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Abstract: Hydrogels have emerged as promising biomateridissue engineering and regenerative medicineaileir
high water content, biocompatibility, and structwianilarity to the extracellular matrix (ECM). Tharticle reviews the
design principles and key physicochemical propertiebioactive hydrogels—such as stiffness, poypsiegradation
rate, and biochemical functionalization—and thelein modulating stem cell behavior and guidisgtie regeneration.
Special attention is given to the influence of logll mechanics on mechanotransduction, strategieohtrolled drug
and growth factor delivery, and surface functiaretion to enhance cell adhesion and lineage-spatiifierentiation.
Recent advances in dynamic, cell-responsive, aggadable hydrogels are highlighted as crucial dgrakents for
creating personalized and clinically relevant suldf.

1 Introduction have been extensively studied as scaffolding nedsefor

Tissue engineering and regenerative medicine nely §tem cell culture, drug delivery, and regeneratezapies
biomaterials that can support cellular processesgaide  (Figure 1). Hydrogels can be tailored to mimic the
tissue regeneration. Hydrogels, due to their higitew Mechanical, chemical, and biological propertienative

content, biocompatibility, and ECM-mimetic propesi tissues, making them highly suitable for applicasion
bone, cartilage, neural, and cardiovascular rdfpgir

Hydragel (spherical)

Hydrogel network

Filrn Soft Amorphous Stiff Peelable

Figure 1 lllustration of various hydrogel forms asttuctures, showcasing spherical hydrogels, hydrogtworks, and different
physical states, including film, soft, amorphoti$f, and peelable hydrogels (created with Biorenciem)
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Stem cells, including mesenchymal stem cells (MSC2.1  Hydrogel stiffness and mechanotransduction
embryonic stem cells (ESCs), and induced plurigatam
cells (iPSCs), require a biologically active enwiment The stiffness or elastic modulus (E) of a hydrquiays
that provides essential cues for proliferationa pivotal role in cell fate determination. Stemiseire
differentiation, and lineage commitment. Hydrogela be highly sensitive to the mechanical properties ofirth
engineered to include bioactive peptides, growtiol@, microenvironment, a  phenomenon  known  as
and extracellular matrix (ECM) proteins that intéreith  mechanotransduction, where extracellular mechanical
cell surface receptors and regulate downstreanalign signals are converted into biochemical responses th
pathways. Furthermore, the mechanical and topogralph regulate gene expression.

properties of hydrogels, such as stiffness, pgrosind Soft hydrogels (0.1-1 kPa) mimic the mechanical
degradation rates, influence cell migration, properties of brain and neutigsues, promoting
morphogenesis, and tissue remodeling [2,3]. neuronal differentiation of stem cells.
This article explores the design principles of btoae « Intermediate stiffness (5-15 kPa) is optimal for
hydrogels, their influence on stem cell behaViOd Eheir muscle and soft tissue engineering, Supporting
role as scaffolds for regenerative medicine. myogenic differentiation.

. . . »  Stiff hydrogels (>30 kPa) resemble bone ECM,
2 Physicochemical propertiesof hydrogels directing osteogenic differentiation of MSCs.

and their rolein cell behavior

The success of hydrogel-based scaffolds in tissue Mechanotransduction is mediated through integrin
engineering and regenerative medicine relies oreeige  Clustering, focal adhesion formation, and cytoslatle
balance of physicochemical properties that infleendension. Advances in dynamic hydrogels that caer alt
mechanical integrity, cellular interactions, stiffness in response to external stimuli allow tbe
biodegradability, and bioactivity. These properiiistate  Sequential differentiation of stem cells into rmplk
how stem cells adhere, proliferate, and differeéatia lineages, mimicking native tissue development [2]1,1
ultimately determining the scaffold’'s effectiveness
tissue repair [4]. The ability to fine-tune hydrogtffness, 2.2  Porosity and diffusion properties
porosity,  degradation rate, and biochemical Porosity is a defining characteristic of hydrogeiat
functionalization allows researchers to mimic thénfluences cell infiltration, vascularization, amditrient
extracellular matrix (ECM) and optimize hydrogeldiffusion. The pore size, distribution, and interaectivity
performance for specific biomedical applicationsheT of a hydrogel impact stem cell migration, tissuegmation,
mechanical properties of a hydrogel define howsponds and oxygen exchange, which are essential for ssftdes
to external forces and cellular traction, playingracial tissue regeneration [13].
role in stem cell mechanotransduction [5]. Hydregeith Hydrogels with small pores (<5 um) create a dense
higher stiffness can direct stem cells toward age@ matrix that restricts cell penetration, making theutable
differentiation, while softer matrices support renal and for barrier applications such as wound dressings or
chondrogenic differentiation. The swelling capadityd cartilage protection. In contrast, macroporous bgdts
water retention ability of a hydrogel influence ment (50-300 pm) provide a scaffold architecture thgipsuts
diffusion and metabolite exchange, affecting stesii c cell migration, vascular network formation, andstis
survival and metabolic activity [6]. Additionallporosity remodeling. Highly porous hydrogels allow for rapid
and permeability regulate cell migration, vascuaiation, diffusion of oxygen, glucose, and bioactive molesul
and tissue infiltration, which are essential fondeteerm preventing the formation of hypoxic cores in engneel
regenerative success. Degradation kinetics, goslebye tissues [4,14].
enzymatic and hydrolytic processes, determine helvav The ability to tailor hydrogel porosity is cruciér
hydrogel integrates with host tissue and whether different tissue engineering applications:

degrades at a rate synchronized with new tissundion e Bone and cartilage scaffolds require

[7]. Finally, biochemical modifications, such asogth interconnected macropores (50-200 um) to
factor incorporation, ECM protein conjugation, and facilitate osteoblast infiltration and extracellula

peptide functionalization, enhance the hydrogediits to matrix deposition.

interact with stem cells and stimulate lineage-sjgec « Neural scaffolds benefit from aligned

differentiation [8,9]. Each of these physicocherhica microchannels that guide neuronal extension and
properties is interconnected, requiring a multifaict synapse formation.

approach when designing hydrogel scaffolds for « Cardiovascular applications utilize anisotropic
biomedical applications [10]. pore networks to mimic the aligned fiber structure

of blood vessels, ensuring proper
endothelialization and vascular patency [15,16].
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modulate immune responses to implants, improviradt gr
Modern fabrication techniques such as cryogelatiosurvival [25,26].
porogen leaching, and 3D bioprinting enable precise Authors Hu et al. developed a hyaluronic acid (A
control over pore size, gradient structuring, andltim chitosan-based hydrogel (OHA-CMC) with antibacteria
layered hydrogel designs that replicate the hibieat and hemostatic properties, created through a Sbhigg
organization of native tissues [15,17]. reaction. They incorporated nanotechnologically-iied
curcumin (CNP) and epidermal growth factor (EGRpin
2.3 Biodegradability and enzymatic degradation ~ the hydrogel. The resulting OHA-CMC/CNP/EGF
Biodegradability is an essential feature of hydtegehydrogel demonstrated significant antioxidant, -anti
that allows for progressive tissue replacement has tinflammatory, and migration-promoting effects irtroi
scaffold degrades. The rate of degradation muginey ~The hydrogel released curcumin in the early phdse o
tuned to match tissue formation dynamics; prematuound healing to reduce inflammation and oxidative
degradation can compromise scaffold integrity, ehilstress, while EGF was gradually released to supatat
excessive persistence may lead to fibrotic encafienl Stages, such as proliferation and extracellularrimat
[18,19]. (ECM) remodeling. In a diabetic skin defect modbk
Natural hydrogels such as collagen, gelatin, hpalier hydrogel significantly enhanced wound healing, tidahg
acid, and fibrin degrade enzymatically, mimickirgtine re-epithelialization, granulation tissue formatiand skin
ECM turnover. The incorporation of matrix appendage regeneration, showcasing its potentigh as
metalloproteinase (MMP)-sensitive sequences allfows therapeutic dressing for diabetic wounds [27].
cell-driven degradation, where stem cells secretgraes
to remodel the hydrogel in a biologically contrdlle 3.2 Surface functionalization with ECM proteins
manner. Synthetic hydrogels like polyethylene glyco Hydrogel surfaces can be modified with ECM-derived
(PEG), polyvinyl alcohol (PVA), and polyacrylamideproteins such as fibronectin, laminin, vitronectamd
degrade via hydrolytic cleavage, which can be esggied collagen to enhance cell adhesion and integrinadiig
to occur over weeks to months, depending on polym@eptide motifs such as RGD (Arg-Gly-Asp) improvd ce

crosslinking density [20]. attachment, while IKVAV and YIGSR sequences promote
Cell-responsive degradation is crucial for appl@a neuronal differentiation [4].  Alvarez-Lopez et al.
such as: developed a biofunctionalization strategy usingabent

» Bone tissue engineering, where slow-degradingnmobilization of extracellular matrix (ECM)-derige
hydrogels (weeks to months) support prolongedligopeptides on Ti-6Al-4V surfaces via activateapuor
mineral deposition and osteogenesis [21]. silanization (AVS) and EDC/NHS crosslinking chemyst

« Wound healing applications, where fast-The immobilization was stable, even under chemical
degrading hydrogels (days to weeks) enable rapdjanaturing conditions. The modified surfaces enbkdnc
epithelialization and matrix remodeling [22]. mesenchymal stem and progenitor cell attachment,

« Drug delivery systems, where degradation i§Preading, and growth, supporting chondro- andoeste
programmed to release growth factors, Cytokinegggeneration. Additionally, the method improvedexdbn
or small molecules in a time-controlled manner. of @ neural cell line with poor anchorage propsitie

demonstrating its versatility [28].
Recent innovations in bio-orthogonal click chenyistr
and self-healing hydrogels have enabled the deswtop 4  Discussion
of smart degradable materials that respond to leellu = The physicochemical properties of hydrogels—
enzymatic activity, pH changes, or inflammatorynsily, including stiffness, porosity, degradation, ancchiemical
allowing for on-demand scaffold remodeling [23,24]. functionalization—serve as the foundation for their
biological performance in tissue engineering. Tihiétg to
3 Functionalization strategies for bioactive  engineer hydrogels with tunable mechanics, prepise
hydrogels architectures, and contrc_JIIed degradation profﬂ&eyvs
31 Growth factor and drug delivery researchers to create microenvironments that gstiel®

Hydrogels act as localized delivery platforms forceII behavior and tissue regeneration. Advances in

. ) o . dynamic and stimuli-responsive hydrogels furthdvaarce
bioactive molecules, providing sustained releaggaivth the adantive capabilities of these biomaterialeni
factors, cytokines, and small-molecule drugs. Guleil P P =y

delivery of vascular endothelial growth factor (VEIG new frontiers in personalized regenerative medicine

promotes  angiogenesis, while bone morphogenetl?éoacnve implant coatings, and controlled drugiwael

proteins  (BMP-2 BMP-7)  induce Osteogenicsystems. Future research must continue optimizieget

differentiation in bone regeneration. Encapsulatibanti- parameters o bridge the gap between laboratotg-sca

inflammatory agents such as dexamethasone or itahO hydrogel d§3|gn a_nd .cl|n|cal translfatlon, ensurthgir
successful integration into regenerative theraj@g].
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5 Conclusion and TechnologyVol. 53, No. 1, pp. 15-18, 2023.

Hydrogels represent a transformative class of https://doi.org/10.14311/CTJ.2023.1.03
biomaterials in biomedical engineering, offeringeasatile  [8] DING, X., FAN, L., WANG, L., ZHOU, M., WANG,
platform for tissue regeneration, drug deliveryd atem Y., ZHAQ, Y.: Designing Self-Healing Hydrogels for
cell modulation. Their tunable physicochemical Biomedical ApplicationsMaterials HorizonsVol. 10
properties—such as stiffness, porosity, degradgbiind No. 10, pp. 3929-3947, 2023.
biofunctionalization—allow for precise control ovére https://doi.org/10.1039/D3MHO00891F
cellular microenvironment, enabling the engineerafg [9] KHALAK, F.A.-H., GARCIA-VILLEN, F., RUIZ-
scaffolds that mimic native extracellular matrices. ALONSO, S., PEDRAZ, J.L., SAENZ-DEL-BURGO,
Continued advancements in smart and stimuli-respens ~ L.: Decellularized Extracellular Matrix-Based Bi&i
hydrogels, along with biofabrication techniques,idho ~ for Tendon Regeneration in Three-Dimensional
significant promise for translating these materifitsm Bioprinting, International Journal of Molecular
bench to bedside. However, challenges related to Sciences, Vol. 23, No. 21, pp. 1-23, 2022.
mechanical stability, biocompatibility, and largeake https://doi.org/10.3390/ijms232112930
manufacturing must be addressed to fully realize tH10] AGMON, G., CHRISTMAN, K.L.: Controlling Stem

clinical potential of hydrogel-based therapies. uret Cell Behavior with Decellularized Extracellular
research should focus on integrating multidisciaijn Matrix Scaffolds,Current Opinion in Solid State and
approaches to design next-generation hydrogelscemat Materials Scienceyol. 20, No. 4, pp. 193-201, 2016.
dynamically adapt to biological cues and promote https://doi.org/10.1016/j.cossms.2016.02.001
personalized regenerative outcomes. [11] TING, M.S., TRAVAS-SEJDIC, J., MALMSTROM,
Acknowledgement J.: Modulation of Hydrogel Stiffness by External
The state grant agency supported this article pritfects Stimuli: Soft Materials for Mechanotransduction
KEGA 018TUKE-4/2023 and VEGA 1/0403/25. Studies,Journal of Materials Chemistry Byol. 9,
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