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Abstract. Rotator cuff tears (RCTs) represent a common
orthopedic injury. Poor healing of the tendon-bone inter-
face (TBI) represents a notable challenge for the surgical
repair of RCTs. In the present study, silk fibroin (SF)-based
hydrogels were prepared for use in RCT repair, which were
combined with strontium (Sr)-based metal organic frame-
works (Sr/MOFs) that were loaded with or without alendronate
sodium (Aln). The efficacy of SF-based hydrogels was evalu-
ated using in vitro and in vivo experiments. The results of
the present study showed that St/MOFs exhibited regular
rod-like morphology, uniform element distribution and high
Aln-loading efficiency. SF + Sr/MOF and SF + St/MOF-Aln
hydrogels exhibited notable biocompatibility and antioxidant
activity, and enhanced the osteogenic differentiation of bone
marrow mesenchymal stem cells. In vivo, compared with the
SF and control groups, the SF + St/MOF-Aln group signifi-
cantly enhanced the maximum load and stiffness of repaired
tissues, improved bone microstructure, and promoted the
formation of more organized collagen fibers and fibrocartilage
at the TBI. Osteogenic stimulation at the TBI using St/MOFs
and Aln represents a clinically relevant strategy for improving
rotator cuff repair outcomes. The findings of the present study
provide a novel and clinically promising biomaterial-based
therapeutic strategy for enhancing TBI regeneration and
improving surgical outcomes following rotator cuff repair.
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Introduction

Rotator cuff tears (RCTs) represent a prevalent orthopedic
condition that exhibits notable morbidity and affects the quality
of life of numerous individuals, particularly the elderly (1). The
rotator cuff comprises the tendons of the teres minor, supra-
spinatus, infraspinatus and subscapularis muscles. It plays an
important role in regulating the stability and movement of the
shoulder joint, and injury to the rotator cuff may lead to pain,
weakness and impaired joint mobility (2). Treatment for RCTs
typically involves surgical repair, but the healing process after
surgery is complex and may be hindered by various factors,
including the age of the patient, fat infiltration, tear size, and
the quality of the repaired tendons and bones (3).

One of the predominant challenges in rotator cuff repair
is the poor healing ability of the tendon-bone interface (TBI),
which is important for restoring the structural and functional
integrity of the rotator cuff (4). The TBI has a unique structure
that is difficult to replicate and conventional surgery often
leads to poor healing and a high risk of re-tear (5). Metal
organic frameworks (MOFs) represent a category of porous
materials constructed from metal ions or clusters that are
connected to each other by organic ligands through coordina-
tion bonds (6). Due to their high surface area, adjustable pore
size and capacity for modification, MOFs have attracted notable
attention in the biomedical field (7). MOFs can be designed
to deliver various therapeutic agents to the site of injury in
a controlled manner (8), and can also serve as scaffolds to
promote cell adhesion, proliferation and differentiation, which
are important processes for TBI healing (9). In addition, MOFs
have been shown to serve a notable role in alleviating the local
accumulation of reactive oxygen species (ROS), which is also
considered to be important for promoting TBI repair (10-12).
Furthermore, recent studies have highlighted the ability of
MOFs to biomineralize biomolecules, offering an additional
layer of bioactive protection that further supports cellular
functions, and improves the stability and therapeutic efficacy
of encapsulated cargo (13,14).

Strontium (Sr) exhibits notable osteogenic properties that
enhance TBI healing (15,16). In the present study, a hydrogel
was prepared by combining silk fibroin (SF) and Sr-based
MOFs (Sr/MOFs) loaded with alendronate sodium (Aln)
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(St/MOF-Aln). It was hypothesized that this hydrogel would
exhibit notable osteogenic activity and promote healing at the
TBI in animal models, thus resulting in a structure closer to
the natural TBI.

Materials and methods

Preparation of MOFs. St/MOFs were synthesized using
a previously reported method (17). SrCl, - 6H,0 (0.58 g;
2.2 mmol), H,BDC (0.32 g; 1.93 mmol) and 56 ml dimeth-
ylformamide (DMF) were mixed together and stirred. This
solution was then stored in a polytetrafluoroethylene-lined
stainless-steel container at 100°C for 2 days. After cooling
to room temperature, the synthesized MOFs were filtered,
washed with DMF and vacuum-dried at 60°C.

Preparation of SF hydrogel. An SF hydrogel was prepared as
described previously (18). A silkworm cocoon was boiled in 2
10.02 M sodium carbonate solution for 1 h, and subsequently
boiled in 1 1 distilled water for 30 min. The cocoon was then
rinsed with fresh distilled water and dried at room temperature
in a culture dish for 2 days. Purified SF was dissolved in 9.3 M
lithium bromide at 70°C for 1 h, which was then filtered and
dialyzed with distilled water at room temperature for 48 h. After
being concentrated with polyethylene glycol (20,000 g/mol),
the dialysis tube was cleaned and SF was collected and stored
at 4°C. SF hydrogel was prepared by mixing 1 ml SF solution,
100 1 HRP solution (Beijing Solarbio Science & Technology
Co., Ltd.) and 65 ul hydrogen peroxide (H,O,) solution
(Shanghai Aladdin Biochemical Technology Co., Ltd.).

Sample characteristics. StYMOF morphology was character-
ized via field emission scanning electron microscopy (SEM;
Sigma 500; Zeiss GmbH) after being sputter-coated with a
thin layer of gold (19). High angle annular dark field scan-
ning transmission electron microscopy combined with energy
dispersive spectroscopy was used for elemental mapping (20).
The powder samples were dispersed in ethanol via ultra-
sonication (40 kHz for 5 min at 25°C) and drop-cast onto a
carbon-coated copper grid prior to observation. The X-ray
diffraction (XRD) pattern was recorded on an equipped X-ray
diffractometer (D8 Discover; Bruker Corporation) (21). To
determine the optimal MOF concentration, a series of MOF
suspensions with varying concentrations (200, 300, 400, 500,
600, 700 and 800 pg/ml) were prepared. The concentration of
Sr from these different groups was evaluated at predetermined
time points (days 1, 4, 7, 14 and 21) using inductively coupled
plasma mass spectrometry (ICP-MS) (iCAP RQ; Thermo
Scientific; Thermo Fisher Scientific, Inc.) (22).

Aln loading. A total of 30.5 mM (8.2 g) Aln was dissolved in
50 ml methanol. Subsequently, 2 ml Aln solution (1.22 mM)
was mixed with 100 mg prepared Sr/MOFs and placed on a
magnetic stirrer for 48 h (37°C; 600 rpm) (23). The stirred
mixture was then transferred to a centrifuge and centrifuged
for 10 min at 12,000 x g at room temperature. This was
followed by the removal of the supernatant to obtain the centri-
fuged product. After repeated washing with deionized water
and methanol, the reactants were dried overnight in a vacuum
freeze dryer to remove the solvent and subsequently stored at

room temperature for further experiments. The success of Aln
loading was confirmed via high-performance liquid chroma-
tography (HPLC) (1260 LC system; Agilent Technologies,
Inc.). The chromatographic separation was performed at a
column temperature of 40°C using an ACQUITY UPLC
HSS T3 column (1.8 ym, 2.1x100 mm; Waters Corporation).
The mobile phase consisted of solvent A (10 mM ammonium
acetate containing 0.1% formic acid) and solvent B (acetoni-
trile) at a flow rate of 0.300 ml/min, with a sample injection
quantity of 10.0 ul. A total of 400 pg/ml St/MOF-Aln was
dissolved in distilled water and HPLC analysis was performed
at different time points (0, 4, 14, 15 and 18 min) to detect the
sustained release of Aln.

Isolation and culture of bone marrow mesenchymal stem
cells (BMSCs). Following induction of anesthesia with
4% isoflurane, which was maintained with 2% isoflurane,
6 female Sprague Dawley (SDa) rats (age, 3-4 weeks; weight,
40-60 g; Charles River Laboratories, Inc.) were euthanized by
cervical dislocation. The animals were housed in a controlled
environment with a temperature of 22+2°C, relative humidity
of 50+10% and under a 12-h light/dark cycle. The rats were
provided ad libitum access to standard rodent chow and water
throughout the duration of the study. Primary rat BMSCs were
subsequently isolated from the femoral and tibial bone marrow
cavities of euthanized rats (24). BMSCs were cultured in a
complete culture medium comprising DMEM (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 1% penicillin-strep-
tomycin (Gibco; Thermo Fisher Scientific, Inc.) and 10% fetal
bovine serum (Wisent Biotechnology). BMSCs were cultured
in an incubator at 37°C with 5% CO, and the culture medium
was changed every 3 days. The BMSCs were obtained for the
present study only.

Cell proliferation. Firstly, 96-well plates were pre-coated
with 50 ul/well of the respective hydrogels (SF, SF + St/MOF
and SF + Sr/MOF-Aln) and incubated at 37°C for 24 h.
Subsequently, the wells were washed with a PBS solution.
Primary BMSCs (passage 3) were then harvested, and a total
of 1x10° BMSCs were added to each well corresponding
to the different treatment groups and cultured at 37°C in
a 5% CO, incubator. The culture medium was changed on
days 1, 3 and 5. Subsequently, the original culture medium
was discarded and the cells were incubated with culture
medium containing 10% Cell Counting Kit-8 (CCK-8) solu-
tion (Abbkine Scientific Co., Ltd.) for 1 h at 1, 4 and 7 days
of culture. Following this incubation, 100 ul culture medium
was taken from each well and added to a new 96-well plate,
after which, optical density values were detected using a
microplate reader (Model 680; Bio-Rad Laboratories, Inc.)
at 450 nm absorbance (25).

Cytotoxicity assay. BMSCs were seeded into 96-well plates,
which were pre-coated with SF hydrogel at 37°C for 24 h, at
a density of 1x10? cells/well. After 48 h of incubation at 37°C,
the cell survival rate was measured using the Calcein AM/PI
dual staining kit (cat. no. C2015S; Beyotime Biotechnology)
according to the manufacturer's instructions. The culture
medium was replaced with a working solution and incubated
at 37°C with 5% CO,. Subsequently, an inverted fluorescence
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microscope (MF53-N; Guangzhou Micro-shot Technology
Co., Ltd.) was used to observe the cells and capture images.

Measurement of intracellular ROS. BMSCs were seeded
into 96-well plates, which were pre-coated with SF hydrogel
at 37°C for 24 h, at a density of 1x10° cells/well. Subsequently,
100 uM H,0, was added to the culture medium and cells were
stimulated at 37°C for 24 h, whereas cells in the control group
were cultured in normal medium without H,O, treatment.
Cells were incubated with a 2'7'-dichlorodihydrofluorescein
diacetate (DCFH-DA) probe (Beyotime Biotechnology)
at 37°C in 5% CO, for 20 min and ROS levels were measured
according to the manufacturer's instructions. Fluorescence
images were obtained for each group using an inverted
fluorescence microscope (MF53-N; Guangzhou Micro-shot
Technology Co., Ltd.).

In vitro osteogenic test. To determine whether MOF-based
hydrogels promoted osteogenesis, alkaline phosphatase
(ALP) activity (at weeks 1 and 2) and extracellular-matrix
mineralization (at weeks 2 and 3) were evaluated using ALP
(cat. no. P0321S; Beyotime Biotechnology) and Alizarin Red
staining kits (cat. no. C0148S; Beyotime Biotechnology),
respectively, according to the manufacturer's instructions.
For quantification, a total of 100 ul of the respective reaction
solution from each sample was transferred to a new 96-well
plate. Subsequently, a microplate reader (Model 680; Bio-Rad
Laboratories, Inc.) was utilized to measure the absorbance
at 410 nm for ALP activity and 560 nm for mineralization.

Reverse transcription-quantitative PCR (RT-gPCR). BMSCs
were seeded into 96-well plates pre-coated with SF hydrogel
at 37°C for 7 days. Total RNA was extracted from cells using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. cDNA was
synthesized from 500 ng total RNA using the PrimeScript™
RT Reagent Kit (Takara Bio, Inc.) according to the manu-
facturer's protocol. Subsequently, qPCR was performed
using SYBR Green Master Mix (Takara Bio, Inc.) on a
StepOnePlus™ Real-Time PCR System (Applied Biosystems;
Thermo Fisher Scientific, Inc.) to detect the expression levels
of runt-related transcription factor 2 (Runx2), osteocalcin
(OCN), collagen type I al chain (COL1A1) and collagen
type II al chain (COL2A1). The primers used are presented
in Table I. The amplification protocol consisted of an initial
denaturation step at 95°C for 30 sec, followed by 50 cycles
of denaturation at 95°C for 5 sec and amplification at 60°C
for 30 sec. GAPDH was used as the internal reference gene.
All reactions were conducted in triplicate and relative gene
expression levels were calculated using the 224 method and
normalized to the control group (26).

Surgical treatment of the rat RCT model. A rat RCT model was
established to evaluate the ability of MOF-based hydrogels to
promote RCT repair in vivo according to a previously described
method (27). In the present study, 48 female SDa rats (age,
4-5 months; weight, 300-350 g; Charles River Laboratories,
Inc.) were randomly divided into the following four groups:
i) Control group (n=12); ii) SF group (n=12); iii) SF + St/MOF
group (n=12); and iv) SF + St/MOF-Aln group (n=12). This
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Table I. Primers used for reverse transcription-quantitative
PCR.

Primer Sequence, 5'-3'
GAPDH

F GGAATCCACTGGCGTCTTCA

R GGTTCACGCCCATCACAAAC
Runx2

F CCACAGAGCTATTAAAGTGA

R AACAAACTAGGTTTAGAGTCATCAAGC
OCN

F GGTGCAGACCTAGCAGACACCA
R AGGTAGCGCCGGAGTCTATTCA
COLI1A1

F GCATCAGGGTTTCAGAGCA

R CGTTGGGTCATTTCCACAT
COL2A1

F CCCCTGCAGTACATGCGG

R CTCGACGTCATGCTGTCTCAAG

COL1AL1, collagen type I al chain; COL2A1, collagen type II ol
chain; F, forward; OCN, osteocalcin; R, reverse; Runx2, runt-related
transcription factor 2.

sample size was consistent with previously reported studies on
rat models of RCT and TBI healing (28,29). The allocation
of rats to each group was concealed using opaque envelopes
to ensure that the researchers conducting the experiment
were blinded to group assignments, preventing any bias in the
outcome assessment.

Initially, rats were anesthetized with isoflurane (induction,
4%; maintenance, 2%). Subsequently, the deltoid muscle was
exposed under sterile conditions and incised to access the
supraspinatus muscle. The supraspinatus tendon was then
carefully dissected from its insertion site on the humeral
bone using a surgical blade. A tunnel was drilled into the
greater tubercle of the humerus and, for experimental groups,
the relevant hydrogel was inserted into the tunnel. Finally,
the supraspinatus tendon was secured back to the greater
tubercle using a non-absorbable suture. Rats in the control
group underwent simple suturing of the supraspinatus tendon
to the humerus without the addition of any hydrogel. Rats in
the SF group were subject to suturing with the incorporation
of SF hydrogel at the interface. Similarly, the SF + St/MOF
group received suturing with the addition of the SF + St/MOF
hydrogel at the interface, whereas the SF + St/MOF-Aln
group were sutured with insertion of the SF + St/MOF-Aln
hydrogel at the interface. Rats were administered aspirin
(100 mg/kg; once daily postoperatively for 3 days) via oral
gavage to manage pain (30).

The rats were housed in a controlled environment that was
maintained at a temperature of 22+2°C, relative humidity of
50+10% and subject to a 12-h light/dark cycle. All rats were
provided ad libitum access to standard rodent chow and
water throughout the duration of the study. Rats exhibiting
signs of notable weight loss (>20% baseline body weight),
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an inability to move or infection were humanely euthanized
immediately. After 8 weeks, the rats were sacrificed by
cervical dislocation under anesthesia, which was induced
with 4% isoflurane and maintained with 2% isoflurane.
Of these, 6 rats per group were allocated for micro-MRI,
micro-CT and biomechanical testing, whereas samples from
the remaining 6 rats per group were used exclusively for
histological analysis.

Micro-MRI evaluation. Imaging of the supraspinatus
tendon-bone complex was performed using a 9.4 T BioSpec
94/30 MRI scanner and positron emission tomography insert
(Bruker Corporation). Image acquisition and reconstruction
were processed using ParaVision software (version 6.0.1;
Bruker Corporation). MRI images of each sample were
independently evaluated and graded by two radiologists who
were both blinded to the group allocation of the animals.
MRI images of the supraspinatus tendon-bone complex were
assessed using a semi-quantitative grading system, which
included the following three parameters: i) Signal intensity;
ii) tendon thickness; and iii) tendon retraction. The detailed
grading criteria for sample signal intensity, tendon thickness
and tendon retraction are provided in Table SI (31). To ensure
the reliability of MRI scoring, inter- and intra-observer consis-
tency were evaluated by calculating the intraclass correlation
coefficient based on the assessments of two independent,
blinded observers.

Micro-CT evaluation. Imaging of shoulder joint samples
was performed using a micro-CT system (Quantum GX2;
PerkinElmer, Inc.) with a scanning resolution of 18 ym at a
voltage of 50 kV and a current of 100 pA. Image reconstruc-
tion and analysis were performed using the Quantum GX2
software (version 2.0; PerkinElmer, Inc.). The parameters
analyzed included bone volume/tissue volume (BV/TV) and
bone mineral density (BMD), which were quantified according
to a previously described method (32).

Biomechanical testing. Samples of the supraspinatus
tendon-humerus complex were collected from SDa rats for
biomechanical testing using a universal testing machine
(UTM6104; Shenzhen SUNS Technology Co. Ltd.) (27).
The maximum load (N) and load deformation curve at the
time of failure were recorded. The stiffness (N/mm) of each
specimen was determined by the slope of the linear region
of the load deformation curve until the point of maximum
load failure (33). Biomechanical parameters were intention-
ally reported without normalization to the cross-sectional
area of the samples, as successful TBI healing is typically
accompanied by an increase in tissue volume; therefore,
non-normalized values more accurately reflect the functional
repair outcome (33).

Histopathological observation. On the day of sacrifice in
week 8, supraspinatus TBI samples from each group were
fixed in 4% neutral buffered formalin at room temperature
for 48 h. Following dehydration, the samples underwent
decalcification for ~60 days. Subsequently, specimens were
vertically sectioned and embedded in paraffin wax to obtain
tissue blocks with a thickness of ~5 ym using a Leica SP1600

microtome (Leica Microsystems, Inc.). Tissue sections were
stained with toluidine blue at room temperature for 5 min to
evaluate morphological changes in newly formed fibrocarti-
lage (33). Additional sections were stained with hematoxylin
and eosin (H&E) at room temperature for 5 min to assess the
maturation of the repaired rotator cuff tissues. Images were
captured using a light microscope (Leica TCS SP2; Leica
Microsystems, Inc.). Finally, tendon maturation scores were
determined using a modified scoring system adapted from a
previous study (28). Specifically, this system evaluates five
distinct histological parameters: Cellularity, vascularity, conti-
nuity, fibrocartilage and tidemark. Each parameter is graded
on a scale of 0 to 4, yielding a cumulative total score with a
maximum possible value of 20 for each sample.

Statistical analysis. All data in the present study were
analyzed using SPSS 17.0 statistical software (SPSS, Inc.).
Continuous data are presented as the mean + standard
deviation, and comparisons between groups were conducted
via one-way ANOVA followed by Tukey's post hoc test.
Categorical data, such as the histological maturation scores
and semi-quantitative MRI scores, are presented as the
median and interquartile range, and were evaluated using
the non-parametric Kruskal-Wallis test followed by Dunn's
post hoc test for multiple comparisons. All experiments were
independently repeated three times to ensure the reliability of
the results. P<0.05 was considered to indicate a statistically
significant difference.

Results

Characteristics of MOFs. In order to obtain information
regarding the microstructure of St/MOFs, both St/MOF and
Sr/MOF-Aln were analyzed by SEM, as shown in Fig. 1A.
Sr/MOFs were found to be rod-shaped, indicating that
they exhibited notable crystalline morphology. Elemental
mapping illustrated the uniform distribution of each element
detected within the St/MOFs. When loaded with Aln, the
phosphorus signal of St/MOFs markedly increased, indi-
cating that the loading of Aln onto MOFs was successful
(Fig. 1A). The XRD pattern of the synthesized St/MOFs also
reflected a notable crystal structure, indicating that func-
tional MOFs had been successfully synthesized (Fig. 1B).
Upon loading with Aln, no shifts in diffraction peaks were
observed. However, observed changes in the Bragg reflec-
tance intensity ratio may have been caused by variations in
interatomic distance and bond angle or the preferential orien-
tation of Aln particles. The ICP-MS results demonstrated a
general concentration-dependent increase in Sr ion release
as the St/MOF concentration rose from 200 to 700 pg/ml.
For visual conciseness, only the statistical comparisons
between the higher concentration groups (600 vs. 700 pug/ml
and 700 vs. 800 ug/ml) are explicitly indicated in Fig. 1C.
Specifically, significant differences were observed between
the 600 and 700 pg/ml groups at days 1, 4,7 and 21. Notably,
there was no statistical difference in Sr ion release between
the 700 and 800 pg/ml groups at days 1, 4, 7, 14 and 21,
indicating that the ion release reached a distinct plateau
at concentrations above 700 pyg/ml (Fig. 1C). Therefore, a
MOF concentration of 700 yg/ml was selected for use in
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Figure 1. (A) Scanning electron microscopy and corresponding elemental mapping of Sr/MOF and St/MOF-Aln. (B) X-ray diffraction patterns of St/MOF
and Sr/MOF-Aln. (C) Inductively coupled plasma mass spectrometry analysis of Sr ion concentration at different St/MOF concentrations. (D) Cumulative
release of Sr** ions from 700 pg/ml St/MOF was measured at different time points over a 21-day period. (E) Cumulative release of Aln from St/MOF-Aln was

Eres

measured at different time points over a 21-day period. “P<0.01 and

P<0.001. Aln, alendronate sodium; a.u., arbitrary units; MOF, metal organic framework;

N, nitrogen; Na, sodium; ns, no statistically significant difference; O, oxygen; P, phosphorus; ppb, parts per billion; Sr, strontium.

SF hydrogels in later experiments. HPLC results revealed
that MOFs loaded with Aln exhibited the same pattern of
peaks as Aln, indicating that the MOFs were successfully
loaded with Aln (Fig. S1). Further analysis indicated that the
drug loading capacity of St/MOFs with Aln reached 39%
(data not shown). Subsequently, Sr** ion release was detected
via HPLC. The cumulative release of Sr?* ions increased
progressively over the 21-day period, with larger increases
in cumulative release observed on days 14 and 21 compared
with earlier time points (Fig. 1D). The cumulative release
of Aln from Sr/MOF-Aln also increased over the 21-day
period; however, this release became more gradual at later
time points compared with earlier time points (Fig. 1E).

Hydrogel promotes osteogenic differentiation of BMSCs
in vitro. The osteogenic properties of the SF + St/MOF group
were investigated by measuring the ALP activity of BMSCs.
The present study found that ALP staining increased in inten-
sity between 1 and 2 weeks, demonstrating that the degrees of
mineralization and osteogenic differentiation increased with
time (Fig. 2A). In addition, compared with in the SF group, the
ALP activity of BMSCs in the SF + St/MOF group significantly
increased after 1 and 2 weeks of co-culture, and ALP activity
in the SF + St/MOF-Aln group was significantly higher than
the SF + St/MOF group after 2 weeks (Fig. 2B). In addition,
the mineralization activity was evaluated to detect osteogenic
differentiation status in weeks 2 and 3, with the staining
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Figure 2. (A) ALP staining of BMSCs after co-culture with hydrogels for 1 and 2 weeks. (B) Quantification of ALP activity at 1 and 2 weeks. (C) Alizarin Red
staining of BMSCs to detect extracellular matrix mineralization after co-culture of cells with hydrogels for 2 and 3 weeks. (D) Quantitative mineralization
analysis. (E) Relative mRNA expression levels of Runx2, OCN, COL1A1 and COL2A1 in different experimental groups. (F) Analysis of cell proliferation via
Cell Counting Kit-8 assay after co-culture of BMSCs with hydrogels for 1, 4 and 7 days. (G) Live/dead staining of BMSCs using Calcein AM/PI following
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oxygen species. "P<0.05, “"P<0.001 and "“P<0.0001. Aln, alendronate sodium; ALP, alkaline phosphatase; BMSCs, bone marrow mesenchymal stem cells;
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intensity of cells gradually increasing over time (Fig. 2C).  higher mineralization degree in the SF + St/MOF group at
Furthermore, quantitative analysis confirmed a significantly  both time points, as evidenced by the increased OD values
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Figure 3. (A) Representative image of the experimental setup for biomechanical testing of the supraspinatus tendon-humerus complex. (B) Maximum load and
(C) stiffness values of the control, SF, SF + St/MOF and SF + St/MOF-Aln groups. ““P<0.001 and “*"P<0.0001. Aln, alendronate sodium; MOF, metal organic

framework; SF, silk fibroin; Sr, strontium.

(Fig. 2D). Additionally, the SF + St/MOF-Aln group exhibited
denser mineral nodules and significantly higher mineraliza-
tion levels compared with in the SF + St/MOF group at both
time points. Furthermore, the expression levels of Runx2,
OCN and COL1A1 gradually increased across the three
experimental groups (Fig. 2E). Specifically, the SF + St/MOF
group exhibited significantly increased gene expression levels
compared with the SF group, whereas the SF + St/MOF-Aln
group demonstrated the highest expression levels. By contrast,
COL2AL expression remained consistent across all treatment
groups, demonstrating no statistically significant differences.

Biocompatibility of hydrogel. According to CCK-8 assay
results, compared with in the SF group, the SF + St/MOF and
SF + St/MOF-Aln groups demonstrated no significant differ-
ences in proliferation rate after incubation for 1, 4 and 7 days
(Fig. 2F). Additionally, according to the results of calcein
AM/PI staining, no notable differences in cell survival
rate were observed between groups after 48 h of treatment
(Fig. 2G).

Antioxidant properties of hydrogels. The present study
subsequently investigated whether SF + St/MOF or SF +
St/MOF-Aln could reduce the increase in ROS caused by H,0,.
Analysis of DCFH-DA staining revealed that the proportion
of cells that stained positive for ROS following H,0O, treat-
ment were increased compared with in the untreated control
group. In addition, compared with the H,O, + SF group, the
relative number of BMSCs that stained positively for ROS
was markedly reduced in the H,0, + SF + St/MOF and SF +
St/MOF-Aln groups (Fig. 2H).

Biomechanical testing. Biomechanical testing of the collected
SDa rat supraspinatus tendon-humerus complexes was
performed via a universal testing machine (Fig. 3A). After
8 weeks of rotator cuff tendon repair, the maximum load
values in the SF + St/MOF and SF + St/MOF-Aln groups were
significantly increased compared with in the control group
(Fig. 3B). The stiffness of rotator cuffs across the four groups
also showed similar results; the stiffness values gradually
increased from the control group to the SF + St/MOF-Aln
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Figure 4. (A) Representative micro-MRI images of the supraspinatus tendon-bone complex and (B) MRI scores in the control, SF, SF + St/MOF and SF +
St/MOF-Aln groups, with higher scores indicating poorer healing. (C) Representative micro-CT images of new bone formation close to the hydrogel implanta-
tion site. Quantitative analysis of (D) BV/TV and (E) BMD. "P<0.05, “P<0.01, ““P<0.001 and "*"P<0.0001. Aln, alendronate sodium; BMD, bone mineral
density; BV/TV, bone volume/tissue volume; MOF, metal organic framework; SF, silk fibroin; Sr, strontium.

group, and a significant difference was observed between
the control group and the SF + St/MOF group (Fig. 3C). In
addition, a significant increase in rotator cuff stiffness was
observed between the control group and the SF + St/MOF-Aln

group.

Imaging evaluation. A total of 8 weeks after rotator cuff
surgery, rats were examined using a micro-MRI system to
observe the healing of the TBI (Fig. 4A). Subsequently, CT
imaging of rat shoulder joints was used to examine bone repair
at the TBI (Fig. 4C). Analysis of the regeneration status of
tendons was evaluated using an MRI scoring system, in which
higher MRI scores corresponded with poorer TBI healing. The
control group scored the highest, followed by the SF and SF
+ St/MOF groups, whereas the SF + St/MOF-Aln group had
the lowest MRI score (Fig. 4B). Notably, compared with in the
control group, the MRI scores of the SF + St/MOF and SF +
Sr/MOF-Aln groups were significantly decreased. However,
the difference between the SF group and the control group was
not statistically significant, and no significant differences were
observed among the three treatment groups (SF, SF + St/MOF
and SF + St/MOF-Aln) (Fig. 4B). Micro-CT images were
used to generate 3D reconstructions of the humerus bones
of rats in order to evaluate the growth of new bone tissue in

each treatment group. There was no statistically significant
difference in BV/TV and BMD between the control group and
the SF group (Fig. 4D and E). However, the BV/TV and BMD
values of the SF + St/MOF group were significantly increased
compared with in the control group and the BMD of the SF +
Sr/MOF-Aln group was significantly increased compared with
the SF + St/MOF group, which indicated that the loading of
Sr/MOFs with Aln was therapeutically effective.

Histological analysis. In order to observe the microstructure
after surgery, the local tissues were stained and analyzed. H&E
staining indicated that collagen fibers in the SF + St/MOF-Aln
group appeared to be more organized compared with the other
treatment groups (Fig. 5A). According to tendon maturation
score, the SF + St/MOF group showed a significant increase
in tendon maturity 8 weeks after RCT surgery compared with
in the control group (Fig. 5B). Toluidine blue staining was
used to evaluate newly formed fibrocartilage, as shown in
Fig. 5C. While cartilage matrix deposition was limited in the
control group, the SF + St/MOF and SF + St/MOF-Aln groups
exhibited a robust and continuous fibrocartilage layer. After
8 weeks, the fibrocartilage area of the SF + St/MOF and SF
+ St/MOF-Aln groups was significantly increased compared
with the control group (Fig. 5D). These results indicated
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Figure 5. (A) H&E staining of supraspinatus tendon-humerus complex sections (arrows indicate the arrangement of collagen fibers). (B) Tendon maturation
scores. (C) Toluidine blue staining of tissue sections for fibrocartilage detection (arrows indicate the newly formed fibrocartilage). (D) Quantitative analysis
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MOF, metal organic framework; SF, silk fibroin; Sr, strontium.

that, compared with in the other treatment groups, the SF +
St/MOF-Aln group may have demonstrated an improved
ability to repair RCTs.

Discussion

In the present study, an SF-based hydrogel was prepared and
combined with Sr/MOFs loaded with or without Aln for use
in RCT repair. The therapeutic efficacy of different hydrogel
treatments was validated through comprehensive in vitro and
in vivo evaluations.

Sr/MOFs exhibited a clear rod-shaped morphology,
uniform element distribution and stable crystal structure, as
well as high Aln-loading efficiency and controlled Sr** ion
release. In vitro experiments revealed that SF + St/MOF and SF
+ St/MOF-Aln hydrogels exhibited notable biocompatibility,
enhanced osteogenic differentiation and demonstrated marked
antioxidant activity. The results of the present study suggested
that SF + St/MOF hydrogels may have primarily mediated
RCT repair by influencing osteogenesis and fibrocartilage

formation rather than chondrogenesis. Therefore, these results
highlighted the functional impact of St/MOF-Aln in enhancing
bone regeneration at the TBI.

In vivo, compared with in the SF and control groups, the
SF + St/MOF-Aln group achieved higher maximum load and
stiffness, improved bone microstructure, and enhanced organi-
zation of collagen fibers and fibrocartilage at the TBI. Several
studies have investigated the use of Sr-based biomaterials and
drug-loaded systems for promoting TBI healing (29,34,35). The
present study offers unique insights by integrating St/MOFs
with a SF hydrogel. The present study was, to the best of our
knowledge, the first study to apply St/MOFs for RCT repair
and the results supported the efficacy of St/MOFs in promoting
TBI healing by utilizing the notable osteogenic properties
of MOFs and Sr** ions. In vitro, Sr** ions were continuously
released from St/MOF for 21 days, preventing sudden ion
release and ensuring sustained osteogenic stimulation. In vivo,
this sustained release is transformed into enhanced growth of
new bone and formation of fibrocartilage at the TBI (36). The
osteogenic effect of Sr has been fully supported by previous
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studies (15,16). Sr** ions can activate the Smad/Runx?2 signaling
pathway and upregulate osteogenic gene expression. Other
studies (37,38) have confirmed the ability of Sr to balance the
activity of osteoblasts and osteoclasts, which is necessary for
preventing bone resorption at the repair site. Additionally, Sr
exerts notable antioxidant effects by mitigating ROS-related
damage, particularly in contexts relevant to musculoskeletal
tissue repair (10,12), which is important for TBI healing (11).

MOFs have demonstrated considerable therapeutic advan-
tages when compared with traditional drug carriers in RCT
repair. The high porosity and notable specific surface area of
MOFs have been shown to facilitate their high drug-loading
capacity and adjustable release kinetics (39), and MOFs have
been reported to maintain their crystal structure under physi-
ological conditions (39). In addition, MOFs have been shown
to lack cytotoxicity towards mammalian cells, which is consis-
tent with the in vitro biocompatibility results observed in the
present study (40).

Gao et al (29) explored the ability of Sr-doped mesoporous
bioglass nanoparticles (Sr-MBG) in electrospun fiber scaffolds
to promote healing at the TBI. The approach adopted in the
aforementioned study highlighted the immune-modulatory
effects of Sr-MBG, which promoted macrophage polariza-
tion towards the M2 phenotype, and increased the osteogenic
and chondrogenic differentiation of mesenchymal stem cells,
improving biomechanical strength at the TBI. By contrast,
the present study demonstrated that St/MOFs integrated
with SF hydrogel offer an alternative approach to TBI
healing by providing sustained Sr** ion release and bioactive
protection, similarly enhancing regeneration and improving
mechanical properties at the TBI. Additionally, Sun et al (34)
used dissolvable microneedle patches loaded with diacerein
nanoparticles to mitigate oxidative stress and promote macro-
phage polarization towards the M2 phenotype. The results
of the aforementioned study aligned with the findings of the
present study, demonstrating Sr** ion-mediated mitigation
of ROS-induced damage, enhancing tendon-bone healing.
Furthermore, Baker et al (35) explored the pharmacological
mobilization of endogenous mesenchymal stem cells for
rotator cuff repair. The findings of the aforementioned study
aligned with the findings of the present study, which showed
that St/MOF-based hydrogels could enhance cell differentia-
tion and tissue regeneration without the need for exogenous
cells, suggesting the therapeutic potential of integrating these
hydrogels with mesenchymal stem cell mobilization strategies
for synergistic effects in tendon-bone healing.

The combination of Aln and St/MOFs further enhanced
the efficacy of RCT repair. This was related to the function of
MOFs as drug carriers (39,41), which may enable localized,
sustained delivery of therapeutic agents directly to the TBI,
thereby maintaining a high local drug concentration while
minimizing dissemination to non-target tissues. In the present
study, the synergistic effect of Aln and Sr** ions facilitated
bone remodeling and improved the biomechanical strength of
regenerated bone, which was measured in vivo using micro-CT
and biomechanical tests. Yin et al (42) provided evidence that
Aln treatment in a rat RCT model of osteoporosis improved
bone microstructure and reduced the receptor activator of
NF-«B ligand/osteoprotegerin ratio, thereby inhibiting exces-
sive osteoclast activity and stabilizing the TBI. This was

consistent with the in vivo results of the present study, which
demonstrated that the SF + St/MOF-Aln hydrogel increased
bone growth compared with the SF + St/MOF group. Abdalla
and Pendegrass (43) demonstrated that bisphosphonates can
promote TBI healing by reducing bone loss at tendon attach-
ment points, which is important for preventing suture anchor
dislodgement. In addition, another study emphasized that
when released through local carriers, Aln can regulate local
bone metabolism without producing systemic side effects,
thereby addressing the limitations of systemic Aln adminis-
tration (44). In general, the aforementioned studies provided
notable evidence supporting the role of Aln in enhancing RCT
healing. The findings of the present study supported this role
by revealing the synergistic effects of Aln and St/MOFs in the
hydrogel system.

Although the results of the present study are encouraging,
there are several limitations that need to be addressed in future
research. Notably, the present study focused primarily on the
osteogenic potential of the St/MOF-Aln hydrogel and did not
assess tenogenic markers, such as scleraxis and tenomodulin,
which are important for evaluating tendon regeneration (45).
The absence of these markers from the analyses of the
present study therefore limited the elucidation of cellular
events involved in TBI healing. Although the present study
generated quantitative release profiles for both Sr** ions and
Aln over a 21-day period, a correlation analysis between ion
or drug release and biological outcomes was not performed.
Future studies should incorporate correlation analyses to
further elucidate how the release kinetics of Sr** ions and
Aln influence biological responses and to establish a clearer
material-function relationship. These analyses would provide
valuable insights into the sustained osteogenic stimulation and
therapeutic efficacy of the hydrogel system used in the present
study. Notably, the in vivo experiments of the present study were
only established over 8 weeks. However, other studies have
evaluated the effectiveness of RCT repair at 12 weeks postop-
eratively to assess long-term mechanical durability and tissue
remodeling at the TBI (29,43). Furthermore, the present study
used a healthy rat model of RCTs, but patients with RCT often
exhibit osteoporosis, which is a key risk factor for poor TBI
healing (42). Testing hydrogels in an RCT model of osteopo-
rosis is necessary to support their applicability in high-risk
groups. The present study provided new insights into RCT
repair, demonstrating that St/MOFs may not only promote
bone formation but also may load drugs to further enhance
TBI regeneration, establishing avenues for the development of
Sr/MOFs that promote TBI healing.

The present study successfully developed multifunctional
composite hydrogels by integrating St/MOFs, Aln and SF, and
systematically verified the efficacy of these hydrogels in RCT
repair at the TBI. Both in vitro and in vivo evaluations system-
atically confirmed their enhanced efficacy compared with the
control and SF-only groups in cytocompatibility, osteogenesis,
ROS scavenging and subsequent TBI regeneration. To the best
of our knowledge, the present study represented the first appli-
cation of St/MOFs in RCT repair, leveraging the synergistic
effects of Sr ions, Aln and the drug-delivery capability of
MOFs on TBI healing to address the notable challenge of RCT
treatment. The composite SF + St/MOF-Aln hydrogel provided
a novel, efficient and biocompatible strategy for promoting
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rotator cuff repair, laying a foundation for the development
of advanced biomaterials for promoting TBI regeneration and
demonstrating the promising translational potential of St/MOF
hydrogels for use in clinical orthopedic practice.
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