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A B S T R A C T   

Failure to adequately reconstruct the tendon-to-bone interface constitutes the primary etiology 
underlying rotator cuff retear after surgery. The purpose of this study is to construct a dynamic 
chondroitin sulfate and chitosan hydrogel scaffold (CHS) with bone morphogenetic protein 2 
(BMP2), then seed tendon stem cells (TSCs) on BMP2-CHS for the rotator cuff reconstruction of 
tendon-to-bone interface. In this dynamic hydrogel system, the scaffold could not only have good 
biocompatibility and degradability but also significantly promote the proliferation and differ-
entiation of TSCs. The ability of BMP2-CHS combined with TSCs to promote regeneration of 
tendon-to-bone interface was further verified in the rabbit rotator cuff tear model. The results 
showed that BMP2-CHS combined with TSCs could induce considerable collagen, fibrocartilage, 
and bone arrangement and growth at the tendon-to-bone interface and promote the biome-
chanical properties. Overall, TSCs seeded on CHS with BMP2 can enhance tendon-to-bone healing 
and provide a new possibility for improving the poor prognosis of rotator cuff surgery.   

1. Introduction 

Rotator cuff tears are commonly seen clinically. The main treatment is arthroscopic surgery, and more than 300,000 rotator cuff 
repair procedures are performed annually in the United States [1]. The rotator cuff insertion is composed of bone, cartilage, and tendon 
arranged in an orderly gradient to prevent stress concentration and complete mechanical load transmission. Unfortunately, because 
the healing process is located in the articular joint and affected by synovial fluid and its internal biochemical environment, it often 
results in poorly organized neofibrovascular scar tissue, leading to high retear rates from 30 % to 70 % [2]. In order to solve this 
problem, biological tissue engineering for promoting rotator cuff tendon-to-bone healing has been extensively studied. The technology 
requires appropriate cell sources and growth factors as well as scaffold materials with special properties. The scaffold should act as an 
extracellular matrix to provide the cells with mechanical support and physiochemical microenvironments. 

In regard to growth factors, bone morphogenetic protein 2 (BMP2)-induced signal transduction is an important positive regulator 
that acts in recruitment, proliferation and differentiation of stem cells [3]. However, BMP2 injection alone cannot stably influence 
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tendon-to-bone healing and may result in various adverse effects, particularly extensive heterotopic ossification [4]. Therefore, in 
order to maintain the effective and stable functions of BMP2, some tissue engineering studies have focused on the release of growth 
factors from the scaffolds. Shen et al. [5] reported targeted delivery of BMP2 to stimulate osteogenesis by tethering BMP2 onto a poly 
scaffold using PEG as a spacer, which demonstrated the potential for biomimetic surface engineering. However, they did not have 
much biological information contained in the natural scaffold that cannot interact with cells ideally. Bianco et al. [6] tested a series of 
scaffolds with different properties and found that natural collagen hydrogel scaffolds showed significantly higher levels of osteogenic 
gene expression and adequate mineralization, which provided a reference for our scaffold design. In addition, it has been suggested 
that hydrogels formed through stable covalent cross-linking of polymers can limit the interaction between the cells and scaffold, which 
hinders the normal functions of the cells [7]. In two previous experiments, dynamic structural hydrogels were designed using 
reversible chemical and physical cross-linking, which achieved promising results [8,9]. Therefore, we developed a collagen-based 
dynamic chondroitin sulfate and chitosan hydrogel scaffold (CHS). It is critical to implant appropriate stem cells into CHS for early 
tendon-to-bone healing. Bone marrow mesenchymal stem cells (BMSCs) are commonly used for tendon-to- bone healing. However, it 
has been reported that the effects of BMSCs in improving tendon-to-bone healing were not significant at 4 weeks [10]. Recent studies 
have shown that tendon stem cells (TSCs) express higher levels of tenomodulin (Tnmd), collagen type I (COL-I), and scleraxis (Scx) 
than BMSCs, which are more favorable for formation of the tendon-to-bone interface [11]. In addition, TSCs express higher levels of 
BMP receptors and exhibit more osteogenic differentiation upon BMP-2 stimulation [12]. Therefore, we chose to load CHS with BMP2, 
seed TSCs into BMP2-CHS, and test the triad in tendon-to-bone healing. This study aims to determine the effects of TSCs seeded on 
BMP2-CHS on tendon-to-bone healing in a rabbit rotator cuff repair model. 

2. Materials and methods 

2.1. Hydrogel fabrication 

As described in the previous experiments, the scaffold was prepared using Schiff’s base reaction process [8,9]. First, 20 % solution A 
was prepared by dissolving aminated chondroitin sulfate in buffer at 75 ◦C. Chitosan was dissolved in buffer at 75 ◦C to prepare 20 % 
solution B. The collagen II was dissolved in buffer PH = 3.5 to prepare 20 % solution C. A solution of chondroitin sulfate containing 
oxidized aldehydes was dissolved in buffer at 75 ◦C to prepare solution D at 20 %. Second, all solutions (A to D) were mixed and BMP2 
(Procell, Wuhan, China) solution was added to ensure uniform distribution. Finally, N-(3-sulfur dioxide ethyl)-3,5-sulfur dioxide 
phenol was added to trigger reaction, and amino-and aldehyde-chondroitin sulfate were cross-linked to form a hydrogel at 75 ◦C. All 
hydrogels were sterilized using ultraviolet light and alcohol, and washed with sterile phosphate-buffered saline (PBS) solution before 
use (Fig. 1). Gels were cut into pieces with a 7-mm size, hydrated through sterile PBS prior to TSCs seeding. 

2.2. Scanning electron microscopy (SEM) of CHS implanted with TSCs 

CHS was examined under a JEOL (Tokyo, Japan) SEM with an accelerating voltage of 3.0 kV [Fig. 2A, B]. The surface pore 
interconnectivity and morphology were determined by SEM and pore length was calculated using ImageJ software along with the long 
axis of the individual pores. 

2.3. Biodegradation rate, cell viability, and releasing capacity 

Rat tendon fibroblasts (L929) and human umbilical endothelial cells (HUVECs) were used to study cytocompatibility of CHS. 

Fig. 1. Process of construction of collagen-based dynamic chondroitin sulfate and chitosan hydrogel scaffold.  
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Commercially available L929 and HUVECs were purchased from Procell (Wuhan, China). Cells were cultured in CHS supplemented 
with 10 % FBS, 1 % antibiotics and antimycotic solution in the incubator at 37 ◦C under a humidified 5.0 % CO2 atmosphere. To further 
investigate the biocompatibility of CHS, gels were placed in 24-well culture plates, and cells were seeded onto the gels and cultured for 
indicated periods. BMP2-CHS was cultured in Dulbecco’s modified Eagle medium at 37 ◦C under a humidified 5.0 % CO2 atmosphere, 
and BMP2 release capacity was measured by BMP2 ELISA assay kit. 

2.4. TSCs isolation and culture 

The tendons used for cell extraction were removed from the rotator cuff of 6 male adult rabbits. The tendons were chopped and 
digested with type I collagenase (3 mg/mL), and the released cells were washed with PBS and suspended in Dulbecco’s modified Eagle 
medium. The isolated nucleated cells were plated at a low density (500 cells/cm2) and cultured at 37 ◦C and 5 % CO2 to form colonies. 
After 3 days of initial culture, the non-adherent cells were removed. From the 7th to 10th day, the cell colonies were trypsin-digested 
and mixed, which were named as the zero generation (P0) of TSCs. The TSCs were subcultured at a density of 4000 cells/cm2. The stem 
cell characteristics of TSCs were routinely confirmed by its clonality and multi-directional differentiation potential [13,14]. 

2.5. TSCs seeding to CHS 

CHS was placed into each well of a non-treated 24-well polystyrene plate and the growth medium was added for 2 h. The cell 
suspension (10 μl with 2 × 104 TSCs) was seeded onto CHS for 1 h. Then, 1 mL of growth medium was added to each well. The TSCs- 
seeded scaffolds were placed at 37 ◦C in a humidified incubator with 5 % CO2 for one day to allow the cells to adhere. Seven days later, 
the growth medium was changed to saline before transplantation in the animal experiments. 

2.6. Adhesion and proliferation of TSCs in CHS 

The morphology of TSCs grown on CHS was examined directly using an inverted microscope. Population doubling time (PDT) was 
determined to assess the proliferative capacity of these cells on CHS according to the method previously published [14]. For H&E 
staining, TSCs grown in CHS were fixed with 4 % paraformaldehyde for 30 min at room temperature. Subsequently, the CHS with TSCs 
was placed in pre-labeled base molds filled with frozen section medium. The base mold with CHS and TSCs was quickly immersed in 
liquid nitrogen cooled 2-methylbutane and allowed to solidify completely. The CHS-TSCs block was cut into 10 μm thick sections, and 
the sections were rinsed three times with PBS and stained with H&E. 

2.7. In vitro expression of differentiation markers of TSCs 

Gene expression of differentiated TSCs grown on the surface of CHS was determined by qRT-PCR. Total RNA was extracted with a 
RNeasy Mini Kit with an on-column DNase I digest (Qiagen). The qRT-PCR was carried out using QIAGEN QuantiTect SYBR Green PCR 
Kit (Qiagen). In a 50 μl PCR reaction mixture, 2 μl cDNA (total 100 ng RNA) was used to check expression of the markers of TSCs. 
Alkaline phosphatase (ALP), dwarf-associated transcription factor 2 (Runx2), and osteocalcin (OCN) are markers of osteogenic dif-
ferentiation. Tenocyte-related genes include collagen type I, collagen type III, and tenomodulin. Expression of related genes in 

Fig. 2. Macroscopic and microscopic images of the dynamic chondroitin sulfate and chitosan hydrogel scaffold (CHS). (A) A representative 
macroscopic picture of CHS. (B) Scanning electron microscopy showed that CHS had a typical highly porous microstructure with a pore diameter of 
50–90 μm. A few cells were observed to attach to CHS. CHS, collagen-based dynamic chondroitin sulfate and chitosan hydrogel scaffold. 
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fibrocartilage includes CD80, glycosaminoglycan (GAG) core protein, and collagen type II. Rabbit specific primers were used to detect 
gene expression of these markers at different times. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as internal 
reference. All the primers were synthesized by Invitrogen (Qiagen). 

2.8. In vivo study design 

All methods are reported in accordance with ARRIVE guidelines. Adult male New Zealand rabbits (n = 37, six-months old, with a 
body weight of 3–3.5 kg) were used and the rabbits were divided into four groups (totally n = 9 per group): 1) suture only, 2) suture 
plus CHS, 3) suture plus BMP2-CHS, and 4) suture plus BMP2-CHS with TSCs. Rabbits from each group were euthanized at 6 or 12 
weeks for histologic evaluation (n = 3 per time point per group) and 12 weeks for biomechanical evaluation (n = 3 per group) 
postoperatively. One animal was put in the suture plus CHS group and harvested at day 1 to check whether the implant was located in 
the right place between the supraspinatus tendon and the bone postoperatively. 

2.9. Surgical procedures 

All rabbits underwent bilateral surgeries to transect and repair the supraspinatus tendon at its insertion site. Briefly, after inhaling 
1 %–5 % isoflurane to induce anesthesia followed by general anesthesia with an intraperitoneal injection of pentobarbital (12–15 mg/ 
kg), a 1.5-cm longitudinal anterolateral skin incision was made on the shoulder; the deltoid muscle was split; and the supraspinatus 
tendon and greater tuberosity were exposed. The supraspinatus tendon was sharply detached at the insertion site and any remaining 
fibrocartilage on the great tuberosity was removed with a scalpel. A 1.0-mm in diameter bone tunnel was created at the center of the 
footprint through the lateral cortical bone. The transected supraspinatus tendon was repaired back to its insertion on the greater 
tuberosity with a #1–0 polypropylene suture by passing the suture ends from the tendon through the bone tunnel. The skin incision 
was closed with #2–0 nylon sutures. After the rabbits woke up after surgery, meloxicam (0.2 mg/kg) was injected subcutaneously for 3 
days for analgesia. All rabbits were permitted cage activities without immobilization [Fig. 3A, B]. 

2.10. Histological evaluation 

Euthanasia was performed at 6 and 12 weeks postoperatively through overdose of pentobarbital sodium (50 mg/kg). The bilateral 
shoulders of 9 rabbits from each group were evaluated. After fixation and decalcification, specimens were bisected along the long axis 
of the tendon to expose the tendon-to-bone connection, and then paraffin-embedded to prepare 4-μm-thick sections. The tissue sections 
were stained with H&E to examine the morphologic characteristics, stained with Masson trichrome to examine the fibrocartilage 

Fig. 3. BMP2-CHS with TSCs for regeneration of tendon-to-bone interface in acute rotator cuff tear model. (A) Illustration of a surgical procedure 
showing the CHS incorporated into the bony rough on the greater tuberosity and suturing of the transected supraspinatus tendon to its anatomic 
position, using #1–0 polypropylene horizontal mattress sutures passing through the bone tunnels. From left to right: rabbit shoulder was shaved and 
prepared; the deltoid muscle was split to expose the supraspinatus tendon; the rotator cuff was completely exposed; the supraspinatus tendon at 
attachment site of the great tuberosity was transected and the stent was implanted; the transected supraspinatus tendon and the stent were sutured 
together and re-attached onto the greater tuberosity. (B) A hypothetical model of how BMP2-CHS promotes differentiation of TSCs into tenocytes, 
chondrocytes and osteocytes, to improve tendon-to-bone healing. CHS, collagen-based dynamic chondroitin sulfate and chitosan hydrogel scaffold; 
BMP2, bone morphogenetic protein 2; TSCs, tendon stem cells. 
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distribution, and stained with Picrosirius red to examine the collagen fiber organization. The sections were viewed under a Nikon 
Eclipse E100 microscope (Nikon Corporation, Tokyo, Japan), and digital images were taken using a Nikon DS-U3 camera on the 
microscope (Nikon Corporation). Computerized image analysis was performed using Image J (National Institutes of Health, Bethesda, 
MD) to evaluate the repair outcomes including cellularity, vascularity, and collagen fiber orientation in a semiquantitative manner. A 
modified histologic scoring system was used for each parameter (Table 1). 

2.11. Biomechanical evaluation 

Six shoulders from each group were tested for biomechanical properties 12 weeks after the surgery. All fresh specimens were frozen 
at − 80 ◦C until testing. After thawing, the grafted tendon to the humerus was dissected from the surrounding tissues and the 
supraspinatus muscle belly and any scar tissue were removed. Each specimen was preloaded to 10 N and then loaded to failure with a 
conventional tensile tester (STA1225; Orientec, Tokyo Japan) at a rate of 5 mm/s, and the ultimate load to failure and the failure site 
were recorded. 

2.12. Statistical analysis 

All statistical data were analyzed using SPSS software version 26.0 (IBM, Chicago, USA). All experiments were implemented at least 
three times, and the data were presented as the mean ± standard deviation. If the data were normally distributed, Student’s t tests 
(two-tailed) and one-way analysis of variance (ANOVA) were performed to assess the statistical difference. P < 0.05 was considered 
statistically significant. Power analysis was used to assess sample size, and power values > 0.80 was considered that the sample size 
was for each group. 

3. Results 

3.1. Biodegradation rate, cell viability, and releasing capacity in vitro 

We found that within 30 days, the scaffold was degraded at a rate of about 2.5 % per day, and there was almost no residue after 60 
days (Fig. 4A). When the cells were cultured with the scaffold for 24 and 48 h, the survival rates of HUVEC and L929 cells were 
approximately 100 %, indicating that the scaffolds showed great cytocompatibility (Fig. 4B). The scaffold released BMP2 at a rate of 1 
% per hour for 2 days, then at a rate of 7.3 % per day until it leveled off on the fifth day, with a cumulative release rate of 70 % (Fig. 4C). 

3.2. Adhesion and proliferation of TSCs in CHS 

After 24 h in culture, the results of inverted microscopy showed that the TSCs grew on CHS surface (Fig. 4D). Frozen sections with 
H&E staining showed that TSCs migrated into the inside of CHS (Fig. 4E). In addition, TSCs grew faster in CHS than on plastic surfaces, 
as shown by the population doubling times (PDTs) of TSCs on these two substrates (Fig. 4F). The PDT of TSCs in CHS was about 16.5 % 
lower than that on the plastic surfaces. As a result, TSCs formed larger colonies on CHS compared to TSCs grown on the plastic surfaces 
within the same culture time. 

3.3. Tenogenic, chondrogenic and osteogenic differentiation of TSCs 

We examined the multi-differentiation potential of TSCs using qRT-PCR by culturing them in tenogenic, chondrogenic, and 
osteogenic induction media, respectively. Three sets of genes included tenocyte-related genes (collagen I, collagen III, and tenomo-
dulin), chondrocyte-related genes (CD80, GAG core protein, and collagen II), and osteocyte-related genes (ALP, Runx2, and OCN) 
[Fig. 5(A-I)]. We found that all chondrocyte-related and osteocyte-related genes were significantly up-regulated in TSCs cultured in 
CHS and BMP2-CHS compared to those on the plastic surface. Expression of tenocyte-related genes (collagen III and tenomodulin, 
expect collagen I) was not significantly different between CHS and BMP2-CHS. Expression of chondrocyte-related genes (GAG and 

Table 1 
Semiquantitative histologic scoring system.  

Parameter Scores 

1 2 3 4 

Cellularity, %a >400 300–400 200–300 <200 
Vascularity, bv/low PF >15 11–15 6–10 <6 
Collagen fiber orientation, %b <25 25–50 50–75 >75 

bv, blood vessel; PF, power field (low PF = 100-fold magnification). 
a Number of cells per region of interest from each section. The percentages represent relative values compared with the values from the normal 

tendon-to-bone sections (n = 3), which were set at 100 %. 
b Grayscale per region of interest from each section as measured using Image J. The percentages represent relative values compared with the values 

from the normal tendon-to-bone sections (n = 3), which were set at 100 %. 
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collagen II, except CD80) was highly increased in BMP2-CHS compared to those in CHS. Expression of osteocyte-related genes (ALP, 
Runx2, and OCN) in CHS and BMP2-CHS was notably higher than those in CHS. These results manifested that CHS could improve 
differentiation of TSCs into tenocytes, chondrocytes, and osteocytes. Moreover, BMP2 might promote TSCs differentiation to chon-
drocytes under certain circumstances and could markedly promote TSCs differentiation into osteocytes. 

3.4. H&E staining 

At 6 weeks, we observed highly vascularized and disorganized granulation tissues in the control group. Dense and disordered 
collagen fibers were formed in both the CHS group and the BMP2-CHS group, and the histologic findings were similar among the two 
groups. The orientation of collagen fibers tended to be organized at the insertion site with a certain degree of order in the BMP2-CHS 
with TSCs group (Fig. 6). At 12 weeks, the specimens showed that the formation of collagen fibers was denser, and the collagen 
improvement at the insertion site was particularly obvious and more orderly. Furthermore, we found a relatively clear three-layer 
structure at the interface of the tendon-to-bone. 

3.5. Masson trichrome staining 

At 6 weeks, there was no fibrocartilage formation at the tendon-to-bone interface in the control group. A little fibrocartilage 
formation was found in the other three experiment groups, which was firmly continuous with the tendon and bone tissue, but there was 
no significant difference in the amount of new fibrocartilage among the 3 groups (Fig. 7). 

At 12 weeks, there was still no fibrocartilage formation in the control group. The amount of fibrocartilage in the CHS group did not 
increase significantly compared to 6 weeks. The amount of fibrocartilage in the BMP2-CHS group and the BMP2-CHS with TSCs group 
was increased significantly compared to 6 weeks, but there was no significant difference between the BMP2-CHS group and the BMP2- 
CHS with TSCs group. 

3.6. Picrosirius red staining illuminated with polarized light 

We found that the orientation of collagen fibers in the tendon-to-bone insertion site of any of groups tended to be more organized at 
12 weeks compared to 6 weeks. At 6 and 12 weeks, the areas of brightly diffracted polarized light were rarely seen at the tendon-to- 
bone interface in the control group, and a small area of unordered brightly diffracted polarized light could be seen in the CHS group. 

Fig. 4. (A) The relationship between degradation time and remaining mass of CHS. (B) The relationship between cell incubation time and cell 
viability. (C) The binding and releasing capacity of BMP2-CHS. (D) TSCs examined under an inverted microscope. (E) Frozen sections showed that 
TSCs had migrated into the inside of CHS. (F) The population doubling time (PDT) of TSCs on CHS was significantly lower than that of the same cells 
on the culture plate surface (*p＜0.05). CHS, collagen-based dynamic chondroitin sulfate and chitosan hydrogel scaffold; TSCs, tendon stem cells. 
HUVEC, human umbilical vein endothelial cell; L929, mouse fibroblasts cell. 
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The area of brightly diffracted polarized light at the tendon-to-bone interface in the BMP2-CHS group and BMP2-CHS with TSCs group 
was significantly larger than that in the other groups, but there was no significant difference between the BMP2-CHS group and BMP2- 
CHS with TSCs group (Fig. 8). 

3.7. Histologic evaluation 

Six shoulders from each group were evaluated at 6 and 12 weeks postoperatively. The results of semiquantitative histologic 
evaluation are presented in Table 2. 

Cellularity. The cellularity decreased significantly over time in Group 1 (6 vs 12 weeks, P < 0.001), Group 2 (6 vs 12 weeks, P <
0.001), Group 3 (6 vs 12 weeks, P < 0.001), and Group 4 (6 v 12 weeks, P = 0.001). At 6 weeks, the cellularity was significantly lower 
in Group 4 (P = 0.048 vs. Group 1, P = 0.002 vs. Group 2, and P < 0.001 vs. Group 3). However, there was no significant difference 
among the groups at 12 weeks (Group 4 vs Group 1, P = 0.771; Group 4 vs Group 2, P = 0.429; and Group 4 vs Group 3, P = 0.343). 

Vascularity. The number of blood vessels was significantly different with respect to the time points in Group 1 (6 vs 12 weeks, P =
0.002), Group 2 (6 vs 12 weeks, P = 0.003), Group 3 (6 vs 12 weeks, P = 0.004), and Group 4 (6 v 12 weeks, P = 0.009). In Group 4, it 
decreased significantly compared with Group 1 (P = 0.006), although not with Group 2 (P = 0.248) or Group 3 (P = 0.342) at 6 weeks. 
Similarly, the number of blood vessels of Group 4 decreased significantly compared to Group 1 (P = 0.019), although not with Group 2 
(P = 0.478) or Group 3 (P = 0.730) at 12 weeks. 

Collagen Fiber Orientation. Measured on the grayscale, the value of collagen fiber orientation significantly increased over time in 
Group 1 (6 vs 12 weeks, P = 0.001), Group 2 (6 vs 12 weeks, P = 0.001), Group 3 (6 vs 12 weeks, P = 0.001), and Group 4 (6 v 12 
weeks, P = 0.002). There were significant differences among the groups at 6 weeks (Group 4 vs Group 1, P < 0.001; Group 4 vs Group 
2, P < 0.001; and Group 4 vs Group 3, P = 0.002). And, there were significant differences among the groups at 12 weeks (Group 4 vs 

Fig. 5. Multi-differentiation potential of TSCs in CHS, BMP2-CHS, and on control plastic surface. After being cultured in respective induction media 
for 7 days, expression of tenocyte-related, chondrocyte-related, and osteocyte-related genes in CHS and BMP2-CHS was significantly higher than 
those on control plastic surface. (A to C) Expression of COL-I, COL-III, and Tenomodulin. (D to F) Expression of CD80, GAG core protein, and COL-II. 
(G to I) Expression of ALP, Runx2, and OCN. *p＜0.05, **p＜0.1，and ***p＜0.001 compared with each control group unless marked by a hori-
zontal line. Note that the gene expression levels were normalized with respect to their controls. CHS, collagen-based dynamic chondroitin sulfate 
and chitosan hydrogel scaffold; BMP2, bone morphogenetic protein 2; TSCs, tendon stem cells. 

Q. Zhang et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e25206

8

Group 1, P = 0.002; Group 4 vs Group 2, P = 0.018), except for Group 4 vs group 3 (P = 0.061). 
Total histologic score. The total histologic score was significantly increased over time in Group 1 (6 vs 12 weeks, P < 0.001), Group 

2 (6 vs 12 weeks, P < 0.001), Group 3 (6 vs 12 weeks, P < 0.001), and Group 4 (6 v 12 weeks, P = 0.001). At 6 weeks, the total score was 
significantly higher in Group 4 than Group 1 (P < 0.001), Group 2 (P = 0.001), and Group 3 (P = 0.001). And similarly, it was 
significantly higher among the groups at 12 weeks (Group 4 vs Group 1, P < 0.001; Group 4 vs Group 2, P = 0.022; and Group 4 vs 
Group 3, P = 0.046). 

3.8. Biomechanical testing 

We tested 24 specimens (6 shoulders from each group) from the supraspinatus tendon-to-bone repair constructs at 12 weeks 
postoperatively. All experimental specimens failed at the repair site during testing. At 12 weeks, the ultimate load to failure was 71.44 
± 13.54 N in Group 1, 91.76 ± 5.15 N in Group 2, 116.78 ± 15.5 N in Group 3, and 129.34 ± 7.62 N in Group 4. The ultimate load to 
failure was significantly higher in Group 4 than Group 1 (p < 0.001) and Group 2 (p < 0.001); however, no significant difference in the 
ultimate load to failure of the repair site was observed between Group 3 and Group 4 (p = 0.105). 

4. Discussion 

In this study, we developed a biodegradable hydrogel scaffold, or CHS, by polymerizing chondroitin sulfate and chitisan according 
to an aldehyde-polycondensation reaction, using collagen as a matrix to form a scaffold with specific physical and biological prop-
erties. Collagen provides structural stability and elasticity, while chondroitin sulfate and chitosan are responsible for retaining 
moisture and providing dynamic stability. The principal finding of this study was that CHS could be combined with a growth factor to 
induce stem cell proliferation and differentiation, improve the biological process of tendon-to-bone healing, and increase the 
biomechanical strength of tendon-to-bone connections. 

Many studies have demonstrated that BMP2 plays an important role in the transduction pathway as a positive regulator of 

Fig. 6. Photomicrographs of the tendon-to-bone interface in the 4 groups, taken at 6 and 12 weeks after surgery after H&E staining. The boxed areas 
in the upper images from each group at each time point are shown at a higher magnification in the lower panel. CHS, collagen-based dynamic 
chondroitin sulfate and chitosan hydrogel scaffold; BMP2, bone morphogenetic protein 2; TSCs, tendon stem cells; T, tendon; B, bone; I, interface. 
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Fig. 7. Photomicrographs of the tendon-to-bone interface in the 4 groups, taken at 6 and 12 weeks after surgery after Masson trichrome staining. 
The boxed areas in the upper images from each group at each time point are shown at a higher magnification in the lower panels. CHS, collagen- 
based dynamic chondroitin sulfate and chitosan hydrogel scaffold; BMP2, bone morphogenetic protein 2; TSCs, tendon stem cells; T, tendon; B, 
bone; I, interface; F, fibrocartilage. 

Fig. 8. Photomicrographs of the tendon-to-bone interface in the 4 groups, taken at 6 and 12 weeks after surgery after picrosirius red staining with 
illumination of polarized light. CHS, collagen-based dynamic chondroitin sulfate and chitosan hydrogel scaffold; BMP2, bone morphogenetic protein 
2; TSCs, tendon stem cells; T, tendon; B, bone; I, interface. 
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osteoblast differentiation, which can induce bone formation and enhance tendon-to-bone healing [4,15]. Because growth factors 
cannot effectively act at the tendon-to-bone interface alone, they are often loaded on various biomaterials. At present, the research of 
biomaterials is mainly based on synthetic scaffolds such as poly-glycolic-acid and poly-L-lactic-acid [16,17], and natural scaffolds such 
as silk and collagen [ [18,19]], both of them having their own advantages and disadvantages. Compared with synthetic scaffolds, 
natural scaffolds contain a lot of biological information, and some specific amino acid sequences can interact with cells [20,21]. 
Moreover, natural scaffolds can be hydrolyzed or degraded by enzymes, thereby avoiding the toxicity of the scaffolds and chronic 
immune responses from the body [22]. Therefore, we thought that natural scaffold could perform greater functions at the rotator cuff 
insertion. Hydrogels have attracted extensive attention in the field of tendon-to-bone healing due to their ability to simulate the 
microscopic dynamic structural characteristics of extracellular matrix [23]. Previous studies have shown that chondroitin sulfate could 
induce new bone formation and promote cartilage regeneration in vivo [24]. Besides, chondroitin sulfate could inhibit the activity of 
natural killer cells and elastase and improve the healing process [25]. Chitosan from natural sources contains intrinsic amine groups, 
and the aldehyde groups obtained by amidation can directly participate in the Schiff’s base reaction, making it an ideal material for the 
preparation of dynamic hydrogels [26]. Collagen is the main component of the tendon-to-bone interface, providing essential structural 
stability [27,28]. Based on these considerations, we prepared a collagen-based dynamic chondroitin sulfate and chitosan hydrogel 
scaffold. 

We speculated that after application of CHS or BMP2-CHS, the tendon-to-bone interface would be more quickly filled with tendon, 
cartilage and bone tissue, and the biomechanical strength would be significantly enhanced. Our histological results showed that after 
application of CHS and BMP2-CHS, the number of vertical collagen fibers in the insertion increased and fibrocartilage attachment and 
bone regeneration were promoted. The healing tissue gradually grew, mineralized, and fused together, forming a continuous but clear 
structure over the time. More importantly, more new bone tissue formation was founded in BMP2-CHS group than CHS group. This 
might be related to the mechanism of BMP2 inducing the differentiation and proliferation of stem cells into chondroblasts and os-
teoblasts [29]. ALP is an early marker of osteoblast differentiation and maturation [30]. Runx2 is expressed in the early stage of healing 
and plays an important role in osteoblast differentiation and development [31]. OCN is expressed during osteogenic differentiation and 
mineralization [32]. In this study, the gene expression levels of ALP, Runx2 and OCN in BMP2-CHS group were higher than those in 
CHS group. This result was consistent with the findings of Arvinius et al. [33] that BMP2 significantly increased the expression of 
osteoblast marker genes. Furthermore, we found that the expression of bone formation markers in CHS group was significantly higher 
than that in control group, which may be related to the effect of chondroitin sulfate to promote osteocyte proliferation and the reticular 
structure of collagen to accelerate osteoblast mineralization. Generally speaking, the presence of fibrocartilage tissue can enhance the 
adhesion of the tendon-to-bone interface by increasing the pullout strength [34]. As a component of cartilage tissue, chondroitin 
sulfate can also promote the formation of cartilage matrix [24,25]. CD80 and COL-II are expressed during chondrocyte regeneration 
[35,36]. Chondroitin sulfate is a kind of GAG [37]. In this study, we found that the gene expression of CD80, GAG core protein, and 
COL-II increased significantly. In addition, a small amount of fibrocartilage was found in both CHS group and BMP2-CHS group at 6 
weeks after surgery and was closely connected with tendon and bone tissue. At 12 weeks after surgery, there was no significant in-
crease in the amount of fibrocartilage in CHS group, but the amount of fibrocartilage increased significantly in BMP2-CHS group. It 
may be related to the synergistic induction of chondrogenic differentiation and proliferation of stem cells by BMP2 and chondrocytes. 
These results suggest that both CHS and BMP2-CHS could induce the formation of chondrocytes and promote tendon-to-bone healing. 
Arvinius et al. [33] proposed that BMP2 enhanced tendon-to-bone healing by increasing the activity of tendon cells and the expression 

Table 2 
Results of histologic evaluation.  

Groups Cellularity, %a Vascularity, bv/low PFc Collagen fiber orientation, %d Total scoree 

At 6 weeks 
Group 1 342 ± 43.9 18.5 ± 5.1 49.3 ± 5.8 5.8 ± 0.8 
Group 2 403 ± 49.1 12.5 ± 4.7 55.3 ± 4.1 6.3 ± 1.0 
Group 3 461 ± 49.8 11.8 ± 4.4 58.3 ± 7.3 6.5 ± 1.0 
Group 4 279 ± 52.2#-‖-ξ 9.5 ± 3.7# 76.8 ± 7.8#-‖-ξ 8.8 ± 0.8#-‖-ξ 

At 12 weeks 
Group 1 208 ± 36.6 12.2 ± 3.4 63.8 ± 9.6 8.7 ± 0.8 
Group 2 222 ± 48.4 8.5 ± 3.4 71.3 ± 8.6 9.7 ± 1.0 
Group 3 228 ± 54.4 7.8 ± 3.7 72.8 ± 11.7 9.7 ± 1.2 
Group 4 202 ± 32.9 7.2 ± 2.8# 85.2 ± 8.3#-‖ 11 ± 0.6#-‖-ξ 

NOTE. n = 6 for all groups. Values are expressed as the mean ± standard deviation. Group 1 = suture only; Group 2 = suture plus CHS; Group 3 =
suture plus BMP2-CHS; and Group 4 = suture plus BMP2-CHS with TSCs. 
bv, blood vessel; BMP2, bone morphgenetic protein 2; CHS, collagen-based dynamic chondroitin sulfate and chitosan hydrogel scaffold; TSCs, tendon 
stem cells. 
#-‖− ξ Significantly different between groups compared with Group 1 (#), Group 2 (‖), and Group 3 (ξ) at the same time point (P < 0.05). 

a Number of cells per region of interest from each section. The percentages represent relative values compared with the values from the normal 
tendon-to-bone sections (1268 ± 148 cells/mm2 n3), which were set to 100 %. 

c Number of blood vessels per low power field (100x magnification) from each section. 
d Grayscale per region of interest from each section as measured using Image J. The percentages represent relative values compared with the values 

from the normal tendon-to-bone sections (144.67 ± 17.78 grayscale, n = 3), which were set to 100 %. 
e Scores represent a total score of three parameters, including cellularity, vascularity, and collagen fiber orientation. 
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and production of type I collagen. In this study, the gene expression level of type I collagen in BMP2-CHS group was significantly higher 
than that in control group and CHS group, which may be the result of up-regulation of type I collagen expression promoted by BMP2. 
Type III collagen is also the main collagen in the tendon [38]. Tenomodulin is highly expressed in tendon tissues and is an important 
factor in tendon cell maturation [39]. However, there was no significant difference in the expression of COL-III and Tenomodulin 
among the three groups. This might indicate that BMP2 and CHS have limited effect on TSCs. Nevertheless, the histological results 
showed that the number of vertical collagen fibers was increased in the insertion, which might be related to the characteristics of TSCs. 
This was consistent with the high expression levels of tenogenic genes in three groups. TSCs isolated from the tendons are mesen-
chymal stem cells with multi-potentials and might be the best choice for cellular intervention to promote tendon-to-bone healing [40]. 
Chen et al. [14] have shown that TSCs could promote tendon-to-bone healing in rotator cuff repair, with a significant up-regulation of 
gene expression in osteoblasts, chondrocytes, and tenocytes, with an increase in new bone and fibrocartilage. In our study, the his-
tological results showed that collagen fibers in BMP2-CHS with TSCs group were more orderly and denser, and there were more new 
bone and fibrocartilage. CHS acted as a carrier for BMP2 and TSCs to retain growth factors and stem cells at the target site for a long 
time, providing initial support for tissue regeneration. In addition, CHS reduced adverse effects such as extensive heterotopic ossifi-
cation brought by BMP2 [4,41]. Because of the manipulation of hydrogel, the explosive release of growth factors caused by pressing 
the sponge or patch was avoided. Several previous studies have demonstrated the effectiveness of collagen hydrogel as a BMP2 carrier 
[42,43]. Finally, the biomechanical test results showed that BMP2-CHS with TSCs could significantly enhance the biomechanical 
strength between the tendon and bone. 

There were some limitations in this study. First, our acute injury and repair model does not reflect chronic degenerative rotator cuff 
tears, and the animal healing process may not reflect the patient’s condition. Secondly, the hydrogel could not effectively reduce the 
stress concentration between bone and tendon, which is one of the focuses of our future work. Third, we did not evaluate the effec-
tiveness of BMP2 alone. However, previous studies have showed that the effect of adding BMP2 to the vector was better than that of the 
control group [42]. Based on this finding, we did not set up a separate BMP2 group. 

Taken together, the BMP2-CHS with TSCs described in this study greatly improved the repair of rotator cuff injury, promoted 
tendon-to-bone healing, and enhanced the biomechanical strength of tendon-to-bone connection. Ultimately, these results may 
contribute to the application of tissue engineering techniques to enhance tendon-to-bone healing. 

5. Conclusions 

A new hydrogel scaffold, CHS, has been developed using tissue engineering techniques in this study. The material characterization 
experiments showed that the CHS had good biocompatibility, degradability, and special porous properties. The CHS promoted the 
proliferation of TSCs during in vitro expansion. Moreover, the CHS could significantly promote chondrogenic differentiation of TSCs 
after incorporation of BMP2 and enhance the tendon-to-bone healing of rotator cuff in vivo. Therefore, we suggest that the CHS may be 
applied for tissue engineering for effective repair or possible regeneration of rotator cuff tears. 
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