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Rotator cuff injury causes pain in the shoulder and is a challenge to be repaired even after
surgical reconstruction. Here, we developed a dual-factor releasing hydrogel based on
sulfhydrylated chitosan to deliver KGN and FGF-2 to the injured area to enable fast healing
of the tendon–bone interface, which is essential for the repair of rotator cuff injury. We
found that the two factors could be easily loaded into the hydrogel, which could in turn
continuously release the factors in physiological conditions. The hydrogel was found to be
a porous structure through a scanning electron microscope (SEM). The micropores in the
hydrogel structure enable the loading and releasing of these molecules. This study showed
that KGN and FGF-2 could play a synergistic effect by recruiting and promoting stem cell
proliferation and chondrogenesis, thus accelerating the healing of the tendon–bone
interface. An in vivo study based on a rabbit rotator cuff injury model demonstrated
that the dual-factor releasing hydrogel possesses superior repair capacity than a single-
factor releasing hydrogel and the untreated groups. In conclusion, the KGN and FGF-2
dual-factor releasing hydrogel could be a promising biomaterial for the regeneration of the
tendon–bone interface and rotator cuff injury repair.
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INTRODUCTION

Rotator cuff injury is themost common pathogeny of pain in the shoulder, with an incidence of about
30% in elderly patients (Atesok et al., 2014). As the shoulder joint is essential for the movement of the
upper limb, rotator cuff injury seriously affects the daily work and life of patients. Currently, the most
important method for the treatment of rotator cuff injury is surgical reconstruction, however, which
is limited by the slow healing process of the tendon–bone interface (Gulotta et al., 2008; Honda et al.,
2017; Karjalainen et al., 2019; Schmucker et al., 2020). Generally, after the reconstruction, the
mechanical strength of the tendon–bone interface is maintained by the new fiber and cartilage tissue,
but these tissues exhibit a disordered structure within 12 weeks after the operation (Rothrauff and
Tuan, 2014; Patel et al., 2018; Ozdemir et al., 2021; Zhang et al., 2021). The disordered structure of the
neofiber tissue could not supply sufficient mechanical strength so that even common excessive
activities may lead to rotator cuff re-tearing (Hao et al., 2016; Patel et al., 2018; Cai et al., 2019). This
failure of reconstruction requires prolonged shoulder joint fixation and limited movement, which is
not conducive to the recovery of motor function of the shoulder joint (Mazuquin et al., 2018; Longo
et al., 2021). Previous studies have indicated that the insufficient mechanical strength in the early
stage after a reconstruction could be caused by a lack of cells in the tendon–bone interface (Lu et al.,
2021; Zhang et al., 2021). Therefore, increasing the number of stem cells in the tendon–bone interface
could be a useful method of promoting fiber regeneration and improving mechanical strength.
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Tissue engineering is a promising technique that uses cells,
scaffolds, and growth factors to regenerate tissues (Ozdemir et al.,
2021; Zhang et al., 2021). The scaffolds could be constructed by
the following kinds of sources: synthetic polymers, proteins, and
polysaccharides. Among these sources, chitosan is widely
investigated for its antibacterial properties and good
biocompatibility. Sulfhydrylated chitosan can be obtained by
amino modification of chitosan (Kafedjiiski et al., 2005).
Compared with ordinary chitosan, sulfhydrylated chitosan has
better tissue adhesion, stability, and protein release properties
(Matsuda et al., 2005). A recent study showed a chitosan-4-
thiobutylamidine (CS-TBA) hydrogel prepared by sulfhydryl
chitosan (Liu et al., 2016; Chen et al., 2017) has the following
advantages: 1) self-sterilization: reduce the risk of surgical
contamination; 2) low cost: can be synthesized in a large scale;
3) injectable: it is a liquid at room temperature, and it can quickly
gel under the conditions in vivo (higher temperature); 4) high
compatibility: can carry a variety of biological factors and
composite materials, and has a wide range of applications (Liu
et al., 2016; Chen et al., 2017). Therefore, the CS-TBA hydrogel
could be a suitable candidate as the factor carrier for rotator cuff
repair.

Kartogenin (KGN) is a small molecular compound extracted
by Johnson in 2012 (Johnson et al., 2012). KGN can promote the
chondrogenic differentiation of mesenchymal stem cells (MSCs)
by binding to its ligand FLNA (Kang et al., 2014; Cai et al., 2019).
It can also bind to the core binding factor subunit β (CBF-β),
promote the entry of CBF-β into the nucleus, and combine with
the DNA transcription factor RUNX1 to form a dimer, thus
activating some genes that promote the chondrogenesis of stem
cells (Jing et al., 2019). In vitro and in vivo studies have proved
that KGN can effectively promote the differentiation of MSCs
from various sources into chondrocytes, thus promoting the
regeneration of cartilage at the tendon–bone interface (Wang
et al., 2018; Chen et al., 2021; Shao et al., 2021; Zhu et al., 2021).
Fibroblast growth factor (FGF) is a family of 23 structure-related
peptides that play an important role in angiogenesis and
mesenchymal cell mitosis. The most abundant fibroblast
growth factors in normal adult tissues are FGF-1 and FGF-2.
FGF-2 has a stronger mitotic promoting effect (Marquez et al.,
2017; Gromolak et al., 2020; Sedlar et al., 2021), and can
effectively promote the proliferation of stem cells in the
process of tendon repair (Ide et al., 2009; Tokunaga et al.,
2015; Guo et al., 2020). Previous reports have proved the
effect of FGF-2 on the regeneration of tendons and other soft
tissues (Tokunaga et al., 2015; Zhao et al., 2019). Moreover, recent
studies have also found that FGF-2 can promote the migration of
tendon-derived stem cells and solve the problem of the lack of
cells in the tendon–bone interface at the early stage of rotator cuff
repair (Zhang et al., 2016; Zhao et al., 2019). Therefore, KGN and
FGF-2 could play a synergistic effect by recruiting and promoting
stem cell proliferation and chondrogenesis, thus accelerating the
tendon–bone healing.

Here, in this study, the CS-TBA hydrogel was fabricated as a
carrier to load and continuously release KGN and FGF-2 to the
tendon–bone interface. The sustained release of these molecules
from the CS-TBA hydrogel could promote healing in the early

stage of rotator cuff repair. The morphology of CS-TBA
hydrogels was observed by scanning electron microscopy
(SEM). The cytotoxicity of the hydrogel was tested in vitro to
confirm its safety. Finally, an in vivo study based on a rabbit
model was performed to demonstrate the repair function of the
KGN/FGF-2–loaded hydrogels. This study shows that the CS-
TBA hydrogel with KGN and FGF-2 can effectively promote
rotator cuff repair and provide new therapeutic ideas for
accelerating tendon–bone healing.

MATERIALS AND METHODS

Materials
Chitosan was purchased from Macleans (Shanghai), and 2-
iminosulfane hydrochloride and β-glycerophosphate sodium
were purchased from Sigma-Aldrich (United States).
Kartogenin and FGF-2 were purchased from
MedChemExpress (United States).

Preparation of CS-TBA Hydrogel
Sulfhydrylated chitosan was prepared according to previously
reported methods (Chen et al., 2017). Briefly, 800 mg of
chitosan was first dissolved in 400 ml of 1% acetic acid.
Then 80 mg of 2-iminosulfide hydrochloride was added to
the above solution, and the mixture was stirred for 24 h. The
pH value of the solution was adjusted to six using 5 M sodium
hydroxide. Then the mixture was dialyzed once with 5 mM
HCl, twice with 5 mM HCl containing 1% sodium chloride,
and once with 5 mM HCl for 24 h each time. After freeze-
drying at −80°C and vacuum for 48 h, sulfhydrylated chitosan
was obtained.

To prepare sulfhydryl modified chitosan hydrogels, 200 mg of
sulfhydrylated chitosan was added into deionized water (9 ml)
and stirred for 1 h to get completely dissolved. Then 200 mg of
hydroxyapatite was added into the solution and ultrasonically
dispersed. After static placement, KGN and FGF-2 were
added to make the final concentration of the two factors
at 10 μM and 1.25 μg/ml, respectively. The mixture was
stirred for 1 h until it was completely dissolved. Then
560 mg of β-glycerophosphate solution was added
dropwise along with stirring. According to the addition of
different factors, the hydrogels were recorded as CS-KGN-
TBA, CS-FGF-TBA, CS-KGN/FGF-TBA, and CS-TBA.
Finally, different types of CS-TBA solutions were placed
at 37°C for 10 min to form CS-TBA hydrogels. The schematic
of CS-TBA loading and releasing KGN and FGF-2 is shown
in Figure 1A.

The Morphology of CS-KGN/FGF-TBA
Hydrogels
The CS-KGN/FGF-TBA hydrogel was freeze-dried in a vacuum
at −80°C, and then the thin slices of 2 mm in length and 10 mm in
width were prepared with a blade. The CS-KGN/FGF-TBA gel
slices were dipped on the sample table, and the microstructure
was observed by SEM.
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KGN and FGF-2 Release From the CS-TBA
Hydrogel
CS-KGN/FGF-TBA hydrogels (0.5 ml) were first placed in 15 ml
tubes. Then 2 ml of phosphate-buffered saline (PBS) was added,
and the tubes were placed in a shaker with a constant temperature
at 37°C for uniform oscillation. At predetermined time points,
0.5 ml of the solution was taken out for detection, while 0.5 ml of
fresh PBS was added to keep the total amount of the releasing
medium unchanged. The content of KGN and FGF-2 was
detected through UV-Vis and ELISA, respectively.

Extraction of Primary Adipose–Derived
Stem Cells
All animals were treated according to the guidelines approved by
the Zhejiang University Ethics Committee (ZJU20210177). The
subcutaneous adipose tissue is placed in a clean bench and
washed with PBS (containing 1% penicillin and streptomycin)
thrice until there is no obvious muscle and fascia on the fat
surface. The fat was cut into a paste with sterile scissors, digested
with 0.01% type II collagenase for 30 min, and centrifuged at
1200 g for 5 min. After removing the supernatant, it was
resuspended in high glucose DMEM medium (containing 10%
FBS and 1% penicillin), inoculated in a culture flask at 5 ×
104 cells/cm2, and incubated in a 37°C incubator. P2 and P3
generation cells were taken for subsequent experiments.

Cytotoxicity
First of all, 10 mg of KGN was dissolved in 0.3 ml of dimethyl
sulfoxide (DMSO) to prepare a 100-mM KGN stock solution.
Before the test, the stock solution was diluted to 250, 500, 750,

1,000, and 1,500 μM with high glucose DMEM medium.
Similarly, FGF-2 was prepared as a 100 μg/ml solution with
double-distilled water and diluted to 100, 250, 500, and
750 ng/ml with high glucose DMEM medium.

To investigate the cytotoxicity of the material, ADSCs were
inoculated into the CS-TBA hydrogel at a rate of 1 × 104/mL. At
48 h of culture, a 10% CCK-8 solution was added and incubated
for 4 h, after which the absorbance was measured at 450 nm
wavelength. For the cytotoxicity of KGN and FGF-2, ADSCs were
inoculated in 96-well plates with 250, 500, 750, 1,000, and
1,500 μM of KGN or 100, 250, 500, and 750 ng/ml of FGF-2,
respectively. A normal cell culture medium without KGN and
FGF-2 was used as a control group. At 48 h of culture, the CCK-8
assay was used, and the absorbance was measured at a wavelength
of 450 nm.

Cell Proliferation
ADSCs were inoculated into CS-TBA hydrogels containing
different amounts of FGF-2 at 1 × 104/ml. After culturing for
1, 3, 5, and 7 days, the 10% CCK-8 solution was added and
incubated for 4 h, and then the absorbance was detected at
450 nm wavelength.

Chondrogenesis of ADSCs
The chondrogenesis of ADSCs induced by CS-TBA hydrogels
containing different concentrations of KGN was characterized by
the staining of the extracellular matrix and the detection of gene
expression. Firstly, ADSCs were inoculated into CS-TBA
hydrogels containing different amounts of KGN at 1 × 104/
mL. Alcian blue (AB) staining was applied to detect the
chondrogenesis of ADSCs after 21 days of culture. The
hydrogel was fixed with 4% paraformaldehyde for 10 min,

FIGURE 1 | (A) Schematic of dual-factor containing and releasing CS-TBA hydrogel. (B) SEM images of the CS-TBA hydrogel (scale bar: 200 μm). (C)Cytotoxicity
of CS-TBA hydrogel at 1, 3, 5, and 7 days. (D) Releasing curve of KGN from the CS-TBA hydrogel. (E) Releasing curve of FGF-2 from the CS-TBA hydrogel.
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then the AB acidification solution was added for 3 min, and the
AB staining solution was added for 30 min. After washing with
PBS thrice, AB-positive cells were observed under an optical
microscope. Besides, after 21 days of culture, real-time PCR (RT-
PCR) was used to detect the gene expression of ADSCs. Cell total
RNA was lysed with TRIzol (Invitrogen Inc., Carlsad, CA, United
State). PCR was performed using a transcript cDNA Synth Kit
and FastStart Universal SYBR Green Master (Roche). PCR
amplification included 40 cycles of template DNA with primer
annealing at 60°C. Then the 2−ΔΔCt method was used to calculate
the relative expression of each target gene. The amplification
efficiency of the primer pair is verified, and the quantitative
comparison of gene expression becomes possible. All primer
sequences were designed using Primer 5.0 software (Invitrogen
Inc., Carlsad, CA, United State). Each real-time polymerase chain
reaction is performed on at least three different experimental
samples, and the representative results are shown as a target gene
expression normalized to the reference gene β-actin. The error
bar reflects one standard deviation of the technical repeat average.

In Vivo Rotator Cuff Repair
Adult male New Zealand rabbits were anesthetized by inhalation
with sevoflurane and were fixed on the operating table in a lateral
position. The right forelimb was sterilized and skin prepared, a 2-
cm median incision was made at the greater tuberosity of the
humerus, and the subcutaneous tissue was bluntly separated until
the biceps brachii muscle was exposed. The biceps brachii muscle
was retracted to reveal the infraspinatus tendon stop point. A
blade was used to transversely break off the tendon stop point,
and the remaining tendon tissue on the greater tubercle was
cleaned. A bone drill was used to grind out a bone groove (8 mm
in length, 2 mm in width, and 2 mm in depth). CS-KGN-TBA,
CS-FGF-TBA, CS-KGN/FGF-TBA, and CS-TBA hydrogels were
prepared as described above. The final concentration of KGN and
FGF-2 was made into 10 μM and 1.25 μg/ml, respectively. Then each
kind of hydrogel (0.5ml) was implanted into the bone groove. Holes
were drilled with a diameter of 0.8mm from the outside of the
humerus to the bone groove, and the suture was passed through the
drilled holes to fix the broken subspinatus muscle above the bone
groove. The incision is sutured layer by layer.

Gentamicin (800,000 units) was intramuscularly injected
every day for 1 week after surgery to prevent infection of the
surgical site, and drug analgesia was given after surgery if
necessary. Strenuous activities were limited within 2 weeks
after surgery, and normal activities were resumed after
2 weeks. At 4 weeks and 8 weeks after operation, six animals in
each group were sacrificed, and the intact supraspinatus muscle
and the humerus were removed.

Histological Staining
The tendon at the insertion site of the infraspinatus muscle and
the attached part of the humerus was collected and fixed with
paraformaldehyde. After being decalcified, the samples were
made into paraffin sections. Hematoxylin and eosin (H&E),
AB, and periodic acid–Schiff (PAS) were used to stain the
sections. Immunohistochemical (IHC) staining for type I
collagen was also performed according to a standard protocol.

The stained sections were observed under a microscope, and the
level of cartilage formation and the shape of collagen fibers of the
samples were assessed.

Statistical Analysis
Numerical data are presented as the mean ± standard deviation
and were tested for normality. All statistical analyses were
performed with SPSS software (version 22.0). Statistical
significance was calculated by one-way ANOVA with
Bonferroni’s post hoc test. p value of <0.05 was considered
significant. *p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS

Physicochemical Properties and
Cytotoxicity of CS-TBA Hydrogel
The chemical feature of CS-TBA hydrogel was characterized by
FTIR (Supplementary Figure S1A). The broad adsorption at
3,410 cm−1 corresponded to the O–H stretching. The adsorption
at 2,935 cm−1 corresponded to the C–H stretching vibration. The
weak adsorption at ∼2,536 cm−1 attributed to thiol groups. The
characteristic absorption appeared at 1,650 cm−1 attributed to the
C–O stretching of the amide bond. The adsorption at 1,537 cm−1

is attributed to the N–H blending vibration of amidines. The
adsorption at 1,116 cm−1 can be assigned to C–O–C stretching
vibration in the glucopyranose ring, while the adsorption at
907 cm−1 can be assigned to the β (1–4) glycoside bridge
structure. The TGA curve of the CS-TBA hydrogel showed a
fast moisture loss and a slow backbone decomposition
(Supplementary Figure S1B). The flipped upside down test of
CS-TBA hydrogel demonstrated the sol of CS-TBA was able to
gelate after 10 min at 37°C (Supplementary Figure S1C).

In order to clarify the delivery capacity of CS-TBA hydrogel
for KGN and FGF-2, we investigated the morphology of the CS-
TBA hydrogel. From SEM images, a regular distribution of pores
can be observed on the surface of CS-TBA hydrogel (Figure 1B).
The existence of these micropores is reasonable to the delivery
(storage and release) of KGN and FGF-2, and, on the other hand,
is also conducive to the migration and colonization of stem cells
in the hydrogel. Besides, cytotoxicity tests showed the CS-TBA
hydrogel was not cytotoxic to ADSCs and had no negative effect
on the proliferation of ADSCs (Figure 1C).

Release Profile of CS-KGN/FGF-TBA
Hydrogel
The release of KGN and FGF-2 from the CS-TBA hydrogel was
measured in PBS, and the results are shown in Figures 1D, E. The
release rate of KGN consists of a burst release (about 27%) on day
1 and a sustained release in the following days. On the other side,
the daily release of FGF-2 also shows a smooth release curve that
shows a slow release at early days and fast release in the following.
The sustained release of these two factors could be resulted from
the diffusion of drug molecules and the surface erosion of the
hydrogel, and might continuously affect the process of
tendon–bone healing.
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Cytotoxicity and Chondrogenic
Differentiation Function of KGN
We intend to use KGN to promote chondrogenic differentiation
of stem cells at the tendon–bone interface, so the cytotoxicity and
the effect of chondrogenic induction of KGN were assessed
in vitro. From the results of the CCK-8 assay, it was found
that KGN had no significant cytotoxicity to ADSCs when the
concentration was in the range of 250–1,000 μM, while 1,500 μM
of KGN significantly inhibited the activity of ADSCs (Figure 2A).

To understand the effect of KGN on the chondrogenic
differentiation of ADSCs, AB staining and RT-PCR for
chondrogenic genes were performed on ADSCs after 21 days
of KGN induction. AB staining (Figure 2B) showed that a larger
range of AB nodules could be observed microscopically at a KGN
concentration of 1,000 μM, indicating a higher degree of
chondrogenesis. At a concentration of 250 μM, only a small
number of nodules were observed, but with the increase of
KGN concentration, the area and number of nodules increased
gradually. This suggests that KGN promotes chondrogenic
differentiation of ADSCs in a concentration-dependent
manner. On the other side, the expression levels of
chondrogenic genes such as ACAN, SOX9, and COL2A were
detected by RT-PCR, and the results are exhibited in Figures
2C–E. As can be seen from the figures, the expression levels of

ACAN, SOX9, and COL2A gradually increased with the increase
of KGN concentration, consistent with the results of AB staining.
The expression level of ACAN, SOX9, and COL2A reached the
highest when the concentration of KGN was 1,000 μM.

Cytotoxicity and Functions of FGF-2
In this study, FGF-2 was used to promote the cell proliferation
that would further improve the repair of the tendon–bone
interface. ADSCs were used to investigate the cytotoxicity and
functions of FGF-2. By the CCK-8 assay, we found that FGF-2
had no significant toxicity to ADSCs when the concentration was
up to 750 ng/ml (Figure 3A). Besides, it was found that the
proliferation of ADSCs could be enhanced by the addition of
FGF-2 (Figure 3B). However, the cell proliferation of ADSCs was
independent from the concentration of FGF-2 such that a higher
amount of FGF-2 would not lead to a higher rate of cell
proliferation. Besides, FGF-2 was found to have less effect on
the chondrogenesis of ADSCs (Supplementary Figure S2).

Effect of CS-KGN/FGF-TBA Hydrogel on the
Healing of the Tendon–Bone Interface
In order to verify the effect of CS-KGN/FGF-TBA hydrogel on
the tendon–bone interface healing in vivo, we made rotator cuff

FIGURE 2 | (A) CCK-8 assay of ADSCs cultured with cell culture medium containing different amounts of KGN. (B) AB staining of ADSCs after chondrogenic
differentiation for 21 days induced by CS-TBA and different concentrations of KGN (scale bar: 20 μm). (C–E) The expression levels of chondrogenesis-related genes
such as ACAN (C), COL2A (D), and SOX9 (E) after chondrogenic differentiation induced by different concentrations of KGN. The statistic comparison was made
between a control group (0 μM) and each KGN group (250 μM, 500 μM, 750 μM, and 1,000 μM). p value of <0.05 was considered significant. *p < 0.05 and ***p <
0.001.
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injury models of New Zealand rabbits and implanted the
hydrogels in the rotator cuff injury (Figure 4). After 4 and
8 weeks, the animals were sacrificed, and the rotator cuffs were
collected for H&E, AB, PAS staining, and immunohistochemical
staining for type I collagen (COL I). The staining results are
shown in Figure 5. After 4 weeks, more fibrocartilage and
mucopolysaccharide deposits were observed at the
tendon–bone interface in the CS-KGN/FGF-TBA gel group.
Less fibrocartilage and mucopolysaccharide were found in the
CS-FGF-TBA gel group and the CS-KGN-TBA gel group. This

suggests that the combination of KGN and FGF-2 accelerates the
formation of fibrocartilage in the early stage of tendon–bone
healing. Eight weeks post-surgery, H&E staining results showed
that the structure of the tendon–bone interface in the CS-KGN/
FGF-TBA hydrogel-treated group was close to that of a normal
rotator cuff. Moreover, AB and PAS staining also showed more
fibrocartilage in this group. Although fibrocartilage could be seen
in the CS-FGF-TBA gel group and the CS-KGN-TBA gel group,
the structure of the tendon–bone interface was relatively
disordered. Furthermore, the immunohistochemical staining

FIGURE 3 | (A) Cytotoxicity of FGF-2 to ADSCs. (B) Cell proliferation of ADSCs in culture medium with different concentrations of FGF-2 (1, 3, 5, and 7 days). The
statistic comparison was made between a control group (0 ng/ml) and each FGF-2 group (100 ng/ml, 250 ng/ml, 500 ng/ml, and 750 ng/ml). p value of <0.05 was
considered significant.

FIGURE 4 | (A) Bone groove (8 mm in length, 2 mm in width, and 2 mm in depth) was made at the tendon stop point. (B) The hydrogels were implanted into the
bone groove. (C) Holes for a suture pass were drilled with a diameter of 0.8 mm from the outside of the humerus to the bone groove. (D) Absorbable suture was used to
fix the broken subspinatus muscle above the bone groove. (E) The bursal surface of rotator cuff after the repair of CS-KGN/FGF-TBA for 8 weeks. (F) The articular
surface of rotator cuff after the repair of CS-KGN/FGF-TBA for 8 weeks.
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for type I collagen showed that more type I collagen was produced
in the CS-KGN/FGF-TBA hydrogel-treated group, indicating
more collagenous fiber that enhanced the healing of the
tendon–bone interface could be formed. In addition,
quantitative PCR results also support the histological staining
outcomes of these sections (Supplementary Figure S3). These
results suggest that the combined application of KGN and FGF-2
can promote the remodeling of rotator cuff tissue in the later stage
of tendon–bone healing.

DISCUSSION

Accelerating the healing of the tendon–bone interface is a
challenge after rotator cuff injury. Here, in this study, we used
the CS-TBA hydrogel dual-delivering KGN and FGF-2 to
effectively heal the tendon–bone interface. This strategy could
be recognized as a modified tissue engineering technique that is
promising for clinical translation (Zhang et al., 2021).

The normal tendon–bone interface consists of four layers of
tissue, which are the tendon, fibrous tissue, fibrocartilage, and
bone tissue in turn (Atesok et al., 2014; Patel et al., 2018; Lei et al.,
2021). The arrangement of the four layers of tissue can disperse
the stress of tendon and bone tissue, thus enhancing the strength
of the tendon–bone interface. Fibrocartilage is an important
structure to maintain mechanical stability of the tendon–bone
interface at the early stage of tendon–bone healing (Atesok et al.,
2014; Patel et al., 2018; Lei et al., 2021). Accelerating the
regeneration of fibrocartilage is important to promote rotator

cuff healing (Zhu et al., 2021). As a synthetic compound, KGN
has been shown to promote cartilage tissue regeneration in vitro
and in vivo (Hong et al., 2020; Chen et al., 2021; Hou et al., 2021;
Zhu et al., 2021). Johnson et al. used KGN to repair articular
cartilage defects in mice and found that KGN could induce
cartilage formation through the CBFβ-RUNX1 pathway
(Johnson et al., 2012). Xu et al. found that the injection of
KGN into the joint cavity of animals could effectively repair
the full thickness damage of articular cartilage (Xu et al., 2015). At
present, some studies have applied it to repair the damaged
tendon and ligament tissue and achieved satisfactory results.
Therefore, in this study, we aimed to use the chondrogenic
effect of KGN to promote the differentiation of stem cells in
the tendon–bone interface to form the fibrocartilage that
accelerates the healing process. In vitro studies have shown
that KGN at concentrations below 1,000 μM can induce
chondrogenic differentiation without affecting cell activity
(Figure 2). Coculturing with KGN significantly increased the
expression levels of chondrogenesis-related genes such as ACAN,
SOX9, and COL-2A (Figures 2C–E). However, it was also
observed that when the concentration was greater than
1,000 nM, KGN could cause extensive apoptosis of ADSCs,
suggesting that an excessive dose of KGN may have a negative
effect on the cells (Figure 2A). Although previous studies believed
that the systemic toxicity of KGN below the concentration of
100 μM was negligible and the proportion of KGN absorbed into
the blood in the articular cavity was very small, there is a lack of
studies on the systemic safety of the long-term application of
KGN (Johnson et al., 2012; Zhang et al., 2017). Moreover, a high

FIGURE 5 | H&E, AB, PAS staining, and type I collagen (COL I) immunohistochemical staining of the healing point of the tendon–bone (red arrows point to the
tendon–bone interfaces; (scale bar: black-500 μm (H&E, AB, and AB + PAS), blue-200 μm (COL I)).
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concentration of KGN would inhibit the activity of tendon–bone
interface cells, which in turn would affect the regeneration
fibrocartilage (Zhang and Wang, 2014; Zhou et al., 2017). In
order to reduce the potential harm, this study used 1,000 μM of
KGN, which achieved the best induction effect while avoiding the
activity of stem cells, as the optimal concentration for the repair of
rotator cuff injury. This concentration was the same as that used
in other studies (Huang et al., 2017).

In the early stage of tendon–bone healing, the number of stem
cells at the tendon–bone interface was maintained at a low level
under the action of tissue necrosis and ischemia, which leads to
slow healing of the rotator cuff. Moreover, the reduction of stem
cells inhibits the regeneration of fibrocartilage and reduces the
mechanical strength of the tendon after rotator cuff surgery (Patel
et al., 2018; Zhang et al., 2021). By replenishing the number of
stem cells at the tendon–bone interface, the healing process could
be accelerated (Mifune et al., 2013; Hao et al., 2016; Lu et al.,
2021). In this study, FGF-2 was used to promote stem cell
proliferation in order to increase the number of stem cells at
the tendon–bone interface in the early postoperative period. In
vitro results showed that FGF-2 could increase the
proliferation rate of ADSCs at an early stage (Figure 3B),
but this effect was not enhanced with the increase of FGF-2
concentration. Therefore, the two factors (KGN and FGF-2)
have complementary effects, which can promote the
proliferation of stem cells at the tendon–bone interface
and enhance the chondrogenic differentiation to accelerate
the regeneration of fibrocartilage.

In the absence of vectors, direct injection of KGN and FGF-2
in the articular cavity would lead to rapid metabolism and reduce
the duration of onset. For this reason, the CS-TBA hydrogel was
used as the carrier of KGN and FGF-2. The CS-TBA hydrogel has
the advantages of high biocompatibility, degradability, and stable
factor release properties. In vitro release experiments showed that
the CS-TBA hydrogel could maintain a stable release rate of KGN
and FGF-2 (Figure 1). The sustained release property of the CS-
TBA hydrogel can avoid excessive fluctuation of drug
concentration at the tendon–bone interface and prolong the
actual action of the drug. Compared with factor vectors such
as PRP, which could release only for 1 week, the CS-TBA
hydrogel could release factors over the whole early healing
period (Chen et al., 2017). Therefore, after implantation of
CS-KGN/FGF-TBA hydrogel, stable factor concentration can
be maintained at the tendon–bone interface without regular
administration. The degradability of CS-TBA hydrogel can
reduce the effect on tissue reconstruction. No gel material was
observed at the tendon–bone interface in pathological specimens,
indicating that the CS-TBA hydrogel had been catabolized after
tendon–bone regeneration and would not affect subsequent
structural reconstruction.

The chondrogenic effect of KGN not only promotes the
regeneration of lesion cartilage but also has the risk of
inducing chondrogenic differentiation from normal tissue.
Zhang et al. found that the injection of KGN for the treatment
of anterior cruciate ligament injury would induce abnormal
cartilage of the patellar ligament and affect the normal joint
structure (Zhang and Wang, 2014). Therefore, in in vivo

experiments, bone grooves (8 mm long, 2 mm wide, and 2 mm
deep) were made inside the rotator cuff insertion point for filling
CS-KGN/FGF-TBA hydrogel and covering the rotator cuff above
the bone grooves. This mode of administration allows the CS-
KGN/FGF-TBA hydrogel to act directly on the tendon–bone
interface while reducing the impact on other structures in the
joint cavity. In the pathological results, no abnormal
differentiated cartilage tissue was observed in the tissues
around the ligament or in the articular cavity, which indicated
that the factors in the CS-TBA hydrogel were accurately released
at the location of the lesion, avoiding the influence on normal
tissues.

An in vivo study was performed to demonstrate the rotator
cuff repair capacity of the CS-KGN/FGF-TBA hydrogel. At
4 weeks postoperatively, more fibrocartilage regeneration was
observed in the CS-KGN/FGF-TBA hydrogel group,
significantly more than that in the blank control group
(Figure 5). However, in the single-factor group, CS-KGN-TBA
gel, and CS-FGF-TBA gel, only a small amount of fibrocartilage
could be seen at the tendon–bone interface. This suggests that the
combination of KGN and FGF-2 accelerates tendon–bone
healing. In the absence of FGF-2, fewer stem cells at the
tendon–bone interface were induced to chondrogenic
differentiation by KGN, leading to a slower regeneration of
fibrocartilage. In the absence of KGN, FGF-2 can increase the
number of stem cells, but the degree of chondrogenic
differentiation of cells is low, which also slows down the
regeneration of fibrocartilage. Therefore, the combination of
these two factors can accelerate the early regeneration of
fibrocartilage after rotator cuff surgery. At 8 weeks
postoperatively, the CS-KGN/FGF-TBA hydrogel group had a
normal rotator cuff structure with a large amount of fibrocartilage
tissue. Fibrocartilage regeneration was observed in the unifactor
group, but the tendon structure was disorganized. These results
further demonstrate the promoting effect of CS-KGN/FGF-TBA
hydrogel on tendon–bone healing.

The CS-KGN/FGF-TBA hydrogel showed a significantly
higher repair effect of the rotator cuff, but there were still
several shortcomings in this study. For example, there was no
in-depth study on the interaction between KGN and FGF-2. KGN
and FGF-2 showed a good synergistic effect in experiments, but
the interaction mechanism between the two factors was still
unclear. Previous studies also found that Col-I and Col-II
levels in the tendon tissues were increased under the action of
FGF-2. This indicates that FGF-2 also has an influence on
chondrogenic differentiation. Therefore, we speculate that the
two factors may have an intersection in promoting the
chondrogenic differentiation of stem cells in addition to their
complementary effects, and the mechanism of action between
them is worthy of further study.

CONCLUSION

In conclusion, our results suggest that the cell proliferation
promotion effect of FGF-2 and the chondrogenic
differentiation effect of KGN can jointly promote fibrocartilage
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regeneration at the tendon–bone interface. The CS-KGN/FGF-
TBA hydrogel prepared by CS-TBA as a carrier can accelerate the
regeneration of fibrocartilage after rotator cuff reconstruction and
improve the tendon healing at the tendon–bone interface. CS-
KGN/FGF-TBA has a wide application prospect in rotator cuff
repair, and provides an important reference for the research and
development of new clinical treatment methods for rotator cuff
injury.
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