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Abstract

Objective: The localized acidic microenvironment induced by bone injury delays bone repair by
suppressing the survival, proliferation, and osteogenic differentiation of bone marrow mesenchymal stem
cells (BMSCs). Building upon our previous discovery of the dual pro-angiogenic and osteogenic activities
of arginine carbon dots (Arg-CDs), this study developed an HG-AA.1-SDF-1a composite hydrogel. Through
systematic characterization of its physicochemical properties and biocompatibility, we comprehensively
investigated the molecular mechanisms underlying the synergistic osteogenesis-angiogenesis effects of this
hydrogel.

Methods: 1. Material preparation and characterization: Arg-CDs were prepared via the pyrolysis method,
and their morphology, crystal structure, and optical properties were characterized. The HG-AA-SDF-1a
composite hydrogel was constructed, followed by comprehensive characterization of its physicochemical
properties. Cellular adhesion and growth patterns were evaluated through cytoskeleton staining, while
biocompatibility assessment and pro-proliferative capability were determined using Live/Dead staining;2.
Investigation of angiogenic, osteogenic effects in vitro and mechanism exploration: The effects of composite
hydrogels on chemotactic migration and lumen formation of human umbilical vein endothelial cells
(HUVECs) were evaluated through migration assays, scratch tests, and in vitro angiogenesis experiments.
Alkaline phosphatase staining and Alizarin Red staining were employed to detect osteogenic differentiation
of BMSCs, combined with qPCR and Western Blot techniques to systematically analyze changes in pro-
angiogenic/osteogenic markers at both transcriptional and protein expression levels. The sustained release
performance of Arg-CDs and Ca?*" was investigated, along with Western Blot analysis to elucidate the
expression regulation of key proteins (VASP and PKG) in the NO-cGMP signaling pathway;3. Angiogenic,
osteogenic effects in vivo and mechanism investigation: The composite hydrogel was implanted into a
critical-sized cranial defect model (5 mm diameter) in rats. At 4 and 8 weeks postoperatively, three-
dimensional reconstruction and quantitative analysis of the newly formed bone were performed. Bone
regeneration was evaluated through hematoxylin-eosin (H&E) and Masson staining, while
immunohistochemical staining was employed to detect pro-angiogenic/osteogenic markers and biomarkers
associated with the NO-cGMP pathway.

Results:1. The composite hydrogel was successfully fabricated with uniform porosity, exhibiting both
excellent hydrophilicity (contact angle of 31.2542.25°) and favorable mechanical properties (Young's

modulus: 21.59+1.58 kPa). Experimental results demonstrated that the composite hydrogel effectively



regulated the acidic microenvironment, promoted cell growth and metabolism, and exhibited excellent
biocompatibility;2. The composite hydrogel demonstrates excellent pro-angiogenic activity and osteogenic
properties. The composite hydrogel promoted human umbilical vein endothelial cell (HUVECs) migration
by approximately 5-fold compared to the control group (p < 0.05), while significantly increasing the length
of luminal structures and number of branch points relative to controls (p < 0.05). It also enhanced alkaline
phosphatase (ALP) activity and upregulated the expression of pro-angiogenic/osteogenic-related genes and
proteins (p < 0.05). Furthermore, the composite hydrogel exhibits acid-responsive release characteristics,
effectively activating the NO-cGMP signaling pathway and promoting the expression of downstream
molecules (p < 0.05);3. Following implantation into a rat calvarial defect model, the composite hydrogel
significantly enhanced new bone tissue formation and collagen deposition, demonstrating remarkable
osteogenic regeneration capacity. The bone volume/total volume (BV/TV) ratio was notably higher in the
treatment group compared to controls (p < 0.05). Mechanistic investigations revealed that the material
facilitates "vascular-osteogenic" synergistic repair through the NO-cGMP signaling cascade. This targeted
therapeutic strategy provides an innovative solution for clinical bone defect regeneration, integrating both
microenvironment modulation and molecular pathway activation.

Conclusion:1. Based on the acidic microenvironment of bone injury, we successfully developed the HG-
AA.1-SDF-1la composite hydrogel with dual-responsive smart switching capability. This hydrogel
demonstrates excellent biocompatibility;2. The acidic microenvironment initially induces the targeted
cleavage of the Schiff base bond between HG-AA .1 and SDF-1a, enabling precise SDF-1a release to recruit
endogenous bone marrow mesenchymal stem cells (BMSCs). Subsequently, under the synergistic action of
Ca?", the recruited stem cells metabolically convert Arg-CDs into nitric oxide (NO), activating the NO-cGMP
signaling pathway and triggering a cascade amplification effect. Ultimately, bone tissue regeneration is
enhanced through the coordinated interplay of angiogenesis and osteogenesis;3. The HG-AA.;-SDF-1a
composite hydrogel achieves spatiotemporal coupling of angiogenesis and osteogenic differentiation,
accelerates bone regeneration, and provides a novel therapeutic strategy for bone tissue engineering.

Key words: Arg-CDs; acidic microenvironment; endogenous stem cells recruitment; osteogenesis and

angiogenesis coupling
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