading efficiency of BMSCs-exosomes, we chose GelMA-60 with higher porosity for subsequent 
studies. The PKH26 was used to stain BMSCs-exosomes and mixed with equal amounts of PBS and GelMA, 
respectively. 2D and 3D photographs were taken using confocal microscopy to observe their distribution in 
the two media. It was found that after staining with PKH26 BMSCs-exosomes was in the form of red granules, 
uniformly distributed in both PBS and GelMA (Fig. 2B). No local aggregation of BMSCs-exosomes was observed 
in GelMA, satisfying the requirements for transplantation.

PKH26-labelled BMSCs-exosomes was used to assess the release profile of GelMA-exosomes. GelMA-
exosomes were placed in PBS at room temperature and the supernatant was collected every 24 h. Seven days 
later, fluorescence quantification was performed using an enzyme marker. The results showed that the daily 
release of BMSCs-exosomes from GelMA-exosomes decreased gradually over time, with the release of BMSCs-
exosomes up to approximately 80% of the initial amount at one week (Fig. 2C). This indicates that GelMA-
exosomes could be consistently and steadily released around the injured tissue.

BMSCs-exosomes inhibited inflammatory factors and promoted cells proliferation
QRT-PCR experiments were performed to detect the expression of inflammatory factors and tissue repair-
related factors in the injured tissues. The results showed that the expression of IL-1β, IL-6, and TNF-α in the 
GelMA-exosomes group was significantly lower than that in the Control and GelMA groups (P < 0.05), while 
the expression of IL-10 and TGF-β was higher than that in the control and GelMA groups (P < 0.05) (Fig. 4A). 
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Moreover, no significant differences in the expression of inflammatory factors were observed between the 
suture anchor and interference screw groups. These results suggest that BMSCs-exosomes could alleviate the 
inflammatory response in injured tissues at an early stage, whereas the choice of the fixation device has no 
significant effect on the local inflammatory response. Edu assay was performed to detect the early proliferation 
of cells in the injured tissue. The experiment was divided into two groups: the PBS and the BMSCs-exosomes 
groups. The results showed that more cells proliferated in the BMSCs-exosomes group than in the PBS group 
(P < 0.05) (Fig.  4C). BMSCs-exosomes stained with PKH26 red fluorescent dye were clustered around the 
nucleus (Fig. 4B), indicating that BMSCs-exosomes could promote cell proliferation.

Histological analysis of the TBJ
The HE and SO-FG staining results (Fig. 5A) showed that at the third week of interference screw fixation, the 
tendon-bone interface in the control group was clearly demarcated, and no new fibro chondrocytes were seen. 
In the GelMA group, new chondrocytes were seen in the bone and tendon tissues, but only a small number of 
new chondrocytes gathered at the tendon-bone interface. In the GelMA-exosomes group, new chondrocytes 
gathered at the tendon-bone interface, but the distribution was disorganized. In the sixth week, the boundary 
between the tendon-bone interface still existed in the control group, the tendon-bone gap was narrowed, and 

Fig. 1.  Morphological Observation of BMSCs, identification of BMSCs, and BMSCs-exosomes 
Characterization. (A) P0 generation showed granule-like aggregation. (B) P1 generation showed short spindle-
shaped apposition. (C) P3 generation showed spindle-shaped appressed growth. (D) Osteogenic differentiation 
of rabbit BMSCs showed yellow calcium nodules. (E) Chondrogenic differentiation of rabbit BMSCs showed 
blue reticular chondrocytes. (F) Adipogenic differentiation of rabbit BMSCs showed red lipid droplets. Scale 
bar: 100 μm. (G) TEM showed a teacup-like vesicle structure of BMSCs-exosomes. Scale bar: 200 μm. (H) 
NTA showed that the particle size of BMSCs-exosomes was clustered at 100–200 nm. (I) Western Blot results 
showed high expression of CD9, CD81, TSG101 and low expression of Calnexin.
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new chondrocytes were distributed at both ends of the interface with a uniform arrangement. New blood vessels 
grew into the tendon-bone interface in the GelMA group, and many chondrocytes gathered on the bone surface. 
The tendon-bone boundary was blurred in the GelMA-exosomes group, and chondrocytes gathered on the bone 
surface. The new tissue was evenly arranged and distributed.

The results (Fig. 5B) showed that at the third week of suture anchor fixation, the tendon-bone interface in 
the control group was clearly demarcated and no new chondrocytes were seen. In the GelMA group, few new 
chondrocytes were seen at both ends of the tendon-bone interface with local gaps in the tissue. The tendon-bone 
interface of the GelMA-exosomes group was found to be an aggregation of new chondrocytes with well-aligned 
new tissue. In the sixth week, the tendon-bone interface in the control group was blurred, with new chondrocytes 
aggregating on the bone surface, localized discontinuity of bone tissue, and poor tendon-bone integration. In the 
GelMA group, the tendon-bone demarcation was blurred, with localized cartilage-like migration structures and 
a disorganized arrangement of new chondrocytes and extracellular matrix. In the GelMA-exosomes group, new 
tissue fused with normal tissue and cartilage-like migration structures were seen at the tendon-bone interface, 
with good tendon-bone integration.

Immunohistochemical analysis of the TBJ
The Col II and Acan immunohistochemistry staining results (Fig. 6A) showed that at the third week of interference 
screw fixation, no positive expression of chondrocytes and cartilage matrix at the tendon-bone interface in the 
control group. In the GelMA group, Col II and Acan staining showed a small number of chondrocytes positively 
expressed. In the GelMA-exosomes group, Col II staining revealed new chondrocytes aggregated on the bone 
surface. Acan staining revealed brownish-yellow cartilage matrix secretion aggregated at the tendon-bone 
interface. In the sixth week, Col II and Acan staining in the control group showed that new chondrocytes and 

Fig. 2.  Distribution and release dynamics of BMSCs-Exosomes in GelMA. (A) Scanning electron microscopy 
images and quantitative pore size analysis of 5% GelMA-30 and 5% GelMA-60. (B) Distribution of BMSCs-
exosomes in PBS and GelMA, BMSCs-exosomes (PKH26 red fluorescence staining), GelMA (green 
fluorescence). (C) Release curve of GelMA-exosomes during 7 days.
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cellular matrix gathered at the tendon-bone interface, with a clear demarcation between tendon and bone. In 
the GelMA group, Col II and Acan staining showed many new chondrocytes, but no fibrocartilage connection 
appeared at the tendon-bone interface. In the GelMA-exosomes group, Col II and Acan staining showed that 
new chondrocytes and extracellular matrix were well arranged and evenly distributed at the tendon-bone 
interface, with blurred tendon-bone demarcation and localized migrating structures.

The staining results at the time of suture anchor fixation were as follows (Fig. 6B). In the third week, Col II 
staining showed no new chondrocytes and extracellular matrix expression. Acan staining revealed a small amount 
of brownish cartilage matrix secretion in the tendon and bone tissue, and only a few new chondrocytes gathered 
at the tendon-bone interface in the control group. In the GelMA group, Col II and Acan staining showed clear 
tendon-bone demarcation, local gaps, and sparse distribution of new chondrocytes. In the GelMA group, Col 
II and Acan staining revealed a sparse distribution of new chondrocytes clustered at the tendon-bone interface. 
In the GelMA-exosomes group, Col II and Acan staining showed that new chondrocytes and extracellular 
matrix were distributed at both ends of the tendon-bone interface. The neoplastic tissue was disorganized, 
with clear tendon-bone demarcation with local gaps. In the sixth week, Col II and Acan staining in the control 
group showed many new chondrocytes and extracellular matrix gathered at the tendon-bone interface, but the 
new tissue was disorganized and poorly integrated with normal tissue. In the GelMA group, Col II and Acan 
staining revealed many new chondrocytes and extracellular matrix aggregates at the tendon-bone interface, 
with an orderly arrangement of new tissues and localized fibrocartilage migration structures. In the GelMA-
exosomes group, Col II and Acan staining showed blurring of the tendon-bone interface demarcation line and 
the appearance of migrating structures. The new organization were well-arranged and evenly distributed. In 
order to compare the repair effect of the tendon-bone interface when the TBJ is fixed with interference screws 
and suture anchors, a quantitative analysis of the positive areas was performed using ImageJ for Col II and Acan 
immunohistochemical results (Fig. 6C–F). The results revealed that the positive expression of new chondrocytes 
was greater in the GelMA-exosomes group than in the GelMA and Control groups (P < 0.05) both in interference 
screw fixation and suture anchor fixation. Therefore, adding GelMA-exosomes at the injury site could promote 
chondrocyte regeneration. The results also found that the expression of new cartilage at the TBJ was greater with 
suture anchor fixation than with interference screw fixation (P < 0.05). 

Biomechanical testing
In order to measure the strength of the TBJ, biomechanical test was performed at six weeks postoperatively 
(Fig.  7). The results revealed that the maximum tension and strength of the GelMA-exosomes group were 
superior to those of the control and GelMA groups (P < 0.05) whether fixed with interference screw and suture 
anchor, indicating that the GelMA-exosomes was able to promote tissue healing at the TBJ and strengthen the 
tendon-bone connection. From the results we can also found that the maximum tension and strength of the TBJ 
with interference screw fixation were superior to those with suture anchor fixation (P < 0.05).

GelMA-exosomes promoted bone regeneration around bone tunnels
The specimens were scanned by Micro-CT and reconstructed as tomograms by NRecon Reconstruction 
software. 3D reconstruction was carried out by CTVox software. CTan software was used to analyze and measure 
the formation of new bone tissue around the tunnel. The black circle in (Fig. 8A) is a 4 mm diameter circular 
bone tunnel at the time of interference screw placement. No significant change in the upper cortical aperture 
of the bone tunnel was seen during interference screw fixation, which was related to the screw being in place. 
The filling of the screw inhibited the horizontal growth of the new bone into the bone tunnel. Quantification of 
relative bone volume or bone volume fraction (BV/TV), Trabecular Number (Tb. N), Trabecular Separation/
Spacing (Tb. Sp), Trabecular Thickness (Tb. Th) of the upper bone cortex. The results showed that the BV/TV, 
Tb. N and Tb. Th values of bone in the GelMA-exosomes group were higher than those in control and GelMA 
groups at 3 and 6 weeks postoperatively (P < 0.05) while the Tb. Sp values of bone in the GelMA-exosomes 
group were lower than those in the Control and GelMA groups (P < 0.05). It is shown that GelMA-exosomes 
could promote the formation of new bone on the surface and reduces bone resorption during interference screw 
fixation.

The black circle in (Fig. 8B) is a 2 mm diameter circular bone tunnel at the time of a suture anchor placement. 
A notable reduction in the cortical aperture of the upper layer of the bone tunnel at week 6 compared to week 
3 was seen with suture anchor fixation. This differed from an interference screw in that the suture anchor was 
implanted within the bone tissue. There was no anchor filling in the upper bone cortex, except sutures passing 
through. The horizontal growth of the new bone into the bone tunnel was not inhibited. The results of the 
quantitative analysis revealed that the values of BV/TV, Tb. N and Tb. Th of bone in the GelMA-exosomes 
group were higher than those of the control and GelMA groups with suture anchor fixation (P < 0.05), while 
the values of Tb. Sp of bone were lower than those of the control and GelMA groups (P < 0.05). It demonstrated 
that GelMA-exosomes could promote the formation of new mineralized bone on the surface with suture anchor 
fixation and promote the repair of bone on the surface of the tendon-bone interface.

Discussion
Tendon-bone injury repair is a challenge in orthopaedics and sports medicine due to the limited regenerative 
capacity of its original fibrocartilage structure. Some studies have reported that the process of tendon-bone 
healing undergoes three stages of inflammation, proliferation, and remodeling35–37. In the early stages of healing, 
an acute inflammatory response occurs in the injured area, with extensive infiltration of M1 macrophages. M1 
macrophages secrete pro-inflammatory factors, including TNF-α, IL-1β, and IL-6, which have been shown to 
inhibit chondrogenic differentiation and cartilage matrix formation. In addition, the inadequate blood supply to 
the fibrocartilage itself leads to a problematic regeneration of the fibrocartilage layer at the tendon-bone interface, 
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which is eventually replaced by scar tissue consisting of Sharpey fibers, resulting in poor healing of the TBJ38. M2 
macrophages can release anti-inflammatory factors, such as IL-10 and TGF-β. Some studies have demonstrated 
that TGF-β is a crucial regulator of chondrogenic differentiation and can promote the proliferation and repair of 
cartilage39–41. Thus, the reduction of tissue inflammation, the increase in tissue blood supply, and the promotion 
of chondrocyte regeneration are beneficial to TBJ healing. Recently, some progress has been made in using 
stem cell therapy to treat injuries at the tendon-bone interface. The most commonly used of these are BMSCs. 
BMSCs can proliferate and differentiate into target cells to replace the missing cells at the injury site. However, 
there are currently no uniform standards for the dose and frequency of stem cell therapy. Injections of stem cells 
may cause adverse risks, such as immune reactions and tumor formation, which hinder their further clinical 
application42,43. It has been shown that stem cell therapy is not limited to cell regeneration and differentiation 
but can also secrete large numbers of extracellular vesicles through paracrine action, which regulates the local 
environment around cells and participate in tissue repair and metabolism44,45. BMSCs-exosomes were able to 
regulate macrophage polarization, reduce inflammation and induce peripheral vessel formation at the end of the 
injury site. Our findings also revealed the ability of BMSCs-exosomes to inhibit the production of inflammatory 
factors and promote the formation of anti-inflammatory factors and cartilage growth factors at the injury 
site9,24,46.

BMSCs-exosomes are often injected directly into the circulatory system or body cavity as an aqueous solution 
to promote tissue healing. However, it is difficult for BMSCs-exosomes in an aqueous solution to be retained 
in the injured area for an extended period, ultimately making it difficult for BMSCs-exosomes to function 
adequately46–48. In order to retain BMSCs-exosomes at the injury site for an extended period, GelMA hydrogel 
was used to encapsulate BMSCs-exosomes. GelMA hydrogel is a biocompatible and degradable biomaterial, and 
its inherent porous structure facilitates the storage of cytokines49. In this study, SEM was used to observe the 
microstructure of 5% GelMA-30 and 5% GelMA-60, which were found to have a porous multilayer structure. 
The distribution of BMSCs-exosomes in PBS and GelMA was photographed using confocal microscopy and 
found to be uniformly distributed in GelMA. In vitro, release experiments of GelMA-exosomes showed a slow 
release of BMSCs-exosomes over time in 7 days. The amount released on the seventh day was up to 80% of the 
initial amount. Our research have found that GelMA-exosomes could release stably and retain for a relatively 
long time, which were conducive to the full action of the exosomes and provide inspiration for the practical 
application of exosomes.

Interference screw and suture anchor are often used to attach the tendon to the bone surface in clinical 
surgery31,50. However, few studies have compared the repair of two fixation methods in the TBJ. The interference 
screw fixed the tendon to the bone surface by squeezing pressure between the screw and the bone tunnel. The 
local stress helps the tendon to make contact with the bone. However, the degree of damage to the bone and 
surrounding soft tissues during interference screw fixation is high and the strength of the screw fixation is 
influenced by several factors, including limb bone density, thread height, position, length, and gap size31,51,52. 
The suture anchor was embedded into the bone and the tendon was fixed to the bone surface by sutures on the 
anchor nail. The degree of damage to the bone and surrounding tissue with suture anchor fixation was minimal, 
but the local pressure of the sutures on the tendon-bone interface was weaker than with an interference screw. 
In this study, biomechanical experimental results revealed superior tendon-bone connection strength with 
interference screw fixation. This may be due to the contact area between the tendon and the bone being greater 
with interference screw fixation than with suture anchor fixation, or it may be that the squeeze force between 
the screw and the bone is greater than the fixation force of the suture. Histological and immunohistochemical 
staining results showed more tissue regeneration and cartilage tissue expression at the injury site with suture 
anchor fixation than with interference screw fixation. Although the early fixation strength of the TBJ with suture 
anchor was weaker than that with interference screw, more tissue regeneration and chondrocyte expression 
at the TBJ with suture anchor fixation than with interference screw fixation in terms of microstructure. This 
phenomenon may be because tendon and bone tissue are less damaged with suture anchor fixation, which is an 
advantage of suture anchor fixation compared to interference screw fixation.

Meanwhile, interference screw and suture anchor, as foreign bodies, implantation may cause a rejection 
reaction in the organism. Moreover, an early inflammatory reaction is detrimental to the healing of the tendon-
bone union53. In our study, GelMA-exosomes was added after fixation of the TBJ with an interference screw 
or a suture anchor. The expression of IL-1β, IL-6, and TNF-ɑ was significantly lower in the GelMA-exosomes 
group, while the expression of IL-10 and TGF-β was more than that in the negative control and GelMA groups. 
We also found more tissue regeneration and chondrocyte-like cell expression in the GelMA-exosomes group 
than other groups in histology. This phenomenon occurs in both interference screw and suture anchor fixation. 
In the biomechanical and Micro-CT experimental results, it was found that the strength of the tendon-bone 
connection and bone repair in the GelMA-exosomes group were better than those in the other two groups. 
BMSCs-exosomes could inhibit tissue inflammation at an early stage and promote the healing of the TBJ, 
providing a new idea for tendon-bone healing.

Conclusion
Our study found that tendon-bone connection was more stable with interference screw fixation, and the cartilage 
tissue regeneration and expression at the tendon-bone interface were greater with suture anchor fixation, which 
can be used as a reference for clinical procedure. The GelMA-exosomes prepared in this study were able to be 
released stably in vitro, which contributed to their full biological activity. Furthermore, our study found that 
GelMA-exosomes could intervene the early process of tendon-bone healing, inhibit inflammation, and promote 
the repair of TBJ, which may be used as a therapeutic option for tendon-bone healing. This study discusses the 
therapeutic efficacy of interference screw and suture anchor in the TBJ. The addition of GelMA-exosomes was 
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found to result in a faster and better repair in the TBJ, with a closer approximation to the structure of normal 
tissue.

Methods
Cell culture and characterization
New Zealand rabbits weighing approximately 0.4–0.5 kg (regardless of gander) were selected as the source of 
primary BMSCs. The ends of the epiphyses were cut, the middle bone marrow was then extracted and centrifuged 
at 1000 rpm for 5 min. The supernatant was removed, and 2 mL of L-DMEM (Gibco, USA) containing 10% fetal 
bovine serum (Gibco, USA) was added for resuspension. The cells were evenly divided into six-well plates and 
incubated at 37 °C in a 5% incubator. Suitable rabbit BMSCs were selected and made into single-cell suspensions. 
BMSCs were identified using flow cytometry with the cell surface markers Rabbit Anti-CD34/FITC (1:100, Bioss, 
China), Rabbit Anti-CD44/FITC (1:100, Bioss, China), and Rabbit Anti-CD45/FITC (1:100, Bioss, China). As 
described in the literature, suitable cells were selected for induction of chondrogenic, osteogenic, and adipogenic 
differentiation and identified by Alisin Blue (Sigma, USA), Alizarin Red (Sigma, USA), and Oil Red O (Sigma, 
USA) staining respectively after 21 days.

Exosomes preparation and identification
BMSCs cultured to P3 generation were transferred to 6-well plates, and cell supernatants were collected daily 
when the cell density grew to 80% (approximately 5 × 105 cells/well). BMSCs-exosomes in the supernatant were 
extracted according to the instructions of the VEX Exosome Isolation Reagent kit (Vazyme, China), and the 
concentration of exosomes was measured using the BCA protein quantification kit (Beyotime, China). The 
structure of the exosomes was observed using transmission electron microscopy (TEM; Titan, FEL, USA), the 
size distribution and concentration of the exosomes were determined by nanoparticle tracking characterization 
system (Zatasizer Nano ZS90, Malvern Panalytical), and the surface-specific proteins Calnexin (Bioss, China), 
CD9 (Bioss, China), CD81 (Bioss, China), and TSG101 (Bioss, China) were detected by Western Blot.

BMSCs-exosomes labeling
First, 500 µl BMSCs-exosomes (50 µg/ml) were resuspended in 0.5 ml Diluent C (Solarbio, China) and then 
mixed with 4 µl PKH26 (Solarbio, China). The solution was incubated at room temperature and avoided light for 
5 min. Then, 2 ml of 0.5% BSA (Beyotime, China) was used to end the staining. The mixture was centrifuged at 
10,0000 g for 70 min to remove the residual dye, followed by resuspension of the precipitate in 200 µl phosphate 
buffered saline (PBS).

GelMA preparation and pore size analysis
A 0.25% initiator standard solution (EFL, China) was prepared according to the kit instructions. 0.5  g of 
GelMA-30 or GelMA-60 solid (EFL, China) and 1 mL of initiator standard solution were added into the tube 
and heated in a water bath to dissolve completely. The GelMA solution was aspirated using a sterile syringe and 
filtered through a 0.22 μm sterile filter in an ultraclean table. The filtered sterile GelMA solution was irradiated 
with a 405 nm Ultraviolet (UV) light source for 30 s to solidify. The gelatinized samples were frozen at − 80 °C 
for 2 h, then dried in a vacuum dryer for 24 h. The samples were then sprayed with gold and placed on a scanning 
electron microscope (SEM; Gemini 2, Sigma, USA) irradiation stage for photography. Image J software was used 
to measure the average diameter of each hole and calculate the hole size based on the SEM photographs.

GelMA-exosomes distribution and release curve analysis
The 5% GelMA-30 was prepared according to the method mentioned above. BMSCs-exosomes were marked 
with PKH-26. An appropriate amount of BMSCs-exosomes was mixed with 5% GelMA-30 solution (the final 
concentration of exosomes was 50  µg/ml) and irradiated with UV light for 30  s to allow sufficient gelation. 
Subsequently, the distribution of BMSCs-exosomes in GelMA was observed by confocal microscopy. GelMA-
exosomes was placed in 1 ml PBS. The supernatant was gathered daily and quantified after 7 days.

Establishment of rabbit TBJ injury model
All the animal experiments were approved by the Ethics Committee of Soochow University (Approval No.: 
SUDA20230619A02) and all animal manipulations were performed in accordance with the Guide for the Care 
and Use of Laboratory Animals of Soochow University. Additionally, the study was conducted in compliance 
with the ARRIVE guidelines.

A total of 72 three-month-old rabbits (weight 2.7 ± 0.2  kg) were studied. The rabbits were continuously 
anaesthetised using isoflurane inhalation anaesthesia. Successful anaesthesia was indicated by the disappearance 
of the corneal reflex. Surgical preparation of the left lower limb of the rabbit was treated. A longitudinal incision 
was made on the posterior lateral aspect of the lower leg using a blade to expose the flexor digitorum longus 
and tibia. Along the walk of the tendon, the flexor digitorum longus tendon was severed distally and the severed 
end was secured with suture. A 2.0 Kirschner wire (Pfizer, USA) was used to drill a hole in the lower 1/3 of 
the tibia vertically when fixed with a suture anchor (2.0 Mini Quickanchor Plus, AO, China) (n = 36). A 4.0 
Kirschner wire (Pfizer, USA) was used to drill when secured with an interference screw (5 × 12 mm Milagro 
BR Interference Screw, AO, China) (n = 36) (Fig.  3). A 50  µg/ml GelMA-exosome mixture was prepared by 
encapsulating the exosomes in GelMA, which was subsequently injected into the TBJ site using a 1 ml syringe. 
Then, the experiment was divided equally into 3 groups according to the implants: (1) control group (only inject 
1 ml PBS at the injury site), (2) GelMA group (only inject 1 ml GelMA at the injury site), (3) GelMA-exosomes 
group (inject 1 ml GelMA-exosomes at the injury site). The wound was then closed layer by layer and dressed 
with aseptic gauze. All animals resumed normal diets after the operation and were given ceftiofur sodium for 
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Fig. 3.  The process of GelMA-exosomes preparation, the establishment of rabbit tendon-bone injury model 
and surgical treatment process. (A) Schematic diagram of the formation of GelMA-exosomes and their 
combination with an interference screw or suture anchor for the treatment of tendon-bone injuries in the 
rabbit model. (B) Flowchart of research design for animal experiments. (C)Surgical procedures in the rabbit 
model.
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anti-infection treatment the next day. The experimental animals were euthanised by intravenous pentobarbital. 
At 1 week postoperatively, qRT-PCR assays were performed to detect inflammatory factors at the TBJ and Edu 
assays were used to detect cell proliferation. HE staining, SO-FG staining, immunohistochemical analysis, 
Micro-CT analysis of surface bone volume changes, and biomechanical tests were used to detect the strength of 
tendon-bone healing at 3 and 6 weeks postoperatively.

Fig. 5.  Histological staining results. (A) HE, SO-FG staining images of specimens in the Control, GelMA 
and GelMA-exosomes groups at postoperative 3w and 6w after interference screw fixation. (B) HE, SO-FG 
staining images of specimens in the Control, GelMA and GelMA-exosomes groups at postoperative 3w and 6w 
after suture anchor fixation. T: tendon, B: bone, IF: interface. The black arrows show cartilage-like migratory 
structures. Scale bar: 50 μm.

 

Fig. 4.  BMSCs-exosomes could inhibit inflammatory factors and promote cell proliferation. (A) Relative 
expression of IL-1β, IL-6, TNF-α, IL-10, TGF-β genes at 7 days postoperatively. (B) In vivo detection of cell 
proliferation, the number of proliferating cells in the BMSCs-exosomes group were more than that in the PBS 
group, where the nuclei (DAPI staining in blue), proliferating cells (Edu staining in green), and exosomes 
(PKH-26 staining in red), Merge is the result of image superimposition. Scale bar: 100 μm. (C) Quantitative 
analysis of (B).
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qRT-PCR analysis
At one week after operation, animals of the corresponding group were sacrificed by air embolization introduced 
from the ear vein. The specimens from the TBJ were collected. 1 ml Trizol (Thermo Fisher, China) was added 
to the tissue and grinded. Subsequently, chloroform (Servicebio, China), isopropanol (Servicebio, China), and 
ethanol (Servicebio, China) were added in the appropriate proportions to extract the RNA. The primers were 
added according to the kit instructions (RiboBio, China) (Table 1), and performed the reverse transcription 
reaction at 42 °C for 60 min and 70 °C for 10 min. The cDNA concentration was measured after the reverse 
transcription. The reverse transcription products were amplified by adding the appropriate primers according to 
the kit instructions in a fluorescence PCR machine. The reaction program was set as follows: pre-denaturation at 
95 °C for 10 min, denaturation at 95 °C for 2 s, annealing at 60 °C for 2 s, and extension at 70 °C for 10 s. A total 
of 40 cycles were performed. Melting curve analysis was performed immediately after the end of the cycle. CT 
values were obtained, and gene expression ploidy differences were calculated.

Fig. 7.  Biomechanical testing of TBJ at 6 weeks after surgery. Maximum tensile force and strength analysis 
results of tendon-bone interface fixed with interference screw or suture anchor. Maximum tensile force was the 
maximum destructive force. Strength was obtained by dividing the maximum tensile force by the contact area 
of the TBJ.

 

Fig. 6.   Immunohistochemical staining and quantitative analysis results. (A) Col II and Acan 
immunohistochemical images of specimens in the Control, GelMA and GelMA-exosomes groups at 3w and 
6w postoperatively during interference screw fixation. (B) Col II and Acan immunohistochemical images of 
specimens from Control, GelMA, and GelMA-exosomes groups at 3w and 6w postoperatively when fixed 
with suture anchors. T: tendon, B: bone, IF: interface. Scale bar: 50 μm. (C, D) Quantitative analysis of Col II 
immunohistochemistry in the Control, GelMA, and GelMA-exosomes groups at 3w and 6w with interference 
screw and suture anchor fixation. (E, F) Quantitative immunohistochemical analysis of Acan in the Control, 
GelMA, and GelMA-exosomes groups at 3w and 6w with interference screw and suture anchor fixation.
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Gene name Sequences

GAPDH
F:5’-​A​C​T​T​T​G​T​G​A​A​G​C​T​C​A​T​T​T​C​C​T​G​G​T​A-3’

R:5’-​G​T​G​G​T​T​T​G​A​G​G​G​C​T​C​T​T​A​C​T​C​C​T​T-3’

IL-1β
F:5’-​T​A​C​A​A​C​A​A​G​A​G​C​T​T​C​C​G​G​C​A-3’

R:5’-​G​G​C​C​A​C​A​G​G​T​A​T​C​T​T​G​T​C​G​T-3’

IL-6
F:5’-​G​G​C​T​G​A​T​A​G​A​A​G​A​A​G​A​C​G​G​A​T​G-3’

R:5’-​C​C​A​T​G​C​C​T​G​T​C​C​A​G​A​G​A​T​A​A​A​G-3’

TNF-α
F:5’-​C​C​T​T​C​C​T​C​T​C​C​T​C​A​G​A​T​G​T​T​T​C-3’

R:5’-​A​C​G​G​G​T​C​A​G​T​C​A​C​C​A​A​A​T​C-3’

IL-10
F:5’-​T​T​G​T​T​A​A​C​C​G​A​G​T​C​C​C​T​G​C​T-3’

R:5’-​C​C​A​C​T​G​C​C​T​T​G​C​T​C​T​T​G​T​T​T-3’

TGF-β
F:5’-​C​A​G​T​G​G​A​A​A​G​A​C​C​C​C​A​C​A​T​C​T​C-3’

R:5’-​G​A​C​G​C​A​G​G​C​A​G​C​A​A​T​T​A​T​C​C-3’

Table 1.  Names of genes and sequences.

 

Fig. 8.  The results of Micro-CT scanning. (A) 3D reconstruction of bone and quantitative analysis of BV/TV, 
Tb. Sp, Tb. Th and Tb. N during an interference screw fixation. (B) 3D reconstruction of bone and quantitative 
analysis of BV/TV, Tb. Sp, Tb. Th and Tb. N during a suture anchor fixation.
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Cell proliferation analysis
Three days after surgery, 1  ml Edu staining solution (RiboBio, China) was injected subcutaneously. The 
corresponding rabbits were sacrificed after 4 days and specimens were collected from the TBJ. The specimens 
were collected for optimal cutting temperature compound (OCT, abcam) embedding to produce frozen sections, 
and 5 μm tissue sections were prepared. Staining was carried out according to the kit instructions (RiboBio, 
China), and 50 µl of anti-fluorescence quenching sealer was added to each specimen after staining was completed 
to seal the coverslips. Fluorescence microscopy (Nikon, China) was used for imaging and analysis.

Histological and immunohistochemical analysis
The specimens were fixed in 4% paraformaldehyde (Servicebio, China) for 24 h and decalcified in 15% EDTA 
(Servicebio, China) for 1 week. The fixed specimens were placed in tissue embedding boxes, and the serial 
numbers of the specimens were marked using an oil-based pen. The specimens were dehydrated in a gradient 
using different concentrations of ethanol, followed by wax immersion, embedding, and sectioning, with 
the thickness of the sections controlled at 3  μm. The sections were dehydrated in gradient alcohol at room 
temperature and stained for HE (Servicebio, China) and SO-FG (Servicebio, China). The corresponding anti-
ACAN antibody (1:1000, Servicebio, China) and anti-Col II antibody (1:1000, Servicebio, China) were diluted 
at the corresponding ratios, and immunohistochemical staining was performed. The sections were stained and 
then air-dried. The sections were placed under a microscope for observation and image analysis.

Biomechanical testing
Specimens were collected 6 weeks after surgery and placed at –  80  °C for storage to prevent tissue damage. 
Samples were thawed at room temperature for more than 6 h before testing. The tendon tissue was fixed using a 
blood-repellent band to increase friction. Then, the specimen was fixed with clamps. The initial position of the 
tensiometer was adjusted so that the tester displays around 0 N. Then, the tensiometer was set to zero, and the 
tendon was stretched at a 5 mm/minute rate until the tendon-bone connection was separated. Measurements 
were taken to calculate the maximum tensile force and strength, where the maximum tensile force was the 
maximum rupture force, and strength was calculated by dividing the maximum tensile force by the contact area 
of the tendon-bone interface. The contact area for the interference screw group was calculated as follows: With 
a bone tunnel radius of 2 mm, the tendon-to-bone contact length is approximately one third of the tunnel’s 
circumference, the depth is based on the cortical thickness of the tibia in rabbits, with a mean value of about 
1 mm. Thus, the contact area is 1/3 × π × 22 × 1 = 4π/3 mm2. For the suture anchor group, the bone tunnel radius 
was 1 mm. The tendon was anchored at the tunnel’s opening, making the contact area roughly the same as the 
area of the circular opening: π × 12 = π mm2.

Micro-CT scanning
The specimens were collected 3 and 6 weeks postoperatively and placed in 4% paraformaldehyde for 24 h of fixation. 
The specimens were then placed on a machine foam box and scanned after setting the scanning parameters. The 
X-ray scans were algorithmically reconstructed into tomograms using the NRecon Reconstruction software; the 
scanned tomograms were reconstructed in 3D using the CTVox software. CTan software was used to analyze 
the quality and density of new bone tissue within the bone tunnel and changes in bone quality around the bone 
tunnel.

Statistical analysis
This study used ImageJ software for image processing, SPSS 25.0 software for data analysis, and GraphPad 
Prism 8.0 software for plotting. Data between two groups were analyzed using an unpaired t-test, and 
differences between multiple groups were analyzed using ANOVA. T-tests were used to determine statistical 
differences between groups. Differences were considered statistically significant at P < 0.05 (*P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001).

Data availability
All data generated or analysed during this study are included in this published article.
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