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ARTICLE INFO ABSTRACT
Keywords: The tendon-bone interface effectively transfers mechanical stress for movement, yet its regeneration presents
Tendon-bone interface significant clinical challenges due to its hierarchical structure and composition. Biomimetic strategies that

Tendon stem cell
Biomimetic mineralization
Hydrogel

replicate the distinctive characteristics have demonstrated potential for enhancing the healing process. However,
there remains a challenge in developing a composite that replicates the nanostructure of the tendon-bone
interface and embeds living cells. Here, we engineered a nanoscale biomimetic bilayer hydrogel embedded
with tendon stem cells for tendon-bone interface healing. Specifically, the biomimetic hydrogel incorporates
intra- and extrafibrillar mineralized collagen fibrils as well as non-mineralized collagen fibrils resembling the
tendon-bone interface at the nanoscale. Furthermore, biomimetic mineralization with the presence of cells re-
alizes living tendon-bone-like tissue constructs. In the in vivo patella-patellar tendon-interface injury model, the
tendon stem cell-laden biomimetic hydrogel promoted tendon-bone interface regeneration, demonstrated by
increased fibrocartilage formation, improved motor function, and enhanced biomechanical outcomes. This study
highlights the potential of the stem cell-laden biomimetic hydrogel as an effective strategy for tendon-bone
interface regeneration, offering a novel approach to engineering complex tissue interfaces.

1. Introduction non-mineralized fibrocartilage, mineralized fibrocartilage and bone,
displaying gradients in tissue organization, composition, and mechani-

The tendon-bone interface, a critical junction where tendon inserts cal properties [2]. In recent years, as the population ages and the culture
into the bone, plays a pivotal role in the transmission of mechanical of fitness-related activities expands, the incidence of tendon-bone in-
stress essential for motor functions [1]. It is composed of tendon, juries has become more prevalent, leading to pain, sleep disturbances,
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limited motion, and dysfunction [3]. The regeneration of fibrocartilage
is crucial for restoration of the biomechanical properties at the
tendon-bone interface function [4]. However, the clinical reconstruction
of the tendon-bone interface often fails to recapitulate the organized
structure of the native fibrocartilage and tends to form scar tissues, the
inferior mechanics of which lead to a high incidence of retears (26%-94
%) [5].

Biomimetic strategies have attracted considerable interest in the
field of complex tissue regeneration, owing to their capacity to address
the various physiological needs of different tissue types. Biomimetic
scaffolds made from synthetic, natural, and inorganic materials have
been engineered to emulate the native gradient structure and compo-
sition of the tendon-bone interface [6]. Despite significant strides, cur-
rent biomimetic scaffolds mimic the microscale features of native
tendon-bone transition zone, but do not fully reconstruct the natural
ultrastructure. A successful biomimetic strategy for interface regenera-
tion requires a deep understanding of the structure and composition of
the native tissue. As known, bone is hierarchically organized through
cross-fibrillar mineralized collagen fibrils [7]. Our previous study
revealed that the collagen fibrils in mineralized fibrocartilage undergo
partial mineralization, forming a continuous cross-fibrillar mineral
phase [8]. These findings, corroborated by the observations of Buss
et al., highlight the presence of a crossfibrillar mineral tessellation
pattern similar to that found in lamellar bone [9]. Highly aligned collage
fibrils are the most abundant component of the tendon [10]. Thus,
non-mineralized and mineralized collagen fibrils are the building blocks
for the fabrication of high-precision biomimetic scaffolds.

Collagen mineralization is an essential biological process in many
skeletal elements, such as bone and dentin. The precursor phase for bone
formation is amorphous calcium phosphate (ACP) rather than hy-
droxyapatite (HAP) [11-13]. Collagen molecules self-assemble into
collagen fibrils, with channels in the collagen fibrils’ a- and e-bands
facilitating ACP infiltration [14]. ACP can penetrate collagen fibrils and
subsequently transform into HAP crystals and propagate within and
along collagen fibrils [15]. The intrafibrillar deposition of apatite crys-
tals is believed to be synergistically coordinated by matrix
non-collagenous proteins (NCPs) [16]. To mimic the mineralized
collagen fibrils, polyelectrolytes, including polyaspartic acid (pAsp) and
polyacrylic acid, are utilized as analogs to NCPs and have demonstrated
the ability to guide the intrafibrillar mineralization of collagen fibrils in
vitro [17]. Therefore, a biomimetic mineralization strategy holds
promise for developing high-precision tendon-bone scaffolds.

Cells are the key participants in tissue regeneration. Scaffolds post-
seeded with cells in vitro oversimplify the native 3D microenvironment
found in vivo. Stem cells within a 3D culture system display cellular
behaviors that more closely replicate the patterns observed when they
are in vivo, including cell adhesion, viability, self-renewal capacity,
migratory activity, and differentiation potential [18]. Accordingly,
embedding cells within a collagen hydrogel and employing biomimetic
mineralization could provide a 3D nanoscale biomimetic microenvi-
ronment conducive to cellular function [19]. Additionally, the selection
of appropriate seed cells is essential for tissue regeneration. Compared to
the commonly used bone marrow stem cells (BMSCs) and
adipose-derived stem cells, tendon stem/progenitor cells (TSPCs) have
shown remarkable potential for tendon-bone interface repair, exhibiting
osteogenic and tenogenic capabilities, and the potential to differentiate
into fibrochondrocytes [4,20]. A previous lineage tracing study sug-
gested that enthesis fibrocartilage likely originates from the tendon
[21], highlighting TSPCs as attractive candidates for fibrocartilage
regeneration.

This study introduces a novel cell-laden biomimetic hydrogel that
resembles the nanostructure of the native tendon-bone interface. By
integrating TSPCs within biomimetic hydrogel, we aim to promote the
function and structural recovery of the tendon-bone interface, providing
new strategies for interface regeneration.
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2. Methods
2.1. Collagen hydrogel preparation

Collagen was extracted from porcine tendons. To prepare the
collagen hydrogel, acid solubilized collagen was mixed with 10 x PBS
(Gibco) and DMEM/F12 (Gibco) on ice, and the pH of the mixture was
adjusted to 7.4 using 1 M NaOH. The final concentration of collagen was
10 mg/mL. Subsequently, the hydrogel precursor was placed in a 5 %
CO4 incubator at 37 °C for 30 min to facilitate self-assembly. For the cell-
laden collagen hydrogel, DMEM/F12 containing cells were used and the
mixture was mixed thoroughly to ensure uniform distribution of cells
within the hydrogel. The other steps were as described above.

2.2. Cell isolation and culture

Tail tendon samples were harvested from Sprague-Dawley rats,
dissected into fine fragments, and enzymatic digestion with 0.2 %
collagenase type I. Single cell suspensions were then cultured in DMEM/
F12 (Gibco) supplemented with 1 % penicillin-streptomycin (PS, Gibco)
and 10 % fetal bovine serum (FBS, Gibco).

2.3. Collagen hydrogel mineralization

To prepare the mineralization medium, 3.34 mM CaCl, and 19 mM
NapHPO,4 in DMEM/F12 supplemented with 10 % FBS and 1 % PS were
mixed in equal volumes. DMEM/F12 containing polyaspartic acid
(pAsp) (10 mg/mL) was added to the CaClp-containing medium before
the addition of the NayHPO4-containing medium. The final mineraliza-
tion medium contained 1.67 mM CaCly, 240 pg/mL pAsp, and 9.5 mM
NaoHPO4. Genipin (MedChemExpress) was added to the mineralization
medium at a concentration of 0.15 mM. The collagen hydrogels were
incubated with the mineralization medium for 3 days to induce miner-
alization, during which the medium was refreshed every day.

2.4. Thermogravimetric analysis

Thermogravimetric analysis was conducted with Mettler Toledo
STARe System TGA2 (Mettler Toledo Corp.). Prior to analysis, the
samples underwent drying were dried at 37 °C for a period of 3
consecutive days. Subsequently, the samples were heated under an air
condition from room temperature to 800 °C. The mass recorded at
660 °C was considered as the total inorganic mass.

2.5. Fourier transform infrared spectroscopy analysis (FTIR)

FTIR analysis was performed using a NICOLET iS50FT-IR spec-
trometer (Thermo Scientific). The spectra were acquired with 32 scans
at a resolution of 4 cm ™! ranging from 4000~ to 400 cm™®.

2.6. Transmission electron microscopy (TEM)

Mineralized and non-mineralized hydrogels were chopped and
immersed in ice-cold 0.1 M ammonium bicarbonate. The minced
hydrogels were processed using a tissue homogenizer at a frequency of
65Hz until no visible fragments remained. The resulting homogenate
was carefully pipetted onto carbon-coated TEM grids and air dried. The
non-mineralized samples were stained with uranyl acetate. Subse-
quently, all samples were examined using TEM (JEM).

2.7. Scanning electron microscopy (SEM)

Mineralized and non-mineralized hydrogels were fixed using 2.5 %
glutaraldehyde for 1 h at room temperature, after which they were
thoroughly rinsed with distilled water. The samples then underwent a
graded series of ethanol dehydration steps, each lasting 10 min.



T. Lei et al.

Following dehydration, the samples were critical point dried, sputter
coated with Au-palladium, and observed using SEM Nova Nano 450
(Thermo FEI). Elemental analysis of the samples was performed using
EDX detector.

2.8. Cryo-scanning electron microscopy (cryo-SEM)

Quickly freeze the samples in liquid ethane, and then transfer them
from the liquid nitrogen bath to a vacuum chamber. Sublimate the
frozen samples for 10 min at —90 °C. After sublimation, sputter-coat the
frozen samples with a platinum layer to enhance their conductivity.
Transfer the samples to the Cryo-SEM stage and image them using an
accelerating voltage of 2 kV (Thermo Fisher Scientific).

2.9. Nanoindentation

The specimens were immersed in a PBS solution and then subjected
to indentation testing using a conical diamond probe with a curvature
radius of 48.5 pm. The indentation was force-controlled to achieve a
maximum indentation depth of 1000 nm. The test included loading,
holding, and unloading stages, during which the displacement (h) of the
indenter and the applied load (P) were recorded. The recorded data were
analyzed to determine the elastic modulus of the tested samples.

2.10. Stochastic optical reconstruction microscopy (STORM) imaging

The mineralized hydrogel was incubated with collagen I antibody
(abcam) overnight at 4 °C. Then, the sample was labeled with secondary
antibody and calcein (Aladdin). Data was obtained by Nikon Ti-E
inverted optical microscope and analyzed with Nikon NIS-Elements AR.

2.11. Cell viability

Cell viability was evaluated using the Calcein-AM/PI Double Stain
Kit (Yeasen Biotechnology). The assessment was conducted at 1, 4, and 7
days post-seeding in accordance with the protocol provided by the
manufacturer.

2.12. Cell morphology

The samples were fixed with 4 % paraformaldehyde and per-
meabilized with Triton X-100. Then, the samples were stained with
Phalloidin-iFluor 488 (abcam) and 4',6-diamidino-2-phenylindole
(DAPI). Fluorescent images were captured using confocal microscope
(Olympus). The sample preparation for SEM was as described above.

2.13. RNA-sequencing (RNA-seq)

For bulk RNA-seq analysis, the cell-laden hydrogels were cultured in
either mineralization or growth medium for 3 days. Total RNA was
extracted from the hydrogels with an RNA-Quick Purification Kit (ES
Science). After confirming RNA quality, reverse transcription was car-
ried out to generate DNA libraries for subsequent sequencing. The
genome sequencing was performed by Personal Biotechnology Company
(Shanghai, China) by using the Illumina Novaseq platform. The differ-
entially expressed genes (DEG) were calculated using DESeq2.

2.14. Surgical procedure

The study protocol was ethically approved by the Institutional Ani-
mal Care and Use Committee of Zhejiang University (ZJU20230256). SD
rats were randomly assigned into four groups: blank control (BC), non-
mineralized collagen hydrogel (NMCH), bilayer biomimetic mineralized
collagen hydrogel (BMCH), and bilayer biomimetic mineralized
collagen hydrogel-tendon stem/progenitor cell (BMCH-TSPC). The
BMCH and BMCH-TSPC samples are bilayer including non-mineralized
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and mineralized layer. The preparation of hydrogel was as described
above. Cell concentration of BMCH-TSPC was 3 x 10° cells/mL. Under
general anesthesia, a fenestration model was created at the interface of
patellar-tendon. The dimensions of the fenestration were precisely 1.5
mm in width and 4 mm in length, encompassing the distal 2 mm of the
patella, including its connected fibrocartilage layer, as well as an addi-
tional 2 mm of the patellar tendon. Following this, NMCH, BMCH and
BMCH-TSPC grafts were placed within the defect site. The rats were
euthanized after 2 and 4 weeks, and specimens of the quadriceps-
patella-patellar tendon-tibia complex were collected for further analysis.

2.15. Mechanical testing

Mechanical properties were evaluated using a tension/compression
system (Instron). The hind limbs of the rats were harvested and the soft
tissues surrounding the knee were removed. The quadriceps-patella-
patellar tendon-tibia complex was then securely fixed to a custom-
made clamp. An initial preload of 0.1 N was applied to pretreat each
sample with a cyclic elongation of 0-0.5 mm for 5 cycles at a speed of 5
mm/min. Subsequently, load-to-failure tests were performed with an
elongation speed of 5 mm/min to determine the mechanical properties
of the tissue. The structural properties were quantified by several pa-
rameters including stiffness (N/mm), Young’s modulus (MPa), failure
force (N), and stress at failure (MPa).

2.16. Running testing

Rats were tested on a treadmill with an acceleration of 2 m/min?,
and the running distance within 10 min was recorded.

2.17. Micro-computed tomography (Micro-CT) imaging and analysis

The samples were fixed with 4 % paraformaldehyde and subjected to
analysis using micro-CT (Milabs). The subsequent reconstruction and
quantitative analysis were conducted using Imalytics Preclinical
software.

2.18. Histology and immunofluorescence staining

The specimens were fixed in 4 % paraformaldehyde, followed by
decalcification with a 10 % ethylene diamine tetra-acetic acid solution.
The specimens were then subjected to a series of graded ethanol solu-
tions for dehydration, and embedded in paraffin. The embedded samples
were sectioned at a thickness of 5 pm for histological examination.
Hematoxylin & eosin (H&E), Safranin O-Fast Green (SO-FG), Masson,
and toluidine blue (TB) staining were performed to assess tissue
morphology and matrix deposition.

For immunofluorescent staining, the sections underwent a series of
procedure including deparaffinization, hydration, antigen retrieval, and
antibody incubation with specific antibodies as follows: COL2A1 (Pro-
teintech) and SOX9 (Abcam). Fluorescent images were captured using
confocal microscope (Olympus).

2.19. Single cell preparation and sequencing

At 2 weeks post-surgery, patella-patellar tendon specimens were
carefully extracted from the rats and rinsed with PBS. The tissues were
finely minced and subsequently subjected to enzymatic digestion (0.3 %
collagenase I (Gibco), 0.2 % collagenase II (Gibco), and 0.4 % Dispase
(Roche)) at 37 °C for 2 h. The digested tissue was filtered through a 40
pm strain. Single cell RNA sequencing (scRNA-seq) libraries were con-
structed using the GEXSCOPE® Single Cell RNA Library Kits and were
subjected to further sequencing.
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2.20. scRNA-seq data analysis

The raw data were subjected by CeleScope (Singleron Bio-
technologies) to obtain the gene expression matrix. Seurat was used for
dimension reduction and clustering. For quality control, cells with
expression levels of less than 200 genes and over 5000 genes, mito-
chondrial genes over 20 % and erythrocyte genes over 10 % were
removed. Then, data normalization, identification of highly variable
features, data scaling, dimensional reduction, and unsupervised clus-
tering were performed. Differentially expressed genes in each cluster
were identified using the FindAllMarkers function in Seurat. GO
enrichment analysis was conducted using Metascape. For pseudotime
analysis, the CytoTRACE package was used to determine the relative
differentiation state [22]. Monocle2 was used to construct the differ-
entiation trajectory. TSPCs were set as the starting point of differentia-
tion path.

2.21. Statistical analysis

Quantitative data were presented as mean + standard deviation
(SD). Statistical difference between the two groups was assessed using
Student’s t-test. Multiple group comparisons were assessed using one-
way analysis of variance (ANOVA). p values < 0.05 was considered to
be statistical significance. * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results
3.1. Characterization of the biomimetic mineralized collagen hydrogel

To replicate the natural composition of the tendon-bone interface,
we developed a bilayer biomimetic collagen hydrogel that encapsulates
the transition from non-mineralized to mineralized tissue. The fabrica-
tion process of this scaffold initially began with the formation of a
collagen hydrogel within a mold, followed by a three-day mineralization
phase to form the first layer (Fig. 1A). Then, an additional layer of
collagen mixture was carefully applied to the mold to form a second
collagen hydrogel layer and ultimately yielding a bilayer biomimetic
scaffold (Fig. 1A and B).

Thermogravimetric analysis revealed the incorporation of inorganic
components within the mineralized collagen hydrogel, which consti-
tuted approximately 30 wt% (Fig. 1C). The nanoindentation tests
showed that the elastic modulus was significantly enhanced in the
mineralized collagen hydrogel compared to the non-mineralized
collagen hydrogel (Fig. 1D). FTIR was used to analyze the chemical
composition in both non-mineralized and mineralized samples. Specif-
ically, the amide I, II, and III bands were observed in both non-
mineralized and mineralized samples, confirming the characteristic
absorption peaks indicative of collagen (Fig. 1E). Furthermore, the
mineralized collagen exhibited distinctive peaks that are indicative of
the presence of apatitic phosphate (Fig. 1E). Furthermore, TEM and SEM
imaging were used to characterize the nanoscale structure. The non-
mineralized collagen exhibited a typical banding pattern (Fig. 1F). The
mineralized collagen displayed fibrils with partial mineralization, where
mineral crystallites were observed both intra- and extrafibrillarly
(Fig. 1F). STORM further confirmed intrafibrillar mineralization of
collagen (Fig. 1I). Selected area electron diffraction (SAED) analysis of
these mineralized fibrils showed characteristic broad arcs corresponding
to the (002) and (211) planes, which are consistent with the hexagonal
crystal form of hydroxyapatite (Fig. 1F). Cryo-SEM imaging further
revealed that both non-mineralized and mineralized collagen possessed
a fibrillar structure with porosity (Fig. 1G). Notably, the non-
mineralized fibers had a smooth surface, in contrast to the rough sur-
face of mineralized fibers (Fig. S1). EDX profiling of the mineralized
specimens confirmed the existence of calcium (Ca) and phosphorus (P)
within the matrix (Fig. 1H).
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3.2. Biological properties of the biomimetic mineralized collagen hydrogel

In order to engineer the cell-laden collagen hydrogel, cells were
encapsulated in the collagen hydrogel and exposed to the mineralization
medium or growth medium (Fig. 2A). The live/dead cell staining was
employed to evaluate cell viability at 1, 4, and 7 days post-culture,
which consistently indicated high biocompatibility of the hydrogel
(Fig. 2B). Cells embedded in non-mineralized hydrogel exhibited
spindle-shaped morphology, while cells displayed more spread and
more filopodia in mineralized hydrogel (Fig. 2C). To explore the effects
of mineralization on cell behavior, TSPCs embedded in hydrogels were
treated with mineralization medium or growth medium for 3 days. RNA-
seq analysis was subsequently conducted to elucidate the comparative
gene expression profiles between the two groups. Principal component
analysis (PCA) and correlation analysis demonstrated significant dif-
ferences between these two groups (Fig. 2D and E). Notably, genes
associated with osteogenic and chondrogenic differentiation were
significantly upregulated in the mineralized group (Fig. 2G). Gene
ontology (GO) enrichment analysis of the upregulated genes in miner-
alized group showed an enrichment of biological processes associated
with mineralization and chondrogenesis (Fig. 2H). Overall, these results
indicated that biomimetic mineralized collagen could induce the
osteochondral differentiation of TSPCs, highlighting the potential of our
hydrogel system in mimicking the native tendon-bone interface.

3.3. Evaluation of function and histological recovery

To evaluate the effects of scaffolds on tendon-bone interface repair in
vivo, a rat model of patella-patellar tendon-interface injury was estab-
lished (Fig. 3A). Rats were randomly assigned to four groups: BC,
NMCH, BMCH, and BMCH-TSPC. Functional recovery is the primary
purpose of repair. To evaluate motor ability, rats were tested on a
treadmill at 2 and 4 weeks post-surgery. The BMCH-TSPC group showed
a significant increase in running distance compared to the NMCH and BC
groups at both time points (Fig. 3B). The most notable difference was
observed after 4 weeks in comparison to the other three groups (Fig. 3B).
At 4 weeks post-surgery, biomechanical assessments were conducted to
assess the healing quality of the tendon-bone interface. The biome-
chanical properties, including stiffness and elastic modulus, were
notably enhanced in the BMCH-TSPC group as compared to the BC
group (Fig. 3C). Furthermore, the BMCH-TSPC group exhibited signifi-
cantly higher maximum load and tensile stress compared to both the
NMCH and BC groups (Fig. 3C). Taken together, these results demon-
strated that BMCH-TSPC effectively promotes enhanced recovery of
motor function and mechanical properties after tendon-bone interface
injury.

To evaluate the tissue microstructure after recovery, micro-CT and
histological analyses were performed. The micro-CT imaging of the
patella revealed enhanced new bone regeneration at the tendon-bone
interface for both the BMCH-TSPC and BMCH groups, in contrast to
the NMCH and BC groups (Fig. 3D). Quantitative analysis confirmed that
the bone volume to total volume ratio (BV/TV) was markedly elevated
in the BMCH-TSPC group relative to the NMCH and BC groups (Fig. 3E).
Furthermore, the CT density within the BMCH-TSPC group was signifi-
cantly greater than in the other three groups, and the BMCH-TSPC group
exhibited the lowest trabecular spacing (Tb.Sp.) (Fig. 3E).

H&E staining and Masson staining revealed reduced fibrovascular
tissue, inflammatory cell infiltration, and disorganized fibers and more
collagen deposition in the BMCH-TSPC group compared to the NMCH
and BC groups (Fig. 4A). In addition, an abundance of chondrocytes was
observed in BMCH-TSPC and BMCH groups (Fig. 4A). As expected, the
total histologic score of BMCH-TSPC group was the lowest among
different groups (Fig. 4C). SO-FG staining and TB staining further sub-
stantiated the formation of fibrocartilage in the BMCH-TSPC group, with
a significantly larger metachromasia area compared to the other three
groups (Fig. 4A and C). Immunofluorescence staining revealed that
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Fig. 1. Fabrication and characterization of the biomimetic hydrogel. (A) Schematic illustration of the biomimetic hydrogel fabrication process. (B) Optical and
Alizarin red staining images of the bilayer collagen hydrogel. Scale bar = 1 mm. (C) Thermogravimetric analysis of the mineralized collagen hydrogel and non-
mineralized collagen hydrogel. (D) Elastic modulus of the mineralized and non-mineralized collagen hydrogel. (E) FTIR spectra of the mineralized and non-
mineralized collagen hydrogels. The green dashed line represented the peak position of amide I, II, and III. The orange dashed line represented the peak position
of apatitic phosphate. (F) TEM images and SAED of mineralized and non-mineralized collagen. Scale bar = 1 pm (left), 200 nm (right). (G) Cryo-SEM images of

mineralized and non-mineralized collagen. Scale bar = 5 pm (left), 3 pm (right). (H) EDX spectra of mineralized and non-mineralized collagen. (I) STORM image of
the mineralized collagen fibrils. Scale bar = 100 nm. Non-min, non-mineralized. Min, mineralized.
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increased COL2 and SOX9 expression in the BMCH-TSPC group, further 3.4. Analysis of repair effects induced by BMCH-TSPC using single cell

confirming fibrocartilage formation (Fig. 4B). Overall, these results transcriptome

suggested the potent reparative capabilities of BMCH-TSPC, promoting

both new bone formation and fibrocartilage regeneration, thereby To further elucidate the molecular mechanisms driving the regen-
enhancing the recovery of the tendon-bone interface in vivo. erative repair process in the BMCH-TSPC group, scRNA-seq was used to
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Fig. 3. Cell-laden biomimetic hydrogel promoted functional recovery and new bone formation. (A) Schematic depicts the cell-laden biomimetic hydrogel for tendon-
bone interface healing. (B) Running distances of rats at 2 and 4 weeks post-surgery. (C) Biomechanical tests of the repaired interface tissues from different groups at 4
weeks post-surgery. (D) Representative micro-CT images of different groups. Sagittal and coronal-sections, along with 3D reconstruction of micro-CT images, from
the specified region of different groups. Scale bar = 1 mm. (E) Quantitative analysis of bone formation in the specified region.
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Fig. 4. Cell-laden biomimetic hydrogel promoted histological structure restoration. (A) Representative histological staining images (H&E, SO-FG, TB and Masson) of
different groups. Scale bar = 100 pm. (B) Representative immunofluorescence staining images for COL2 and SOX9 of different groups. Scale bar = 50 pm. (C)
Histological score, the area of newly formed fibrocartilage, and the area of COL2 of different groups.

delineate the cellular subpopulations after 2 weeks of treatment. Un-
supervised clustering identified 13 cell subpopulations, which were
defined based on differential expression of markers (Fig. 5SA and
Fig. S4A). To analyze the tendon-bone cell lineage, the tendon cells and
osteochondral cells were further divided into 5 subpopulations (Fig. 5B).
TSPCs expressed stem cell markers (such as Thy1, Cd44, and Pdgfra) and
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were associated with cell migration and regeneration (Fig. 5D and E).
CytoTRACE analysis predicted that tendon stem cells were in a less
differentiated state (Fig. 5C). Tenoblasts were characterized by classical
tendon markers (such as Tnmd, Thbs4, and Postn) and were enriched in
extracellular matrix synthesis and response to wounding (Fig. 5D). Fi-
broblasts expressed Fos, Jun, and Egrl, which are enriched in response
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Fig. 5. scRNA-seq analysis of the repaired interface tissues in BMCH-TSPC group. (A) Uniform manifold approximation and projection (UMAP) plot showing the
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to hypoxia and growth factors (Fig. 5D). Chondrocytes and osteocytes
were identified by canonical markers (Fig. 5D).

To explore the lineage relationship among these cell subpopulations,
Monocle 2 was used to construct a differentiation trajectory. With
tendon stem cells as the starting point, one branch is differentiated to
fibroblasts and another to both tendon cells and chondrocytes, with
chondrocytes located at the end of the trajectory (Fig. 5F). Genes asso-
ciated with tendon stem cells, such as Tppp3 and Thy1, were enriched
early in the trajectory, while genes indicative of mature tendon (Tnmd,
Thbs4) and cartilage (Acan, Col2al) were found at the pseudotime
endpoint (Fig. 5G). Further, the H&E and SO-FG staining showed
cartilage formation in the BMCH-TSPC group (Fig. 5H). The COL2 and
SOX9 expression was significantly higher in BMCH-TSPC group (Fig. 5I).
Taken together, the scRNA-seq analysis provides compelling evidence
that tendon stem cells play a pivotal role in the regenerative repair
process after tendon-bone injury, highlighting their potential as thera-
peutic targets for enhancing tendon-bone interface regeneration.

4. Discussion

In this study, we developed a novel stem cell-laden biomimetic
hydrogel specifically designed for the repair of the tendon-bone inter-
face. This hydrogel incorporates mineralized collagen fibrils, which
exhibited hierarchical mineralization patterns, closely resembling the
ultrastructure of the natural tendon-bone interface. Our results showed
that this bilayer biomimetic mineralization hydrogel combined with
tendon stem cells, effectively promotes fibrocartilage and bone regen-
eration, thereby accelerating the restoration of both mechanical integ-
rity and motor function, highlighting its promising reparative effects.

Over recent years, significant advancements have been achieved in
the development of scaffolds for tendon-bone healing, including decel-
lularized extracellular matrix (ECM) scaffolds and those made from a
blend of synthetic or natural materials [6]. Although decellularized ECM
scaffolds effectively mimic the natural complex structure, the stringent
processing requirements have limited their availability. Based on bio-
mimetic strategies, scaffolds combined with organic synthetic materials,
natural materials, and inorganic materials can mimic the composition of
the enthesis. However, existing scaffolds failed to replicate the nano-
scale characteristics and assembly patterns of the native interface.
Lausch et al. developed multiphasic collagen scaffolds, wherein miner-
alized collagen fibrils have intrafibrillar oriented minerals resembling
bone at the nanometer scale [23]. Yet, this study did not assess its
regenerative effects in vivo. Furthermore, the mineralization solution
was unable to construct mineralized scaffolds conducive to cell support.
Thrivikraman et al. constructed a cell-laden mineralized hydrogel with
both extra and intrafibrillar mineralization, achieved through the sup-
plementation of cell culture media with Ca, P and osteopontin [19].
However, low availability and high cost of natural NCPs limited appli-
cations [24]. In our study, we employed cell culture media enriching
with Ca, P and pAsp to fabricate mineralized hydrogels, which not only
exhibited biomimetic nanostructure but also significantly promoted
tendon-bone repair.

Stem cells play a pivotal role in tissue regeneration. As tendon-bone
tissue matures, the number of stem/progenitor cells gradually decreases
[25,26]. Exogenous supplementation of stem cells has been shown to
promote tissue regeneration. For example, Du et al. fabricated bilayered
biomimetic multicellular scaffolds containing TSPCs and BMSCs using
3D printing, which significantly improved fibrocartilage regeneration
and the recovery of mechanical properties in a rotator cuff tear model
compared to cell-free scaffolds [27]. Our study is consistent with these
findings, as biomimetic scaffolds seeded with TSPCs showed superior
repair effect compared to their cell-free counterparts, indicating the
pivotal role of tendon stem cells in promoting tendon-bone repair. Tissue
regeneration and repair involve diverse cell types. scRNA-seq analysis
provides a deeper understanding of the cellular landscape and biological
processes during tissue repair [28]. For example, Zhang et al. conducted
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scRNA-seq analysis, and found that neurotrophic
supplements-incorporated 3D-printed hydrogels led to an expansion of
the resident Msx1+ skeletal stem cells, thereby promoting bone regen-
eration [29]. In this study, we used scRNA-seq to resolve cellular sub-
populations involved in tendon-bone repair and traced the
differentiation trajectory of TSPCs into chondrocytes, indicating their
involvement in the tendon-bone regeneration process. However, our
study did not address the in vivo fate of TSPCs. Future research utilizing
single-cell lineage tracing techniques is expected to provide further in-
sights into the role of these cells during the tendon-bone repair process.

In summary, we developed an in vitro tendon-bone-like construct that
mimics the nanoscale structure of natural tendon-bone interface. This
biomimetic construct presents a promising approach for tendon-bone
interface healing.
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