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Hydrogels are three-dimensional hydrophilic polymer networks widely explored 
in biomedical applications due to their high water content, porous structure, 

and tunable physicochemical properties. Among them, injectable hydrogels 
have gained significant attention as minimally invasive platforms capable of in 

situ gelation at target sites. However, conventional injectable hydrogels often 

suffer from slow gelation kinetics, limited mechanical strength, and potential 
cytotoxicity associated with reactive precursor components. Injectable 

self-healing hydrogels have emerged as a promising alternative, as dynamic 
reversible interactions within their networks enable structural recovery after 

mechanical damage. Nevertheless, achieving an optimal balance between 
injectability, self-healing ability, biocompatibility, and mechanical robustness 

remains a major challenge, particularly for hydrogels based on natural 
polymers. 

In this work, a rational design strategy was employed to develop 
multifunctional injectable hydrogels based exclusively on biocompatible natural 

polymers. Dual-crosslinked hydrogel networks were constructed using oxidized 
sodium alginate (OSA), gelatin, sodium tetraborate (borax), and silk fibroin 

(SF). The hydrogel structure integrates multiple dynamic interactions, including 
reversible imine and borate ester bonds together with electrostatic interactions 

and hydrogen bonding, enabling efficient energy dissipation and enhanced 

mechanical performance. Silk fibroin was incorporated as a reinforcing 
component to improve structural stability while maintaining biocompatibility 

and low immunogenicity [1]. 
The resulting hydrogels exhibit rapid in situ gelation, injectability, self-healing 

capability, mechanical toughness, and pH responsiveness. Furthermore, the 
influence of silk fibroin on the physicochemical and biological properties of the 

system was systematically investigated. This multifunctional hydrogel platform 
demonstrates strong potential for minimally invasive biomedical applications, 

particularly in sustained drug delivery and stimuli-responsive therapeutic 
systems, offering a versatile approach toward next-generation injectable 

biomaterials [1]. 
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