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A B S T R A C T

Addressing bone injury repair remains a significant challenge in clinical settings, as effective regeneration of 
healthy bone tissue requires simultaneous promotion of both osteogenesis and angiogenesis. Costal cartilage, 
being the most abundant cartilage tissue in the human body, shares structural similarities and prolonged 
cartilaginous properties with long bone growth plates. Its potential as a seed cell source for bone repair, however, 
remains unexplored. Vascular endothelial growth factor (VEGF), a key factor in bone regeneration, suffers from a 
short half-life and limited retention at the bone defect area, restricting its therapeutic use. In this study, a 
collagen hydrogel embedded with costal-cartilage-derived stem cells (CDSCs) and prominin-1-derived peptide 
(PR1P) was engineered to enhance endogenous VEGF recruitment. CDSCs demonstrate a strong proliferation 
capacity within bone defect environments, showing significant potential for bone repair. The sustained release of 
PR1P facilitates in situ VEGF recruitment to enhance angiogenesis and create an optimal osteogenic microen
vironment for CDSCs but also demonstrates a modulatory inhibitory effect on osteoclast differentiation. In vivo 
application of this CDSC-laden PR1P hydrogel significantly accelerated femoral defect healing through syner
gistic enhancement of osteogenesis, angiogenesis, and suppression of osteoclast activity. Collectively, the study 
presents a promising approach to bone defect repair, underscoring the potential of CDSCs-based tissue engi
neering for clinical translation.
Statement of significance: Costal cartilage is the richest cartilage tissue in the human body. Our previous research 
isolated costal-cartilage-derived stem cells (CDSCs) and confirmed their potential for multilineage differentiation 
and in situ regeneration. This study further demonstrated CDSCs’ significant potential for bone repair. A collagen 
hydrogel embedded with CDSCs and prominin-1-derived peptide (PR1P) was engineered. CDSCs demonstrate 
self-renewal capacity within bone defect environments. The sustained release of PR1P facilitates in situ VEGF 
recruitment, enhancing angiogenesis and creating an optimal osteogenic microenvironment. Additionally, the 
composite hydrogel has an inhibitory effect on osteoclastogenesis. Transplantation of this composite hydrogel 
enhanced femoral defect healing in mice by promoting both bone formation and vascular regeneration and 
suppressing osteoclastogenesis, presenting a promising strategy for bone defect repair.

1. Introduction

Bone defects are frequent complications associated with various 
conditions, including pathological fractures, inflammation, infection, 
and bone tumor resection [1]. Despite the inherent regenerative 

capabilities of human bone, addressing bone defects remains a consid
erable clinical challenge [2].

Conventional methods, such as autogenous and allogeneic bone 
transplantation, are commonly used to treat these defects [3]. However, 
the limited availability of autogenous bone and complications at the 
donor site pose significant limitations. While allogeneic bone offers a 
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wider material supply, it introduces unresolved issues, such as infection, 
bone resorption, nonunion, and fracture of the graft [4]. In response to 
these challenges, tissue engineering has become a promising alternative 
for bone reconstruction [5].

Bone tissue engineering, which seeks to regenerate bone tissue 
closely resembling natural bone, is rapidly advancing within regenera
tive medicine [6]. This approach integrates three key components: seed 
cells, growth factors, and scaffold materials. By combining biomaterials 
with seed cells under the influence of osteogenic factors, these cells 
differentiate into osteoblasts, facilitating bone regeneration [7,8].

The identification of suitable seed cells remains critical for the 
effective treatment of bone defects [9]. Over the years, mesenchymal 
stem cells from sources such as bone marrow (BMSCs) and adipose tissue 
(ADSCs) have been explored as seed cells [10]. BMSCs, due to their 
superior osteogenic properties, are considered ideal for treating bone 
defects. However, their clinical application is hindered by limitations in 
availability, proliferation capacity, and low post-transplant survival 
rates [11]. ADSCs, on the other hand, have garnered attention in 
regenerative medicine due to their abundant sources, ease of isolation, 
low immunogenicity, and multipotent differentiation potential [12]. 
Nonetheless, their strong adipogenic tendency and limited osteogenic 
differentiation restrict their effectiveness in bone defect repair [13]. As a 
result, there is still no universally suitable stem cell source for wide
spread clinical use.

A recent study by Chan et al. has shed light on skeletal lineage dy
namics through single-cell analysis and lineage-tracing methods [14]. At 
the top of this hierarchy lies a small population of skeletal stem cells 
(SSCs), predominantly located beneath the growth plate or within the 
periosteum, which plays crucial roles in skeletal tissue maintenance, 
repair, and regeneration [15]. The growth plate itself consists of four 
distinct zones, with resting zone stem cells occupying the apex of the 
skeletal lineage [16]. These cells retain the capacity for long bone 
growth and maintain a cartilaginous state for an extended period prior 
to adulthood [17].

Costal cartilage, recognized as the richest cartilaginous tissue in the 
human body, exhibits structural and long-term cartilaginous charac
teristics that closely resemble those of long bone growth plates [18,19]. 
Notably, no reports have documented primary malignant tumors arising 
from costal cartilage [20,21]. Prior studies have successfully isolated 
costal-cartilage-derived stem cells (CDSCs) and confirmed their poten
tial for multilineage differentiation and in situ regeneration. Further
more, CDSCs demonstrated survival, proliferation, and differentiation 
into osteocytes, chondrocytes, and tenocytes following transplantation, 
ultimately regenerating bone-tendon interface (BTI) structures [22]. 
These results demonstrate that CDSCs may serve as promising seed cells 
for bone defect repair.

Angiogenesis plays a critical role in bone regeneration, with vascular 
endothelial growth factor (VEGF) being a critical regulator of both 
angiogenesis and osteogenesis [23]. As the most potent inducer of 

angiogenesis, VEGF functions by attracting vascular endothelial cells to 
bone defect sites, while also promoting the osteogenic differentiation of 
BMSCs [24,25]. The development of bone biomaterials capable of sus
tained VEGF release at the site of injury could significantly enhance 
bone tissue repair. However, VEGF’s high molecular weight and short 
half-life complicate its synthesis and incorporation into biomaterials, 
and its rapid degradation or elution from injury sites further diminishes 
its therapeutic potential [26–28].

An alternative approach involves the in situ recruitment of VEGF at 
bone defect sites. Prominin-1-derived peptide (PR1P), a new 12-amino 
acid sequence (DRVQRQTTTVVA) derived from the extracellular 
VEGF-binding domain of prominin-1, immobilizes VEGF via hydrogen 
bonding [29,30]. In vitro and in vivo experiments have indicated PR1P’s 
ability to recruit VEGF and enhance its pro-angiogenic effects [31]. Our 
previous research introduced electrospun poly/gelatin-based bandages 
encapsulated with PR1P, which effectively promoted multifunctional 
wound regeneration through VEGF recruitment [32]. Based on these 
researches, it was hypothesized that PR1P-mediated in situ VEGF 
recruitment could similarly enhance bone tissue regeneration, promot
ing angiogenesis and creating an optimal microenvironment for CDSCs 
to differentiate osteogenically via VEGF signaling.

Collagen hydrogels, primarily composed of type I collagen, are 
broadly utilized in regenerative medicine due to their superior 
biocompatibility, cost-effectiveness, and availability [33,34].

This study successfully developed a CDSC-laden PR1P collagen 
hydrogel designed to enhance bone regeneration by promoting both 
angiogenesis and osteogenesis and inhibiting osteoclastogenesis. 
Initially, the morphology, structure, and mechanical properties of the 
CDSC-laden PR1P hydrogel were characterized. Subsequently, the 
cytocompatibility and osteogenic induction capacity of the hydrogel 
were evaluated in vitro, followed by an investigation of its pro- 
angiogenic effects on HUVECs through VEGF recruitment. Osteoclasts 
also play a pivotal regulatory role in bone remodeling [35]. Further
more, our experimental data revealed that the composite hydrogel 
exerted a discernible inhibitory effect on osteoclastogenesis, which 
aligns with its role in modulating bone remodeling processes. Finally, 
femoral defect models were used to assess in situ bone regeneration 
post-hydrogel transplantation. Our results confirmed that CDSCs are 
effective seed cells for bone tissue engineering, and the CDSC-laden 
PR1P hydrogel—capable of enhancing both angiogenesis and osteo
genesis and suppressing osteoclastogenesis—represents a promising 
biomaterial for bone defect repair.

2. Materials and methods

2.1. Cell culture

C57BL/6-H11 em1Cin(CAG-loxP-ZsGreen-loxP-tdTomato)/Nju mice 
(referred to as ZsGreen mice) were obtained from GemPharmatech 

Abbreviation

VEGF vascular endothelial growth factor
CDSCs costal-cartilage-derived stem cells
PR1P prominin-1-derived peptide
BMSCs bone marrow mesenchymal stem cells
ADSCs adipose-derived mesenchymal stem cells
SSCs skeletal stem cells
BTI bone-tendon interface
HUVECs human umbilical vein endothelial cells
FBS fetal bovine serum
T20 UMC top 20 untargeted metabolomic components
GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes
DEGs differentially expressed genes
SEM scanning electron microscopy
ALP alkaline phosphatase
ARS alizarin red
S-O Safranin O/Fast Green
RUNX2 runt-related transcription factor 2
OCN osteocalcin
COL1A1 collagen type I alpha 1
Ct.Th cortical thickness
BMD bone mineral density
FAK staining focal adhesion kinase staining
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(Jiangsu, China). Neonatal ZsGreen mice were euthanized via cervical 
dislocation, and the costal cartilage was aseptically isolated, removing 
as much soft tissue and bone marrow as possible. The tissue was digested 
with 0.2 % type II collagenase at 37 ◦C and 80 rpm for 35 min. Peripheral 
soft tissue was then removed by flushing with PBS. Following a second 
digestion with 0.2 % type II collagenase for 50 min, the costal cartilage 
was washed twice with PBS and blown into a single-cell suspension. The 
resulting cells were cultured in DMEM/F12 medium supplemented with 
10 % fetal bovine serum (FBS) and incubated at 37 ◦C. After 24 h, non- 
adherent cells were discarded, and the remaining adherent cells were 
designated as passage 0 (P0). Human umbilical vein endothelial cells 
(HUVECs), sourced from Procell (Wuhan, China), were cultivated in 
DMEM with 10 % FBS and 1 % penicillin/streptomycin. RANKL and M- 
CSF were purchased from ABclonal Technology (Wuhan, China). Bone 
marrow monocytes/macrophages (BMMs) were harvested from femurs 
or tibiae of 4–6-week-old mice and subsequently cultured for 48 h in 
α-MEM (10 % FBS, 1 % P/S, and 50ng/mL M-CSF) for 48 h. Then BMMs 
were cultured in M-CSF (50 ng/mL) and RANKL (100 ng/mL) for a 5-day 
induction period to promote osteoclastogenesis.

2.2. Fabrication of PR1P collagen hydrogel encapsulated with CDSCs

Sprague-Dawley (SD) rats aged 4 weeks were anesthetized using 10 
% chloral hydrate and euthanized by cervical dislocation. The tail was 
excised, and the epidermis was carefully removed. The tail tendon was 
isolated using forceps and washed with saline. The tendon tissue was 
finely minced with scissors and dissolved in 0.5 % acetic acid for 24–48 
h at 4 ◦C. After centrifugation at 9000 rpm, the supernatant was 
collected, and collagen was precipitated by adding 10 % NaCl solution. 
Following a second centrifugation at 9000 rpm, the supernatant was 
discarded, and the collagen at the bottom was dissolved in 0.1 M HCl 
(diluted with DMEM/F12 medium) and stored at 4 ◦C for later use. To 
encapsulate PR1P (amino acid sequence: DRVQRQTTTVVA, China 
Peptides, Shanghai, China) into the hydrogel, 100 μg of PR1P was 
loaded into 1 mL of collagen to prepare a 100 μg/mL collagen solution. 
The CDSC suspension was added to the collagen solution to reach a cell 
concentration of 1 × 107 cells/mL. After mixing the short peptide and 
CDSCs with the collagen, NaOH solution was used to adjust the pH to 7. 
The collagen solution (pre-gel) was then incubated at 37 ◦C for 6–8 min 
to form the PR1P-collagen hydrogel encapsulating the CDSCs.

2.3. Untargeted metabolomics analysis of collagen hydrogel and 
integrative analysis of potential targets

Untargeted metabolomics analysis of the collagen hydrogel was 
conducted by Hangzhou Kaitai Biotechnology Co., Ltd. (Hangzhou, 
China). Briefly, an appropriate amount of collagen hydrogel was placed 
into a 1.5 mL centrifuge tube, followed by the addition of 500 μL 
methanol containing 2‑chloro‑L-phenylalanine (4 ppm). The sample 
was vortexed for 30 s and subsequently ground with a tissue grinder for 
60 s. The sample was then subjected to 15 min of ultrasound, followed 
by centrifugation at 11,000 rpm at 4 ◦C for 8 min. The supernatant was 
filtered through a 0.22 μm membrane and analyzed using Liquid 
Chromatography-Mass Spectrometry. The LC analysis was conducted 
with a Vanquish UHPLC System (Thermo Fisher Scientific, USA), while 
metabolite detection was conducted on a Q Exactive mass spectrometer 
(Thermo Fisher Scientific, USA).

For data processing, raw data were converted into mzXML format 
through MSConvert within the ProteoWizard software package. The 
data were then processed in R through XCMS for feature detection, 
retention time correction, and alignment [36,37]. Metabolite identifi
cation was based on accurate mass and MS/MS data matched against 
HMDB, MassBank, LipidMaps, McCloud, KEGG, and a metabolite data
base developed by Panomix (Suzhou, China).

2.4. Integrative analysis of potential targets

The molecular structures of the top 20 untargeted metabolomic 
components (T20 UMC) were retrieved from the results of the untar
geted metabolomics analysis and the PubChem database. Following 
established methods, the molecular structures of T20 UMC were com
bined with the keywords "bone regeneration" for querying GeneCards, 
the Therapeutic Target Database (TTD), and Online Mendelian Inheri
tance in Man (OMIM) databases to identify potential target genes of the 
collagen hydrogel [38,39]. A Venn diagram was used to visualize the 
intersection of potential target genes, which were then subjected to 
Protein-Protein Interaction (PPI) network analysis, Gene Ontology (GO) 
functional analysis, and KEGG pathway enrichment analysis. Protein 
interactions of the intersecting targets were analyzed through the 
STRING database, while GO and KEGG enrichment analyses were con
ducted through the DAVID database.

2.5. Scanning electron microscopy (SEM)

Following gelation, CDSC-laden hydrogels (with or without PR1P) 
were flash-frozen in liquid nitrogen and lyophilized for 48 h using a 
vacuum freeze dryer pre-cooled to − 80 ◦C. The microstructure of the 
lyophilized hydrogels was examined by scanning electron microscopy 
(SEM) (Phenom, Shanghai, China) after the samples were cut into 
rectangular cross-sections measuring 2 mm × 2 mm.

2.6. Mechanical properties of the hydrogel

A universal material testing machine (Instron 5567, Shanghai, 
China) was employed to assess the unconfined compressive strength of 
the hydrogels. Testing was performed with a 200 N load cell at strains of 
0 %, 30 %, 50 %, 70 %, and 85 %, with a crosshead rate of 5 mm/min. 
The compressive modulus was determined from the linear region cor
responding to an initial 5 % strain (n = 6). The maximum strength value 
was derived from the stress-strain curve.

2.7. Dry/wet mass ratio

The prepared hydrogel was dissolved in deionized water at 37 ◦C, 
and excess surface water was removed using filter paper. The mass of the 
dissolved hydrogel (Ws) was then accurately measured. Subsequently, 
the hydrogel was freeze-dried, and the freeze-dried mass (Wd) was also 
precisely recorded. The dry-to-wet mass ratio was calculated using 
Formula (1) (n = 6). 

Dry
/

wet mass ratio =
Wd

Ws
× 100% (1) 

2.8. Release behavior of the hydrogel

To evaluate the release behavior of the hydrogel, Rhodamine B- 
labeled PR1P was incorporated into the hydrogel. Cylindrical hydrogels 
(10 mm in diameter, 10 mm in height), containing 100 μg of Rhodamine 
B-labeled PR1P, were immersed in 50 mL PBS and incubated at 37 ◦C. At 
predetermined time points, 1 mL of the incubation solution was 
retrieved and replaced with a fresh buffer. The retrieved solution was 
analyzed at 549 nm using a UV1800 spectrophotometer (Thermo Fisher 
Scientific), and the concentration of PR1P released from the hydrogel 
was calculated based on a standard curve.

2.9. Degradation behavior of the hydrogel

The in vitro degradation of the collagen hydrogel was evaluated by 
immersing equal volumes of hydrogel samples into a PBS buffer solution 
and oscillating them at 37 ◦C. At specific time intervals, the hydrogel 
samples were removed, rinsed with deionized water, freeze-dried, and 

C. Cai et al.                                                                                                                                                                                                                                      Acta Biomaterialia 203 (2025) 256–276 

258 



weighed. The remaining mass of the hydrogel was calculated using 
Formula (2) (n = 6), where Wt represents the weight of the hydrogel at a 
given time point, and W0 represents the initial hydrogel weight. 

Remained mass =
Wt

W0
× 100% (2) 

2.10. Rheological testing of the hydrogel

Rheological properties were tested using a rotating rheometer (DHR- 
3, TA, USA). Cylindrical hydrogels were placed on parallel plates (φ =
10 mm; height = 5 mm) at 37 ◦C. The frequency range was set to 1–100 
rad/s, with a constant strain of 1.0 %. The storage modulus (G′) and loss 
modulus (G″) were recorded across the frequency range.

2.11. Cell viability

1 × 104 CDSCs were encapsulated in collagen hydrogel loaded with 
different gradient concentrations of PR1P (0, 0.5, 1, 10, 100 μg/ml). In 
vitro 3D culture was then performed on the hydrogel by immersing it in 
DMEM/F12 for 3 and 7 days (n = 6). For the CCK-8 experiment, each 
well was treated with 10 μL of CCK-8 solution (Dojindo, Kumamoto, 
Japan). The absorbance at 450 nm was measured after 2 h of incubation 
at 37 ◦C in a humidified environment with 5 % CO2. For the focal 
adhesion kinase staining (FAK staining) assay, cells were washed twice 
with wash buffer and permeabilized with Triton X-100 after 30 min of 
fixation with 4 % paraformaldehyde at 37 ◦C. Cells were then blocked 
with goat serum for 25 min. Then we washed the cells twice with PBS 
again after they had been stained with tetramethylrhodamine- 
conjugated phalloidin for 1.5 h. DAPI was used to counterstain the 
nuclei. Fluorescence microscopy was used to visualize fluorescence 
images.

2.12. VEGF recruitment in vitro

To prepare a standard VEGF solution, 2 nanograms of VEGF 165 
protein (Sino Biological, Beijing, China) were dissolved in 1 mL PBS 
containing 2 % BSA, resulting in a VEGF concentration of 2 ng/mL. 
Collagen hydrogels (8 mm × 8 mm × 8 mm) loaded with PR1P at 
gradient concentrations (1, 10, 100 μg/mL) were immersed in the VEGF 
solution and incubated at 37 ◦C for 8 h. After rinsing the hydrogel three 
times with PBS, VEGF-bound PR1P hydrogels were transferred to 
centrifuge tubes containing 10 mL DMEM and incubated at 37 ◦C for 24 
h to collect the VEGF-recruited PR1P hydrogel extract. The concentra
tion of VEGF in the extracted medium was measured using a VEGF ELISA 
Kit (Solarbio, Beijing, China).

2.13. Induction and identification of osteogenic differentiation

CDSCs were seeded at a density of 1 × 105 cells/well in a 24-well 
plate and allowed to reach confluence. Osteogenic induction was con
ducted by adding a 750 μl osteogenic differentiation medium (Cyagen, 
USA) to each well. We changed the culture medium every three days. 
After 14 days of induction, the total RNA of CDSCs was extracted and 
subjected to RT-qPCR. Additionally, a part of CDSCs was used for 
alkaline phosphatase (ALP) staining following the ALP staining kit 
(Beyotime, Shanghai, China) instructions. After 21 days of induction, an 
alizarin red staining (ARS) kit (Beyotime, Shanghai, China) was used to 
observe the calcium nodules generated by the CDSCs.

2.14. RNA extraction and qRT-PCR

TRIzol buffer was used to obtain RNA, and NanoDrop ND-1000 
microplate readers were used to determine RNA concentrations. cDNA 
was reverse transcribed using PrimeScript TM RT reagent kit (Takara, 
Japan). Then cDNA was subjected to qRT-PCR using SYBR Green PCR 

Mix (Takara, Japan). The expression of runt-related transcription factor 
2 (RUNX2), osteocalcin (OCN), collagen type I alpha 1 (COL1A1), and 
ALP was measured, using GAPDH as a reference. Supplementary Table 
S1 lists primer sequences.

2.15. Western blot

Following total protein extraction, samples were electrophoresed by 
SDS-PAGE gels and transferred to PVDF membranes. The membranes 
were blocked with 4 % BSA for 2 h, then incubated overnight at 4 ◦C 
with specific primary antibodies including RUNX2 (1:1000, Beyotime), 
Osterix (1:500, Santa Cruz), OCN (1:1000, ABclonal), VEGF (1:1000, 
ABclonal), NFATc1 (1:5000, Proteintech), C-Fos (1:5000, Proteintech), 
MMP9 (1:1500, Proteintech) and GAPDH (1:5000, Proteintech). After 
TBST washing, membranes were probed with HRP-conjugated second
ary antibodies for 1.5 h. Protein signals were visualized using an ECL 
substrate and imaged with a Bio-Rad imaging system (CA, USA).

2.16. Assessment of endothelial cell migration and angiogenesis

To evaluate the impact of VEGF-recruited PR1P hydrogel on HUVEC 
migration, both wound healing and transwell assays were conducted. 
For the wound healing assay, HUVECs were cultivated in six-well tissue 
culture plates until 75–80 % confluency was achieved, and treated with 
50 nmol/mL of mitomycin for four hours. Following treatment, the cells 
were washed twice with sterile PBS. A scratch was made in the cell 
monolayer of each well using sterile plastic tips, after which the cells 
were washed twice more with PBS and incubated with the extracted 
medium from the VEGF-recruited PR1P hydrogel for 24 h. Images of the 
cells and scratch area were taken at 0 h and 24 h, and the wound closure 
area was quantified by ImageJ software. A transwell assay was con
ducted using 8 mm transwell chambers (Corning, NY, USA). CDSCs (1 ×
104) were seeded on Matrigel containing the hydrogel extract medium 
(serum-free), while the lower chamber contained 400 μL complete me
dium. After 3 days of incubation, we stained invading cells with 0.5 % 
crystal violet and counted them. To evaluate the effect of VEGF- 
recruited PR1P hydrogel on HUVEC angiogenesis, a tube formation 
assay was carried out. HUVECs at a density of 5 × 104 were seeded onto 
Matrigel and incubated for 6 h. The ability of the endothelial cells to 
form tubular networks was visualized via microscopy, and tube forma
tion was quantified using ImageJ software (n = 6).

2.17. Assessment of osteoclast differentiation

Following osteoclastic induction, BMMs were subjected to TRAP 
staining using a commercial kit (Servicebio, China) per the manufac
turer’s protocol. Multinucleated cells (≥3 nuclei) were identified as 
mature osteoclasts. FAK staining was performed following the protocol 
outlined in Section 2.11. The expression of osteoclast-specific markers 
was subsequently analyzed through qRT-PCR and western blot analysis.

2.18. Transcriptome analysis

CDSCs encapsulated in collagen hydrogels with or without PR1P 
supplementation underwent 7-day osteogenic induction followed by 
transcriptomic profiling. Triplicate biological replicates were sequenced 
on an Illumina HiSeq™ 2500 platform (Sangon Biotech, Shanghai, 
China). Differential gene expression analysis was conducted using 
DEGseq (|log2FC| >1, adjusted p-value <0.05), followed by functional 
annotation of significant genes through Gene Ontology (GO) and KEGG 
pathway enrichment analyses implemented in clusterProfiler (v3.14.3).

2.19. In vivo experiments

For the in vivo study, the Hua Fukang Experimental Animal Center 
(Beijing, China) provided us with male C57BL/6 mice (8 weeks old). The 
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mice were divided randomly into three experimental groups (n = 6 for 
each group): (1) a control group receiving the collagen hydrogel, (2) the 
CDSC gel group where CDSC-laden collagen hydrogel was transplanted, 
and (3) the CDSC gel@PR1P group where CDSC-laden PR1P collagen 
hydrogel was transplanted. All surgeries were conducted by two expe
rienced orthopedic surgeons and approved by the Ethics Committee of 
the Army Medical University. The mice were anesthetized via intra
peritoneal injection of 2 % tribromoethanol, and the distal hindlimb was 
shaved. Skin and subcutaneous tissue were incised to expose the femur, 
which was stabilized with an intramedullary steel needle before creating 
a 4 mm segmental bone defect using a wire saw through two parallel 
osteotomies in the midshaft. Hydrogels, specific to each experimental 
group, were then transplanted into the defect site. The surrounding soft 
tissue was sutured around the femur to secure the hydrogel, followed by 
closure of the skin and subcutaneous tissue using 6–0 sutures.

2.20. Micro-CT scanning

At 4 weeks and 8 weeks after surgery, all animals were sacrificed. We 
fixed the femoral samples with 4 % paraformaldehyde after harvesting 
them. Micro-CT scans (Skyscan1276, Bruker, Belgium) were performed 
on the femurs after fixation for two days. The bone volume of the defect 
area, cortical thickness (Ct. Th), bone mineral density (BMD), and the 
cross-sectional area of the middle femur were analyzed.

2.21. Histological staining and immunohistochemistry (IHC)

Bones were decalcified in 10 % ethylenediaminetetraacetate in PBS 
for 10 days. All the femurs were irradiated with a 488-nm excitation 
light (3415RG, LUYOR, USA) and imaged. Then OCT-embedded bone 
tissues were sectioned into 6 µm-thick sections. DAPI, H&E, and Safranin 
O/Fast Green (S-O) staining were performed following the manufac
turer’s instructions. For immunohistochemical staining, decalcified 
femoral specimens were paraffin-embedded and sectioned into 4-μm- 
thick slices. Tissue sections were incubated at 4 ◦C overnight with spe
cific primary antibodies: VEGF (1:500, ABclonal) and OCN (1:100, 
ABclonal), followed by 1-hour incubation with corresponding secondary 
antibodies. Histological and statistical analyses were subsequently per
formed using ImageJ software.

2.22. Immunofluorescence

Frozen sections of femurs were subjected to immunofluorescence 
staining. After two washes with PBS, the sections were blocked in goat 
serum for 30 min. They were then incubated with CD31/PECAM-1 
primary antibody (1:200 dilution, AF3628, R&D, USA) overnight at 4 
◦C. Afterward, the sections were washed twice with PBS and incubated 
with fluorescent secondary antibody at room temperature for 1.5 h. 
After three additional PBS washes, the sections were mounted with a 
DAPI-containing anti-fade mounting medium and visualized under a 
fluorescence microscope. CD31 fluorescence was quantified via ImageJ. 
For each sample, 3–5 non-overlapping fields within the femoral defect 
(localized by DAPI-defined tissue architecture) were analyzed. The 
percentage of CD31-positive area was calculated. Fields from the same 
defect were averaged to generate a single data point per animal. Sta
tistical comparisons between groups were performed using these 
animal-level data points. To exclude nonspecific staining, negative 
controls (secondary antibody only) were used, and only signals with 
endothelial-like morphology (tubular/linear structures) were included 
in quantification.

2.23. Statistical analysis

Data are presented as mean ± standard deviation (SD), and statisti
cal analysis was carried out through GraphPad Prism 7.0. Normality was 
assessed for each dataset using the Shapiro-Wilk test. For comparisons 

between two groups, independent Student’s t-tests were applied for 
normally distributed data; otherwise, the Mann-Whitney U test was 
used. For comparisons across three or more groups, one-way analysis of 
variance (ANOVA) was employed for parametric data, while the 
Kruskal-Wallis H test was utilized for non-parametric data. A p-value <
0.05 was considered statistically significant.

3. Results

3.1. Characterization of rat tail collagen hydrogel

The preparation process is illustrated in Fig. 2A, with detailed pro
cedures described in the Methods Section. As shown in Fig. 2B, the rat 
tail collagen hydrogel solution in both the CDSCs Gel group and the 
CDSCs Gel@PR1P group appeared pink and translucent under acidic 
conditions due to the addition of phenolphthalein. After neutralization 
to pH 7 with an alkaline solution, the collagen hydrogel solution grad
ually gelled at 37 ◦C, forming a stable cylindrical hydrogel in the mold.

The microstructure of the freeze-dried rat tail collagen hydrogel was 
examined by SEM (Fig. 2B). The hydrogels in both groups exhibited a 
loose, porous structure after freeze-drying, indicating a lower content of 
fixative material. SEM imaging revealed a lamellar structure with 
numerous micropores. This interconnected porous architecture facili
tates the exchange of substances between the interior and exterior of the 
collagen hydrogel, supporting cell growth.

The compression modulus, a key mechanical property describing the 
stiffness of hydrogels under compression, was evaluated for both the 
CDSCs Gel and CDSCs Gel@PR1P groups. Fig. 2C presents a schematic of 
the composite hydrogel compression testing setup. The compressive 
stress-strain curves indicated that the hydrogel did not fracture under 
compression, although water continued to exude from the structure 
(Fig. 2D).

The rheological properties of the collagen hydrogel were further 
investigated. As depicted in Fig. 2I, G′ in the low-frequency range 
increased progressively with rising frequency, indicating superior me
chanical elasticity as G′ exceeded G″. However, as amplitude continued 
to rise, G′ sharply increased until reaching the critical strain, at which 
point the hydrogel structure collapsed, likely due to water loss within 
the matrix. These results suggest that the hydrogels are prone to water 
loss under external stress, underscoring the need to improve their me
chanical stability in future work. Additionally, the maximum strength 
measurements revealed that PR1P incorporation did not significantly 
affect the compressive modulus of the collagen hydrogel (Fig. 2E).

The average gelation times for the CDSCs Gel and CDSCs Gel@PR1P 
groups at 37 ◦C were 39.0 ± 6.5 s and 39.5 ± 5.0 s, respectively, with no 
statistically significant difference (Fig. 2F). The dry-to-wet mass ratios of 
the CDSC and CDSC@PR1P hydrogels were 0.71±0.07 % and 0.70±0.06 
%, respectively, demonstrating no significant difference in water ab
sorption between the groups (p > 0.05) (Fig. 2G). The low dry-to-wet 
mass ratio indicates a low dry matter content of the hydrogel. Further, 
the mechanical properties of hydrogel should be optimized and 
improved.

Hydrogel degradability, defined as the breakdown of the material 
into smaller molecules under specific physical or chemical conditions, 
was evaluated in vitro. After 30 days, both groups retained approxi
mately 40 % of their initial mass, indicating that the collagen hydrogels 
exhibit strong stability, making them suitable for in vivo transplantation 
(Fig. 2H). Finally, the release profile of the CDSCs Gel@PR1P hydrogel 
was assessed, revealing a slow and sustained release of PR1P from the 
hydrogel for up to 180 h in vitro (Fig. 2J).

3.2. Network pharmacology analysis

To explore the potential of major metabolites derived from collagen 
hydrogel in promoting bone tissue regeneration, a network pharmaco
logical analysis was conducted on the top 20 untargeted metabolomic 
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components (T20 UMC) related to "bone regeneration." The molecular 
structures of the T20 UMC, representing the key metabolic components 
of rat tail tendon collagen hydrogel, are illustrated in Fig. S1. Using the 
molecular structures of the T20 UMC alongside the keyword "bone 
regeneration," potential target genes of the composite hydrogel were 
identified.

As depicted in the Venn diagram (Fig. S2A), the T20 UMC and bone 
regeneration categories referenced 2729 and 4998 target genes, 
respectively, with 1094 (16.5 %) genes overlapping between the two 
sets. This overlap suggests that the metabolic components from the 
composite hydrogel hold significant potential for promoting 
osteogenesis.

These intersecting genes were subsequently subjected to GO and 
KEGG enrichment analyses through the David database. KEGG pathway 
analysis revealed that the shared target genes are primarily involved in 
signaling pathways related to osteogenesis, inflammation regulation and 
angiogenesis, such as the PI3K-AKT signaling pathway, AGE-RAGE 
signaling pathway, and TNF signaling pathway (Fig. S2B). Further
more, GO enrichment analysis emphasized the involvement of these 
genes in biological functions including positive regulation of transcrip
tion, positive regulation of cell proliferation, inflammatory response, 
and protein binding, which were closely related to cell proliferation, 
metabolic activity, and inflammation regulation (Fig. S2C). In addition, 
we constructed a PPI network of these intersecting targets. After topo
logical analysis, the core targets we obtained were also related to 
inflammation, cell proliferation and angiogenesis, such as TNF, IL-6, IL- 
1B, AKT1, STAT3, EGF, EGFR, NFKB1, MYC, and so on (Fig. S3). These 
results suggest that the metabolic components of the composite hydrogel 
exhibit potential for promoting bone regeneration.

3.3. Cytocompatibility evaluation of the PR1P collagen hydrogel

To evaluate the cytocompatibility of the PR1P collagen hydrogel and 
optimize the concentration of incorporated PR1P, the proliferation of 
CDSCs derived from ZsGreen mice in 3D-culture within collagen 
hydrogels containing varying concentrations of PR1P (0.5 μg/mL, 1 μg/ 
mL, 10 μg/mL, and 100 μg/mL) was assessed using the CCK-8 assay (Fig 
3A). On days 3 and 7, no statistical difference in cell proliferation was 
observed between the hydrogel group and the 0.5 μg/mL PR1P group. 
However, when the PR1P concentration exceeded 1 μg/mL, a 
concentration-dependent increase in CDSC proliferation was noted in 
the PR1P collagen hydrogel (Fig. 3A). Additionally, ZsGreen fluores
cence intensity was observed using a fluorescence microscope, revealing 
a marked increase in fluorescence intensity of CDSCs as the PR1P con
centration in the collagen hydrogel increased (Fig. 3B-C). To further 
assess the biocompatibility of the PR1P collagen hydrogel, FAK staining 
was performed on CDSCs treated with collagen hydrogels containing 
various concentrations of PR1P. Rhodamine-conjugated phalloidin was 
used to label F-actin in the cytoskeletal microfilaments.

As shown in Fig. 3D, CDSCs cultured on collagen hydrogels, with or 
without PR1P encapsulation, exhibited robust growth, a clear back
ground, and uniform staining, indicating that the PR1P collagen 
hydrogel demonstrates favorable biocompatibility (Fig. 3D-E). Although 
no distinct differences in cell morphology were observed among the 
groups, the increased cell density suggested that PR1P loading supports 
enhanced CDSC growth and proliferation.

3.4. The ability of PR1P collagen hydrogel to recruit VEGF in vitro

To confirm that the PR1P collagen hydrogel effectively recruits 
endogenous VEGF as expected, an in vitro experiment was designed to 
examine its VEGF recruitment capability (Fig. 4A). The PR1P collagen 
hydrogel was incubated in a VEGF solution of specific concentration, 
allowing it to gradually recruit VEGF. Afterward, the hydrogel was 
eluted and soaked in a complete medium to obtain the extracted me
dium, and the VEGF concentration was measured via ELISA. All PR1P- 

containing collagen hydrogels effectively recruited VEGF in a dose- 
dependent manner. Specifically, the hydrogel containing 100 μg/mL 
of PR1P recruited about 27.5 ± 2.1 pg/mL of VEGF within 8 h (Fig. 4B).

3.5. Effect of PR1P collagen hydrogel on osteogenic differentiation of 
CDSCs

To assess the impact of PR1P collagen hydrogel on the osteogenic 
differentiation of CDSCs in vitro, ARS staining, ALP staining, and qRT- 
PCR for osteogenic marker genes were conducted. As illustrated in 
Fig. 4C, after osteogenic induction for 21 days, CDSCs treated with 
hydrogel extract displayed significantly greater calcium deposition than 
those without hydrogel extract, indicating the strong potential of PR1P 
collagen hydrogel to promote osteogenic differentiation. Similar out
comes were observed in ALP staining (Fig. 4D), where CDSCs cultured in 
osteogenic medium with hydrogel extract showed markedly higher ALP 
activity compared to those without extract after 14 days. Moreover, real- 
time qPCR revealed a significant upregulation of key osteogenic 
markers, including RUNX2, OCN, COL1A1, and ALP, in the hydrogel 
extract group compared to other groups (Fig. 4E-H). The above results 
strongly support the conclusion that PR1P collagen hydrogel effectively 
enhances osteogenic differentiation. The schematic of the experimental 
design is presented in Fig. 4I.

3.6. PR1P collagen hydrogel enhanced huvec migration and endothelial 
network assembly via VEGF recruitment in vitro

To further validate the effect of PR1P collagen hydrogel on 
enhancing HUVEC migratory capacity via VEGF recruitment, hydrogel 
extracts containing different concentrations of PR1P (1 μg/mL, 10 μg/ 
mL, 100 μg/mL) were used to stimulate HUVECs, and their migration 
ability was examined using wound healing experiment and transwell 
experiment. As shown in the wound healing assay results, the wound 
closure area in the 10 μg/mL and 100 μg/mL PR1P groups was signifi
cantly larger than in the hydrogel group and 1 μg/mL PR1P group after 
24 h. No statistical difference was observed between the hydrogel group 
and the 1 μg/mL PR1P group at this time point (Fig. 5A). Similar trends 
were found in the transwell assay, where HUVECs treated with extracts 
from 10 μg/mL and 100 μg/mL PR1P hydrogels exhibited stronger 
migration capacity than other groups (Fig. 5B).

We next evaluated the effect of PR1P hydrogel extracts on HUVEC 
endothelial network assembly capability on Matrigel, which models 
early stages of angiogenesis [40]. The experimental grouping and 
stimulation methods were consistent with the previous assays, and tube 
formation was observed 4–6 h post-inoculation on Matrigel. All groups 
demonstrated the formation of initial capillary-like networks, but the 10 
μg/mL and 100 μg/mL PR1P groups showed significantly increased 
tubular structure formation, including a higher number of meshes and 
nodes, compared to the hydrogel group (Fig. 5C). Additionally, control 
experiments with PR1P-free collagen hydrogels (Gel) and PR1P-loaded 
hydrogels without VEGF exposure (Gel@PR1P) showed no significant 
enhancement in HUVEC proliferation, migration, or tube formation 
compared to DMEM baseline (Fig. S4). These findings collectively 
demonstrate that PR1P-functionalized hydrogel extracts promote 
VEGF-dependent HUVEC migration and endothelial network assembly 
in vitro, key early events in vascular morphogenesis that precede lumen 
formation.

3.7. PR1P collagen hydrogel suppressed osteoclastogenesis in vitro

Furthermore, given the critical regulatory role of osteoclasts in bone 
homeostasis, we systematically evaluated the biological efficacy of PR1P 
collagen hydrogel in modulating osteoclast differentiation. First, CCK-8 
assays demonstrated that the hydrogel extracts of PR1P collagen 
hydrogel (PR1P concentrations ≤100 μg/mL) exhibited no significant 
cytotoxicity toward osteoclasts (Fig. 6A). Subsequently, TRAP staining 
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of BMMs demonstrated a PR1P-concentration-dependent attenuation of 
osteoclastogenesis by the hydrogel extracts, as delineated in Fig. 6B, D, 
and E. Then, BMMs undergoing osteoclastic induction were exposed to 
hydrogel extracts containing gradient concentrations of PR1P. FAK 
staining revealed a marked pharmacological attenuation of F-actin ring 
formation and multinucleated osteoclast development upon hydrogel 
extract treatment (Fig. 6C, F, and G). Furthermore, qRT-PCR analysis of 
RANKL-induced osteoclast differentiation revealed significant down
regulation in key osteoclastic genes (CTSK, TRAP, NFATc1, c-Fos) 
following hydrogel extract treatment (Fig. 6H-K). Subsequent western 
blot analysis corroborated dose-dependent suppression of osteoclast- 
specific markers by the PR1P-incorporated hydrogel extracts, demon
strating consistent pharmacological modulation at both transcriptional 
and translational levels (Fig. 6L). Collectively, these findings demon
strate the hydrogel extracts’ inhibitory efficacy against 
osteoclastogenesis.

3.8. In vivo bone repair assessment

The collagen hydrogels, CDSC-laden collagen hydrogels, and CDSC- 
laden PR1P collagen hydrogels were surgically implanted into the 
mid-shaft femoral bone defects of mice to evaluate their effect on bone 
repair. The experimental workflow is outlined in Fig. 7A, and the 
detailed surgical procedure for the femoral defect model is depicted in 
Fig. 7B

Femurs were harvested at 4 and 8 weeks post-transplantation, and 
visual examination revealed that the femurs in the CDSCs gel and CDSCs 
gel@PR1P groups had a larger diameter and increased bone mass 
compared to the control group (Fig. 7C-D). Stable ZsGreen fluorescence 
in both CDSCs gel and CDSCs gel@PR1P groups was observed, fully 
covering the bone defect area, indicating that CDSCs survived and 
proliferated stably in the post-transplantation environment (Fig. 7C-D 
and Fig. S5). Notably, the fluorescence area in the CDSCs gel@PR1P 
group was more extensive than in the CDSCs gel group at both 4 and 8 
weeks post-transplantation, suggesting enhanced survival and prolifer
ation of CDSCs in VEGF-recruited environment (Fig. 7C-D and Fig. S5). 
These results demonstrate that rat tail tendon-derived collagen hydro
gels exhibit favorable in vivo biocompatibility and that CDSCs encap
sulated in collagen hydrogels adapt well to the post-transplantation 
environment.

Micro-CT scans of the femur specimens were performed to assess 
bone defect repair in all groups. Representative images of micro-CT 
reconstructions are shown in Fig. 8A-B. Treatment with CDSC-laden 
collagen hydrogel or CDSC-laden PR1P collagen hydrogel significantly 
enhanced new bone formation within the femoral defect area compared 
to the control group at 4 and 8 weeks post-transplantation (Fig. 8C). 
Additionally, the cross-sectional area of the mid-femur in the CDSCs gel 
and CDSCs gel@PR1P groups was significantly larger than that of the 
control group (Fig. 8C). Consistent with these results, the cortical 
thickness (Ct. Th) in the control group remained thin, and the newly 
formed bone was discontinuous. In contrast, the cortical bone defect 
area in the CDSCs gel and CDSCs gel@PR1P groups was nearly fully 
repaired with continuous new bone formation.

The most robust bone regeneration was observed in the CDSCs 
gel@PR1P group, which exhibited significantly higher bone volume, a 
larger cross-sectional area, and thicker cortical bone at both 4 and 8 
weeks post-surgery (Fig. 8C). However, the transplantation of hydrogels 
did not significantly alter bone mineral density (BMD) in the defect area 
(Fig. 8C).

During bone defect healing, angiogenesis and osteogenesis work 
synergistically to drive bone regeneration [41]. The PR1P released by 
the CDSCs gel@PR1P in the local microenvironment likely recruited 
significant amounts of endogenous VEGF, promoting vascular hyper
plasia and creating an optimal osteogenic environment.

Histological and immunofluorescent staining were subsequently 
performed to thoroughly evaluate in vivo bone repair outcomes. As 

shown in Fig. 9A-B and Fig. S6, both H&E and S-O staining demonstrated 
that the CDSCs gel and CDSCs gel@PR1P groups exhibited significantly 
enhanced osteogenic effects, with extensive new bone formation and 
thicker cortical bone compared to the control group. Although some 
chondrocyte-like cells persisted in the outer layer of the femur in the 
CDSCs-treated groups, hard callus (woven bone) gradually replaced 
cartilage through endochondral ossification, progressing from the outer 
to the inner layers. In the innermost layer, the transplanted CDSCs in 
both the CDSCs gel and CDSCs gel@PR1P groups underwent extensive 
osteogenic differentiation, resulting in the formation of mature bone 
cortices. In contrast, the control group still showed discontinuous and 
thin cortical bone (Fig. 9A-B). Furthermore, the CDSCs gel@PR1P group 
demonstrated the most robust healing, with the highest levels of new 
bone formation, as reflected by the increased cortical bone thickness, 
consistent with the micro-CT analysis results (Fig. 9A-B and Fig. S6).

3.9. PR1P collagen hydrogel enhances CDSCs osteogenic differentiation 
through VEGF signaling

To elucidate the pro-osteogenic mechanisms of the composite 
hydrogel, CDSCs undergoing osteogenic differentiation were treated 
with either VEGF-recruited collagen hydrogel or PR1P collagen hydro
gel extracts for 7 days. Transcriptomic profiling revealed 273 differen
tially expressed genes (DEGs) between cohorts, comprising 162 
significantly upregulated and 111 downregulated genes in the PR1P 
collagen hydrogel group versus the control group. Hierarchical clus
tering heatmaps and volcano plots demonstrated distinct transcriptional 
landscapes (Fig. 10A and Fig. S7). Subsequently, we performed a GO 
analysis of DEGs and visualized the results with lollipop plots and 
network plots. Compared to the collagen hydrogel group, the PR1P 
collagen hydrogel group demonstrated predominantly enrichment re
sults associated with vascular development, including “positive regula
tion of angiogenesis” and “positive regulation of vasculature 
development” (Fig. 10B-C, Table S2). This conclusion was further 
corroborated by the expression heatmap of vasculature development- 
related genes (e.g., CCL5, PGF, WNT5A, WNT2) derived from tran
scriptomic analysis (Fig. 10D). The VEGF signaling pathway serves as 
the central regulatory mechanism for angiogenesis [23]. Notably, VEGF 
has been documented to potentiate osteogenic differentiation through 
downstream pathways including PI3K-Akt and MAPK cascades [42]. We 
therefore hypothesize that PR1P collagen gel may facilitate CDSC oste
ogenic differentiation via VEGF-mediated signaling. Western blot anal
ysis of VEGF expression and osteogenic differentiation markers (e.g., 
RUNX2, OCN) provided experimental validation for this hypothesis 
(Fig. 10E). Concomitantly, IHC analysis of VEGF expression was per
formed on neoosseous regions in femoral defect models at 2 weeks 
post-implantation. A quantitative evaluation revealed that the CDSCs 
gel@PR1P group exhibited a marked enhancement in VEGF signaling 
intensity compared to the control group and CDSCs gel group (Fig. 10F). 
These findings collectively indicate that PR1P collagen hydrogel likely 
enhances osteogenic differentiation of CDSCs through augmentation of 
VEGF signaling.

3.10. Osteogenesis, angiogenesis, and osteoclastogenesis of the composite 
hydrogels in vivo

OCN, a pivotal marker for osteogenic maturation, orchestrates ma
trix deposition and mineralization during bone formation [43]. Immu
nohistochemical evaluation at 8 weeks post-implantation in femoral 
defects was performed, which demonstrated significantly elevated OCN 
expression in osseous repair zones of both CDSCs Gel and CDSCs 
Gel@PR1P groups, with the latter exhibiting the most pronounced 
immunoreactivity (Fig. 11A). The above findings demonstrate that 
CDSC-laden PR1P hydrogel significantly enhances osteogenesis within 
osseous defect microenvironments. Since bone is a highly vascularized 
tissue requiring a sufficient blood supply for proper healing, 
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angiogenesis is essential for bone defect repair [44]. To assess vascu
larized bone regeneration in the defect area, immunofluorescence 
staining for CD31 was performed on frozen femur sections. The staining 
revealed a significant increase in the total cross-sectional area of blood 
vessels in the CDSCs gel@PR1P group at 4 weeks post-surgery compared 
to the other groups, aligning with in vitro results (Fig. 11B-C). These 
results confirm that CDSC-laden PR1P hydrogel effectively promotes the 

formation of new vascular networks in the bone defect area. Finally, we 
evaluated the modulatory effects of the hydrogel on osteoclastogenesis 
within the bone repair niche. TRAP staining demonstrated that CDSCs 
gel@PR1P group exhibited obvious suppression of osteoclast activity in 
neoosseous regions compared to CDSCs Gel group and control group 
(Fig. 11D-E), which demonstrates that CDSC-laden PR1P hydrogel 
potently suppresses osteoclastogenesis within osseous defect region. 

Fig. 1. The scheme of this research. CDSCs harvested from the costal cartilage of newborn ZsGreen mice and PR1P are mixed into collagen hydrogel extracted from 
rat tail tendons to obtain CDSC-laden PR1P collagen hydrogel. The VEGF-recruited composite hydrogel facilitates bone defect repair by promoting angiogenesis and 
osteogenesis and suppressing osteoclastogenesis in a mouse bone defect model.
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Fig. 2. Characterization of the CDSC-laden PR1P collagen hydrogel. (A) Schematic of the collagen hydrogel fabrication. (B) Morphology of the composite 
hydrogel before and after gelation and representative SEM images. Scale bars: 300 μm (50 μm in the inset). (C) Schematic drawing of compression testing of 
composite hydrogel. (D) Stress-strain curve of hydrogels. (E) The compressive modulus of composite hydrogels. (F) The average gelation time of composite hydrogels. 
(G) The dry/wet mass ratio of composite hydrogels. (H) The degradation properties of composite hydrogels. (I) The rheological properties of composite hydrogels. (J) 
The PR1P release characteristics of composite hydrogels. *p < 0.05 compared as denoted by bar. Values are expressed as means ± SD.
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Meanwhile, we did not observe obvious pathological changes in the 
heart, liver, and kidney structures of the animals that underwent gel 
transplantation (Fig. 11F).

Overall, these results indicate that the transplantation of CDSC-laden 
PR1P collagen hydrogel not only enhances new bone formation and the 

regeneration of new blood vessels but also suppresses osteoclasto
genesis, thereby promoting comprehensive bone defect healing.

Fig. 3. Biocompatibility of composite hydrogels. (A) CCK-8 assay indicating the proliferation of CDSCs in collagen hydrogels with different concentrations of 
PR1P. (B, C) ZsGreen fluorescence intensity of CDSCs in composite hydrogels and detailed statistics. Scale bar: 500 μm (4x) and 200 μm (10x). (D, E) FAK staining of 
CDSCs treated with collagen hydrogel containing various doses of PR1P. Scale bar: 200 μm. *p < 0.05, **p < 0.01 compared as denoted by bar. Values are expressed 
as means ± SD.
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4. Discussion

Bone defect repair presents a significant challenge for clinicians, 
with autogenous bone grafting remaining the gold standard, particularly 
for critical-sized defects [45]. The development of bone tissue engi
neering approaches offers promising alternatives, yet identifying 
appropriate seed cells is a key priority in this field [46,47]. BMSCs and 
ADSCs have demonstrated potential for bone regeneration, but their 
clinical application is hindered by limited availability, inadequate pro
liferation, and low survival rates [48]. Ideal seed cells should possess 
strong osteogenic activity, be readily available, and adapt well to the 
hypoxic, nutrient-deficient conditions encountered 

post-transplantation.
Costal cartilage, the richest cartilage tissue in the human body, has 

gained recent popularity in plastic surgery due to its simple structure, 
ease of purification, and availability [49]. Notably, incidences of pri
mary or secondary tumors associated with costal cartilage, including 
post-transplantation cases, are exceedingly rare [20,21]. Previous 
research successfully isolated CDSCs, confirming their proliferation 
ability and multilineage differentiation potential. CDSCs not only sur
vive and proliferate but also gradually regenerate BTI structures in situ 
following transplantation, indicating their suitability as seed cells for 
tissue-engineered regeneration [22]. The current research further sup
ports the hypothesis that CDSCs hold significant potential for bone 

Fig. 4. The VEGF recruitment ability of composite hydrogels and its effect on osteogenic differentiation of CDSCs in vitro. (A) Schematic diagram of VEGF 
recruitment experiment in vitro. (B) ELISA assay indicating the VEGF recruitment ability of collagen hydrogels with different concentrations of PR1P. (C–H) ALP 
staining, ARS staining, and expression level of osteogenic marker genes indicating the effect of composite hydrogels on CDSCs osteogenic differentiation. Scale bar: 
200 μm. (I) Osteogenic differentiation-promoting effect of composite hydrogels on CDSCs. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared as denoted 
by bar. Values are expressed as means ± SD.

C. Cai et al.                                                                                                                                                                                                                                      Acta Biomaterialia 203 (2025) 256–276 

266 



defect repair, as they demonstrated the ability to thrive in the 
low-oxygen and low-nutrient environments typical of bone defects, 
maintaining long-term viability post-transplantation while differenti
ating into osteogenic lineages, thereby facilitating in situ bone tissue 
regeneration.

Angiogenesis plays a critical role in bone regeneration, with VEGF 
being a key factor in inducing vascularization [24]. However, VEGF’s 
large molecular size and short half-life limit its effectiveness in 

biomaterials [28].
To address this, a 12-amino acid peptide (PR1P) containing three 

conserved β-sheet forming residues was introduced. PR1P can be slowly 
released from the hydrogel in the local microenvironment, facilitating 
endogenous VEGF recruitment to promote early-stage angiogenesis at 
the defect site.

The incorporation of VEGF-recruiting PR1P into the composite 
hydrogel significantly enhanced both angiogenesis and osteogenic 

Fig. 5. Effect of composite hydrogels on HUVEC migration and endothelial network assembly in vitro. (A) Scratch wound healing assay of HUVECs treated 
with composite hydrogels and corresponding statistical results. (B) Transwell assay of HUVECs treated with composite hydrogels and corresponding statistical results. 
(C) Tube formation assay of HUVECs treated with composite hydrogels and corresponding statistical results. Scale bar: 200 μm. *p < 0.05, **p < 0.01, ***p < 0.001 
compared as denoted by bar. Values are expressed as means ± SD.
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differentiation of CDSCs, ultimately accelerating the healing of bone 
defects.

Collagen hydrogels are widely used in tissue engineering as scaf
folding materials due to their good biocompatibility and availability 
[50]. In this study, collagen hydrogel was successfully extracted from rat 
tail tendon and utilized as a biological scaffold for loading seed cells and 
bioactive factors, further underscoring its potential for bone tissue 
engineering.

The schematic diagram of CDSC-laden PR1P collagen hydrogel 
preparation and the mechanism of promoting bone defect repair are 
shown in Fig. 1. Comprehensive characterization of the hydrogel 
revealed a porous, honeycomb-like structure, which facilitates an 

optimal microenvironment for stem cell proliferation and differentiation 
by enhancing nutrient transport and waste removal. Additionally, the 
hydrogel demonstrated rapid gelation and slow in vivo degradation, 
ensuring the long-term survival of CDSCs post-transplantation. Release 
studies indicated that PR1P can be gradually released in the local 
microenvironment, a key factor for the efficient recruitment of VEGF 
and subsequent vascular growth at the bone defect site. However, it is 
necessary to further enhance the mechanical stability of the hydrogel in 
the follow-up research.

To further assess the key components of the CDSC-laden PR1P 
collagen hydrogel and their effectiveness as biological scaffolds for bone 
repair, a combination of non-targeted metabolomics and network 

Fig. 6. Effect of composite hydrogels on osteoclastogenesis in vitro. (A) RANKL-induced BMMs were exposed to PR1P-incorporated hydrogel extracts at gradient 
concentrations for 3 and 7 days, followed by CCK-8 viability assessment to quantify cytocompatibility. (B-G) TRAP and FAK staining demonstrated the pharma
cological attenuation of osteoclastogenesis by PR1P-incorporated hydrogel extracts. (H-K) The effect of PR1P collagen hydrogel on the expression of osteoclast- 
specific genes (CTSK, MMP9, NFATc1, and c-Fos) was quantitatively assessed by qRT-PCR. (L) Western blot analysis of osteoclast markers during osteoclasto
genesis following PR1P collagen hydrogel treatment. Scale bar: 200 μm. *p < 0.05, **p < 0.01, ***p < 0.001 compared as denoted by bar. Values are expressed as 
means ± SD.
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Fig. 7. In vivo bone repair assessment of CDSC-laden PR1P collagen hydrogels. (A) The workflow of the animal experiment. (B) The detailed surgical procedure 
of the femoral defect model in mice. (C) The gross appearance of the femurs and the ZsGreeen fluorescence of CDSCs at 4 weeks after composite hydrogels 
transplantation. (D) The gross appearance of the femurs and the ZsGreeen fluorescence of CDSCs at 8 weeks after composite hydrogels transplantation. White dashed 
line: boundary between bone marrow (BM) and newly formed bone (NFB). Scale bar: 500 μm.
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pharmacology analyses was employed. Network pharmacology results 
revealed that the potential target genes of the hydrogel’s primary 
metabolic components were highly associated with bone regeneration. 
Gene enrichment analyses reinforced the hydrogel’s suitability for pro
moting cell proliferation and angiogenesis.

Beyond its structural benefits, the hydrogel displayed favorable 
biocompatibility and efficacy in enhancing the osteogenic differentia
tion of CDSCs. Notably, CDSCs cultured within the hydrogel exhibited 
robust proliferative activity and upregulated expression of key osteo
genic markers, including RUNX2, OCN, and COL1A1.

Previous studies have already established VEGF’s critical role in 
osteogenesis [51]. In line with this, the VEGF-recruiting PR1P collagen 
hydrogel significantly boosted ALP activity and calcium deposition in 
CDSCs, both of which are critical indicators of osteogenic differentiation 
[52]. The angiogenic potential of the PR1P collagen hydrogel via VEGF 
recruitment was further validated in vitro. The results demonstrated that 
the VEGF-recruited PR1P hydrogel effectively enhanced HUVEC prolif
eration, migration, and assembly into cord-like networks, confirming its 
potential to promote key initiating steps of angiogenesis. In addition, 
osteoclasts serve as critical regulators of bone homeostasis. Our study 

Fig. 8. Reconstructed 3D micro-CT analysis at 4 and 8 weeks after transplantation of CDSC-laden PR1P collagen hydrogels in femur defect model. (A) Micro-CT 
images at 4 weeks after transplantation of hydrogels. (B) Micro-CT images at 8 weeks after transplantation of hydrogels. (C) Quantification of bone volume of 
the defect area, cross-sectional area of middle femur, Ct. Th, and BMD. *p < 0.05, **p < 0.01, ***p < 0.001 compared as denoted by bar. Values are expressed as 
means ± SD (n = 6).
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Fig. 9. Histological analysis after transplantation of CDSC-laden PR1P collagen hydrogels in femur defect model. (A) The H&E and S-O staining results at 4 weeks 
after transplantation of hydrogels. (B) The H&E and S-O staining results at 8 weeks after transplantation of hydrogels. Scale bar: 500 μm (200 μm in magnified view).
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revealed that PR1P collagen gel exhibits a marked inhibitory effect on 
osteoclast differentiation in vitro.

Finally, these findings were corroborated in vivo using a femur 
defect model. Femurs were harvested at 4 and 8 weeks post- 
transplantation, revealing stable ZsGreen fluorescence throughout the 
defect area. This indicated the sustained survival and proliferation ca
pacity of CDSCs within the post-transplantation microenvironment, 
aligning with previous research. Micro-CT is a crucial technique for 
assessing bone defect repair, and the results in this study showed that the 
CDSC transplantation groups exhibited more newly formed bone, larger 

cross-sectional area of the mid-femur, and increased cortical bone 
thickness compared to the control group. Among these, the CDSCs 
gel@PR1P group demonstrated the most effective bone repair. H&E and 
S-O staining further confirmed superior repair outcomes in the CDSCs 
transplantation groups, as evidenced by increased new bone formation 
and thicker cortical bone. Endochondral osteogenesis is pivotal in the 
repair and remodeling of long bone defects [53]. In this study, although 
some chondrocyte-like cells remained in the outer layer of the femur in 
the CDSCs transplantation groups, hard callus (woven bone) had grad
ually formed and replaced the cartilage through endochondral 

Fig. 10. PR1P collagen hydrogel enhances CDSCs osteogenic differentiation through VEGF signaling. (A) Heatmap of clustering analysis. (B, C) GO 
enrichment analysis of PR1P collagen hydrogel group VS collagen hydrogel. (D) Heatmap illustrating the high expression of vasculature development-related genes in 
the PR1P collagen hydrogel group via transcriptome analysis. (E) Western blot results show that PR1P collagen hydrogel promotes osteogenic differentiation of 
CDSCs through the VEGF signaling. (F) IHC staining of VEGF in femur defect model.
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ossification from the outside to the inside. In the innermost layer, the 
transplanted CDSCs differentiated sufficiently to form mature cortical 
bone. The IHC analysis of OCN further substantiated the pro-osteogenic 
effect of CDSC-laden PR1P collagen hydrogel on osseous regeneration at 
bone defect grafting sites.

Furthermore, to investigate the underlying mechanisms by which the 
composite hydrogel promotes CDSCs osteogenic differentiation, we 
performed transcriptome sequencing analysis. GO enrichment results of 

DEGs revealed significant enrichment in biological processes related to 
vasculature development. Transcriptomic profiling of angiogenesis- 
associated genes consistently supported these findings, suggesting that 
the pro-osteogenic effects of the composite hydrogel might be mediated 
through VEGF signaling pathway. Subsequent validation experiments 
employing western blot analysis and in vivo immunohistochemical 
staining corroborated these conclusions.

The CDSCs gel@PR1P group, benefiting from in situ VEGF 

Fig. 11. CDSC-laden PR1P collagen hydrogel promotes osteogenesis and angiogenesis and inhibits osteoclastogenesis in vivo. (A) IHC staining of OCN in 
femur defect model at 8 weeks after transplantation of hydrogels. Scale bar: 100 μm. (B, C) The immunofluorescence staining of CD31 on representative sections of 
femurs at 4 weeks after transplantation of hydrogels and quantitative analysis. Scale bar: 100 μm. (D, E) Representative images of TRAP staining in femur defect 
model at 8 weeks after hydrogel transplantation and quantitative analysis. Scale bar: 100 μm. (F) Pathological changes in the heart, liver, and kidney structures of the 
animals. *p < 0.05, **p < 0.01 compared as denoted by bar. Values are expressed as means ± SD.
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recruitment, exhibited enhanced angiogenesis in the local bone defect 
microenvironment, reflected by the strongest CD31 fluorescence, a 
marker of vascular endothelium. Rapid and sufficient angiogenesis is 
essential for effective bone defect healing [54]. In this group, PR1P 
released from the composite hydrogel recruited significant amounts of 
endogenous VEGF to the bone defect site, facilitating angiogenesis and 
creating a more favorable osteogenic environment compared to the 
CDSCs gel group.

TRAP, an established marker of mature osteoclasts, is routinely 
employed to trace the differentiation commitment of osteoclast pre
cursors [55]. TRAP staining at femoral defect sites with hydrogel im
plantation in murine models revealed that CDSC-laden PR1P collagen 
hydrogel exerted a potent inhibitory effect on osteoclastogenesis. Plau
sible mechanistic underpinnings for this effect may involve 
multi-dimensional regulatory layers: (1) RANKL/OPG axis modu
lation—PR1P may skew the RANKL/OPG balance via OPG upregulation 
or RANKL downregulation in the defect niche; (2) NF-κB signaling 
interference—PR1P could dampen NF-κB activation to attenuate 
RANKL-driven osteoclast differentiation; (3) Angiogenesis-osteogenesis 
crosstalk—PR1P-enhanced angiogenesis remodels the microenviron
ment (e.g., oxygen/cytokine profiles) to indirectly suppress osteoclasts 
[35,56]. Further works are still waiting to be improved and completed.

In summary, the findings indicate that CDSCs serve as suitable seed 
cells for bone tissue engineering. The CDSC-laden PR1P collagen 
hydrogel, with its function of promoting angiogenesis and osteogenesis 
and inhibiting osteoclastogenesis, demonstrates favorable potential as a 
biomaterial for bone defect repair and regeneration.

However, several limitations exist in this study. First, the in vivo 
mechanisms underlying the osteogenic differentiation of CDSCs have 
not been fully explored. Our research group is addressing this through 
studies involving gene editing in mice and single-cell sequencing tech
nologies. Additionally, the bone regeneration potential of CDSCs at 
various developmental stages needs to be evaluated. Further research is 
necessary to determine whether the osteogenic differentiation capacity 
of CDSCs is innate or acquired through in vitro cultivation. An inherent 
limitation lies in the lack of a collagen hydrogel + PR1P group without 
CDSCs transplantation, which impedes independent evaluation of 
PR1P’s role in host cell recruitment, VEGF-mediated angiogenesis, and 
bone repair, as well as the synergistic crosstalk between CDSCs and 
PR1P. Furthermore, although functional outcomes and prior mecha
nistic evidence support the VEGF recruitment hypothesis, direct dy
namic quantification of VEGF levels at the bone defect site remains 
technically challenging. Future investigations employing intravital im
aging (e.g., VEGF-A reporter mouse models) or microdialysis would help 
conclusively elucidate the spatiotemporal dynamics of PR1P-mediated 
VEGF recruitment during bone regeneration. Finally, recent advance
ments in photothermal therapy have demonstrated its potential to syn
ergistically enhance bone repair by modulating immune responses, 
scavenging reactive oxygen species (ROS), and promoting angiogenesis 
[57,58]. Coupling photothermal therapy with stem cell-driven osteo
genesis (e.g., CDSC differentiation) may offer a promising strategy to 
further optimize bone regeneration in complex microenvironments.

5. Conclusion

This study is the first to show the potential of CDSCs as viable seed 
cells for bone tissue engineering. A CDSC-laden PR1P collagen hydrogel 
was developed, which effectively recruits endogenous VEGF, facilitating 
angiogenesis and creating an optimal osteogenic microenvironment. 
Additionally, the inhibitory effect of the composite hydrogel on osteo
clastogenesis also contributes to bone repair. In vivo transplantation of 
this composite hydrogel significantly enhanced femoral defect healing 
in mice by promoting both bone formation and vascular regeneration 
and suppressing osteoclastogenesis. Overall, the findings present a 
promising strategy for bone defect repair, highlighting the strong po
tential of the CDSCs-based bone tissue engineering approach for future 

clinical applications.
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