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Introduction
Tissue engineering has traditionally relied on three-dimensional 

(3D) scaffolds to provide structural support for cell attachment, 
proliferation, and differentiation. While 3D scaffolds mimic the 
spatial architecture of native tissues, they are often static structures 
that cannot adapt to changing biological environments. Living 
tissues, however, are dynamic systems that grow, remodel, and 
respond to biochemical and mechanical signals over time. To address 
this limitation, researchers have introduced the concept of four-
dimensional (4D) hydrogel scaffolds—materials that not only possess 
three-dimensional structure but also evolve in response to external or 
internal stimuli [1,2].

4D hydrogel scaffolds are typically fabricated using stimuli-
responsive polymers capable of undergoing controlled transformations 
in shape, stiffness, porosity, or biochemical functionality. The 
fourth dimension—time—represents their ability to change after 
implantation or during in vitro culture. This dynamic behavior opens 
new possibilities for creating more physiologically relevant tissue 
constructs [3,4].

Discussion
Hydrogels are highly hydrated polymer networks that resemble 

the extracellular matrix of natural tissues. Their high water content, 
tunable mechanical properties, and biocompatibility make them 
ideal candidates for scaffold fabrication. In 4D systems, hydrogels 
are engineered to respond to stimuli such as temperature, pH, light, 
magnetic fields, or specific enzymes. For instance, temperature-
sensitive hydrogels can swell or contract when exposed to physiological 
conditions, enabling minimally invasive implantation followed by in 
situ expansion [5].

Shape-morphing is one of the most significant features of 4D 
hydrogel scaffolds. Through advanced fabrication techniques such as 
3D bioprinting and micro-patterning, scaffolds can be programmed 
to fold, bend, or self-assemble into complex structures over time. This 

property is particularly useful for replicating intricate anatomical 
features such as vascular networks or layered tissues. Controlled 
porosity changes can also regulate nutrient diffusion and waste 
removal, supporting improved cell survival and maturation.

Another critical advantage is the ability to modulate mechanical 
properties dynamically. Tissue stiffness influences cell behavior, 
including stem cell differentiation and tissue regeneration. Smart 
hydrogels can gradually alter their stiffness to mimic developmental 
processes or healing stages, thereby guiding cellular responses more 
effectively. Additionally, bioactive molecules such as growth factors 
can be incorporated and released in a time-controlled manner, further 
enhancing regenerative outcomes.

Despite these promising features, challenges remain. Ensuring 
precise control over transformation kinetics, maintaining long-term 
stability, and scaling up production are ongoing research priorities. 
Biocompatibility and predictable degradation profiles must also be 
carefully optimized for clinical translation.

Conclusion
4D hydrogel scaffolds represent a transformative advancement 

in tissue engineering by introducing dynamic, time-dependent 
functionality to biomaterial design. Their ability to change shape, 
stiffness, and biochemical properties in response to stimuli makes 
them powerful tools for creating more realistic and adaptive tissue 
constructs. Although technical challenges persist, continued 
innovation in smart polymers and fabrication technologies is likely 
to accelerate their clinical application. Ultimately, 4D hydrogel 
scaffolds hold great promise for advancing regenerative medicine and 
personalized therapeutic strategies.
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