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Background: The postoperative healing of rotator cuff tear (RCT) often presents challenges. Poly (lactic-co-glycolic
acid)/tricalcium phosphate (PLGA/TCP) scaffold is a composite biomaterial for repairing bone defect. This study aimed to
investigate the impact of tendon stem cells (TDSCs)/PLGA/TCP composite scaffold on a rabbit model of RCT.
Methods: After induction using osteogenic, adipogenic and chondrogenic medium, TDSCs differentiation was achieved. The
multi-directional differentiation of TDSCs was confirmed through colony formation and staining with alizarin red, oil red, and
toluidine blue. Quantitative real-time polymerase chain reaction was utilized to assess the expressions of stemness, osteogenesis,
and tendon-related genes. TDSCs were cultured in PLGA/TCP scaffold, and their attachment, markers, and viability were
evaluated using immunofluorescence and cell counting kit-8 assay. The rabbit RCTmodel wasmade. Themorphology and tensile
strength of tendon-bone healingwere assessed by hematoxylin-eosin, masson, dil staining and tendon stretch assay. Quantification
of β-catenin protein was realized by western blot.
Results: The obtained TDSCswere identified as having the ability of multi-directional differentiation and stemness. CD73, CD90,
and CD105 were positive and CD45 was negative in TDSCs. The multi-directional differentiation ability of TDSCs was improved
on PLGA/TCP scaffold. The TDSC/PLGA/TCP composite scaffold promoted tendon-bone healing, fibrocartilage mineraliza-
tion and formation, the expressions of osteogenic and tendon-related genes. Furthermore, it significantly promoted β-catenin
expression, the invasive number of TDSCs, the ultimate load and stiffness of healing tendon.
Conclusions: The loading of TDSCs further optimized the role of PLGA/TCP scaffold in promoting rotator cuff tendon-bone
surface healing, which was closely related to the expression of β-catenin protein.
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Introduction

Rotator cuff tear (RCT) is a prevalent shoulder ailment
in clinical practice, predominantly occurring in middle-
aged and elderly individuals [1–3]. With the progressive
aging trend in China, the incidence of RCT has surged [4].
The etiology of RCT primarily encompasses impingement
syndrome [5], overuse [6], contractile overload [7], age-
related tendon degeneration [8], and aberrant vascular fac-
tors [9]. RCT usually can’t heal itself. Surgery is often used
when conservative treatment is failed or RCT is greater than
50% of normal tendon thickness [10]. However, postopera-
tive healing following repair is accompanied by a high fail-
ure rate [11,12]. Furthermore, RCT frequently manifests
at the tendon-bone junction, the critical interface between
musculature and bone tissues [13]. Presently, the chal-
lenges of rotator cuff re-tearing and inadequate healing at
the tendon-bone interface persist unsolved. Consequently,
enhancing the healing of the rotator cuff tendon-bone sur-

face necessitates the reconstruction of a multilayer fibro-
cartilaginous structure, representing a pivotal step in RCT
repair.

Recently, numerous professional scholars have em-
barked on novel endeavors to address RCT repair. Mes-
enchymal stem cells (MSCs) have emerged as potential
agents for treating rotator cuff injuries [14]. However, the
use of MSCs alone may prove insufficient for bone defect
repair [15]. Notably, the combination of poly (lactic-co-
glycolic acid) (PLGA) scaffold and bone marrow-derived
mesenchymal stem cells has shown promise in promot-
ing tendon-bone healing in the rabbit model of RCT
[16]. PLGA is a biological medicine material, which is
biodegradable and no side effects [17]. Specifically, the
PLGA/tricalcium phosphate (TCP) scaffold is a promising
composite biomaterial for bone defect repair, addressing the
limitations of sole stem cell therapy for treating rotator cuff
injuries [18]. The primary advantages of PLGA/TCP scaf-
fold include degradability, cost-effectiveness, and accessi-
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bility. TCP induces osteogenic differentiation of stem cells
and enhances heterotopic ossification [19]. Previous re-
search reveals that wollastonite/TCP scaffold repairs bone
defect in rat calvaria [20]. Currently, optimized methods
for RCT treatment primarily involve the implantation of
osteogenic induction materials (such as TCP or degradable
scaffolds) and the administration of related growth factors
(such as bone morphogenetic protein 2 and platelet-rich
plasma) at the injury site [21]. Therefore, PLGA/TCP scaf-
fold has a potential application to repair RCT.

Moreover, the integration of stem cells has novel av-
enues for treating RCT. Stem cells exist in various adult
tissues, including tendon stem cells (TDSCs) [22]. TDSCs
exhibit robust directional differentiation capabilities [23].
Research indicates that adipose-derived stem cells promote
RCT repair by facilitating the osteogenic differentiation of
TDSCs [24]. The activation of the β-catenin signaling
pathway induces osteogenic differentiation of bone marrow
mesenchymal stem cells, which is beneficial for RCT re-
pair [25]. Theoretically, TDSCs may enhance tendon-bone
healing and improve tendon function. However, the clin-
ical applicability of this approach remains unknown [26].
Currently, research on biomaterials primarily focuses on
promoting bone regeneration to enhance the connection
strength between tendon and bone. We aimed to explore
the potential of TDSCs and tissue engineering for clinical
RCT treatment.

In general, our study aimed to evaluate the impact of
TDSC/PLGA/TCP composite scaffold on the rabbit RCT
model. Additionally, we aimed to investigate whether
PLGA/TCP scaffold loaded with TDSCs could influence
themulti-directional differentiation of TDSCs and elucidate
the relevant molecular mechanisms.

Materials and Methods

Animals
Forty male New Zealand white rabbits, aged 10 weeks

and weighing 1.6–1.8 kg, were obtained from Shanghai Ji-
agan Biotechnology (Shanghai, China). The rabbits were
housed at room temperature (RT) with 45% humidity and
a 12-hour light-dark cycle. They were provided ad libitum
access to food and water throughout the experimental pe-
riod. All experimental procedures involving New Zealand
white rabbits were conducted following the China Council
on Animal Care and Use guidelines and were approved by
the Ethics Committee of Ningbo University for Experimen-
tal Animals Welfare (Approval No. 2019-151).

Isolation and Culture of Rabbit Supraspinatus
TDSCs

Eight New Zealand white rabbits were anesthetized
using urethane (A600448; Sangon Biotech, Shanghai,
China) at a dosage of 1.2 g/kg [27]. Following anesthesia,
the hair covering the rotator cuff was shaved, and the skin

was disinfected. Under aseptic conditions, the supraspina-
tus tendon was carefully isolated and then immersed in 1×
PBS (P1020; Solarbio, Beijing, China) supplemented with
1% streptomycin/penicillin (15140122; Thermo Fisher Sci-
entific, Waltham, MA, USA). The tendon tissue was diced
into 1 mm3 fragments. Subsequently, 0.2% collagenase
type I (A004194; Sangon Biotech, Shanghai, China) was
used to isolate tendon cells in α-minimal essential medium
(α-MEM; SH30265.01; HyClone, Logan, UT, USA) at
37.5 °C for 4 hours. The resulting cells were characterized
as supraspinatus tendon stem cells (TDSCs).

A total of 5000 TDSCs were seeded into a 10 cm
culture dish. The cells were cultured in α-MEM sup-
plemented with 10% fetal bovine serum (FBS; 10100147;
Thermo Fisher Scientific, Waltham, MA, USA) and 0.1%
penicillin/streptomycin at 37 °C in a 5% CO2 atmosphere
for 10 days. The culture medium was refreshed every 3
days. The morphology of TDSCs was observed and pho-
tographed using a light microscope (magnification, ×200;
LV150; Nikon Inc., Tokyo, Japan).

Multi-Directional Differentiation of TDSCs
The second generation of TDSCs (2 × 104 cells) was

seeded into 6-well plates. Upon reaching 80% confluence,
the cells were subjected to differentiation induction using
osteogenic induction medium (CTCC-Y001, Wuxi Puhe
Biomedical Technology Inc., Wuxi, China), adipogenic
induction medium (CTCC-Y003, Wuxi Puhe Biomedical
Technology Inc., Wuxi, China), or chondrogenic induction
medium (CTCC-Y002, Wuxi Puhe Biomedical Technology
Inc., Wuxi, China) at 37 °C in a 5% CO2 atmosphere for 7
days [23].

Cell Grouping
Following culturing in standard, osteogenic, adi-

pogenic, or chondrogenic induction media, TDSC cells
were divided into four groups: Uninduced, Osteogenesis,
Adipogenic, and Chondrogenic groups [23].

Subsequently, based on whether TDSCs or multi-
directional differentiation TDSCs were treated with the
PLGA/TCP scaffold, six groups were established: With-
out scaffold, Scaffold Only, without scaffold and Induced,
Scaffold and Osteogenesis, Scaffold and Adipogenic, and
Scaffold and Chondrogenic groups, respectively.

RCT Model in Rabbits
Thirty-twoNewZealandwhite rabbits (eight rabbits in

each group) were anesthetized using urethane at a dosage
of 1.2 g/kg [27]. Under aseptic conditions, the skin over-
lying the rabbit rotator cuff was incised, and the deltoid
was dissected. A bone tunnel (0.5 mm) was drilled from
the front to the back through the greater tuberosity to cre-
ate the RCT model [16]. Subsequently, all RCT rab-
bits were allocated to different treated groups. Control
group: After establishing the RCT model, no further treat-
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ment was administered. TDSC group: Following estab-
lishing the RCT model, a suspension of TDSCs (1 × 107
cells/mL, 20 µL) was injected into the anastomotic site [28].
PLGA/TCP group: After establishing the RCT model, a
PLGA/TCP scaffold was implanted at the anastomotic site.
TDSC/PLGA/TCP group: Following establishing the RCT
model, a TDSC/PLGA/TCP composite scaffold was im-
planted at the anastomotic site. The number of TDSCs was
1 × 107 cells/mL (20 µL) per scaffold layer (total of two
layers). Subsequently, the supraspinatus tendon-bone junc-
tion was sutured.

At 4th and 12th weeks post-surgery, the anastomosed
supraspinatus tendon tissues were excised and fixed with
4% paraformaldehyde for 12 hours. The tendon tissues
were placed in a 50 mL centrifuge tube filled with 10%
ethylene diamine tetraacetic acid (EDTA) decalcification
solution (DD002; Solarbio, Beijing, China) for 4 weeks.
When there was no obvious resistance to penetrate the tis-
sue with the syringe needle, the decalcification was com-
plete. Finally, the tendon tissues were embedded with
paraffin (A601888; Sangon Biotech, Shanghai, China) and
sectioned for further analysis.

Alizarin Red Staining Assay
The Alizarin Red staining kit (CTCC-JD001; Wuxi

Puhe Biomedical Technology Inc., Wuxi, China) was uti-
lized to assess osteogenic differentiation. Induced TDSCs
were fixed with stationary solution (500 µL) at 37 °C for 30
minutes. After two washes with PBS, Alizarin Red stain-
ing solution (500 µL) was added to the cells for 20 min-
utes at 37 °C. Following three additional washes with PBS,
osteoblast differentiation of TDSCs was visualized using a
lightmicroscope (magnification,×200; LV150; Nikon Inc.,
Tokyo, Japan).

Oil Red Staining Assay
The oil red staining kit (CTCC-JD003; Wuxi Puhe

Biomedical Technology Inc., Wuxi, China) was employed
to assess adipogenic differentiation. The oil red staining so-
lution was prepared as follows: The oil red staining solution
and staining diluent weremixed in a ratio of 3:2 and allowed
to stain at room temperature for 10 minutes. Induced TD-
SCs were fixed with stationary solution (500 µL) at 37 °C
for 30 minutes. After two washes with washing solution I
(500 µL), the cells were incubated with the oil red working
solution (500 µL) at 37 °C for 20 minutes. Following two
washes with washing solution III (500 µL), and solution
II (500 µL), the adipogenic differentiation of TDSCs was
visualized using a light microscope (magnification, ×200;
LV150; Nikon Inc., Tokyo, Japan).

Toluidine Blue Staining Assay
The toluidine blue staining kit (E670105; Sangon

Biotech, Shanghai, China) was employed to detect chon-
drogenic differentiation. The preparation of the 0.1% tolu-

idine blue staining working solution was as follows: the
toluidine blue staining solution (1%) was mixed with dilu-
ent in a ratio of 1:9. TDSCs were collected and smeared
onto glass slides. Subsequently, the cells were fixed with
4%paraformaldehyde (P0099; Beyotime, Shanghai, China)
for 20 minutes at 25 °C. Finally, the 0.1% toluidine blue
staining working solution was applied to dye cells for 2
minutes. After drying, the chondrogenic differentiation of
TDSCs was visualized using a light microscope (magnifi-
cation, ×200; LV150; Nikon Inc., Tokyo, Japan).

Immunofluorescence Assay
The TDSCs were seeded onto cover glass and fixed

with 4% paraformaldehyde for 30 minutes. Subsequently,
the cells were washed three times with 1× PBS for 10
minutes each. TDSCs were transparentized by Triton X-
100 (P0096; Beyotime, Shanghai, China) for 10 min-
utes. Immunostaining blocking buffer (P0102; Beyotime,
Shanghai, China) was added to the samples and incubated
for 1 hour. Primary antibodies against octamer binding
transcription factor 4 (OCT-4; ab137427; 1:100; Abcam,
Cambridge, UK), nucleostemin (#GT15050; 1:400; Neu-
romics, Edina, MN, USA), CD45 (ab303670, 1:500; Ab-
cam, Cambridge, UK), CD73 (ab288154, 1:500; Abcam,
Cambridge, UK), CD90 (ab133350, 1:50; Abcam, Cam-
bridge, UK), and CD105 (ab221675, 1:1000; Abcam, Cam-
bridge, UK) were then added to the sample and incubated
at 4 °C overnight. Following primary antibody incuba-
tion, the samples were incubated with secondary antibod-
ies (ab150077, Alexa Fluor® 488; ab150115, Alexa Fluor®
647; 1:1000; Abcam, Cambridge, UK) at 25 °C for 2 hours
in the dark. Additionally, the stage-specific embryonic anti-
gen 4 (SSEA-4; ab16287; Alexa Fluor 647; 1:100; Bio-
vision, Milpitas, CA, USA) antibody was applied to the
samples and incubated overnight at 4 °C in the dark. An-
tifade mounting medium with 4,6-diamino-2-phenyl indole
(DAPI; P0131; Beyotime, Shanghai, China) was used to
prevent fluorescence quenching. Finally, images were cap-
tured using a confocal fluorescent microscope (magnifica-
tion, ×200; TCS SP8; Leica Camera AG Inc., Solms, Ger-
many).

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA from TDSCs or multi-directional differ-
entiation TDSCs, treated with or without the PLGA/TCP
scaffold, or tendon tissue was extracted using the Trizol kit
(B511311; Sangon Biotech, Shanghai, China). The RNA
concentration was determined using the Evolution 260 Bio
Spectrophotometer (840-211000; Thermo Fisher Scientific,
Waltham, MA, USA). The FastQuant RT kit (KR106-03;
Tiangen Biotech, Beijing, China) was employed to synthe-
size cDNA. Amplified cDNA was quantified using the Dy-
namo ColorFlash SYBR Green kit (F-416L; Thermo Fisher
Scientific, Waltham, MA, USA). Prepared samples were
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Table 1. The primer sequences of related genes.
Genes Forward primer Reverse primer

RUNX-2 GGCGCATTTCAGGTGCTTC ATACCGCTGGACCACTGTTG
PPARγ GGGTTGACCCTGAGAACCTC TAATCCGCAACCATGGGGTC
COL-2a1 TTCCTCCTCCTGCTCCCAG GAGCCACTCTCACCCTTCAC
ALPL TTTGTCTGGAACCGCACTGA TCCTGTTCAGCTCGTACTGC
COL-1a1 CGATGGCTTCCAGTTCGAGT TCGTGGAGGACAGTGTAGGT
Scx CAGACGGACGTACAGACAGG GAAAAGCCAGCGCAGAAAGT
TNC GGGATTAATGTCGGAAATGGT CCGGACCAAAACCATCAGT
GAPDH GGCAAAGTGGATGTTGTCGC GCCGTGGGTGGAATCATACT
RUNX-2, runt-related transcription factor 2; PPARγ, peroxisome proliferator-activated
receptor γ; COL-2a1, collagen-type II alpha 1; ALPL, alkaline phosphatase; COL-1a1,
collagen-type I alpha 1; TNC, Tenascin C; GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase.

analyzed using a qRT-PCR instrument (MJOpticon2, Bio-
Rad Inc., Hercules, CA, USA). The data were analyzed
using the 2−∆∆Ct [29], with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as the internal reference. The
primers used are listed in Table 1 and were synthesized by
Sangon Biotech (Shanghai, China).

Preparation of PLGA/TCP Scaffold
The PLGA/TCP scaffold was prepared following a

previously established protocol with minor modifications
[30]. First, 1,4-Dioxane (A604300; Sangon Biotech,
Shanghai, China) was used to prepare solutions of 8%
PLGA and 2% TCP. Subsequently, the 8% PLGA and 2%
TCP solutions were mixed in a 1:1 volume ratio and stirred
at 4 °C overnight. The resulting mixture of PLGA and
TCP (3 mL) was dispensed into 24-well plates and sub-
jected to freeze-drying at –60 °C for 6 hours. The diame-
ter of the resulting PLGA/TCP scaffold was approximately
15.6 mm. The morphological structure and characteristics
of the PLGA/TCP scaffold were examined using a scan-
ning electron microscope (magnification, ×100, ×1000,
and ×10,000; Quanta250; FEI Inc., Hillsboro, OR, USA).

Seeding of TDSCs onto PLGA/TCP Scaffold
The PLGA/TCP scaffold was first incubated in 70%

ethanol for 12 hours. 70% ethanol was obtained from dilu-
ent anhydrous ethanol (A500737; Sangon Biotech, Shang-
hai, China). After drying, the PLGA/TCP scaffold was im-
mersed in α-MEM for 1 week. Subsequently, TDSCs (1 ×
105 cells) were seeded onto the PLGA/TCP scaffold for 4
hours at 37 °C with 5% CO2 for further experiments.

Cell Counting Kit-8 (CCK-8) Assay
TDSCs (1 × 104 cells) were seeded onto 96-well

plates or the PLGA/TCP scaffold. Cell viability was eval-
uated using the CCK-8 kit (C0039; Beyotime, Shanghai,
China). At days 1, 3, and 5, TDSCs were harvested and in-
cubated with CCK-8 reagent (10 µL) at 37 °C for 2 hours.

Subsequently, the absorbance at 450 nm was measured us-
ing a microplate reader (VLBL0TD2; Thermo Fisher Sci-
entific, Waltham, MA, USA).

Cell Nucleus Blue Fluorescence Staining Assay
The cell nuclei of TDSCs were labeled using DAPI

staining solution (C1006; Beyotime, Shanghai, China).
TDSCs were cultured on the PLGA/TCP scaffold for 15
days. Subsequently, the TDSCs were fixed with 4%
paraformaldehyde for 20 minutes at 25 °C. Following the
manufacturer’s instructions, the cells were washed twice
with 1× PBS, and then the cell nucleus staining solution
(500 µL) was added to the cells in darkness and incubated
at 25 °C for 5 minutes. Finally, the blue fluorescent-labeled
TDSCs were imaged using a confocal fluorescent micro-
scope (magnification, ×200; TCS SP8; Leica Camera AG
Inc., Solms, Germany).

Hematoxylin-Eosin (HE) Staining Assay
The morphological structure of tendon healing at the

anastomotic site was examined using the HE staining kit
(C0105M; Beyotime, Shanghai, China). Following em-
bedding in paraffin and sectioning, the tendon tissue was
dewaxed twice with xylene (A530011; Sangon Biotech,
Shanghai, China) for 10 minutes each. Subsequently, the
tissue sections were rehydrated with water and stained with
hematoxylin staining solution for 10 minutes, then rinsed
with tap water for 10 minutes to remove the excess stain-
ing solution. The tendon tissue was then stained with eosin
staining solution for 1 minute and dehydrated. After de-
hydration, the tendon tissue was cleared twice with xy-
lene for 5 minutes each. Neutral gum (E675007; Sangon
Biotech, Shanghai, China) was used to seal the tissue. Fi-
nally, the tendon tissue was photographed by a light mi-
croscope (magnification,×100; LV150; Nikon Inc., Tokyo,
Japan).
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Table 2. Antibodies used in this study.
Name Catalog Molecular weight Dilution Manufacturer

β-catenin ab227499 85 kDa 1/10,000 Abcam, Cambridge, UK
GAPDH ab125247 36 kDa 1/5000 Abcam, Cambridge, UK
Goat anti rabbit ab97051 — 1/10,000 Abcam, Cambridge, UK
Goat anti mouse ab96879 — 1/10,000 Abcam, Cambridge, UK

Masson Staining Assay
The organization of the tendon-bone interface was as-

sessed using the masson trichrome stain kit (G1340; Solar-
bio, Beijing, China). Following dewaxing, the tissues were
stained with Weigert iron hematoxylin staining solution for
10 minutes. Subsequently, the tissues were differentiated
using an acidic ethanol differentiation solution for 15 sec-
onds, then rinsed and stained with masson blue solution for
5 minutes. After rinsing with distilled water for 1 minute,
the tissues were stained with ponceau magenta staining so-
lution for 10 minutes. Sequentially, the tissues underwent
orderly washing with molybdenum pickling solution and
a weak acid working solution for 1 minute. The tissues
were then immersed in aniline blue staining solution for 2
minutes and subsequently washed with a weak acid work-
ing solution for 1 minute. Following the washing, the tis-
sues were rapidly dehydrated with 95% ethanol (A507050;
Sangon Biotech, Shanghai, China) for 3 seconds and with
anhydrous ethanol (A500737; Sangon Biotech, Shanghai,
China) for 5 seconds (repeated three times). Subsequently,
the tissues were cleared with xylene for 2 minutes (repeated
three times). Finally, neutral gum was used to seal the tis-
sues. The stained tissues were observed under a light mi-
croscope (magnification,×100; LV150; Nikon Inc., Tokyo,
Japan).

Western Blot Analysis
Tendon tissue from all groups was collected and

ground to extract total protein. Total protein extraction
was performed using an extraction kit (C006225; San-
gon Biotech, Shanghai, China), and its concentration was
determined using a concentration assay kit (P0010; Bey-
otime, Shanghai, China). Gel reagents (P0012A; P0690;
Beyotime, Shanghai, China) were used to separate pro-
teins, which were then transferred onto 0.45 mm mem-
branes (FFP32; Beyotime, Shanghai, China). After block-
ing with 5% fat-free milk for 1 hour at 25 °C, the mem-
branes were incubated with primary antibodies overnight
at 4 °C, followed by incubation with secondary antibodies
for 1 hour at 25 °C. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as the internal reference. Pro-
tein blots were detected using electro-chemi-luminescence
(ECL) reagent (32209; Thermo Fisher Scientific, Waltham,
MA, USA) and captured using a gel imaging analysis sys-
tem (GeneGenius; Baijing Biotechnology Inc., Beijing,
China). The antibodies used are listed in Table 2.

Dil Staining Assay
TDSCs were labeled with a cell membrane red flu-

orescent staining reagent (C1991S; Beyotime, Shanghai,
China). Briefly, cell membrane staining solution (500 µL)
was added to the cells, and they were incubated at 37 °C for
20 minutes in the dark. After washing the cells twice with
1× PBS, preheated medium at 37 °C was added to the cells.
Finally, the red fluorescent-labeled TDSCs were visualized
and imaged using a confocal fluorescent microscope (mag-
nification,×200; TCS SP8; Leica Camera AG Inc., Solms,
Germany).

Tendon Stretch Assay
The tensile strength was measured using an In-

stron testing system (5980; Instron Inc., Norwood, MA,
USA). After anesthetized (100 mg/kg pentobarbital, P3761,
Sigma-Aldrich, Darmstadt, Germany), rabbits were eu-
thanized by cervical dislocation, regenerated tendon tis-
sues were collected from rabbits treated with or without
TDSCs, PLGA/TCP scaffold, or TDSC/PLGA/TCP com-
pound scaffold. According to early study, the regenerated
tendon tissue was preloaded to 0.1 N. Then, every tendon
tissue was loaded to maximum at a speed of 50 mm/min
[16]. The ultimate load and stiffness were analyzed using
the Instron testing systems to assess tensile strength.

Statistical Analysis
All statistical analyses were conducted using Graph-

Pad Prism 8.0 (GraphPad Software Inc., San Diego, CA,
USA). The data were presented as mean ± standard devia-
tion. Categorical variables were compared using theχ2 test.
Data normality was assessed using the Shapiro-Wilk test.
Independent one-way ANOVA with Tukey multiple com-
parisons was performed for normally distributed quantita-
tive parameters. One-way ANOVAwas utilized to compare
multiple groups. Statistical significance was considered at
p < 0.05.

Results

Multi-Directional Differentiation Capacity and
Stemness of Obtained TDSCs

The obtained TDSCs were cultured, forming clus-
tered cell colonies with irregular morphology and polyg-
onal shape. Nuclei were centralized, with cytoplasmic pro-
trusions extending radially outward (Fig. 1A,a). Stain-
ing results confirmed the successful identification of TD-
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SCs capable of osteogenic, adipogenic, and chondrogenic
differentiation (Fig. 1A,b–d). Immunofluorescence as-
says revealed positive expression of stem cell markers,
including OCT-4, SSEA-4, and nucleostemin, in TDSCs
(Fig. 1B). Additionally, CD73, CD90, CD105 were posi-
tive and CD45 was negative in TDSCs (Fig. 1C). Further-
more, combined with qRT-PCR results, the mRNA levels
of runt-related transcription factor 2 (RUNX-2), peroxisome
proliferator-activated receptor γ (PPARγ), and collagen-
type II alpha 1 (COL-2a1) were signally increased in multi-
directional differentiation TDSCs (Fig. 2A, p < 0.001).
These findings indicate the successful induction of TDSCs
into osteogenic, adipogenic, and chondrogenic cells.

Enhanced Multi-Directional Differentiation Ability
of TDSCs on PLGA/TCP Scaffold

Scanning electron microscopy revealed the porous na-
ture of the original PLGA/TCP surface, with clearly visible
trabecular and macropores, confirming successful scaffold
fabrication (Fig. 2B,B1,B2). Upon magnification, a signif-
icant number of micropores were observed on the trabec-
ular surface (Fig. 2B,B3,B4). TDSCs were attached to the
PLGA/TCP scaffolds 4 hours after seeding. Fig. 3A depicts
numerous blue fluorescent-labeled TDSCs adhering to the
surface of the PLGA/TCP scaffold pores. Subsequently,
the viability of TDSCs on the scaffolds at days 1, 3, and
5 post-seeding is shown in Fig. 3B. The results indicated
no significant difference between the Without scaffold and
Scaffold groups (Fig. 3B). Furthermore, compared to the
scaffold-free group, qRT-PCR analysis revealed upregula-
tion of RUNX-2 and COL-2a1 in the PLGA/TCP scaffold-
exposed group (Fig. 3C, p < 0.001), while PPARγ level
remained unchanged (Fig. 3C). These findings suggest that
the PLGA/TCP scaffold provides a favorable environment
to promote osteogenic and chondrogenic differentiation of
TDSCs.

TDSC/PLGA/TCP Composite Scaffold Promotes
Tendon-Bone Healing, Fibrocartilage
Mineralization, and Levels of Osteogenesis and
Tendon-Related Genes

Combined with above results, the role of TDSC in
vivo was assessed. The RCT model was made in rab-
bits, and prepared scaffolds were implanted into the anas-
tomotic site (Fig. 4A). Hematoxylin-eosin (HE) staining
results at 4 weeks showed that compared to the Control
group, TDSC or PLGA/TCP groups, TDSC/PLGA/TCP
composite scaffold promoted fibrocartilage, scar hyper-
plasia, and decreased granulation space (Fig. 4B). By
the 12th week, compared to the Control, TDSC, or
PLGA/TCP groups, it can be seen that fibrocartilage
was increased, fibrous layers were tight, and healing
was better in the TDSC/PLGA/TCP composite scaffold
group (Fig. 4B), indicating that TDSC/PLGA/TCP com-
posite scaffold promoted tendon healing in anastomotic site

Fig. 1. Verification of multi-directional differentiation and
stemness in TDSCs. (A) Morphology and multi-directional dif-
ferentiation of TDSCs were assessed by light microscope (a),
alizarin red staining (b), oil red staining (c), and toluidine blue
staining (d). Magnification: ×200, scale bar: 50 µm. (B) Im-
munofluorescence assay was used to evaluate the stemness of TD-
SCs. Magnification: ×200, scale bar: 50 µm. (C) Immunofluo-
rescence assay was used to assess the expression of TDSC mark-
ers. Magnification: ×400, scale bar: 50 µm. Each experiment
was performed three times (n = 3). Abbreviations: TDSCs, tendon
stem cells; DAPI, 4,6-diamino-2-phenyl indole; OCT-4, octamer
binding transcription factor 4; SSEA-4, stage-specific embryonic
antigen 4.
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Fig. 2. Expression levels of RUNX-2, PPARγ, and COL-2a1 in multi-directional differentiation TDSCs. (A) The mRNA expression
levels ofRUNX-2, PPARγ, andCOL-2a1 after multi-directional differentiation of TDSCswere assessed by qRT-PCR, withGAPDH as the
internal reference. (B) Image of PLGA/TCP scaffold (B1) (scanning electron microscope). (B2) Scale bar: 500 µm, magnification×100.
(B3) Scale bar: 50 µm, magnification: ×1000. (B4) Scale bar: 5 µm, magnification: ×10,000. &&&p < 0.001 vs. Uninduced group.
Each experiment was conducted three times (n = 3). Abbreviations: PPARγ, peroxisome proliferator-activated receptor Υ; qRT-PCR,
quantitative real-time polymerase chain reaction; PLGA/TCP, poly (lactic-co-glycolic acid)/tricalcium phosphate.
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Fig. 3. Enhancement of multi-directional differentiation ability of TDSCs on PLGA/TCP scaffold. (A) Image of blue fluorescent
labeled TDSCs after attaching the TDSCs to PLGA/TCP scaffolds (a confocal fluorescent microscope). Scale bar: 50 µm, magnification:
×200. (B) TDSCs viability on PLGA/TCP scaffold (Cell Counting Kit-8 (CCK-8) assay). (C) mRNA expression levels of RUNX-2,
PPARγ, and COL-2a1 after attachment of TDSCs to PLGA/TCP scaffold and induction of differentiation with osteogenic, adipogenic,
and chondrogenic induction medium, respectively, were analyzed by qRT-PCR, with GAPDH as the internal reference. ###p< 0.001 vs.
Without scaffold-induced group. Each experiment was conducted three times (n = 3). Abbreviations: d, day.

(Fig. 4B). Moreover, compared to the Control, TDSC or
PLGA/TCP groups, masson staining results indicated that
the TDSC/PLGA/TCP composite scaffold enhanced fibro-
cartilage proliferation, mineralization, and collagen content
and also increased the number and density of fibrocytes
(Fig. 4C).

Furthermore, compared to the Control group, qRT-
PCR results revealed significantly increased expressions
of osteogenesis-related genes (RUNX-2, alkaline phos-
phatase (ALPL), and collagen-type I alpha 1 (COL-1a1))
and tendon-related genes (Scx and Tenascin C (TNC)) in
the TDSC, PLGA/TCP group (Fig. 5A–E, p < 0.01). No-
tably, compared to the TDSC or PLGA/TCP group, the
TDSC/PLGA/TCP composite scaffold significantly upreg-
ulated the expressions of RUNX-2, ALPL, COL-1a1, Scx,
and TNC (Fig. 5A–E, p < 0.001). These findings suggest
that the TDSC/PLGA/TCP composite scaffold exhibits su-
perior efficacy in tendon-bone healing.

TDSC/PLGA/TCP Composite Scaffold Promotes
β-Catenin Expression, the Invasive Number of
TDSC, and the Ultimate Load and Stiffness of the
Healing Tendon

Compared to the TDSC or PLGA/TCP group, the
western blot results revealed a significant upregulation of

β-catenin protein by the TDSC/PLGA/TCP composite scaf-
fold (Fig. 6A,B, p < 0.001). Relative to the Control group,
the expression of β-catenin protein was also significantly
increased by TDSC (Fig. 6A,B, p < 0.001), but no sig-
nificant difference was observed with PLGA/TCP. More-
over, compared to the PLGA/TCP group, the results of
dil staining revealed an increased infiltration of TDSCs
in the tendon in the TDSC/PLGA/TCP composite scaffold
group (Fig. 6C). The TDSC group had certain TDSC dis-
play (Fig. 6C). Furthermore, compared to the TDSC or
PLGA/TCP group, the results of the tendon stretch assay
demonstrated a significant increase in the ultimate load and
stiffness of the healing tendon by the TDSC/PLGA/TCP
composite scaffold (Fig. 6D,E, p < 0.01). Compared to
the Control group, the ultimate load and stiffness of the
healing tendon were increased by TDSCs (Fig. 6D,E, p <

0.05). Additionally, compared to the Control group, the
stiffness of the healing tendonwas increased by PLGA/TCP
(Fig. 6E, p < 0.05), although the ultimate load was mini-
mally affected (Fig. 6D).

Discussion

RCT is a kind of frequent disease in clinic, mainly de-
pending on the treatment of surgery [31]. However, with
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Fig. 4. TDSC/PLGA/TCP composite scaffold promotes tendon-bone healing, fibrocartilage mineralization and formation. (A)
Implantation of composite scaffold materials in the tendon (above) and suture (below). (B) Morphology of the tendon anastomotic site
in the RCT model was revealed by HE staining assay. Scale bar: 50 µm, magnification: ×100. (C) Morphology of the tendon-bone
anastomotic site in the RCT model was demonstrated by masson staining assay. Scale bar: 50 µm, magnification: ×100. Abbreviations:
w, week; HE, hematoxylin-eosin; RCT, rotator cuff tear. Each experiment was conducted eight times (n = 8).

increasing age, the efficacy of surgy tends to diminish [32].
The tendon, a critical component of the rotator cuff, con-
nects bone and muscle [33]. Due to poor prognosis, it
is still a clinical challenge for musculoskeletal regenera-
tion in injured tendon. Recently, the integration of en-
dogenous/progenitor stem cells with tissue engineering has
emerged as a promising approach for repairing rotator cuff
injuries [34]. Furthermore, biological scaffolds combined
with stem cells may be an effective therapy to repair rota-
tor cuff tendon-bone surface healing. The biomechanical
properties of biological scaffolds and stem cells are alike to
the native tissue [35]. In our study, TDSCs were obtained
from tendon tissue. Notably, our outcomes revealed that the
loading of TDSCs further optimized the role of PLGA/TCP
scaffold in promoting rotator cuff tendon-bone surface heal-
ing.

In recent years, extensive studies have investigated
the role of stem cells in the repair of rotator cuff injury
and tendon-bone healing [36,37]. Combined with our re-
sults, the properties of multi-directional differentiation and
stemness were identified in TDSCs. Through induction of
osteogenic, adipogenic and chondrogenic media, TDSCs
were differentiated toward osteogenesis, adipogenesis and
chondrogenesis. Furthermore, the expressions of stemness-
related genes (OCT-4, SSEA-4, and nucleostemin) were
positive. TDSCs promote tendon growth, maintenance, and
repair [38]. At the rotator cuff repair site, the number of
TDSCs in tendon is more than that in bone [39]. Addition-

ally, mesenchymal stem cells enhance tendon-bone heal-
ing in vivo [40]. However, the specific impact of TDSCs
on tendon-bone healing remains incompletely understood.
Therefore, we posit that TDSCs possess the potential to re-
pair RCT and promote tendon-bone healing.

Additionally, the increasing utilization of biological
scaffolds can enhance repair capacity in RCT [41]. In our
study, TDSCs were successfully cultured on a PLGA/TCP
scaffold, which promoted the expressions of RUNX-2 (rep-
resenting osteogenesis) and COL-2a1 (representing chon-
drogenesis) in TDSCs. PLGA scaffold, known for its fa-
vorable biocompatibility and biodegradability, is widely
applied in bone tissue engineering [42]. Particularly,
PLGA/TCP scaffold has demonstrated efficacy in repair-
ing various bone defects [43]. Furthermore, composite
scaffolds such as PLGA/TCP/phytomolecule icaritin have
been shown to promote bone regeneration in rat models
[44]. However, the specific impact of PLGA/TCP scaf-
fold on RCT remains unclear. Our findings suggest that the
PLGA/TCP scaffold could promote the multi-directional
differentiation of TDSCs, potentially enhancing rotator cuff
repair and tendon-bone healing.

Recent research has revealed that a combination of bi-
ological scaffolds and stem cells may be an effective thera-
peutic approach for repairing RCT [45]. Our outstanding
contribution in this research was that TDSC/PLGA/TCP
composite scaffold promoted RCT repair and tendon-done
healing in rabbit model by activating β-catenin signaling

https://www.biolifesas.org/


4248

Fig. 5. TDSC/PLGA/TCP composite scaffold promotes the expressions of RUNX-2, ALPL, COL-1a1, Scx, and TNC. (A–E) mRNA
expression levels of RUNX-2, ALPL, COL-1a1, Scx, and TNC in the RCTmodel were assessed by qRT-PCR, withGAPDH as the internal
reference. ++p< 0.01, +++p< 0.001 vs. Control group. ∆∆∆p< 0.001 vs. TDSC group. ωωωp< 0.001 vs. PLGA/TCP group. Each
experiment was conducted eight times (n = 8).

pathway. β-catenin is a crucial effector of the Wnt signal-
ing pathway, involving in the processes of cell prolifera-
tion and differentiation [46]. Previous research indicates
that simvastatin factor-loaded silk fibroin facilitates RCT
healing by activating the β-catenin signaling pathway [25].
Inhibition of Wnt/β-catenin signaling delays the healing of
rotator cuff injuries [46]. Additionally, galectin-3 promotes
osteogenic differentiation of precursor cells by increasing
β-catenin expression in patients with skeletal hyperosto-
sis [43]. Our findings are consistent with these previous
studies, suggesting that activation of the β-catenin signal-
ing pathway by TDSC/PLGA/TCP composite scaffold may
significantly impact the osteogenic differentiation of TD-
SCs and RCT healing.

Furthermore, combined with our research, the
PLGA/TCP scaffold loaded with TDSCs further promoted
the reconstruction of the tendon-bone multilayer fibrous
cartilage structure and the expressions of osteogenesis-
related genes (RUNX-2, ALPL, COL-1a1) and tendon
formation-related-genes (Scx and TNC). Previous research
has shown that bone mesenchymal stem cells promote
tendon-bone healing by increasing the expression of runt-
related transcription factor 1 (RUNX-1) [47], indicating the
potential significance of these genes in rotator cuff injury.
Moreover, the TDSC/PLGA/TCP composite scaffold

promoted β-catenin expression, the invasive number of
TDSCs, and improved biomechanical properties. These
findings suggest that the TDSC/PLGA/TCP composite
scaffold may enhance RCT repair and tendon-done healing
by modulating the β-catenin signaling pathway. However,
this study lacked an in-depth analysis of the precise role of
this signaling pathway in tendon-bone healing, regulation
of related gene expression, and interaction with other
signaling pathways. Therefore, further experiments are
needed to investigate these aspects in the future.

Emerging evidence suggests that optimal treatment
strategies for healing RCT and regenerating tendon-bone
interface involve biomaterials and application of growth
factors, stem cells, and specific treatment protocols [14].
However, the translation of these therapies into clinical
practice remains slow. Furthermore, the single use of stem
cells or biological scaffolds has limitations. Stem cells are
ineffective in repairing bone defects, while biological scaf-
folds struggle to sustain cell regeneration in rotator cuff
injuries [15,48]. In our study, the combined application
of TDSCs and PLGA/TCP scaffold represents a novel ap-
proach to RCT repair. Therefore, compared to the tradi-
tional single use of stem cells or biological scaffolds, the
TDSC/PLGA/TCP composite scaffold could address these
shortcomings.
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Fig. 6. TDSC/PLGA/TCP composite scaffold promotes β-catenin expression, invasive number of TDSC, ultimate load, and
stiffness of healing tendon. (A,B) Protein blots of β-catenin in the RCTmodel were evaluated using western blot analysis, withGAPDH
as the internal reference. (C) Assessment of the invasive number of TDSC in the RCT model was conducted through dil staining assay.
Scale bar: 100 µm, magnification: ×200. (D,E) Evaluation of the ultimate load and stiffness of healing tendon in the RCT model was
conducted using Tendon stretch assay. +p < 0.05, +++p < 0.001 vs. Control group. ∆∆p < 0.01, ∆∆∆p < 0.001 vs. TDSC group.
ωωp < 0.01, ωωωp < 0.001 vs. PLGA/TCP group. Each experiment was conducted eight times (n = 8).

However, this study did not investigate themechanical
properties of the scaffold, the integration with host tissues,
and the degradation rate of the scaffold. It also did not as-

sess whether degradation products would cause inflamma-
tory or other adverse reactions. Moreover, there was a lack
of evaluation of the long-term effects and safety of stents.

https://www.biolifesas.org/


4250

In the future, it will be necessary to further explore the clin-
ical feasibility of the TDSC/PLGA/TCP composite scaffold
through clinical trials, including the assessment of clinically
relevant indicators such as range of motion, strength, and
pain.

Conclusions

In conclusion, our research revealed that the
TDSC/PLGA/TCP composite scaffold promoted the
tendon-bone healing of RCT in rabbits. Furthermore, the
combination of TDSCs and PLGA/TCP scaffold appears
to address the shortcomings of traditional RCT repair
methods.
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