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The fabrication of scaffolds that replicate the 
anisotropic and hierarchical lamellar organization of 
native bone, together with its extracellular matrix, 
remains one of the central challenges in bone tissue 
engineering [1]. Achieving a precise biomimetic 
architecture that reproduces both the structural and 
functional complexity of bone is essential for 
successful integration and regeneration. In this 
context, advanced manufacturing technologies such 
as 3D printing and electrospinning have opened new 
possibilities to design scaffolds with controlled 
porosity, orientation, and composition, enabling 
better cell adhesion, proliferation, and differentiation. 
Hybrid manufacturing strategies that integrate 
electrospinning with 3D bioprinting represent a 
particularly promising direction. These approaches 
allow the creation of multiscale scaffolds with 
spatially controlled gradients in mechanical stiffness, 
biochemical composition, and topographical cues 
[2]. Such architectures can guide cellular alignment 
and direct tissue maturation, while also allowing the 
incorporation of bioactive agents or cells with high 
spatial accuracy. In parallel, the emergence of 
dynamically evolving materials—capable of 
modifying their structure, mechanical response, or 
drug release profile in response to physiological 
stimuli such as pH, enzymatic activity, inflammation, 
or mechanical loading—has further advanced the 
field toward the development of adaptive scaffolds. 
Each of these technological advances exploits 
different aspects of biomaterials, revealing their 
versatility and transformative potential. Among 
these, graphene and its derivatives have emerged 
as outstanding nanomaterials for regenerative 
medicine. Initially appreciated for their exceptional 
mechanical strength, surface area, and electrical 
conductivity, graphene-based materials have since 
demonstrated unexpected biological functionalities, 
including [3] osteoconductive and osteoinductive 
properties. These findings position graphene not 
only as a structural enhancer but also as a bioactive 
component capable of stimulating bone formation 
and mineralization. 
 
The advent of 3D and 4D printing has further 
expanded the potential of graphene by enabling its 

incorporation into functional bioinks. Nevertheless, 
the development of inks that combine high print 
fidelity, mechanical stability, biocompatibility, and 
mineralization capacity remains a key challenge. In 
this regard, graphene has once again proven to be 
an effective solution for formulating advanced 
composite inks and scaffolds, facilitating the design 
of hybrid systems that merge structural integrity with 
biological performance. The integration of graphene-
based materials into hybrid biofabrication strategies 
therefore represents a powerful approach toward 
next-generation bone substitutes that are not only 
biomimetic and mechanically robust but also 
biologically active and responsive to the 
physiological environment  
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