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Abstract


The cryopreservation of three-dimensional (3D) biofabricated constructs is a key enabler for their clinical application in regenerative medicine. Unlike two-dimensional (2D) cultures, 3D systems such as encapsulated cell spheroids, molded hydrogels, and bioprinted tissues present specific challenges related to cryoprotectant (CPA) diffusion, thermal gradients, and ice formation during freezing and thawing. This review examines the current strategies for preserving 3D constructs, focusing on the role of biomaterials as cryoprotective matrices. Natural polymers (e.g., hyaluronic acid, alginate, chitosan), protein-based scaffolds (e.g., silk fibroin, sericin), and synthetic polymers (e.g., polyethylene glycol (PEG), polyvinyl alcohol (PVA)) are evaluated for their ability to support cell viability, structural integrity, and CPA transport. Special attention is given to cryoprotectant systems that are free of dimethyl sulfoxide (DMSO), and to the influence of hydrogel architecture on freezing outcomes. We have compared the efficacy and limitations of slow freezing and vitrification protocols and review innovative approaches such as temperature-controlled cryoprinting, nano-warming, and hybrid scaffolds with improved cryocompatibility. Additionally, we address the regulatory and manufacturing challenges associated with developing Good Manufacturing Practice (GMP)-compliant cryopreservation workflows. Overall, this review provides an integrated perspective on material-based strategies for 3D cryopreservation and identifies future directions to enable the long-term storage and clinical translation of engineered tissues.
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1. Introduction


The cryopreservation of biofabricated 3D constructs is an emerging and indispensable component of regenerative medicine and clinical tissue engineering. As the field advances toward the development of complex tissue equivalents, including vascularized grafts, organoids, and 3D-bioprinted scaffolds, there is a growing demand for cryopreservation strategies that can preserve not only cellular viability but also the architectural and functional integrity of constructs through the freeze–thaw cycle [1,2]. The applications include off-the-shelf tissue implants, patient-specific models for personalized medicine, and advanced therapeutic products such as bioprinted corneal epithelium and osteochondral grafts [3,4,5]. Other clinically oriented examples include cryopreserved hepatic microtissues used in drug toxicity testing and liver disease modeling, further emphasizing the need for cryopreservation protocols that ensure post thaw structural and functional integrity [6].



Despite this potential, current cryopreservation protocols face significant limitations. DMSO, the most commonly used cryoprotectant, is associated with cytotoxicity, osmotic stress, and residual toxicity that complicate its use in clinical-grade products [7,8]. Moreover, the diffusion of CPAs, ice formation dynamics, and thawing profiles are more complex in 3D constructs than in single-cell suspensions, making standard protocols inadequate [1,9,10]. These challenges are further compounded by the diversity of materials used in biofabrication—ranging from polysaccharides and proteins to synthetic polymers—each influencing cryostability in distinct ways [11,12].



Recent studies have proposed a shift toward DMSO-free or low-toxicity cryopreservation strategies by using biomaterials that offer both structural support and intrinsic cryoprotective effects. For instance, hyaluronic acid (HA) and trehalose-enriched hydrogels have shown the ability to reduce ice formation and promote post thaw functionality [1,13,14]. Similarly, synthetic polymers such as PEG and PVA have demonstrated ice recrystallization inhibition (IRI) and improved thermal properties [15,16]. Cryogels, microencapsulation techniques, and vitrification protocols are also being adapted to meet the requirements of complex biofabricated tissues [4].



Given the diversity of approaches and the evolving nature of this field, a systematic synthesis of current biomaterials and strategies is essential to inform future development. This review aims to provide a comprehensive overview of the cryoprotective biomaterials used in 3D biofabrication; evaluate their mechanisms of action, structural and functional roles, and compatibility with DMSO-free protocols; compare their advantages and limitations; and highlight emerging trends and future directions in clinical translation.



Literature Search Strategy


To ensure a comprehensive and representative overview of the field, we performed a structured literature search as described below. We conducted a structured search of peer-reviewed literature published between 2010 and 2025 using PubMed, Scopus, and Web of Science. The search terms included combinations of “cryopreservation”, “biofabrication”, “3D printing”, “biomaterials”, “DMSO-free”, “cryogels”, “microencapsulation”, and specific materials (e.g., “hyaluronic acid”, “PEG”, “gelatin”). Articles were selected based on their relevance to 3D cryopreservation strategies, material characterization, and in vitro or in vivo performance. Priority was given to experimental studies, reviews in high-impact journals, and publications describing clinically relevant or translatable systems.





2. Cryoprotective Biomaterials for Three-Dimensional Constructs


2.1. Polysaccharide-Based Hydrogels


Polysaccharide-based hydrogels are increasingly prominent in tissue engineering due to their biocompatibility, biodegradability, and structural versatility. These natural polymers, such as HA, chitosan, alginate, and cellulose, mimic the extracellular matrix (ECM), providing a supportive microenvironment for cell adhesion, proliferation, and differentiation. Their high-water content (up to 90%) and tunable mechanical properties achieved through physical or chemical crosslinking enable customization for specific tissue needs, such as load-bearing joints or injectable scaffolds for minimally invasive applications (Table 1).



2.1.1. Hyaluronic Acid


HA is a naturally occurring glycosaminoglycan abundantly found in the ECM, where it regulates essential physiological processes such as cell proliferation, wound healing, tissue hydration, and immune modulation. Its intrinsic biocompatibility, high water retention capacity, and viscoelasticity make it a widely used biomaterial in 3D cell cultures, regenerative medicine, and cryopreservation. Notably, HA can be produced via microbial fermentation, avoiding animal-derived contaminants and supporting clinical-grade applications [17,18].



One of HA’s main strengths lies in its chemical versatility. Derivatization methods such as methacrylation or Pluronic grafting enable the fabrication of hydrogels with tunable mechanical and degradative properties. Moreover, peptide functionalization (e.g., RGD, IKVAV) improves cellular adhesion, migration, and lineage-specific differentiation, supporting applications in glioma modeling, chondrogenesis, and neural repair [19]. Emerging designs, such as cysteamine-grafted HA with reversible disulfide bonds, have yielded self-healing hydrogels with excellent post printing integrity and mechanical resilience, further expanding the biofabrication utility of HA-based platforms [20]. In parallel, HA hydrogels have also proven valuable for tumor spheroid formation and drug testing due to their ability to mimic the tumor microenvironment [17].



In the context of cryopreservation, methacrylated HA (MeHA) hydrogels have shown promising results. For example, MeHA matrices (123 kDa, 54% methacrylation) enabled the homogeneous diffusion of 10% DMSO throughout 3D scaffolds, resulting in post thaw viabilities of 40–60% in human mesenchymal stem cells (MSCs). More importantly, these systems preserved the cells’ differentiation potential, supporting their long-term storage and downstream therapeutic use [37,38]. Additionally, high-molecular-weight HA (HMW-HA, >1 MDa) has been proposed as a non-penetrating macromolecular cryoprotectant that is effective at lowering DMSO requirements. Combinations of 3–5% DMSO with 0.1–0.2% HMW-HA improved the survival and osteo/chondrogenic capacity of MSCs while increasing stemness marker expression (e.g., CD49f) [21].



The encapsulation of hMSCs in MeHA matrices has also been linked to the preservation of adipogenic differentiation potential after thawing comparable to that of non-frozen controls, further underscoring the dual structural and bioactive role of HA-based systems in cryopreservation [38]. Furthermore, HA–alginate composite hydrogels (typically in 1:1 ratios) have shown synergistic effects, improving hMSC viability (up to 77.4%), proliferation, and spheroid formation. These systems also maintain key stemness markers (SOX2, OCT4, NANOG) and yield soft porous structures (E ≈ 1.2 kPa), supporting advanced 3D stem cell cultures with regenerative potential [39].



Interestingly, HA also appears to exert intracellular effects during cryopreservation. For instance, its presence in DMSO-containing media attenuated the activation of the RhoA/ROCK pathway, a key mediator of cytoskeletal stress and apoptosis. This suggests that HA’s protective function is not merely physical but also involves the modulation of intracellular signaling [40]. This duality of action, both extracellular and intracellular, positions HA as a unique candidate among natural polymers for next-generation cryopreservation strategies.




2.1.2. Alginate


Alginate is a naturally derived, anionic polysaccharide composed of β-D-mannuronic acid (M) and α-L-guluronic acid (G) residues, primarily extracted from brown algae. Due to its rapid ionic crosslinking with divalent cations such as Ca2+, alginate readily forms hydrogels under mild, cell-friendly conditions, making it widely used in tissue engineering, 3D bioprinting, and cryopreservation. The ratio and sequence of M and G blocks determine its mechanical strength, porosity, and gelling behavior, allowing precise control over scaffold architecture and functionality. Although alginate is intrinsically non-adhesive to cells, its bioactivity can be enhanced through functionalization with bioactive peptides such as RGD, YIGSR, or GREDV. These modifications improve cell attachment, proliferation, and lineage-specific differentiation, with demonstrated applications in cardiac and vascular tissue models [19].



In cryopreservation, alginate hydrogels offer several advantages: their hydrated network buffers osmotic fluctuations, limits ice crystal propagation, and promotes the even distribution of CPAs. A notable innovation is the development of core–shell alginate capsules via coaxial electrospraying, which create liquid–core microenvironments that favor 3D cell aggregation and enhanced post thaw recovery. Compared with conventional solid beads, these capsules yielded higher viability and metabolic activity in MSCs when cryopreserved in DMSO–sucrose-based solutions, underlining the relevance of structural design in encapsulation strategies [22].



Further innovations include the use of oxidized and methacrylated alginate (OMA) to fabricate microgels for modular 3D bioprinting. These photopolymerizable hydrogels enable the encapsulation and cryopreservation of human MSCs with a minimal loss of viability and preserved differentiation potential. When printed via the Freeform Reversible Embedding of Suspended Hydrogels (FRESH) technique, OMA microgels yield structurally complex and viable tissue constructs. Their shear-thinning and self-healing behavior facilitates extrusion-based bioprinting while maintaining shape fidelity and scaffold integrity [2].



Encapsulation in alginate has also been used to preserve the structural and functional integrity of complex multicellular systems such as neurospheres. When cryopreserved in ultra-high viscosity alginate crosslinked with Ba2+, primary brain neurospheres retained membrane integrity and neuron–astrocyte interactions. The use of CryoStor-CS10 medium and an optimized freezing protocol further improved post thaw recovery, suggesting that alginate encapsulation can maintain both viability and specialized functionality in neural aggregates [11].



However, the intrinsic lack of cell adhesion and the need for chemical modifications to enable functionalization highlight the key limitations of alginate systems. These aspects, together with its slow degradation profile, warrant further research to optimize its long-term biointegration in cryopreserved constructs.




2.1.3. Chitosan


Chitosan is a linear, polycationic polysaccharide derived from the partial deacetylation of chitin. Its biocompatibility, biodegradability, and structural similarity to glycosaminoglycans have made it an attractive biomaterial for various biomedical applications [19].



Chitosan has been applied in cryopreservation as a coating agent in alginate-based encapsulation systems. Its polycationic properties enable the formation of stable polyelectrolyte complexes that enhance capsule integrity and modulate permeability during freezing and thawing. One study demonstrated that probiotic bacteria encapsulated in alginate–chitosan capsules retained higher viability after six months of storage at −20 °C, with preserved functional activity and resistance to gastrointestinal conditions [23]. Another investigation showed that pancreatic islets encapsulated in alginate–chitosan hydrogels maintained post-thaw viabilities exceeding 95%, along with preserved insulin secretion, in contrast to significantly reduced viability in non-encapsulated controls [24]. In line with these findings, the encapsulation of porcine cardiosphere-derived cells (CDCs) in alginate-based matrices preserved cell viability and phenotype over 42 days, while supporting growth factor secretion and enhancing osteogenic differentiation capacity compared with non-encapsulated CDCs, as demonstrated in a recent study [41].



In addition to its use in encapsulation systems, chitosan has also been explored as a structural component in cryogel-based biomaterials. For example, developed sponge-like cryogels composed of chitosan crosslinked with glutaraldehyde were developed using an inverse Leidenfrost effect followed by cryopolymerization at subzero temperatures (−15 °C). Although not directly applied to cellular cryopreservation, these cryogels display key features such as micrometer-sized interconnected pores, rapid swelling, high shape recovery, and mechanical resilience after repeated compression cycles. These properties, along with their biodegradability and tunable porosity, support their potential use as cryocompatible scaffolds facilitating uniform CPA diffusion and mitigating ice damage in 3D construct preservation [25].




2.1.4. Dextran


Dextran is a branched polysaccharide composed of α-1,6-linked D-glucose units, extensively studied for its high hydrophilicity, biocompatibility, and ease of chemical modification. Although lacking inherent cell-binding motifs, dextran can be functionally enhanced through periodate oxidation (Dex-ald), allowing Schiff base crosslinking with amine-containing polymers such as gelatin to form injectable and printable hydrogels under mild conditions [19,26,27].



Dextran-ald has been successfully incorporated into composite bioinks, such as alginate/gelatin/dextran-aldehyde (AGDA), improving structural fidelity and promoting cell viability in both single-cell and spheroid-based constructs [27]. Similarly, photo-crosslinkable systems like hyaluronic acid/dextran-methacrylate (Dex-HEMA) semi-interpenetrating networks offer mechanical robustness and cytocompatibility for long-term culture applications [28].



Dextran-based hydrogels exhibit shear-thinning behavior, rapid crosslinking kinetics, and a high porosity, supporting their use in extrusion-based bioprinting and injectable delivery [29,42]. These properties facilitate homogeneous cell encapsulation and precise filament deposition, while also enhancing cryopreservation performance by promoting uniform cryoprotectant distribution and reducing shear-induced damage. Their hydrophilic network structure can buffer osmotic changes and restrict ice propagation—key factors for maintaining cell viability during freeze–thaw cycles. Additionally, dynamic covalent dextran hydrogels formed via reversible Schiff base chemistry have shown injectability, mechanical robustness, and self-healing behavior under physiological conditions, all of which may support construct stability during cryopreservation [43]. Recent studies have also demonstrated that gelatin–dextran bioinks prepared via non-toxic, catalyst-free crosslinking exhibit fast gelation, shear-thinning behavior, and support homogeneous fibroblast distribution without cytotoxicity [26]. Although their direct application in cryopreservation remains limited, these structural and functional attributes suggest a promising role for dextran-based materials as cryoprotective scaffolds in DMSO-free strategies for complex 3D constructs.




2.1.5. Agarose


Agarose is a thermoresponsive, non-ionic polysaccharide extracted from red algae, composed of alternating D-galactose and 3,6-anhydro-L-galactopyranose residues. It forms a physical gel through reversible hydrogen bonding upon cooling below 35–40 °C, with melting temperatures exceeding 85 °C, making it highly stable for use in biofabrication processes. Due to its bioinert nature and lack of intrinsic cell-adhesive motifs, agarose is often considered a structural scaffold rather than a bioactive matrix [19]. Nonetheless, chemical functionalization, such as the carbodiimide-mediated conjugation of adhesion peptides (e.g., RGD, IKVAV), has enabled the use of agarose hydrogels to support neuronal growth, chondrogenesis, and other lineage-specific cell behaviors [19]. In particular, hybrid hydrogels composed of PEG and agarose have demonstrated enhanced mechanical properties and improved cell encapsulation outcomes, offering a balance between bioinert stability and controlled bioactivity.



Recent findings also support their potential for cryopreservation applications. In a model system using PEG-supplemented agarose hydrogels, encapsulated E. coli retained over 80% viability and functionality after three months at −20 °C, supporting the relevance of these hybrid systems for preserving biological constructs under subzero conditions [44]. These systems have also been successfully employed in bone tissue bioprinting, alone or in combination with bioactive ceramics, contributing to in situ mineralization and osteoconductivity [30].



Low melt agarose has also been used as a printable hydrogel for enzyme immobilization in extrusion-based bioprinting. Its fine mesh size allows the high retention of functional proteins while preserving dimensional stability and print fidelity in multilayer constructs [31]. The use of temperature-controlled extrusion systems further enhances reproducibility and allows precise deposition without compromising hydrogel integrity. These characteristics, while explored in enzymatic models, suggest additional utility in cryopreservation settings where functional retention and mechanical stability are critical.



Recent studies have shown that agarose–alginate composite hydrogels (e.g., 3:2 ratio, 5% w/v) support a high print fidelity without the need for sacrificial supports or photo-crosslinking. These systems demonstrated excellent post printing cell viability (>95%) and sustained chondrogenic function, including glycosaminoglycan production, over 28 days in culture [32]. Their favorable rheological behavior and mechanical resilience make them suitable candidates for integrated printing and preservation workflows. In fact, agarose’s high thermal stability, defined pore structure, and low permeability to macromolecules make it an attractive candidate for use in cryopreservation. It has been employed as a supportive hydrogel matrix for freezing cell-laden constructs, acting as a protective barrier that limits ice crystal formation and reduces mechanical damage during thawing. While its intrinsic cryoprotective effects are limited, its compatibility with cryoprotective agents and structural resilience under thermal cycling enhance its utility in preserving the architecture and integrity of 3D printed scaffolds [19].




2.1.6. Nanocellulose-Based Bioinks


Nanocellulose including cellulose nanofibrils (CNFs) and cellulose nanocrystals (CNCs) has gained considerable attention due to its high mechanical strength, shear-thinning behavior, and chemically versatile surface. CNFs contribute to structural stability in extrusion-based printing, while CNCs enhance scaffold stiffness and crosslinking through hydrogen bonding. In cartilage engineering, nanocellulose–alginate bioinks have demonstrated high shape fidelity (with nozzle diameters < 400 µm) and preserved architecture following cryopreservation [33].



Compared with alginate-only formulations, the inclusion of nanocellulose improves print fidelity, rheological performance, and post thaw structural retention. While Gelatin Methacrylate (GelMA)- and Polyethylene glycol diacrylate (PEGDA)-based bioinks may offer greater bioactivity or tunability, they often require photoinitiators or UV exposure that can compromise cell viability. Nanocellulose-based bioinks, in contrast, provide mechanical reinforcement and cytocompatibility with minimal processing, although they may require functionalization for lineage-specific applications.



Moreover, in photo-crosslinkable systems, nanocellulose improves polymerization kinetics and structural definition. Its incorporation into hybrid bioinks, such as GelMA- methacrylated hyaluronic acid (HAMA) or PEGDA-HA, enhances rheological performance and mechanical strength, supporting long-term cell viability and extracellular matrix preservation [34,35]. This synergy underscores the relevance of nanocellulose as a rheological enhancer and scaffold stabilizer across multiple bioink platforms.



Beyond printability, nanostructured biomaterials also contribute actively to cryopreservation performance. Their finely tuned porosity and stiffness reduce extracellular ice damage and preserve scaffold integrity through freeze–thaw cycles. For example, the combination of CNCs with low-molecular-weight PEG or trehalose has demonstrated enhanced structural preservation and post thaw cell viability, potentially via the stabilization of cell–matrix interactions and the modulation of ice nucleation dynamics [35,36].



While further optimization is needed, particularly in terms of biofunctionalization and cell-instructive signaling, nanocellulose remains a promising additive for cryocompatible bioinks, particularly in applications demanding structural fidelity and mild processing conditions.





2.2. Protein-Based Biomaterials


Protein-derived biomaterials such as gelatin, silk fibroin, collagen, and sericin offer exceptional biocompatibility and intrinsic bioactivity due to their resemblance to native ECM components. These proteins contain bioactive motifs (e.g., RGD, GFOGER) that facilitate essential cellular processes like adhesion, proliferation, and differentiation, making them attractive for regenerative medicine, 3D biofabrication, and emerging cryopreservation strategies (Table 2).



2.2.1. Silk Fibroin


Silk fibroin (SF), derived from Bombyx mori, combines exceptional tensile strength with tunable degradation and low immunogenicity. Its structure includes β-sheet crystalline domains that provide mechanical stability and amorphous segments that support cell adhesion [35,45]. SF is shear-thinning and compatible with extrusion and light-based printing methods. Methacrylated SF enables digital light processing (DLP) to fabricate intricate microarchitectures [45]. Incorporation into mesoporous bioglass scaffolds has enhanced compressive strength and osteogenic performance, while blends of mulberry and non-mulberry SF broaden RGD motif diversity, improving hepatic tissue modeling. Structurally, SF features amphiphilic block-like sequences formed by heavy and light chains linked via disulfide bonds. This configuration enables self-assembly and responsiveness to pH and temperature, allowing SF to function as a platform for stimuli-responsive hydrogels, drug carriers, and adhesive materials [46].



In the context of cryopreservation, SF-based hydrogels have demonstrated a protective role in 3D constructs. For example, porous SF cryogels were used to encapsulate epithelial cells in tissue-like models, showing that the scaffold’s mechanical robustness and interconnected porosity preserved post thaw cell–cell and cell–matrix interactions [47]. Notably, SF limited DMSO accumulation within the construct, reducing cytotoxicity while maintaining over 80% cell viability and tight junction integrity after freezing at −80 °C with 5% DMSO. These findings underscore SF’s dual role as both a structural and functional cryocompatible matrix capable of modulating CPA diffusion while preserving cell architecture and viability.




2.2.2. Sericin


Sericin, a globular silk protein co-extracted with fibroin, possesses antioxidant, anti-inflammatory, and epithelial-regenerative properties. Despite its lower mechanical strength compared with fibroin, sericin promotes epithelial proliferation and can be crosslinked with genipin or combined with gelatin to form multifunctional scaffolds with enhanced bioactivity [35,45]. Importantly, sericin exhibits promising cryoprotective properties, including the scavenging of reactive oxygen species (ROS), membrane stabilization, and the maintenance of osmotic balance—mechanisms that parallel those of non-permeating macromolecular cryoprotectants like PEGs. For example, PEG 400 has enabled the successful plunge-freezing of keratinocytes with a post thaw viability comparable to DMSO-based protocols [48], while PEG 200 preserved spheroid integrity via passive diffusion and cytoskeletal stabilization [36]. Recent studies underscore that the inhibition of ice recrystallization during warming, rather than the suppression of initial ice formation, is critical for ensuring cell survival after thawing [49]. Sericin and other structured protein-based hydrogels may thus provide dual functionality, biological support and physical cryoprotection, and hold promise as DMSO-free alternatives in sensitive biomedical applications.





2.3. Synthetic Polymers


In contrast to natural polymers, synthetic polymers offer high reproducibility, controlled degradation, and tunable physicochemical properties, making them highly attractive for applications in tissue engineering and cryopreservation. These materials, including PEG, PVA, and poly(lactic-co-glycolic acid) (PLGA), can function as structural scaffolds, drug delivery platforms, or cryoprotective agents, either alone or in combination with natural biomolecules [50,51] (Table 3).



2.3.1. Polyethylene Glycol


PEG is a hydrophilic, non-toxic synthetic polymer widely used in tissue engineering and cryopreservation. Its cryoprotective potential depends on its molecular weight and application mode. Low-molecular-weight PEGs, such as PEG200 and PEG400, have been used in solution as alternative cryoprotectants. PEG400, for instance, enabled the effective plunge-freezing of human keratinocytes, achieving post thaw viabilities comparable to DMSO-based protocols [52]. Similarly, PEG200 allowed the DMSO-free cryopreservation of stem cell spheroids after 2–6 h of preincubation, preserving their viability, proliferative capacity, and cytoskeletal organization [36].



In contrast, high-molecular-weight PEGs and their derivatives (e.g., PEGDA) have been widely explored as hydrogel-forming biomaterials for cryopreservable 3D constructs. PEG hydrogels are non-biodegradable by default but can be chemically modified with degradable segments or acrylate groups, enabling photopolymerization and structural customization. Biofunctionalization with RGD peptides or growth factors improves cell adhesion and ECM production, as demonstrated in mechanically stimulated cartilage constructs [51]. During cryopreservation, PEG-based hydrogels can contribute to osmotic buffering and ice IRI, especially when used in combination with other biomaterials [53].




2.3.2. Polyvinyl Alcohol


PVA is another hydrophilic polymer used in cryopreservation due to its strong ice IRI activity, making it a promising non-permeating additive in cryopreservation protocols. Unlike permeating agents such as DMSO, PVA does not require intracellular diffusion to exert its protective effect. Instead, it adsorbs to ice surfaces and suppresses crystal growth during thawing, thereby reducing mechanical damage and improving post thaw cell viability and morphology [15].



Although most studies have evaluated PVA as a solute in cryoprotective solutions, it also has potential as a structural component in hydrogel systems. Physically crosslinked PVA hydrogels, produced by freeze–thaw cycles, have been explored in tissue engineering for their mechanical robustness, water retention, and cytocompatibility [50]. These properties suggest that PVA-based hydrogels could serve as dual-function platforms offering both mechanical support and cryoprotection for 3D biofabricated constructs.




2.3.3. Polyurethane (PU)


PU is a versatile class of synthetic polymers composed of soft and hard segments linked by urethane bonds. Recent developments in biodegradable, thermosensitive PU hydrogels have enabled their use in 3D printing for neural and vascular tissue engineering. These materials exhibit a favorable mechanical strength, elasticity, and tunable degradation. Low-temperature deposition techniques have been employed to fabricate PU-based constructs incorporating adipose-derived stem cells and cryoprotectants, with constructs maintaining high post thaw cell viability and structural integrity after freeze–thaw cycles [51].



Collectively, synthetic polymers are emerging not only as passive carriers or structural supports but also as active agents in modulating the physicochemical environment during cryopreservation. Thanks to their modular structure, these polymers are well suited for the design of next-generation bioinks and cryoprotective systems tailored for regenerative medicine [15,50,51,53].





2.4. Comparative Insights Across Cryoprotective Biomaterials


Given the diversity of biomaterials investigated for the cryopreservation of 3D constructs, a comparative analysis is essential to understand their respective advantages, limitations, and potential synergies. Natural polymers, such as polysaccharides and proteins, provide excellent biocompatibility and ECM mimicry, but often require structural reinforcement or functionalization. Synthetic polymers offer tunable physicochemical properties, mechanical robustness, and batch-to-batch reproducibility, yet lack inherent bioactivity unless modified. Table 4 summarizes the key differences across representative biomaterials used in DMSO-free or low-toxicity cryopreservation strategies.



Polysaccharide-based hydrogels like HA and alginate support osmotic buffering, a high water content, and structural integrity during freezing, but may be mechanically weak or lack adhesive motifs unless combined with other polymers or peptides [17,18,19,20,21,22]. Chitosan and dextran provide structural stabilization and capsule reinforcement, while nanocellulose excels in shape fidelity and rheological control, albeit with limited intrinsic bioactivity [23,24,25,33,35].



On the other hand, protein-based materials such as silk fibroin and gelatin offer superior bioactivity and mechanical performance, with fibroin enabling DMSO reduction and structural preservation in 3D constructs [35,45,47]. Sericin, while mechanically weaker, adds antioxidant and membrane-stabilizing properties, positioning it as a biologically active additive for DMSO-free applications [35,45,49]. Synthetic polymers like PEG, PVA, and PU provide exceptional tunability and processability. PEG-based hydrogels enable osmotic buffering and CPA delivery, while low-molecular-weight PEGs and PVA exert ice IRI without penetrating cells [36,50,52]. PU-based cryogels show promising viability and structural fidelity after freeze–thaw cycles, though long-term biocompatibility remains under investigation [51].



While no single biomaterial satisfies all ideal criteria for 3D cryopreservation, hybrid systems that combine ECM-mimetic properties with mechanical stability and IRI activity are emerging as promising candidates. Composites such as HA–alginate, PEG–agarose, or gelatin–dextran exemplify how synergistic designs can overcome the limitations of individual materials and support the clinical translation of cryopreservable tissue constructs [19,26,27,39].





3. Cryopreservation in 3D Constructs: From Non-Bioprinted to Bioprinted Systems


3.1. Microencapsulation and Microspheres


Microencapsulation has emerged as a promising strategy to enhance the cryopreservation of therapeutic cells by replicating the features of the native extracellular matrix. Hydrogel-based microcapsules provide a semi-permeable barrier that buffers cells from osmotic stress and mechanical damage while allowing controlled nutrient and gas exchange post thaw. Compared with conventional suspension systems, encapsulated constructs offer an improved retention of viability and function; however, challenges such as non-uniform CPA diffusion, thermal heterogeneity, and matrix deformation during freezing and thawing persist (Figure 1).



Among the various encapsulation materials, core–shell architectures composed of alginate hydrogels have demonstrated a notable cryoprotective performance. Thus, mesenchymal stem cells encapsulated in such microspheres exhibited post thaw viabilities above 70% following vitrification with low CPA concentrations. In addition to promoting survival, the encapsulation strategy preserved stemness and multilineage differentiation potential, supporting its scalability for regenerative medicine applications [36]. Hybrid systems incorporating chitosan with alginate further improve structural integrity and reduce CPA permeability. The observed enhancements in post thaw viability and metabolic activity are attributed to more effective ice control and the improved stabilization of the cell–matrix interface [24].



Importantly, pre-conditioning strategies can substantially influence cryopreservation outcomes. For example, MSCs subjected to chondrogenic pre-differentiation prior to freezing retained the capacity to synthesize glycosaminoglycans and collagen post thaw—an effect of particular relevance for applications in cartilage or intervertebral disk repair [54]. These results emphasize that the physiological status of the encapsulated cells prior to cryopreservation is a critical variable that deserves greater attention in protocol design.



Another promising avenue involves the use of ice-nucleating agents (INAs) to reduce the risks associated with intracellular ice formation. By triggering ice crystallization at higher subzero temperatures, INAs such as crystalline cholesterol mitigate supercooling and the associated mechanical damage. In alginate-encapsulated liver spheroids, INA-based cryopreservation significantly enhanced post thaw viability, metabolic activity, and key hepatic functions, including albumin and cytochrome P450 expression [55]. This suggests that INA-assisted cryopreservation protocols may be particularly suitable for “ready-to-use” microtissue therapies.



The growing interest in the cryopreservation of complex microstructures such as encapsulated spheroids and microtissues has introduced new challenges, including heterogeneous cell density, matrix variability, and limited diffusional uniformity. To overcome these limitations, recent approaches emphasize the rational design of the encapsulating matrix, including the modulation of porosity and mechanical stiffness to improve cryoprotectant penetration and ice management during freezing. These hydrogel design strategies are often complemented by the incorporation of disaccharides like trehalose and the use of slow-permeating cryoprotectants, aiming to achieve a homogeneous CPA distribution and controlled thawing kinetics. Together, these parameters are increasingly recognized as critical for maintaining post thaw viability and functional performance in complex 3D constructs [56].



Beyond encapsulation, scaffold-free strategies based on spheroid assembly also face specific cryopreservation challenges. Ensuring consistent spheroid morphology and size is critical, as variability in diameter or roundness may lead to mechanical misalignment during fabrication, ultimately compromising tissue geometry, maturation, and function [57]. Furthermore, heterogeneous CPA distribution and thermal gradients during freezing can promote uneven ice crystal formation and localized damage, reducing post thaw viability and structural fidelity. To overcome the limitations of scaffold-free cryopreservation, future strategies must not only optimize spheroid size, shape, and CPA delivery, but also address the critical phase of rewarming. Devitrification and ice recrystallization during rewarming can severely compromise structural and cellular integrity, particularly in volumetric constructs. To mitigate these effects, advanced rewarming technologies such as photothermal heating (e.g., gold nanorods, graphene oxide) and magnetic induction heating using iron oxide nanoparticles have been developed. These approaches provide rapid and homogeneous rewarming, reducing thermal gradients and preserving both scaffold architecture and cell function post thaw [58]. Their integration into cryopreservation workflows represents a promising avenue for improving viability and functionality in both encapsulated and scaffold-free microtissues (Figure 1).




3.2. Macroscopic Hydrogels/Scaffolds Not Fabricated by Bioprinting


Macroscopic hydrogels fabricated through non-bioprinting strategies such as molding, casting, freeze-drying, and robotic dispensing constitute a versatile platform for tissue engineering and regenerative medicine. These constructs enable the formation of 3D microenvironments that closely mimic native ECM, while supporting nutrient transport, mechanical integrity, and cell–matrix interactions [59,60].



Hydrogels can be classified by their crosslinking mechanism as either physically or chemically crosslinked, and by their origin as natural (e.g., alginate, collagen, chitosan, HA) or synthetic (e.g., PEG, PVA, PU). Each class offers distinct advantages: natural polymers provide inherent bioactivity and degradability, while synthetic ones offer mechanical tunability, reproducibility, and chemical stability. Composite and hybrid hydrogels are designed to integrate the bioactivity of natural polymers with the mechanical tunability of synthetic materials, thereby enhancing cryostability, structural stiffness, and controlled degradation [61,62].



Porosity and interconnectivity are critical design parameters in these scaffolds, as they influence nutrient diffusion, cell infiltration, and CPA transport. Fabrication techniques such as freeze-drying, particulate leaching, and gas foaming allow the generation of porous scaffolds with a tunable architecture. However, limited thermal conductivity and poor CPA penetration in larger constructs can impair cryopreservation, leading to ice formation, osmotic damage, and viability loss particularly in constructs exceeding 200 µm in thickness [60,62,63].



To address these challenges, modular approaches have incorporated microencapsulated cells into macroscopic scaffolds. For instance, the robotic dispensing of cell-laden microbeads within alginate struts enabled the construction of large constructs (20 × 20 × 6 mm) with interconnected channels and preserved cell viability (>90%) after 7 days in culture [64]. This strategy reduced shear-induced cell damage and facilitated localized protection during freezing.



Further improvements include the use of macroporous cryogels, which combine elasticity, shape memory behavior, and convective permeability. Their open pore networks facilitate CPA exchange and minimize intracellular ice formation during freezing–thawing cycles, enhancing cell survival. These materials have been explored as injectable scaffolds compatible with cryopreservation workflow [59]. Decellularized extracellular matrix (dECM)-derived scaffolds are also emerging as cryopreservable macroscopic constructs. While they retain tissue-specific biochemical cues, they pose unique challenges due to their heterogeneous composition and limited control over porosity. Their preservation demands tailored protocols to balance bioactivity retention and structural integrity [63]. In summation, macroscopic hydrogels not fabricated by bioprinting remain essential platforms for regenerative applications. Their successful cryopreservation hinges on the optimization of pore structure, mechanical resilience, and CPA diffusion, which collectively determine post thaw viability and scaffold functionality.




3.3. Bioprinted Constructs: Challenges and Emerging Strategies


The cryopreservation of bioprinted tissues poses distinctive technical and biological challenges, largely due to their spatial complexity and functional requirements. Unlike conventional 2D cultures or non-printed 3D constructs, bioprinted tissues demand the preservation of not only cellular viability but also architectural fidelity, interlayer cohesion, and anisotropic mechanical properties. Major obstacles include intracellular ice formation, osmotic imbalance, and cryoprotectant toxicity issues that become more pronounced in thick, cell-dense constructs.



The evolution of bioprinting technologies has significantly influenced cryopreservation strategies, particularly vitrification. The ability to fabricate reproducible architectures with tunable porosity and defined geometry enables more predictable thermal profiles, controlled CPA diffusion, and reduced construct thickness, key parameters for ice-free cryopreservation. Advances in polysaccharide-based bioinks have further enhanced mechanical stability and cytocompatibility, facilitating the design of constructs better suited to withstand freezing and thawing stresses [65]. Moreover, the development of multilayered tissue constructs and precise layer-by-layer cell deposition [66] has not only advanced tissue engineering but also provided reliable in vitro models to optimize cryopreservation protocols in complex 3D systems.



To address these challenges, various technological and material-based strategies have been proposed. Among them, temperature-controlled cryoprinting (TCC) represents an emerging technique that integrates layer-by-layer bioprinting with simultaneous cryogenic solidification. In this method, the printed construct descends progressively into a cooling medium, ensuring controlled thermal gradients and minimizing ice crystal formation [67]. Although promising, TCC remains under early-stage investigation and has been primarily explored by individual research groups.



Alternative cryogenic printing platforms, such as those employing dry ice and isopropanol baths, have shown the ability to preserve soft, complex geometries with high cellular viability [68]. These strategies highlight the importance of thermal control, hydrogel composition, and crosslinking to preserve both structure and function during freezing.



In parallel, the intrinsic properties of bioinks are increasingly leveraged to support cryopreservation. Hydrogels composed of alginate, agar, HA, or PVA can provide thermal insulation, mechanical resilience, and cytocompatibility. For example, alginate–agar blends used in cryoprinting systems exhibit favorable viscoelastic responses during freezing, minimizing structural deformation and supporting cell function [69].



As the field progresses, integrating these material-based strategies with precise thermal control and biomanufacturing scalability will be essential to advance cryopreservation-ready bioprinted constructs toward clinical translation.




3.4. Overcoming Cryopreservation Challenges in 3D Systems: Safe Cryoprotectants and Effective Protocols


DMSO remains the most commonly used cryoprotectant due to its high membrane permeability and ability to prevent intracellular ice formation. However, its application is limited in clinical and biofabrication contexts because of its cytotoxicity, pro-inflammatory potential, and challenges in complete removal from 3D scaffolds. DMSO induces osmotic stress, leading to membrane destabilization and reduced post thaw viability—particularly critical in 3D constructs where the cryoprotectant distribution is heterogeneous [70]. Furthermore, it has been associated with increased oxidative stress, mitochondrial dysfunction, and apoptotic signaling pathways [70]. These effects are exacerbated in bioinks, where DMSO interferes with crosslinking agents like calcium chloride, leading to decreased viscosity and compromised structural integrity [9].



These limitations have catalyzed intensive research into alternative cryoprotectants with improved biocompatibility and functionality in 3D systems. Among them, trehalose, alone or in combination with ethylene glycol or glycerol, has emerged as a widely studied sugar-based cryoprotectant. It preserves the viability, genomic stability, and pluripotency of stem cells while minimizing genotoxicity and ER stress, features that are desirable for GMP-compliant applications [71]. To overcome its limited membrane permeability, advanced delivery methods such as cold-responsive nanocapsules, membrane-permeating peptides, and electroporation have been employed to enhance intracellular accumulation and cryoprotective efficacy [58]. In parallel, several biomaterials have shown potential as DMSO-free alternatives. Hydrogels based on hyaluronic acid–sericin blends, glycopolymers, PVA, and polyampholytes have demonstrated high post thaw viability and cytocompatibility in stem cell-based constructs. These materials modulate ice nucleation, reduce osmotic stress, and can be integrated into emerging cryobioprinting workflows.



Beyond cryoprotectant selection, scaffold architecture plays a decisive role in cryopreservation outcomes. Geometric parameters such as pore size, lattice interconnectivity, and scaffold thickness influence not only nutrient diffusion and mechanical performance but also CPA penetration and thermal conductivity during freezing and thawing. For instance, layered alginate scaffolds co-printed with mesenchymal stem cells supported hepatocyte aggregation and maintained functional gene expression post printing [72].



Regarding the cryopreservation protocols in 3D systems, ranging from microscale encapsulated spheroids to macroscale cryogels, two main approaches are employed: slow freezing and vitrification. Unlike in 2D cultures, applying these strategies to 3D constructs introduces unique challenges, including CPA diffusion gradients, spatially heterogeneous cooling, and construct-dependent thermal dynamics. Protocol optimization must therefore be tailored to cell type, scaffold composition, construct geometry, and surface-to-volume ratio.



Slow freezing involves gradual cooling (1 °C/min) in the presence of permeating CPAs such as DMSO or glycerol, promoting cellular dehydration and minimizing intracellular ice formation. However, this method is prone to solution effect injury, caused by rising solute concentrations and osmotic imbalance during ice formation. Controlled-rate cooling, ice nucleation (seeding), and optimized CPA loading protocols can mitigate these effects, especially in cell clusters and tissue fragments [73]. The incorporation of zwitterionic CPAs in slow freezing protocols has also demonstrated enhanced post thaw viability and functional preservation in complex tissue constructs, including spheroids and patient-derived tumor xenografts [74].



Vitrification, in contrast, prevents ice formation by inducing a glass transition through ultra-rapid cooling and high CPA concentrations. Water molecules lose mobility before ice nucleation can occur, forming an amorphous solid that preserves both the cellular and extracellular architecture [75]. This technique prevents mechanical damage from crystallization and limits osmotic imbalance, making it especially valuable for preserving delicate or highly structured tissues. Nevertheless, the elevated CPA concentrations required for vitrification increase the risk of chemical toxicity and osmotic stress, necessitating precise protocol design and rapid execution. Vitrification plays a central role in modern cryopreservation, especially in fields like reproductive medicine, where it has consistently outperformed slow freezing. Meta-analyses show higher post thaw survival rates and clinical outcomes for vitrified oocytes and embryos [76,77]. In the context of 3D tissue constructs, vitrification becomes more complex due to diffusion limitations, thermal heterogeneity, and construct thickness, which challenge uniform CPA distribution and cooling efficiency. Recent efforts include the use of miniaturized constructs, ice-blocking agents, and nano-warming techniques to facilitate uniform vitrification while minimizing toxicity.



In conclusion, both cryopreservation strategies offer valuable tools for preserving 3D cellular constructs, yet each carries intrinsic limitations (Figure 2). Slow freezing is widely applicable and scalable but is constrained by ice-related damage and diffusion gradients in larger constructs. Vitrification provides superior structural preservation, particularly in microencapsulated or miniaturized systems, but demands strict protocol control and carries a higher cytotoxicity burden. Hybrid approaches, including optimized CPA formulations, progressive loading strategies, and computationally guided thermal protocols, are under investigation to reconcile these challenges and support the safe, scalable cryopreservation of engineered tissues.





4. Future Perspectives and Regulatory Challenges


The successful cryopreservation of 3D biofabricated constructs is increasingly recognized as a cornerstone for the clinical deployment of regenerative medicine therapies. The convergence of cryobiology, biomaterials science, and 3D printing technologies is enabling the development of integrated platforms for the long-term storage, transport, and on-demand application of engineered tissues. However, significant challenges remain, and the transition from experimental success to clinical reality will depend on future innovations, regulatory alignment, and scalable methodologies.



One key area of advancement lies in the reduction in cryoprotectant-associated cytotoxicity. Conventional agents such as DMSO, though widely used, present toxicity and regulatory limitations that hinder their use in therapeutic products [70]. Emerging DMSO-free alternatives, including trehalose-based systems, polyampholytes, and synthetic polymers such as polyglycerol methacrylate (PMO), offer improved biocompatibility, intracellular protection, and ice IRI [49,71,78]. While many of these agents remain underexplored in 3D systems, their mechanisms of action provide a solid foundation for adaptation to complex constructs.



In parallel, biomaterials research continues to expand the portfolio of cryocompatible scaffolds. Smart and stimuli-responsive hydrogels, such as methacrylated bioinks and thermosensitive polymers like Pluronic F127, enable spatially controlled crosslinking and improved cryoprotectant distribution [79,80]. Composite hydrogels combining natural polysaccharides (e.g., hyaluronic acid, alginate, dextran) with synthetic components (e.g., PEG, PVA) or nanomaterials (e.g., nanocellulose, graphene oxide, laponite) have demonstrated superior print fidelity, mechanical stability, and post thaw structural integrity [81,82].



These advances are particularly relevant for clinical applications involving skin grafts, cartilage repair, and organoid-based disease models, where post thaw structural integrity and cellular functionality are critical. For instance, several hydrogel systems, including GelMA-based scaffolds, chitosan–hydroxyapatite composites, and vitrified tumor spheroids, are being investigated for use in musculoskeletal regeneration, craniofacial repair, and personalized oncology models, respectively.



Among these materials, chitosan-based scaffolds hold particular promise due to their chemical versatility, biocompatibility, and ability to form hydrogels through pH- or temperature-responsive gelation. Recent developments include photoChito, a methacrylated chitosan derivative designed for light-based crosslinking, which allows high-resolution bioprinting and rapid gelation under mild conditions. When combined with recombinant collagen, photoChito-based bioinks have demonstrated excellent printability and >90% epithelial cell viability in 3D skin constructs [83]. While its application in cryopreservation has not yet been validated, its photo-crosslinkable nature and structural fidelity under physiological conditions suggest potential compatibility with layered or cryo-adapted bioprinting workflows, especially when combined with less cytotoxic cryoprotectants. In parallel, thermosensitive chitosan–CNC composites incorporating β-glycerophosphate allow for in situ gelation at physiological temperatures, offering injectability, mechanical support, and cryo-relevant adaptability [84,85]. Moreover, multifunctional chitosan-based scaffolds enriched with riboflavin or hydroxyapatite exhibit antioxidant and antibacterial activity that could mitigate oxidative stress and inflammation post thaw [86]. Although further cryopreservation-specific validation is required, these formulations represent promising candidates for integration into advanced DMSO-free or hybrid cryopreservation strategies. Despite this potential, they remain largely untested under standardized freezing–thawing conditions. Bridging this gap should be a key focus for future research, particularly in evaluating their behavior in DMSO-free protocols and clinically relevant cryopreservation cycles.



Similarly, gelatin-based hydrogels such as GelMA, when blended with alginate, PEGDA, or nanoclays, offer tunable degradation profiles and enhanced mechanical strength, making them well-suited for cryopreservable architectures targeting musculoskeletal or soft tissue regeneration [35,87,88,89]. Collagen and collagen-like peptides (CLPs), although underutilized in cryopreservation contexts, offer additional opportunities due to their ECM-mimetic structure, self-assembling properties, and capacity for hybridization with damaged matrices. These scaffolds could support both structural stability and bioactive signaling during freeze–thaw cycles [46,90]. Synthetic scaffolds such as PLGA and polycaprolactone (PCL) are also being explored for their mechanical robustness and adaptability to cryogenic workflows. PLGA, used successfully in wound healing models and functionalized with RGD peptides or hyaluronic acid, has shown enhanced cell interaction and regenerative capacity [91]. Although PCL has not yet been applied in cryopreservation settings, its excellent printability and mechanical strength suggest its suitability as a structural backbone for hybrid cryocompatible scaffolds [51].



On the other hand, technological advances are further driving the integration between biofabrication and preservation. TCC, cryopreservation-adapted bioprinters, and decentralized biobanking systems are converging to form unified, automated platforms for fabrication and storage. These systems enable GMP-compatible workflows with real-time quality control, which is essential for transitioning to clinical-grade tissue production [67]. However, persistent barriers still remain. Standardized vitrification protocols optimized for 3D constructs are scarce, and the limited penetration of cryoprotectants into large or dense scaffolds increases the risk of cryoinjury. Furthermore, current strategies rarely account for the architectural complexity and layer-specific heterogeneity characteristics of bioprinted tissues [67,75]. Addressing these limitations will require a multidisciplinary approach integrating material sciences, cryobiology, engineering, and regulatory science.



From a translational perspective, future efforts must prioritize the development of reproducible, scalable, and regulatory-compliant cryopreservation workflows. This includes the use of GMP-grade biomaterials, the validation of storage and transport conditions, and the establishment of standardized quality control metrics particularly for assessing post thaw cell viability, mechanical functionality, sterility, and biocompatibility. Regulatory frameworks must evolve to accommodate the specific challenges of cryopreserved 3D constructs, such as batch variability, long-term stability, and combination product classification. In summary, the cryopreservation of 3D biofabricated constructs is poised to become a foundational component of regenerative medicine. The integration of advanced biomaterials, non-toxic cryoprotectants, and smart fabrication platforms is transforming the landscape, bringing clinically viable engineered tissues closer to reality. Achieving this goal will require sustained interdisciplinary collaboration and regulatory innovation to deliver robust, off-the-shelf therapies that meet the complex demands of precision medicine.







Author Contributions


Conceptualization, K.Z. and J.C.; Writing—Original Draft Preparation, K.Z.; Writing—Review and Editing, K.Z., L.S.-d.-B., J.L.P. and J.C.; Supervision, J.L.P. and J.C.; Funding Acquisition, J.L.P. All authors have read and agreed to the published version of the manuscript.




Funding


This project has received funding from the University of the Basque Country UPV/EHU and the Basque Country Government (Grupos Consolidados, No ref: IT1448-22). APC was funded by University of Zaragoza.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


Authors thank the intellectual and technical assistance from the ICTS “NANBIOSIS”, more specifically by the Drug Formulation Unit (U10) of the CIBER in Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN) at the University of Basque Country (UPV/EHU).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Chang, T.; Zhao, G. Ice Inhibition for Cryopreservation: Materials, Strategies, and Challenges. Adv. Sci. 2021, 8, 2002425. [Google Scholar] [CrossRef] [PubMed]

	



Jeon, O.; Lee, Y.B.; Hinton, T.J.; Feinberg, A.W.; Alsberg, E. Cryopreserved Cell-Laden Alginate Microgel Bioink for 3D Bioprinting of Living Tissues. Mater. Today Chem. 2019, 12, 61–70. [Google Scholar] [CrossRef] [PubMed]

	



Kudaibergen, G.; Zhunussova, M.; Mun, E.A.; Ramankulov, Y.; Ogay, V. Macroporous Cell-Laden Gelatin/Hyaluronic Acid/Chondroitin Sulfate Cryogels for Engineered Tissue Constructs. Gels 2022, 8, 590. [Google Scholar] [CrossRef] [PubMed]

	



Savina, I.N.; Zoughaib, M.; Yergeshov, A.A. Design and Assessment of Biodegradable Macroporous Cryogels as Advanced Tissue Engineering and Drug Carrying Materials. Gels 2021, 7, 79. [Google Scholar] [CrossRef] [PubMed]

	



Raees, S.; Ullah, F.; Javed, F.; Akil, H.M.; Jadoon Khan, M.; Safdar, M.; Din, I.U.; Alotaibi, M.A.; Alharthi, A.I.; Bakht, M.A.; et al. Classification, Processing, and Applications of Bioink and 3D Bioprinting: A Detailed Review. Int. J. Biol. Macromol. 2023, 232, 123476. [Google Scholar] [CrossRef] [PubMed]

	



Takebe, T.; Sekine, K.; Enomura, M.; Koike, H.; Kimura, M.; Ogaeri, T.; Zhang, R.R.; Ueno, Y.; Zheng, Y.W.; Koike, N.; et al. Vascularized and Functional Human Liver from an IPSC-Derived Organ Bud Transplant. Nature 2013, 499, 481–484. [Google Scholar] [CrossRef] [PubMed]

	



Davidson, A.F.; Glasscock, C.; McClanahan, D.R.; Benson, J.D.; Higgins, A.Z. Toxicity Minimized Cryoprotectant Addition and Removal Procedures for Adherent Endothelial Cells. PLoS ONE 2015, 10, e0142828. [Google Scholar] [CrossRef] [PubMed]

	



Stubbs, C.; Bailey, T.L.; Murray, K.; Gibson, M.I. Polyampholytes as Emerging Macromolecular. Cryoprotectants 2019, 21, 7–17. [Google Scholar] [CrossRef]

	



Budharaju, H.; Sundaramurthi, D.; Sethuraman, S. Insights on the Role of Cryoprotectants in Enhancing the Properties of Bioinks Required for Cryobioprinting of Biological Constructs. J. Mater. Sci. Mater. Med. 2025, 36, 8. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, L.H.; Brockbank, K.G.M. Development of a Vitrification Preservation Process for Bioengineered Epithelial Constructs. Cells 2022, 11, 1115. [Google Scholar] [CrossRef] [PubMed]

	



Malpique, R.; Osório, L.M.; Ferreira, D.S.; Ehrhart, F.; Brito, C.; Zimmermann, H.; Alves, P.M. Alginate Encapsulation as a Novel Strategy for the Cryopreservation of Neurospheres. Tissue Eng. Part C Methods 2010, 16, 965–977. [Google Scholar] [CrossRef] [PubMed]

	



Hardikar, A.A.; Risbud, M.V.; Bhonde, R.R. Improved Post-Cryopreservation Recovery Following Encapsulation of Islets in Chitosan-Alginate Microcapsules. Transplant. Proc. 2000, 32, 824–825. [Google Scholar] [CrossRef] [PubMed]

	



Prát, T.; Vladimír Velebný, K.N. Hyaluronic Acid as Effective Cryoprotective Agent for HMSC Cryopreservation. Cryobiology 2022, 109, 47. [Google Scholar] [CrossRef]

	



Cheng, Y.; Yu, Y.; Zhang, Y.; Zhao, G.; Zhao, Y. Cold-Responsive Nanocapsules Enable the Sole-Cryoprotectant-Trehalose Cryopreservation of β Cell–Laden Hydrogels for Diabetes Treatment. Small 2019, 15, e1904290. [Google Scholar] [CrossRef] [PubMed]

	



Congdon, T.; Notman, R.; Gibson, M.I. Antifreeze (Glyco)Protein Mimetic Behavior of Poly(Vinyl Alcohol): Detailed Structure Ice Recrystallization Inhibition Activity Study. Biomacromolecules 2013, 14, 1578–1586. [Google Scholar] [CrossRef] [PubMed]

	



Whale, T.F.; Rosillo-Lopez, M.; Murray, B.J.; Salzmann, C.G. Ice Nucleation Properties of Oxidized Carbon Nanomaterials. J. Phys. Chem. Lett. 2015, 6, 14. [Google Scholar] [CrossRef] [PubMed]

	



Park, Y.; Huh, K.M.; Kang, S.W. Applications of Biomaterials in 3d Cell Culture and Contributions of 3d Cell Culture to Drug Development and Basic Biomedical Research. Int. J. Mol. Sci. 2021, 22, 2491. [Google Scholar] [CrossRef] [PubMed]

	



Nikolova, M.P.; Chavali, M.S. Recent Advances in Biomaterials for 3D Scaffolds: A Review. Bioact. Mater. 2019, 4, 271–292. [Google Scholar] [CrossRef] [PubMed]

	



Spicer, C.D. Hydrogel Scaffolds for Tissue Engineering: The Importance of Polymer Choice. Polym. Chem. 2020, 11, 184–219. [Google Scholar] [CrossRef]

	



Nagaraja, K.; Bhattacharyya, A.; Jung, M.; Kim, D.; Khatun, M.R.; Noh, I. 3D Bioprintable Self-Healing Hyaluronic Acid Hydrogel with Cysteamine Grafting for Tissue Engineering. Gels 2024, 10, 780. [Google Scholar] [CrossRef] [PubMed]

	



Pilbauerova, N.; Schmidt, J.; Soukup, T.; Prat, T.; Nesporova, K.; Velebny, V.; Suchanek, J. Innovative Approach in the Cryogenic Freezing Medium for Mesenchymal Stem Cells. Biomolecules 2022, 12, 610. [Google Scholar] [CrossRef] [PubMed]

	



Gryshkov, O.; Mutsenko, V.; Tarusin, D.; Khayyat, D.; Naujok, O.; Riabchenko, E.; Nemirovska, Y.; Danilov, A.; Petrenko, A.Y.; Glasmacher, B. Coaxial Alginate Hydrogels: From Self-Assembled 3D Cellular Constructs to Long-Term Storage. Int. J. Mol. Sci. 2021, 22, 3096. [Google Scholar] [CrossRef] [PubMed]

	



Kanmani, P.; Satish Kumar, R.; Yuvaraj, N.; Paari, K.A.; Pattukumar, V.; Arul, V. Effect of Cryopreservation and Microencapsulation of Lactic Acid Bacterium Enterococcus Faecium MC13 for Long-Term Storage. Biochem. Eng. J. 2011, 58–59, 140–147. [Google Scholar] [CrossRef]

	



Zhang, C.; Zhou, Y.; Zhang, L.; Wu, L.; Chen, Y.; Xie, D.; Chen, W. Molecular Sciences Hydrogel Cryopreservation System: An Effective Method for Cell Storage. Int. J. Mol. Sci. 2018, 19, 3330. [Google Scholar] [CrossRef] [PubMed]

	



Ciptawati, E.; Takase, H.; Watanabe, N.M.; Okamoto, Y.; Nur, H.; Umakoshi, H. Preparation and Characterization of Biodegradable Sponge-like Cryogel Particles of Chitosan via the Inverse Leidenfrost (ILF) Effect. ACS Omega 2024, 9, 2383–2390. [Google Scholar] [CrossRef] [PubMed]

	



Musilová, L.; Achbergerová, E.; Vítková, L.; Kolařík, R.; Martínková, M.; Minařík, A.; Mráček, A.; Humpolíček, P.; Pecha, J. Cross-Linked Gelatine by Modified Dextran as a Potential Bioink Prepared by a Simple and Non-Toxic Process. Polymers. 2022, 14, 391. [Google Scholar] [CrossRef] [PubMed]

	



Lim, H.; Seo, D.; Park, K.D.; Shim, H.-E.; Park, J.H.; Ann, E.-J.; Kim, J.; Lee, J.Y.; Lee, J.; Kang, S.-W. Optimization of Alginate/Gelatin/Dextran-Aldehyde Bioink for 3D Bioprinting and Cell Engraftment. Int. J. Bioprint. Null 2025, 11, 8440. [Google Scholar] [CrossRef]

	



Pescosolido, L.; Schuurman, W.; Malda, J.; Matricardi, P.; Alhaique, F.; Coviello, T.; Van Weeren, P.R.; Dhert, W.J.A.; Hennink, W.E.; Vermonden, T. Hyaluronic Acid and Dextran-Based Semi-IPN Hydrogels as Biomaterials for Bioprinting. Biomacromolecules 2011, 12, 1831–1838. [Google Scholar] [CrossRef] [PubMed]

	



Tripathi, S.; Mandal, S.S.; Bauri, S.; Maiti, P. 3D Bioprinting and Its Innovative Approach for Biomedical Applications. MedComm 2023, 4, e194. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Peng, S.; Chen, Y.; Chu, B. Agarose Hydrogels for Bone Tissue Engineering, from Injectables to Bioprinting. Gels 2025, 11, 255. [Google Scholar] [CrossRef] [PubMed]

	



Wenger, L.; Radtke, C.P.; Gerisch, E.; Kollmann, M.; Niemeyer, C.M.; Rabe, K.S.; Hubbuch, J. Systematic Evaluation of Agarose- and Agar-Based Bioinks for Extrusion-Based Bioprinting of Enzymatically Active Hydrogels. Front. Bioeng. Biotechnol. 2022, 10, 928878. [Google Scholar] [CrossRef] [PubMed]

	



López-Marcial, G.R.; Zeng, A.Y.; Osuna, C.; Dennis, J.; García, J.M.; O’Connell, G.D. Agarose-Based Hydrogels as Suitable Bioprinting Materials for Tissue Engineering. ACS Biomater. Sci. Eng. 2018, 4, 3610–3616. [Google Scholar] [CrossRef]

	



Wang, X. Advanced Polymers for Three-Dimensional (3D) Organ Bioprinting. Micromachines 2019, 10, 814. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Y.; Yue, Z.; Lucarelli, E.; Wallace, G.G. Hybrid Printing Using Cellulose Nanocrystals Reinforced GelMA/HAMA Hydrogels for Improved Structural Integration. Adv. Healthc. Mater. 2020, 9, 2001410. [Google Scholar] [CrossRef] [PubMed]

	



Waidi, Y.O.; Kariim, I.; Datta, S. Bioprinting of Gelatin-Based Materials for Orthopedic Application. Front. Bioeng. Biotechnol. 2024, 12, 1357460. [Google Scholar] [CrossRef] [PubMed]

	



Patel, M.; Vernon, B.; Jeong, B. Low-Molecular-Weight PEGs for Cryopreservation of Stem Cell Spheroids. Biomater. Res. 2024, 28, 0037. [Google Scholar] [CrossRef] [PubMed]

	



Khetan, S.; Burdick, J.A. Patterning Network Structure to Spatially Control Cellular Remodeling and Stem Cell Fate within 3-Dimensional Hydrogels. Biomaterials 2010, 31, 8228–8234. [Google Scholar] [CrossRef] [PubMed]

	



Khetan, S.; Corey, O. Maintenance of Stem Cell Viability and Differentiation Potential Following Cryopreservation within 3-Dimensional Hyaluronic Acid Hydrogels. Cryobiology 2019, 90, 83–88. [Google Scholar] [CrossRef] [PubMed]

	



Pangjantuk, A.; Kaokaen, P.; Kunhorm, P.; Chaicharoenaudomrung, N.; Noisa, P. 3D Culture of Alginate-Hyaluronic Acid Hydrogel Supports the Stemness of Human Mesenchymal Stem Cells. Sci. Rep. 2024, 14, 4436. [Google Scholar] [CrossRef] [PubMed]

	



Lee, T.W.; Lee, G.W.; An, S.; Seong, K.Y.; Lee, J.S.; Yang, S.Y. Enhanced Cellular Cryopreservation by Biopolymer-Associated Suppression of Rhoa/Rock Signaling Pathway. Materials 2021, 14, 6056. [Google Scholar] [CrossRef] [PubMed]

	



Ziani, K.; Espona-Noguera, A.; Crisóstomo, V.; Casado, J.G.; Sanchez-Margallo, F.M.; Saenz del Burgo, L.; Ciriza, J.; Pedraz, J.L. Characterization of Encapsulated Porcine Cardiosphere-Derived Cells Embedded in 3D Alginate Matrices. Int. J. Pharm. 2021, 599, 120454. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Zheng, F.; Wang, X.; Geng, X.; Zhao, S.; Liu, H.; Dou, D.; Leng, Y.; Wang, L.; Fan, Y. Biomaterial Inks for Extrusion-Based 3D Bioprinting: Property, Classification, Modification, and Selection. Int. J. Bioprint. 2022, 9, 649. [Google Scholar] [CrossRef] [PubMed]

	



Fan, B.; Torres García, D.; Salehi, M.; Webber, M.J.; van Kasteren, S.I.; Eelkema, R. Dynamic Covalent Dextran Hydrogels as Injectable, Self-Adjuvating Peptide Vaccine Depots. ACS Chem. Biol. 2023, 18, 652–659. [Google Scholar] [CrossRef] [PubMed]

	



Ahn, H.T.; Jang, I.S.; Dang, T.V.; Kim, Y.H.; Lee, D.H.; Choi, H.S.; Yu, B.J.; Kim, M. Il Effective Cryopreservation of a Bioluminescent Auxotrophic Escherichia Coli-Based Amino Acid Array to Enable Long-Term Ready-to-Use Applications. Biosensors 2021, 11, 252. [Google Scholar] [CrossRef] [PubMed]

	



Mirzaei, M.; Okoro, O.V.; Nie, L.; Petri, D.F.S.; Shavandi, A. Protein-Based 3D Biofabrication of Biomaterials. Bioengineering 2021, 8, 48. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Tripathy, N.; Chung, E.J. Targeting and Therapeutic Peptide-Based Strategies for Polycystic Kidney Disease. Adv. Drug Deliv. Rev. 2020, 161–162, 176–189. [Google Scholar] [CrossRef] [PubMed]

	



Naqvi, S.M.; Gansau, J.; Buckley, C.T.; Al-Jubori, M.T.; Raad Mohammed, R.; Herrero-Gómez, A.; Azagra, M.; Marco-Rius, I. A Cryopreservation Method for Bioengineered 3D Cell Culture Models. Biomed. Mater. 2022, 17, 045023. [Google Scholar] [CrossRef] [PubMed]

	



Xie, B.; Jin, L.; Luo, Z.; Yu, J.; Shi, S.; Zhang, Z.; Shen, M.; Chen, H.; Li, X.; Song, Z. An Injectable Thermosensitive Polymeric Hydrogel for Sustained Release of Avastin® to Treat Posterior Segment Disease. Int. J. Pharm. 2015, 490, 375–383. [Google Scholar] [CrossRef] [PubMed]

	



Deller, R.C.; Vatish, M.; Mitchell, D.A.; Gibson, M.I. Synthetic Polymers Enable Non-Vitreous Cellular Cryopreservation by Reducing Ice Crystal Growth during Thawing. Nat. Commun. 2014 51 2014, 5, 3244. [Google Scholar] [CrossRef] [PubMed]

	



Hoffman, A.S. Hydrogels for Biomedical Applications. Adv. Drug Deliv. Rev. 2012, 64, 18–23. [Google Scholar] [CrossRef]

	



Liu, F.; Wang, X. Synthetic Polymers for Organ 3D Printing. Polymers 2020, 12, 1765. [Google Scholar] [CrossRef] [PubMed]

	



Klbik, I.; Čechová, K.; Milovská, S.; Švajdlenková, H.; Maťko, I.; Lakota, J.; Šauša, O. Polyethylene Glycol 400 Enables Plunge-Freezing Cryopreservation of Human Keratinocytes. J. Mol. Liq. 2023, 379, 121711. [Google Scholar] [CrossRef]

	



Dias, C.L.; Ala-Nissila, T.; Wong-ekkabut, J.; Vattulainen, I.; Grant, M.; Karttunen, M. The Hydrophobic Effect and Its Role in Cold Denaturation. Cryobiology 2010, 60, 91–99. [Google Scholar] [CrossRef] [PubMed]

	



Naqvi, S.M.; Gansau, J.; Buckley, C.T. Priming and Cryopreservation of Microencapsulated Marrow Stromal Cells as a Strategy for Intervertebral Disc Regeneration. Biomed. Mater. 2018, 13, 034106. [Google Scholar] [CrossRef] [PubMed]

	



Massie, I.; Selden, C.; Hodgson, H.; Fuller, B. Cryopreservation of Encapsulated Liver Spheroids for a Bioartificial Liver: Reducing Latent Cryoinjury Using an Ice Nucleating Agent. Tissue Eng. Part C Methods 2011, 17, 765–774. [Google Scholar] [CrossRef] [PubMed]

	



Awan, M.; Erro, E.; Forster-Brown, E.; Brookshaw, T.; Chandel, S.; Chalmers, S.A.; Watt, A.; Fuller, B.; Selden, C. Dimethyl Sulfoxide for Cryopreservation of Alginate Encapsulated Liver Cell Spheroids in Bioartificial Liver Support; Assessments of Cryoprotectant Toxicity Tolerance and Dilution Strategies. Cryobiology 2022, 106, 79–83. [Google Scholar] [CrossRef] [PubMed]

	



Aguilar, I.N.; Olivos, D.J.; Brinker, A.; Alvarez, M.B.; Smith, L.J.; Chu, T.M.G.; Kacena, M.A.; Wagner, D.R. Scaffold-Free Bioprinting of Mesenchymal Stem Cells Using the Regenova Printer: Spheroid Characterization and Osteogenic Differentiation. Bioprinting 2019, 15, e00050. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Wang, E.; Zhao, G. Advanced Cryopreservation Engineering Strategies: The Critical Step to Utilize Stem Cell Products. Cell Regen. 2023, 12, 28. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Mooney, D.J. Designing Hydrogels for Controlled Drug Delivery. Nat. Rev. Mater. 2016, 1, 16071. [Google Scholar] [CrossRef] [PubMed]

	



Lu, T.; Li, Y.; Chen, T. Techniques for Fabrication and Construction of Three-Dimensional Scaffolds for Tissue Engineering. Int. J. Nanomed. 2013, 8, 337–350. [Google Scholar] [CrossRef] [PubMed]

	



Ali, F.; Khan, I.; Chen, J.; Akhtar, K.; Bakhsh, E.M.; Khan, S.B.; Ali, F.; Khan, I.; Chen, J.; Akhtar, K.; et al. Emerging Fabrication Strategies of Hydrogels and Its Applications. Gels 2022, 8, 205. [Google Scholar] [CrossRef] [PubMed]

	



Pina, S.; Ribeiro, V.P.; Marques, C.F.; Maia, F.R.; Silva, T.H.; Reis, R.L.; Oliveira, J.M. Scaffolding Strategies for Tissue Engineering and Regenerative Medicine Applications. Materials 2019, 12, 1824. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; He, J.; Bian, W.; Li, Z.; Li, D.; Snedeker, J.G. A Novel Silk–TCP–PEEK Construct for Anterior Cruciate Ligament Reconstruction: An off-the Shelf Alternative to a Bone–Tendon–Bone Autograft*. Biofabrication 2014, 6, 015010. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Rodrigues, J.; Tomás, H. Injectable and Biodegradable Hydrogels: Gelation, Biodegradation and Biomedical Applications. Chem. Soc. Rev. 2012, 41, 2193–2221. [Google Scholar] [CrossRef] [PubMed]

	



Damiri, F.; Fatimi, A.; Liu, Y.; Musuc, A.M.; Fajardo, A.R.; Gowda, B.H.J.; Vora, L.K.; Shavandi, A.; Okoro, O.V. Recent Advances in 3D Bioprinted Polysaccharide Hydrogels for Biomedical Applications: A Comprehensive Review. Carbohydr. Polym. 2025, 348, 122845. [Google Scholar] [CrossRef]

	



Tappa, K.; Jammalamadaka, U. Novel Biomaterials Used in Medical 3D Printing Techniques. J. Funct. Biomater. 2018, 9, 17. [Google Scholar] [CrossRef] [PubMed]

	



Warburton, L.; Rubinsky, B. Cryopreservation of 3D Bioprinted Scaffolds with Temperature-Controlled-Cryoprinting. Gels 2023, 9, 502. [Google Scholar] [CrossRef] [PubMed]

	



Tan, Z.; Parisi, C.; Di Silvio, L.; Dini, D.; Forte, A.E. Cryogenic 3D Printing of Super Soft Hydrogels. Sci. Rep. 2017, 7, 16293. [Google Scholar] [CrossRef] [PubMed]

	



Lou, L.; Rubinsky, B. Temperature-Controlled 3D Cryoprinting Inks Made of Mixtures of Alginate and Agar. Gels 2023, 9, 689. [Google Scholar] [CrossRef] [PubMed]

	



Hammoudeh, S.M.; Hammoudeh, A.M.; Hamoudi, R. High-Throughput Quantification of the Effect of DMSO on the Viability of Lung and Breast Cancer Cells Using an Easy-to-Use Spectrophotometric Trypan Blue-Based Assay. Histochem. Cell Biol. 2019, 152, 75. [Google Scholar] [CrossRef] [PubMed]

	



Ntai, A.; La Spada, A.; De Blasio, P.; Biunno, I. Trehalose to Cryopreserve Human Pluripotent Stem Cells. Stem Cell Res. 2018, 31, 102–112. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.; Kang, K.; Yoon, S.; Kim, J.S.; Park, S.A.; Kim, W.D.; Lee, S.B.; Ryu, K.Y.; Jeong, J.; Choi, D. Prolongation of Liver-Specific Function for Primary Hepatocytes Maintenance in 3D Printed Architectures. Organogenesis 2018, 14, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Hunt, C.J. Cryopreservation: Vitrification and Controlled Rate Cooling. Methods Mol. Biol. 2017, 1590, 41–77. [Google Scholar] [CrossRef] [PubMed]

	



Ishizaki, T.; Takeuchi, Y.; Ishibashi, K.; Gotoh, N.; Hirata, E.; Kuroda, K. Cryopreservation of Tissues by Slow-Freezing Using an Emerging Zwitterionic Cryoprotectant. Sci. Rep. 2023, 13, 37. [Google Scholar] [CrossRef] [PubMed]

	



Wowk, B. Thermodynamic Aspects of Vitrification. Cryobiology 2010, 60, 11–22. [Google Scholar] [CrossRef] [PubMed]

	



Loutradi, K.E.; Kolibianakis, E.M.; Venetis, C.A.; Papanikolaou, E.G.; Pados, G.; Bontis, I.; Tarlatzis, B.C. Cryopreservation of Human Embryos by Vitrification or Slow Freezing: A Systematic Review and Meta-Analysis. Fertil. Steril. 2008, 90, 186–193. [Google Scholar] [CrossRef] [PubMed]

	



Glujovsky, D.; Riestra, B.; Sueldo, C.; Fiszbajn, G.; Repping, S.; Nodar, F.; Papier, S.; Ciapponi, A. Vitrification versus Slow Freezing for Women Undergoing Oocyte Cryopreservation. Cochrane Database Syst. Rev. 2014, 2014, CD010047. [Google Scholar] [CrossRef] [PubMed]

	



Matsumura, K.; Rajan, R.; Ahmed, S. Bridging Polymer Chemistry and Cryobiology. Polym. J. 2023, 55, 105–115. [Google Scholar] [CrossRef]

	



Aghajani, M.; Garshasbi, H.R.; Naghib, S.M.; Mozafari, M.R. 3D Printing of Hydrogel Polysaccharides for Biomedical Applications: A Review. Biomedicines 2025, 13, 731. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Lee, J.M.; Yeong, W.Y. Smart Hydrogels for 3D Bioprinting. Int. J. Bioprint. 2015, 1, 3–14. [Google Scholar] [CrossRef]

	



Rumon, M.M.H.; Akib, A.A.; Sarkar, S.D.; Khan, M.A.R.; Uddin, M.M.; Nasrin, D.; Roy, C.K. Polysaccharide-Based Hydrogels for Advanced Biomedical Engineering Applications. ACS Polym. Au 2024, 4, 463. [Google Scholar] [CrossRef] [PubMed]

	



Fang, W.; Yang, M.; Wang, L.; Li, W.; Liu, M.; Jin, Y.; Wang, Y.; Yang, R.; Wang, Y.; Zhang, K.; et al. Hydrogels for 3D Bioprinting in Tissue Engineering and Regenerative Medicine: Current Progress and Challenges. Int. J. Bioprint. 2023, 9, 207–238. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Wang, Z.; Xu, Y.; Xia, J.; Xu, Z.; Zhu, S.; Jin, M. Preparation of Chitosan/Recombinant Human Collagen-Based Photo-Responsive Bioinks for 3D Bioprinting. Gels 2022, 8, 314. [Google Scholar] [CrossRef] [PubMed]

	



Mora-Boza, A.; Włodarczyk-Biegun, M.K.; Del Campo, A.; Vázquez-Lasa, B.; Román, J.S.; Mora-Boza, A. Chitosan-Based Inks: 3D Printing and Bioprinting Strategies to Improve Shape Fidelity, Mechanical Properties, and Biocompatibility of 3D Scaffolds. Biomecánica 2019, 27, 7–16. [Google Scholar] [CrossRef]

	



Maturavongsadit, P.; Paravyan, G.; Shrivastava, R.; Benhabbour, S.R. Thermo-/PH-Responsive Chitosan-Cellulose Nanocrystals Based Hydrogel with Tunable Mechanical Properties for Tissue Regeneration Applications. Materialia 2020, 12, 100681. [Google Scholar] [CrossRef]

	



Gaweł, J.; Milan, J.; Żebrowski, J.; Płoch, D.; Stefaniuk, I.; Kus-Liśkiewicz, M. Biomaterial Composed of Chitosan, Riboflavin, and Hydroxyapatite for Bone Tissue Regeneration. Sci. Rep. 2023, 13, 17004. [Google Scholar] [CrossRef] [PubMed]

	



Bello, A.B.; Kim, D.; Kim, D.; Park, H.; Lee, S.H. Engineering and Functionalization of Gelatin Biomaterials: From Cell Culture to Medical Applications. Tissue Eng. Part B Rev. 2020, 26, 164–180. [Google Scholar] [CrossRef] [PubMed]

	



Ee, L.Y.; Yau Li, S.F. Recent Advances in 3D Printing of Nanocellulose: Structure, Preparation, and Application Prospects. Nanoscale Adv. 2021, 3, 1167–1208. [Google Scholar] [CrossRef] [PubMed]

	



García-Lizarribar, A.; Fernández-Garibay, X.; Velasco-Mallorquí, F.; Castaño, A.G.; Samitier, J.; Ramon-Azcon, J. Composite Biomaterials as Long-Lasting Scaffolds for 3D Bioprinting of Highly Aligned Muscle Tissue. Macromol. Biosci. 2018, 18, 1800167. [Google Scholar] [CrossRef] [PubMed]

	



Rahman, M.; Huda, M.; Hasan, A.; Khan, M. Biomedical Applications of Collagen: A Review. Rev. Clin. Pharmacol. Pharmacokinet. Int. Ed. 2024, 38, 73–86. [Google Scholar] [CrossRef]

	



Teo, Y.C.; Abbas, A.; Park, E.J.; Barbut, C.; Guo, J.; Goh, D.; Poh, J.; Yeong, S.; Loong, W.; Mok, J.; et al. 3D Printed Bioactive PLGA Dermal Scaffold for Burn Wound Treatment. ACS Mater. Au 2023, 2023, 272. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 26 06908 g001] 





Figure 1. Cryopreservation strategies and failure mechanisms in microencapsulated and scaffold-free 3D constructs. (A) Hydrogel microcapsules improve vitrification by modulating CPA diffusion and membrane stability. (B) Spheroids exhibit variable cryostability due to morphological irregularities and thermal gradients. (C) Advanced rewarming methods, including photothermal and magnetic nanoparticle-based strategies, minimize recrystallization risks. (Created with BioRender). 
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Figure 2. Comparison between slow freezing and vitrification strategies for cryopreservation of 3D constructs (created with BioRender). 
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Table 1. Polysaccharide-based cryoprotective biomaterials. Representative natural hydrogels with cryoprotective functions, key physicochemical properties, and 3D biomedical applications.
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	Material Type
	Examples
	Key Properties
	Cryoprotective Function
	Applications
	References





	Hyaluronic acid (HA)
	MeHA, HMW-HA
	Viscoelastic, ECM-mimetic, chemically modifiable
	Uniform CPA diffusion, maintains differentiation
	MSCs, tumor models
	[17,18,19,20,21]



	Alginate
	Ca2+-crosslinked, OMA
	Fast gelation, functionalizable
	Encapsulation, electrosprayed core–shell systems
	Neural spheroids, biofabricated constructs
	[2,11,22]



	Chitosan
	Alginate–chitosan capsules, cryogels
	Polycationic, biodegradable, stabilizing
	Capsule reinforcement, modulates permeability, cryogel matrix
	Cell encapsulation, islet preservation, cryoscaffolds
	[23,24,25]



	Dextran
	Dex-ald, Dex-HEMA
	Injectable, photopolymerizable
	Potential osmotic buffering, scaffold structure
	Long-term cultures, DMSO-free systems
	[26,27,28,29]



	Agarose
	Low melt, composites
	Thermally stable, bioinert
	Ice crystal barrier, structural integrity
	Cartilage engineering, enzyme scaffolds
	[19,30,31,32]



	Nanocellulose
	CNFs, CNCs
	High stiffness, shear-thinning
	Prevents freeze–thaw damage, ECM stability
	Hybrid bioinks, cryoprinting
	[33,34,35,36]










 





Table 2. Protein-based cryoprotective biomaterials. Summary of protein-derived materials with cryoprotective roles, physicochemical features, and applications in tissue engineering and DMSO-free systems.
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	Material Type
	Examples
	Key Properties
	Cryoprotective Function
	Applications
	References





	Silk Fibroin

(SF)
	Methacrylated SF
	Shear-thinning, β-sheet stability, pH/temp-responsive
	Supports cell–cell/matrix interaction, reduces DMSO toxicity
	Tissue engineering, hepatic modeling, cryogel interactions
	[35,45,46,47]



	Sericin
	Genipin-crosslinked
	Antioxidant, epithelial regenerative, bioadhesive
	ROS scavenging, membrane stabilization, osmotic buffering
	Epithelial scaffolds, cryopreservation without DMSO
	[36,48,49]










 





Table 3. Synthetic cryoprotective polymers. Key properties, cryoprotective roles, and biomedical uses of representative synthetic polymer-based materials.
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	Material Type
	Examples
	Key Properties
	Cryoprotective Function
	Applications
	References





	Polyethylene glycol

(PEG)
	PEG200, PEG400, PEGDA
	Hydrophilic, modifiable, non-toxic, crosslinkable
	Intracellular protection, osmotic buffering, ice inhibition
	Cryopreservatio, hydrogel bioinks
	[36,51,52,53]



	Polyvinyl alcohol (PVA)
	Freeze–thaw hydrogels
	Physically crosslinked, IRI-active, non-permeating
	Suppresses ice growth, enhances morphology and post thaw viability
	Cryopreservation additives, tissue scaffolds
	[15,50]



	Polyurethane (PU)
	Thermoresponsive PU
	Elastic, biodegradable, tunable stiffness
	Maintains structure/function during freeze–thaw cycles
	Neural/vascular tissue printing, injectable cryogels
	[15,50,51,53]










 





Table 4. Comparative properties of cryoprotective biomaterials. Overview of natural and synthetic materials for 3D cryopreservation, highlighting key functions, printability, structural features, and limitations.






Table 4. Comparative properties of cryoprotective biomaterials. Overview of natural and synthetic materials for 3D cryopreservation, highlighting key functions, printability, structural features, and limitations.





	Biomaterial
	Cryoprotective Function
	Printability
	Stability
	Remarks/Limitations
	References





	Hyaluronic acid (HA)
	ECM mimicry, osmotic buffering
	Tunable (e.g., MeHA)
	Low
	Often combined with stronger polymers
	[17,18,19,20,21]



	Alginate
	Osmotic buffering, water retention
	Excellent (ionic crosslinking)
	Moderate
	Requires peptide modification
	[2,11,22]



	Chitosan
	Membrane stabilization, capsule reinforcement
	Limited (requires acidic pH)
	Moderate
	Complex gelation, used in encapsulation
	[24,25,41]



	Dextran
	IRI potential, CPA diffusion
	Shear-thinning, injectable
	Moderate
	Suitable for injectable cryogels
	[26,27,28,29]



	Agarose
	Thermal stability, structural retention
	Limited (thermo-gelling)
	High
	Supports architecture retention; lacks cell interaction
	[19,30,31,32]



	Nanocellulose

(CNC, CNF)
	Rheological tuning, shape fidelity
	High (in blends)
	High
	Bioinert unless functionalized
	[33,36]



	Silk fibroin
	DMSO reduction, membrane protection
	Tunable (physical/chemical)
	High
	Good mechanical properties post thaw
	[35,45,46,47]



	Sericin
	Antioxidant, membrane-protective
	Blendable, injectable
	Low
	Bioactive additive with limited mechanical support
	[36,48,49]



	PEG/PEGDA
	CPA delivery, osmotic buffering
	High (photo/chemical)
	Good
	Synthetic, tunable stiffness and gelation
	[36,51,52,53]



	PVA
	Ice recrystallization inhibition (IRI)
	Blendable
	High
	Inert, used as non-toxic additive
	[15,50]



	PU
	Elastic cryogelation, shape memory
	Cryogel-based
	High
	Promising for scaffold integrity post thaw
	[15,50,51,53]
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