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Abstract

Polysaccharide-based hydrogels represent sustainable and biocompatible bioinks for 3D bioprinting
applications in regenerative medicine. However, their clinical translation is impeded by complex
structure—property—processing interrelationships. This comprehensive review synthesizes existing
literature on polysaccharides derived from seaweed, plant, microbial, and animal sources, correlating
their chemical characteristics with rheological performance across extrusion, light-based, and
embedded bioprinting modalities. It further critically examines crosslinking strategies, including
ionic, photochemical, enzymatic, and hybrid approaches, alongside essential criteria for high-fidelity,
cell-laden constructs, such as shear-thinning, yield stress, and post-print stability. By critically
analyzing structure—property—processing relationships across seaweed-, plant-, microbial-, and
animal-derived polysaccharides and evaluating key translational barriers from preclinical studies,
this review distills design principles for next-generation hybrid bioinks. These principles emphasize
double-network architectures, bioactive modifications, and perfusable constructs to advance
clinically viable tissues and expedite the development of functional regenerative therapies.

Keywords: 3D bioprinting; polysaccharides; hydrogel; bioink; biopolymers; medical applications;
tissue engineering

1. Introduction

Three-dimensional (3D) bioprinting has profoundly impacted personalized medicine by
enabling the development of patient-specific devices, drug delivery systems, and tissue constructs,
thus facilitating a shift from standardized to customized healthcare solutions [1-3]. This technological
innovation is particularly significant in the fields of regenerative medicine and tissue engineering,
where there is a pressing demand for structures that replicate the structural and functional
complexities of native tissues [4,5]. Polysaccharide-based hydrogels have emerged as exemplary
bioink candidates due to their sustainability, biocompatibility, and adjustable physicochemical
properties [6,7]. These hydrogels are derived from abundant and renewable sources, including
seaweed, plants, bacteria, and animals [8,9]. Their high-water content and structural similarity to
glycosaminoglycans in the native extracellular matrix (ECM) provide a conducive microenvironment
for cell encapsulation, viability, and function, aligning with principles of green manufacturing
[6,7,10].

Despite these compelling advantages, translating polysaccharide hydrogels into reliable bioinks
remains challenging. Issues of mechanical robustness, precise rheological control, batch-to-batch
variability, and often inadequate bioactivity complicate their adaptation to diverse printing
techniques such as extrusion, inkjet, and stereolithography [11-13]. While extensive research has
optimized individual formulations, such as alginate blends for extrusion or methacrylated
derivatives for vat photopolymerization, the field lacks integrative and systematic analyses. There is
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a pressing need to quantify the complex interrelationships between polysaccharide chemistry, ink
rheology, printability parameters, and the ultimate biological outcomes. This gap hinders the
establishment of generalizable design rules and the development of next-generation bioinks.

This comprehensive review endeavors to synthesize and critically evaluate the current state of
polysaccharide-based bioinks for 3D bioprinting in the medical field. We present a detailed
classification of polysaccharides according to their sources, examine their fundamental properties
within the context of bioprinting, and assess their performance across both established and emerging
fabrication platforms. Furthermore, we analyze the crucial roles of crosslinking methodologies and
rheological designs in the development of functional constructs. By identifying key challenges and
synergies, this review aims to serve as a comprehensive resource that informs the rational design of
advanced polysaccharide bioinks, thereby facilitating their successful integration into clinically
viable tissue engineering and regenerative medicine strategies.

2. Polysaccharide-Based Bioinks: Fundamentals and Properties
2.1. 3D Bioprinting with Hydrogels

Hydrogels are polymer networks characterized by their ability to swell in water and by a three-
dimensional crosslinked structure that preserves their integrity despite substantial absorption of
aqueous solutions [14,15]. In the context of medical 3D bioprinting, hydrogels are frequently
employed as bioink matrices because of their soft, moisture-rich composition, which effectively
mimics the essential physical properties of the native extracellular matrix (ECM) surrounding the
cells (as shown in Figure 1) [16-18].

=

3D Bioprinted Bioink Medical Application

Figure 1. Schematic representation of the 3D bioprinting process and hydrogel-cell interaction, adapted from

(7]

2.1.1. Hydration and Diffusion

Hydrogels are distinguished by their substantial water content, often surpassing 90% [6,19]. This
degree of hydration is critical for their biological efficacy. The porous, hydrated biopolymer structure
emulates the native extracellular matrix (ECM), thereby creating an environment conducive to
essential cellular activities [9,20]. It facilitates the inward flow of oxygen, nutrients, and regulatory
biomolecules to the embedded cells while permitting the efflux of metabolic waste products. Such
passive mass transport is vital for maintaining cell viability, particularly in large, thick 3D bioprinted
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structures intended for clinical applications [9,21,22]. In the absence of adequate diffusivity, cells
located deep within a printed scaffold are susceptible to rapid necrosis. However, the highly
hydrated and open architecture that enhances diffusion generally compromises mechanical strength.
Consequently, a primary challenge in bioink development is to achieve an appropriate balance
between maintaining sufficient porosity for effective mass transport and ensuring adequate
mechanical stability to withstand printing stresses and functional loads in vivo [17,23].

2.1.2. Biocompatibility

Biocompatibility is a critical criterion for materials intended for implantation [24]. Natural
hydrogels derived from polysaccharides, such as alginate, chitosan, hyaluronic acid, and cellulose-
based systems, are often preferred due to their biological origins, including seaweeds, crustacean
shells, and connective tissues [20,25]. These materials generally exhibit chemical properties that are
compatible with living tissues, leading to minimal cytotoxic effects and a reduced likelihood of
significant inflammatory or immune responses [24,26]. This inherent compatibility supports essential
cellular processes, including adhesion, proliferation, and lineage-specific differentiation [9].
However, the term “natural” should not be misconstrued as synonymous with biological inertness,
as impurities from raw material extraction, reactive groups introduced during functionalization for
printing (such as methacrylation), and residual crosslinking agents can provoke adverse biological
responses [6]. Therefore, achieving genuine biocompatibility in the context of 3D bioprinting is an
engineered attribute that relies on stringent purification methods and the judicious selection of mild,
cytocompatible crosslinking techniques, rather than being an assured outcome of utilizing natural
polymers [27].

2.1.3. Tunability

Hydrogels are highly adaptable for biomedical applications, with their mechanical properties,
such as stiffness, elasticity, and toughness, and degradation rates being modifiable through
adjustments in parameters like polymer concentration, degree of crosslinking, and network structure
[9]. This flexibility facilitates the creation of scaffolds tailored to the specific needs of various tissues
and organs. For instance, hydrogels with low moduli ranging from 0.1 to 1 kPa can be engineered to
replicate brain tissue for neural regeneration, whereas stiffer hydrogels in the range of 10-100 kPa
are more appropriate for supporting cartilage or early bone formation [28]. Additionally, the
degradation rate can be fine-tuned to align with the pace of new tissue development, enabling the
scaffold to offer temporary support before safely degrading [9,29]. In the realm of 3D bioprinting, this
adaptability permits variations in processing parameters to enhance printability. Modifications in
factors such as viscosity and gel stiffness can improve material extrusion, shape retention, and post-
printing stability [9,11]. The primary challenge lies in adjusting these properties without hindering
cell growth and differentiation.

2.2. Classification of Polysaccharides

Polysaccharides are macromolecular carbohydrates composed of extensive chains of
monosaccharide units connected by glycosidic bonds. The diversity in their chemical structures,
which is determined by the type of monomers, the nature of the linkages (a or ), and the degree of
branching, results in a wide range of advantageous physicochemical properties for 3D bioprinting
[9,30,31]. Polysaccharides are categorized based on their source (As illustrated in Figure 2), which
influences the available functional groups, purity, and intrinsic properties, as the origin affects the
specific functional groups available for chemical modification and the inherent mechanical properties
of the resultant hydrogel networks [32].
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Figure 2. Classification of polysaccharides by source, adapted from [9].

2.2.1. Seaweed-Derived Polysaccharides

Polysaccharides extracted from seaweed, such as alginate, agarose, and carrageenan, are among
the most frequently utilized materials in extrusion-based bioprinting due to their rapid gelation rates
and high versatility [33,34].

Alginate, an economical polysaccharide derived from brown algae, is frequently utilized in
tissue engineering due to its biocompatibility, ability to mimic certain characteristics of the
extracellular matrix (ECM), and adjustable properties [35,36]. Its molecular structure consists of linear
sequences of guluronic (G) and mannuronic (M) acids, which facilitate ionic gelation upon interaction
with divalent cations, such as Ca?. This mild ionic crosslinking is advantageous for drug delivery
systems and wound treatment [37]. However, in the context of 3D bioprinting, alginate’s relatively
low viscosity and insufficient viscoelastic properties in its uncrosslinked form often limit its
printability. Consequently, strategies such as in situ ionic crosslinking, blending with other polymers
such as gelatin or hydroxyapatite, or employing coaxial extrusion techniques, where a calcium-rich
sheath phase promotes rapid gelation, are frequently employed to enhance shear-thinning behavior
and shape fidelity [36,38]. These approaches have facilitated the effective creation of constructs for
cartilage and vascularized tissues; however, their mechanical strength remains inadequate for load-
bearing applications without additional reinforcement [36].

Owing to its versatile properties, alginate remains the predominant natural bioink employed in
extrusion-based 3D bioprinting. Tarassoli et al. [39] observed that it is the most frequently utilized
material in extrusion research, whether used independently or in combination with other substances.
However, this prevalence is attributed more to convenience than to optimal performance in specific
tissues. Similarly, Gonzalez-Fernandez et al. [40] systematically adjusted the molecular weight of
alginate, type of crosslinker, and concentration, demonstrating that well-optimized formulations can
yield printable filaments with high post-printing cell viability. However, rapid diffusion-limited
gelation can lead to uneven crosslinking and suboptimal mechanical properties. Furthermore,
multiple research groups have emphasized that unmodified alginate is bioinert, exhibits poor
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adhesive qualities, and undergoes slow and sometimes unpredictable degradation in vivo [41,42].
For instance, some studies have noted that creating complex, cell-directing structures generally
requires incorporating gelatin, collagen, decellularized ECM, or nanocellulose to enhance cell
adhesion and achieve mechanical properties more akin to physiological conditions [42,43]. Recent
approaches, such as RGD- or peptide-modified alginate bioinks and double-network alginate—
GelMA systems, suggest that chemical modifications can significantly enhance cell spreading and
tissue-specific differentiation [43]. However, these innovations often involve trade-offs, such as
reduced viscosity due to alterations in polymer chemistry, compromised structural integrity, and
diminished long-term architectural stability. Overall, this development underscores that the primary
role of alginate in 3D bioprinting is evolving into that of a customizable ionic scaffold within more
advanced composite or engineered systems, rather than serving as a standalone matrix [44].

Agarose is a thermoreversible polysaccharide that undergoes physical gelation, characterized
by a rapid sol-gel transition, excellent shape retention post-deposition, and inherent biocompatibility.
These properties have prompted various research teams to consider it a promising structural
foundation for bioinks in medical three-dimensional (3D) printing applications [45,46]. Lopez-
Marcial et al. [47] demonstrated that composites of 5% (w/v) agarose—alginate can achieve rheological
properties comparable to Pluronic, support long-term cell viability, and function effectively as
bioinks for cartilage. In contrast, unmodified agarose did not achieve the desired balance between
print quality and biological efficacy. Wenger et al. [48] systematically evaluated low-melt agarose and
agar inks, concluding that a minimum concentration of 4.5% was necessary to produce reproducible
lattice structures. However, the resulting hydrogels exhibit limited mechanical and thermal stability,
restricting their effectiveness as durable functional constructs. More recent thermoresponsive
formulations, such as the carboxymethyl cellulose—agarose—gelatin system developed by Sekar et al.
[49], specifically utilize agarose to modulate rheology and gelation. This polysaccharide blend
outperformed single-component agarose in terms of printability and long-term stability. Collectively,
these findings underscore the primary role of agarose in 3D bioprinting, which is to facilitate rapid
and gentle gelation. They also highlighted the limitation that agarose is bioinert, mechanically weak,
and possesses a relatively narrow range of printability unless modified or blended with other
materials.

Carrageenan, a sulfated polysaccharide derived from marine sources, is increasingly utilized as
a hydrogel component and bioink in 3D printing for medical applications, particularly in tissue
engineering, drug delivery, and wound healing [50,51]. Recent investigations into k-carrageenan
bioinks underscore their potential as alternatives to alginate derived from algae, while also
recognizing their limited processing range. Marques et al. [50] demonstrated that unmodified -
carrageenan can be 3D bioprinted into highly hydrated, soft scaffolds (with water content exceeding
97% and a modulus of 20-100 kPa) that support good fibroblast viability, albeit within a narrow range
of temperature and composition that affects viscosity and gelation. This reliance on physical and ionic
crosslinking raises concerns regarding long-term stability under physiological conditions.

Various research groups have developed modified or composite systems to address these
challenges. In visible-light printing systems, methacrylated k-carrageenan produces scaffolds that
exhibit enhanced strength and stability, closely resembling bone. Nevertheless, this method
necessitates the use of photoinitiators and denser networks, which may potentially compromise the
biofunctionality of native polysaccharides [52,53]. Inks formulated with k-carrageenan, collagen, and
magnetic nanoparticles have demonstrated improved mechanical strength and cellular interactions
compared to k-carrageenan alone, thereby establishing the polysaccharide as a structural and
rheological enhancer within a multicomponent bioink [54]. Granular k-carrageenan-based support
baths, such as CarGrow, further illustrate this transformation by utilizing k-carrageenan microgels
to create a dynamic support environment rather than serving as the primary scaffold [55,56].
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2.2.2. Plant-Derived Polysaccharides

Plant-derived polysaccharides, such as cellulose, pectin, and starch, are among the most
abundant renewable sources for developing bioinks [43,57].

Cellulose, the most abundant natural organic polymer, is renowned for its sustainability,
biodegradability, biocompatibility, and renewability. Structurally, it consists of linear (3 (1—4)-linked
D-glucose units, each containing three hydroxyl groups per monomer unit. This configuration
imparts significant hydrophilicity while restricting solubility in standard solvents owing to strong
hydrogen bonding. This limitation can be addressed through chemical modification [58,59].
Cellulose, particularly in the form of nanocellulose and bacterial cellulose, has been extensively
studied as a structural component of 3D printable hydrogels. These forms can impart shear-thinning,
yield stress, and dimensional stability to otherwise fragile formulations while maintaining high water
content and cytocompatibility [60,61]. Some studies [43,62] have demonstrated that nanofibrillated
cellulose-based inks enable the high-fidelity extrusion of self-supporting scaffolds and sustain the
viability of fibroblasts or chondrocytes. However, both research teams noted that unmodified
cellulose is largely bioinert and requires blending with more bioactive polymers (such as alginate or
gelatin) to provide specific cell-adhesive and differentiation signals. Similarly, Grunberg et al. [63]
found that bacterial nanocellulose enhanced the mechanical strength and print accuracy of composite
bioinks; however, its limited degradability and intrinsic bioactivity restricted its use as a standalone
matrix for dynamic remodeling of tissues.

Cellulose derivatives modify this context by introducing charged or hydrophilic substituents,
rendering cellulose water-soluble and significantly enhancing its viscosity. This transformation shifts
the role of cellulose in bioinks from an insoluble reinforcement to a genuine continuous phase [64,65].
For instance, Habib et al. [66] demonstrated that carboxymethyl cellulose (CMC) can be employed to
adjust the shear-thinning and filament stability of extrusion bioinks. In contrast, Wang et al. [67]
established that methacrylated cellulose ethers facilitate photocrosslinkable networks with improved
elastic moduli and shape fidelity compared to physically entangled cellulose systems. Concurrently,
Lee et al. [68] and others observed that CMC- or methylcellulose-based inks largely lack adhesion
and primarily function as printable “vehicles,” necessitating a blend with proteins or other bioactive
polysaccharides to promote cell spreading in the bioink. They noted that excessively high substitution
levels could result in inks with high viscosities, thereby impeding extrusion and nutrient diffusion.

Pectin, a naturally occurring heteropolysaccharide derived from plant cell walls, has garnered
increasing attention in the field of biomaterials due to its robust safety profile, biodegradability, and
structural attributes. Composed primarily of a-1-4-linked galacturonic acid residues with varying
degrees of methylation, pectin exhibits significant and adjustable gelling properties [23].
Consequently, this galacturonic acid-rich polysaccharide, traditionally employed in food products
and wound care, is being recognized as a sustainable bioink component. However, it is often
perceived as a specialized additive rather than a primary material for 3D bioprinting in the medical
field.

Pitton et al. [69] demonstrated that the integration of pectin with TEMPO-oxidized cellulose
nanofibers markedly improved the viscosity, shear-thinning behavior, and filament stability,
facilitating the extrusion of cell-laden structures with adequate viability. However, they highlighted
that pectin alone lacks the requisite viscosity and mechanical strength for effective printing. In the
realm of biological applications, Merli et al. [70] developed crosslinked pectin bioinks for neural
application. They illustrated that precise pH control and the utilization of CaCOs for gelation can
produce printable networks that support the survival and morphological changes of neurons,
astrocytes, and microglia. However, the narrow and formulation-sensitive processing window poses
challenges in terms of reproducibility and scalability.

Recent research has focused on exploiting specific structural regions of pectin to augment its
functionality. Chang et al. [71] developed hydrogels from RG-I-rich pectin, a structural variant
characterized by abundant branched, bioactive side chains, for the construction of chondrocyte-laden
models. This approach yielded favorable shape fidelity and swelling-regulated degradation,
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capitalizing on the inherent anti-inflammatory properties associated with the RG-I domain. In a
related study, Cernencu et al. engineered stiffer scaffolds inspired by nature using pectin—
nanocellulose inks [72]. Collectively, these studies underscore the primary advantage of pectin, which
lies in its incorporation into tailored, multifunctional composites rather than serving as a basic, stand-
alone matrix. Its future in 3D bioprinting will likely depend on the strategic application of its gelling
properties and bioactive regions to enhance complex and application-specific formulations.

Starch, a neutral polysaccharide comprising linear amylose and extensively branched
amylopectin, is the primary energy reserve in plants. Its intricate branched structure can undergo
chemical modifications to form highly porous networks that facilitate nutrient diffusion and
transport, which is a critical feature in tissue engineering [73]. Starch-based hydrogels are
increasingly recognized as promising plant-derived materials for 3D bioprinting because of their
cost-effectiveness, biodegradability, and inherent shear-thinning and thixotropic properties, which
enable high-fidelity extrusion. Biologically enhanced formulations reveal both the potential and
limitations of these approaches. Zhuang et al. [73] developed a nanocomposite starch bioink
incorporating gelatin nanoparticles and collagen, reporting significantly improved cell attachment,
migration, and proliferation compared to pure starch, which, despite excellent printability, remained
largely bioinert and could not support 3D cell spreading. Similarly, a recent study [74] demonstrated
that gelatin—starch—halloysite nanocomposite hydrogels exhibited self-healing properties and robust
filament formation, but primarily utilized starch as a rheology and water-retention modifier within a
mechanically reinforced structure rather than as an independent structural matrix. Recent
investigations into methacrylated-starch bioinks have shown that partial chemical modification can
yield printable, cytocompatible gels with enhanced mechanical stability. However, these systems
sacrifice simplicity for more complex synthesis processes and raise concerns regarding residual
monomers and initiators in the final product [75]. Overall, these studies underscore a critical
perspective: while starch can significantly enhance printability and degradability in composite
bioinks, unmodified starch hydrogels are inadequate in terms of sustained bioactivity and long-term
mechanical strength for rigorous medical applications unless combined with proteins, nanoparticles,
or covalent crosslinking techniques [73,75,76].

2.2.3. Microbial Polysaccharides

Microbial polysaccharides, such as xanthan gum, gellan gum, and dextran, are synthesized
through controlled fermentation processes, ensuring consistency in batch production that frequently
surpasses that of plant and animal extracts [23,77]. These microbial polysaccharides are increasingly
utilized as supplementary components to modify rheological properties and mechanical
characteristics, rather than serving as standalone bioinks. Xanthan gum is commonly used as a robust
shear-thinning modifier. Taniguchi et al. [78] demonstrated that augmenting the xanthan
concentration in alginate-xanthan mixtures significantly improved filament stability and shape
accuracy, thereby facilitating the formation of crosslinked structures with favorable
cytocompatibility. Recent formulations combining agarose and xanthan by Teixeira et al. [8] achieved
extrusion without necessitating post-printing gelation, although they still relied on agarose for
structural support and encountered challenges owing to the inherent lack of adhesion and
degradability of xanthan. Gellan gum followed a similar trajectory. Lameirinhas et al. showed that
composites of nanofibrillated cellulose and gellan produced printable constructs resembling skin,
with approximately 90% viability of keratinocytes by day 7 [79]. In contrast, Phromviyo et al. required
the addition of methylcellulose, cellulose nanocrystals, and ionic crosslinkers to address the
brittleness and limited gelation window of pure gellan [80]. Dextran is predominantly utilized in
chemically modified forms, such as dextran-methacrylate and dextran—PCL photoinks, which enable
high-resolution light-based printing and adjustable stiffness [81]. Recent systems employing
alginate/gelatin/dextran-aldehyde (AGDA), as reported by Lim et al. [82], demonstrated enhanced
cell engraftment compared to commercial GelXA, although this was accompanied by increased
crosslinking complexity and potential cytotoxicity due to the aldehyde chemistry. These studies
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suggest that while microbial polysaccharides are valuable for enhancing printability and mechanical
properties, their limited bioactivity and sometimes challenging degradation or crosslinking
characteristics indicate that they are most effective when incorporated into composite structures
rather than as primary cell-instructive scaffolds.

2.2.4. Animal-Derived Polysaccharides

Polysaccharides sourced from animals, notably chitosan and hyaluronic acid (HA), offer
biologically pertinent characteristics and adaptable chemistries; however, they have not yet achieved
the same level of extensive application and routine use as alginate [83]. Chitosan-based systems
leverage their cationic charge, antimicrobial properties, and mild gelation for osteogenesis and
wound healing [84,85]. Nevertheless, Teixeira et al. noted that native chitosan frequently requires
acidic conditions, complex multicomponent crosslinking, or blending with nanocellulose or nano-
hydroxyapatite to achieve satisfactory print fidelity and mechanical strength [8]. For instance,
Maturavongsadit et al. introduced thermogelling chitosan—glycerophosphate-nanocellulose inks
that demonstrated rapid gelation and good shape retention; however, this was confined to a limited
temperature and composition range and still lacked the rigidity required for load-bearing bone
constructs [86]. Concurrently, HA-based bioinks are commended for their capacity to mimic the
extracellular matrix (ECM) and their excellent cytocompatibility [87]. Mouser et al. [88] and more
recent studies [89] have shown that methacrylated or thiol-ene modified HA can be printed into
constructs containing cells that facilitate chondrogenic or neural differentiation. Nonetheless, these
studies also concur with the consensus that unmodified HA is excessively soluble and mechanically
weak for extrusion, and that chemical functionalization, while essential for crosslinking and
structural integrity, results in trade-offs in viscosity, degradation characteristics, and potential
toxicity from photoinitiators. This has led to the more frequent use of HA as a bioactive component
within composite or double-network inks rather than as a standalone structural matrix.

2.3. Properties of Polysaccharide-Based Hydrogels

Polysaccharide-based hydrogels have emerged as a significant class of bioinks owing to their
capacity to modulate physicochemical properties across a wide design spectrum while maintaining
compatibility with living cells and tissues for clinical applications [10,31]. In the context of extrusion
3D bioprinting, their efficacy is determined not only by general characteristics such as stiffness and
swelling but also by rheological properties, including yield stress, shear-thinning, and rapid recovery.
These factors are essential for filament formation and preservation of shape accuracy during printing,
ultimately influencing the cell functionality within the resultant structures [90,91].

Native polysaccharide networks, including alginate, hyaluronic acid, chitosan, and xanthan,
typically exhibit characteristics of softness and brittleness, with moduli comparable to those of the
brain or soft connective tissues rather than cartilage or bone. This limits their applicability in
environments that require mechanical robustness [92,93]. To address this limitation, research has
indicated that effective polysaccharide bioinks often rely on strategies such as ionic—covalent double
networks, nanofiller enhancement ( nanocellulose, silica, and hydroxyapatite), or the incorporation
of synthetic networks to enhance compressive strength and toughness while preserving printability
[94,95]. Furthermore, methods such as dual-enzyme and post-polymerization techniques have shown
that in situ secondary crosslinking can convert initially soft and easily extrudable inks into more rigid,
load-bearing hydrogels after the printing process [95].

Polysaccharides, including alginate, chitosan, hyaluronic acid, and cellulose derivatives, are
highly valued for their minimal cytotoxicity, reduced protein adsorption, and structural resemblance
to glycosaminoglycans and extracellular matrix (ECM) fibers. These characteristics contribute to
enhanced cell viability and reduced inflammatory responses in both in vitro and in vivo studies [96].
However, numerous studies have highlighted that biocompatibility is not inherently assured.
Residual solvents, initiators, unreacted crosslinkers, and contaminants from marine or animal
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sources can elicit adverse reactions. Therefore, rigorous purification and the application of mild
crosslinking techniques are essential for the safe utilization of these materials as clinical bioinks [97].
The swelling behavior of polysaccharides is determined by their hydrophilic backbones and the
presence of ionic or hydrogen-bonding groups, which facilitate high equilibrium water retention [6].
This characteristic promotes the diffusion of nutrients and oxygen but also results in considerable
swelling that may compromise the integrity of the printed structures [95,99]. Gebeyehu et al.
highlighted the necessity of optimizing the crosslink density and network structure: gels that are
under-crosslinked tend to swell excessively and lose their geometric integrity, whereas those that are
over-crosslinked restrict diffusion and may adversely affect the cell viability and matrix deposition.
Consequently, controlling swelling is critical for drug delivery and tissue development [100].

Biodegradability is a critical characteristic of polysaccharide hydrogels, which typically undergo
degradation via hydrolysis and enzymatic processes. For instance, chitosan is degraded by lysozyme,
hyaluronic acid by hyaluronidases, and alginate by alginate lyases, respectively. The degradation rate
is significantly influenced by factors such as the substitution pattern, type of crosslinking, and
presence of secondary networks [8,24,98]. Recent studies on modular enzyme-responsive hydrogels
suggest that degradation can occur independently of the initial mechanical properties or printing
requirements by incorporating specific cleavage sites and enzyme-sensitive crosslinkers [100,101].
However, numerous studies have emphasized that precisely aligning degradation rates with the
formation of new tissue and vascularization remains a significant challenge for polysaccharide-based
bioinks intended for implantation [9,102].

Polysaccharides are indispensable in 3D bioprinting because of their biocompatibility,
biodegradability, and ECM-mimetic properties. However, their application is not uniform, each
polysaccharide presents a unique profile of advantages and constraints that dictate its role in bioink
formulation, compatibility with specific bioprinting modalities, and ultimate suitability for targeted
tissue engineering applications (as summarized in Table 1).

Table 1. Critical comparison of polysaccharides in medical 3D bioprinting.

. Primary Typical rolein ~ Optimal printing techniques & Ideal medical
Polysaccharide Key advantages = | . o o References
limitations bioinks crosslinking applications
Mechanically
weak, bioinert Extrusion (with in situ Soft tissues,
Rapid ionic (poor cell  Structural scaffold  crosslinking), FRESH. Ionic cartilage
gelation (Ca?"), adhesion), and and ionic network crosslinking is primary andis templates,
Alsinat low cost, high rapid gelation former. It often often combined with sacrificial [8], [40],
inate
& biocompatibility, cancause servesas abase for secondary (photo/enzymatic)  vascular [64], [103]
and ease of  heterogeneity rapid shape crosslinking or blended with networks, and
modification. and fixation. bioactive polymers (gelatin, wound
unpredictable GelMA). dressings.
degradation.
Its inherent Solubility
antibacterial challenges
activity, cationic (require acidic Bioactive Extrusion. This requires .
) o Bone tissue
nature,and  pH), complex components for precise pH and ionic strength . .
. . . . . . engineering,
good mechanical  gelation, antimicrobial or control. Used in thermogelling
) ) . wound [9], [104-
Chitosan strength moderate  osteogenic cues. It blends (e.g., with .
. healing, and 106]
compared to shear- is often used as a glycerophosphate) or L .
antimicrobial
other thinning, and reinforcing agent in composites with "
coatings.
polysaccharides formulation- composites. nanocellulose/nano-HA. &
support sensitive
osteogenesis.  printability.
. It exhibits Very low Bioactive cell- SLA/DLP (as methacrylated ~ Cartilage,
Hyaluronic . . . . L L .
id (HA) excellent viscosity, instructive derivatives) and extrusion (in neural tissue, [106-110]
aci
biocompatibility, mechanically matrix. Mimics soft composites). Photocrosslinkin skin
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inherent cell fragile, highly ECM. Rarely used g is essential for achieving regeneration,
signaling (CD44 soluble, and alone; a key stability. Double networks and
receptor requires componentin  (e.g., GeIMA or nanocellulose) viscoelastic
binding), is a chemical ~ composite/bioactiv are often used. soft tissue
key ECM modification e inks. models.
component, and for stability.
promotes
hydration.
Excellent . Used across
. Bioinert
rheological . many
o materials lack o ) L ) .
modifier, strong . Rheology modifiers Extrusion. It is primarily used composite
mechanical
shear-thinning, and viscosity to tune the rheology of other  bioinks as a
Cellulose ] strength and ) . ) .
L high water ) enhancers. This polymers (alginate and printability  [58,59,63,
derivatives . can impede . . . .
retention, o provides gelatin). It can be aid; specificto  65,79]
(e.g., CMC) o diffusion at . .
sustainability, hich printability but not methacrylated for none, but
i
and improved & . bioactivity. photocrosslinking. critical for
concentrations
viscosity and processability
shape fidelity.
Brittle gels, .
Sulfated groups Soft tissue
L narrow Structural
(mimics of o . scaffolds and
thermal/ionic ~ components in . .
heparan sulfate), . . Extrusion, SLA/DLP drug delivery
Carrageenan . gelation composites, .
thermoreversibl (methacrylated). Ionic (K*) ~ systems are [11,111,112]
(k-type) . windows, and  support bath Lo .
e gelation, and . and/or photocrosslinking  used as yield-
. long-term materials (e.g.,
good fibroblast » stress support
o stability CarGrow). )
viability. media.
concerns.
Microbial Limited
consistency, bioactivity, Skin models
. . Rheology .
strong gelling  brittleness . . .. and soft tissue
enhancersand  Extrusion. Ionic crosslinking
Gellan Gum & (gellan) or shear- (gellan), non- constructs  [78,79,113,
mechanical (gellan) or as a viscosity
Xanthan thinning degradability require  114,115,116]
stabilizers in modifier in the blends. .
(xanthan), and (xanthan), and o precise
. . composite inks.
good rheological often requires rheology.
control. blending.

Stimuli-Responsive and Smart Hydrogels

A transformative advancement beyond static material properties is the engineering of stimuli-
responsive or smart polysaccharide hydrogels [117,118]. These dynamic materials are designed to
sense and respond to specific environmental cues, such as temperature, pH, light, or enzymatic
activity (Figure 3), with predictable changes in their physical or chemical states, such as swelling,
stiffness, degradation kinetics, or bioactivity [6,119]. This intrinsic adaptability allows them to closely
mimic the dynamic and reciprocal interactions found in native tissues [120].
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Figure 3. Categories of stimuli for responsive hydrogel systems (adapted from [118]).

In 3D bioprinting, this property enables several paradigm-shifting capabilities to be achieved.
First, it enhances printability and structural fidelity through mechanisms such as thermally triggered
gelation (e.g., agarose or modified chitosan systems that gel at physiological temperature) or
photocrosslinking of methacrylated derivatives (e.g., HA-Me or alginate-Me), which provides spatial
and temporal control over solidification [121]. Second, it forms the cornerstone of 4D bioprinting,
where printed 3D constructs are programmed to change shape or function over time in response to a
trigger, such as a self-folding vascular graft activated by a temperature shift [119,122]. Third, smart
hydrogels facilitate the creation of dynamic cell-instructive microenvironments. Post-printing, their
properties can be modulated on-demand to guide cell behavior (e.g., softening a matrix to encourage
migration or stiffening it to promote differentiation) or to provide localized therapeutic release
triggered by disease-specific signals (e.g., pH-sensitive drug delivery in tumor models) [123].

While often achieved through chemical modification (grafting of light-sensitive or enzyme-
cleavable groups) and integrated crosslinking strategies, the core appeal lies in leveraging the
versatile chemistry of polysaccharides, such as the carboxyl groups of alginate or the hydroxyl groups
of cellulose, to create bioinks that are not merely structural but also interactively biological [117,120].
This shift from passive scaffolds to active, communicative matrices represents a critical frontier in the
development of truly biomimetic and clinically functional bioprinted tissues.

2.4. Bioprinting Techniques

The selection of a 3D bioprinting method (depicted in Figure 4) significantly limits the
capabilities of polysaccharide-based hydrogels, as each technique functions within a unique range of
viscosity, crosslinking rates, and cellular compatibility [114]. Recent research has highlighted that
factors, including printability (shear-thinning, yield stress, and recovery) and the ability to maintain
shape, must be evaluated differently across extrusion, droplet, and vat photopolymerization
technologies, which clarifies why the same polysaccharide composition may be effective in one
platform but fail in another [7,43].
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Figure 4. 3D bioprinting methods (A: SLA/DLP, B: Laser-assisted, C: Extrusion, D: Inkjet), adapted from [138].

2.4.1. Extrusion-Based Bioprinting

Extrusion is the predominant technique employed for polysaccharide bioinks because of its
ability to process highly viscous, shear-thinning compositions, including alginate, chitosan blends,
xanthan, and nanocellulose systems [124]. Gillispie et al. and Cooke et al. suggested that
polysaccharide inks deemed “successful” in extrusion typically operate within a specific rheological
range, they must exhibit a finite yield stress, substantial shear-thinning to minimize nozzle pressure,
and rapid viscosity recovery to maintain the filament shape [125,126]. However, excessive viscosity
or crosslinking can elevate the shear stress, thereby compromising cell viability. To mitigate this issue,
numerous research teams have utilized multicomponent formulations, such as gelatin-alginate—
methylcellulose, or adopted core-shell and granular methods, wherein a more fluid cell-laden phase
is printed within a stiffer polysaccharide support or carrier [124,127]. This strategy facilitates the
separation of cell-friendly rheology from the structural requirements. Nonetheless, the resolution
attainable through extrusion remains constrained to approximately 100-200 pum, and repeated
exposure to shear can pose risks to sensitive cell types, particularly when high viscosities or small
nozzle diameters are used [128].

2.4.2. Inkjet-Based Bioprinting

Inkjet bioprinting offers high spatial resolution with droplet sizes ranging from 10 to 100 um,
rapid patterning capabilities, and minimal shear stress, all of which are advantageous for cell viability
[129]. However, this technique necessitates the use of extremely low-viscosity, nearly Newtonian
fluids (typically less than 10 mPa-s), which is incompatible with the rheological properties required
for unmodified polysaccharide hydrogels to be printable and self-supporting [130]. As noted in
several studies, unmodified alginate, hyaluronic acid, or chitosan must be substantially diluted or
chemically modified to meet jetting standards, which reduces the solid content and mechanical
strength while increasing the risk of satellite droplets and nozzle blockages owing to partial gelation
[131]. Consequently, polysaccharides are more commonly employed as minor components in inkjet
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formulations, serving as viscosity enhancers or bioactive additives, rather than as the primary
structural element, thereby limiting the applicability of this method for bioinks that are
predominantly polysaccharide-based [103,129].

2.4.3. Vat Photopolymerization (SLA/DLP)

Stereolithography (SLA) and digital light processing (DLP) can achieve exceptional resolution
and intricate geometries by solidifying thin layers of photocurable bioinks using patterned light
[132,133]. For polysaccharides, this process requires the incorporation of photoreactive groups, such
as methacrylated hyaluronic acid (HA), alginate, and k-carrageenan, which enable precise control
over the crosslink density and facilitate the formation of finely detailed, mechanically robust
structures, as evidenced in MeHA-GelMA and methacrylated k-carrageenan systems [52]. The
primary challenges include the potential reduction in inherent bioactivity and alteration of
degradation characteristics due to chemical modifications, as well as the reliance on photoinitiators
for light-based curing processes. The type, dosage, and wavelength of these photoinitiators must be
meticulously calibrated to prevent cytotoxicity and DNA damage while ensuring complete
polymerization [134,135]. Additionally, light scattering and absorption in cell-laden, often opaque
polysaccharide inks complicate uniform curing in thicker constructs, prompting ongoing research
into visible-light initiators, hybrid resin-hydrogel systems, and co-printing with reinforcing
thermoplastics [133].

2.4.4. Laser-Assisted Bioprinting (LAB)

Laser-assisted bioprinting (LAB) employs focused laser beams to eject droplets from a donor
ribbon onto a receiving surface, thereby obviating the need for nozzles and circumventing clogging
issues associated with high-viscosity inks or those containing particulates [136]. LAB can process
higher viscosities than inkjet printing and achieve single-cell precision. However, it requires complex
optical systems, metallic absorbing layers, and precise laser energy management to prevent local
overheating and cellular damage, which has constrained its widespread adoption to specialized
laboratories [137]. In the realm of polysaccharide hydrogels, the extant literature presents relatively
few examples compared with extrusion and vat photopolymerization techniques. Current studies
predominantly utilize LAB to create patterns with cell suspensions or low-viscosity fluids, with the
primary structural framework established through subsequent bulk crosslinking rather than during
the jetting phase. This suggests that the practical application of constructing polysaccharide-rich,
mechanically intricate structures remains more theoretical than empirical [7,136].

2.5. Embedded Techniques in 3D Bioprinting

Traditional bioprinting methods, including extrusion-based, droplet-based, and vat
photopolymerization-based techniques, have advanced significantly; however, they often struggle to
replicate the intricate architectures of native tissues, particularly those involving overhanging
structures, vascular networks, and high cellular densities [33,102]. Embedded bioprinting has
emerged as a pivotal innovation to overcome these limitations, allowing printing within a supportive
matrix that mitigates gravitational constraints and enables freeform fabrication (As illustrated in
Figure 5) [139,140]. Embedded bioprinting, often described as a “gel-in-gel” approach, involves
extruding bioinks directly into a supportive suspension medium, such as hydrogels or microgels,
which provides mechanical stability during the printing process. This method addresses the key
drawbacks of conventional bioprinting, including structural collapse due to low-viscosity bioinks
and the inability to create overhanging or hollow features without additional support [140,141]. The
support bath typically exhibits shear-thinning and self-healing properties; under the shear stress of
the printing nozzle, it locally fluidizes, enabling bioink deposition, and rapidly recovers its solid-like
state upon stress removal, thereby encapsulating the printed structure [141,142]. Several embedded
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techniques have been developed, each tailored to specific fabrication needs (summarized in Figure

6).

Embedded Bioprinting

Suppart bath

Figure 5. Schematic of Embedded Bioprinting, adapted from [138].

Embedded Bioprinting Techniques in 3D Bioprinting
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Figure 6. Embedded 3D bioprinting techniques, adapted from [142].

Freeform Reversible Embedding of Suspended Hydrogels (FRESH): this method uses a gelatin

slurry or microgel bath to support the printing of soft, low-viscosity bioinks, such as collagen or
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alginate [143,144]. The bath is thermoreversible, allowing easy removal by gentle heating after
printing. FRESH has enabled the creation of vascularized heart models and branched airway
structures with resolutions of 20-50 um. It is particularly suited for tissues requiring high fidelity to
native extracellular matrix (ECM) composition [145].

Sacrificial Writing into Functional Tissue (SWIFT): involves compacting organ-building blocks
(OBBs), such as spheroids or organoids, into a dense matrix and embedding sacrificial inks to create
perfusable channels [142,146]. Upon ink removal, vascular-like networks are formed, supporting
nutrient diffusion in high-cell-density constructs. This technique has been applied to cardiac tissue
and liver models, achieving cell densities comparable to those of native organs (up to 108 cells/mL)
[146].

Granular Gel Medium and Omnidirectional Printing: these variants employ granular hydrogels
(e.g., carbomer or agarose microparticles) as the support, enabling omnidirectional nozzle movement
for complex geometries. Omnidirectional printing, for instance, facilitates the fabrication of freeform
vascular trees without layer-by-layer constraints, which is ideal for engineering branched networks
in non-yield-stress fluids [140,141].

Other Hybrid Approaches: techniques such as CLASS (Constructs Laid in Agarose Slurry
Suspension) and guest-host writing integrate supramolecular chemistry for reversible bonding in the
support medium, enhancing print fidelity for delicate structures [142,147]. These methods
collectively expand bioprinting capabilities, allowing micron-scale resolution (down to 1-10 um in
some cases) and the incorporation of multiple cell types for biomimetic tissues [148]. Bioinks in
embedded systems often include natural polymers (gelatin methacryloyl and hyaluronic acid) or
synthetic polymers (polyethylene glycol) that are optimized for biocompatibility, printability, and
post-print crosslinking via UV light, enzymes, or ionic bonds.

The SPIRIT Technique: introduced in 2023, the SPIRIT (Supportive Perfusable Integrated
Reversible Template) technique represents a generalizable embedded bioprinting strategy that
utilizes a microgel-based biphasic (MB) bioink that functions dually as a printable material and a
reversible suspension medium [154]. This MB bioink, typically composed of gelatin or similar
polymers, exhibits shear-thinning and self-healing behaviors, enabling sequential printing steps in
which structures are built layer-by-layer within the medium without collapse. Unlike traditional
embedded methods, SPIRIT allows for the direct incorporation of human-induced pluripotent stem
cells (hiPSCs), promoting their proliferation and differentiation into functional tissues, such as
cardiac organoids. A key innovation is the facilitation of perfusable vascular networks with complex
geometries. For instance, SPIRIT has been used to print a ventricle model with integrated freeform
vessels that support nutrient perfusion, a feat unattainable with conventional extrusion or laser-
assisted bioprinting. The process involves preparing the MB bioink, embedding the nozzle for
sequential deposition, crosslinking the construct, and removing the template via reversible
mechanisms, such as temperature shifts. This results in faster fabrication (up to 10x compared to some
methods) and enhanced replication of organ intricacies, including external shapes and internal
architectures [154]. Compared to other embedded techniques, SPIRIT excels in versatility; it combines
elements of FRESH (reversible template) and SWIFT (vascular integration) while minimizing
material waste and improving speed. However, it requires precise rheological tuning of the MB
bioink to balance the printability and cell viability. The SPIRIT technique exemplifies how advanced
embedded bioprinting can leverage polysaccharide-based microgel systems to create complex,
perfusable tissue constructs, highlighting the role of polysaccharides in next-generation bioprinting
strategies. Table 2 summarizes embedded bioprinting techniques.

Table 2. Embedded bioprinting techniques relevant to polysaccharide bioinks.

Technique Mechanism Key advantages Limitations Medical applications References
Thermoreversible High resolution; | . Vascularized cardiac
Limited to materials stable [142,149,
FRESH gelatin microgel ~ compatible with patches; airway models;
at low temperatures; 150,151]
bath supports low- ECM-like bone scaffolds
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2.6. Crosslinking Methods

Crosslinking is a crucial design factor in 3D bioprinting. It controls the shift from a low-viscosity,

cell-laden ink to a mechanically robust structure, thus being at the heart of the balance between

printability, structural strength, and cell viability [155]. Current trends in bioink development favor

multimodal crosslinking strategies over single-method approaches. By integrating chemical,

physical, and radiation-based mechanisms (Figure 7), researchers can independently tune the

extrusion behavior and the mechanical and degradation properties of the printed construct [156].
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Figure 7. Crosslinking Methods, adapted from [169].

2.6.1. Chemical Crosslinking

Chemical crosslinking methods utilize covalent bonding through processes such as
photopolymerization, enzyme-mediated reactions, or click-type chemistries, resulting in networks
that exhibit greater stiffness, toughness, and dissolution resistance than purely physical gels [155].

Traditional small-molecule crosslinkers, such as epoxides, isocyanates, and aldehydes, are now
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approached with caution or completely avoided in systems containing cells because of concerns
regarding their cytotoxicity [98]. Instead, modern bioinks prefer functionalization with methacrylate,
norbornene, or tyramine, paired with cytocompatible initiators and enzymes. Photocrosslinkable
systems, such as GeIMA and methacrylated HA, provide spatiotemporal control over the gelation
process and are frequently incorporated into dual-crosslinking strategies [156]. These strategies
involve a quick, mild mechanism to ensure the stability of the filaments during the printing phase,
followed by a secondary light-triggered step that finalizes the architecture of the printed object [155].
Formulations such as GelMA-alginate and GelMA-gellan illustrate this idea: ionic crosslinking
through Ca?" or pre-chelation offers immediate yield stress and shape fidelity, while the subsequent
application of UV or visible-light curing results in a more robust double network [157]. However, this
comes with the trade-off of increased network density, which may lead to reduced nutrient transport.
Enzyme-mediated crosslinking strategies, particularly those involving transglutaminase or
horseradish peroxidase (HRP)/tyramine systems, have emerged as prominent bio-orthogonal
pathways because of their ability to function under mild physiological conditions [155]. These
methods are especially advantageous for specialized fabrication techniques, such as coaxial extrusion
and in situ gelation. However, precise control over the kinetic parameters, oxygen availability, and
localized H20: levels is critical for mitigating potential oxidative stress and ensuring
cytocompatibility [156].

2.6.2. Physical Crosslinking

Physical crosslinking involves hydrogels that utilize noncovalent interactions, such as ionic
coordination, hydrogen bonding, hydrophobic associations, crystallite formation, and chain
entanglements [158]. The main benefit is that gelation can occur quickly, reversibly, and without the
need for additional reagents. In the case of polysaccharide-based inks, commonly employed methods
for achieving the required shear-thinning and yield stress behavior necessary for filament creation
and self-supporting layers include ionic crosslinking of alginate or k-carrageenan, thermogelation of
methylcellulose and certain chitosan systems, and crystallite formation in PVA through freeze-thaw
cycles [159,160]. Despite their cellular compatibility, these materials are prone to creep and
dissolution when exposed to physiological ionic strength. Due to their mechanical fragility, they
typically serve as temporary scaffolds, providing an initial structure before being strengthened or
partially substituted with permanent covalent networks [161]. The integration of dynamic covalent
bonds, such as disulfides, boronate esters, and reversible Schiff bases, effectively bridges the gap
between chemical and physical crosslinking processes. These linkages provide the dual benefits of
reversibility and mechanical robustness, facilitating self-healing and the dissipation of printing-
induced stresses while maintaining structural integrity. However, a primary hurdle in their
application is the ability to fine-tune the reaction kinetics without compromising the survival of
encapsulated cells [162].

2.6.3. Radiation-Based Crosslinking

Radiation-based crosslinking techniques employ high-energy photons or particles, traditionally
gamma and electron beams, and more frequently UV/visible light in bioprinting, to produce radicals
and link polymer chains without requiring additional small-molecule crosslinkers [163]. For
polysaccharides, the direct use of gamma or electron beam crosslinking is appealing for sterilization
and the creation of bulk hydrogels; however, its application in constructs containing cells is restricted
because of DNA damage and the generation of reactive oxygen species (ROS), making it primarily
useful for acellular scaffolds or for the pre-formulation of bioink components [164]. Conversely,
lithography-based bioprinting systems utilize UV/visible-initiated crosslinking of methacrylated or
acrylated polysaccharides with specifically chosen photoinitiators (such as LAP or alternatives to
Irgacure), enabling layer-by-layer curing with high spatial precision and adjustable stiffness based
on the dose and exposure duration. However, concerns remain regarding light penetration, heat
generation, and the long-term safety of residual initiator fragments [165].
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2.6.4. Hybrid and Advanced Strategies

Hybrid and advanced strategies are also being explored. Hybrid crosslinking has emerged as a
characteristic feature of high-performance bioinks, where dual- and multi-network hydrogels serve
to differentiate functions: one network is tailored for printing rheology, another for long-term
mechanical properties, and occasionally a third for degradability or biological activity [150,166].
Systems such as GelMA/alginate, GelMA/k-carrageenan, and HA—-dextran—tyramine illustrate how
sequential or orthogonal crosslinking methods (ionic, photo, and enzymatic) can be integrated to
independently adjust the viscosity, shape precision, stiffness, and degradation rate [167,168].
However, the increased complexity of formulation and processing can impede reproducibility and
clinical application. Stimuli-responsive crosslinking activated by pH, temperature, redox conditions,
or specific enzymes further broadens the design possibilities, allowing for constructs that harden in
situ, soften during remodeling, or degrade locally in response to enzymes secreted by cells [67].
However, current research emphasizes that achieving precise synchronization of these responses
with tissue growth and functionality remains challenging.

2.7. Rheological Requirements for 3D Bioprinting

Rheology is currently considered a critical design factor for polysaccharide-based bioinks, as it
determines whether a formulation can transition from a low-resistance fluid in the syringe to a self-
supporting filament that maintains the desired shape without harming cell viability [126]. The ability
to print through extrusion is influenced by a combination of factors, including shear-thinning, yield
stress, viscoelastic properties, and thixotropic recovery, which collectively create a limited
“printability window” in which smooth flow, accurate shape retention, and careful handling of cells
can be achieved simultaneously [170].

Shear-Thinning is a phenomenon in which viscosity decreases as the shear rate increases, and is
widely recognized as essential for extrusion-based bioprinting, as it lowers the pressure required for
ink extrusion while reducing shear damage to encapsulated cells [66]. Schwab et al. and Amorim et
al. demonstrated that bioinks with a low power-law index (n<1) are easier to extrude and produce
more continuous filaments, and that the flow consistency index (k) can be directly associated with
the extrusion pressure required, allowing for rational adjustments of molecular weight,
concentration, and blending to achieve a targeted operational range [171,172]. On a molecular level,
this behavior results from the reversible breaking of polysaccharide chain entanglements and weak
interactions under shear stress. Recent parametric investigations of inks based on alginate and CMC
have shown that increasing the polymer concentration or incorporating associative fillers enhances
the shear-thinning effect but may also raise the low-shear viscosity to a level that causes clogging if
not carefully managed [171].

Yield stress indicates the minimum stress required to initiate flow and is crucial for preventing
issues such as spreading, filament fusion, and layer collapse after deposition [27,173]. Yield stresses
that are too low can lead to a loss of pore structure and poor resolution, whereas excessively high
values may hinder extrusion and cell mixing. Methods to introduce or enhance yield stress in
polysaccharide systems include controlled pre-crosslinking, such as partial ionic crosslinking of
alginate or k-carrageenan, creating weak physical networks such as thermogelation of
methylcellulose, and integrating nanofillers such as nanocellulose, which forms a percolating
network that can support the weight of additional layers [155]. For instance, nanocellulose-reinforced
HA bioinks demonstrate how a small amount of fibrils can significantly increase the yield stress and
storage modulus, enabling stable vertical structures while maintaining high cell viability, thereby
representing a transition from basic thickening to more intentional rheological engineering [174].

In addition to static shear-thinning and yield behavior, the time-dependent restoration of
structure known as thixotropy is increasingly acknowledged as critical for multilayer printing [27].
Rheological investigations and “printability maps” show that rapid viscosity recovery and the
restoration of the elastic modulus after shear stress removal are vital to prevent sagging of layers and
support subsequent layers [175]. However, the recovery must not be overly rapid to avoid premature
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gelation within the nozzle or during prolonged printing sessions [176]. Recent advancements in
nanocellulose-based and dynamic-network inks demonstrate this delicate balance: their reversible
network reconstruction enables constructs to provide self-support and self-repair after deposition
[177]. However, networks that are too robust or slow to rearrange can entrap stress and hinder cell
spreading [176]. These insights emphasize that the rheology involved in polysaccharide-based
bioprinting is not a single property but a multi-faceted design space, in which factors such as shear-
thinning indices, yield stress, viscoelastic characteristics, and thixotropic recovery need to be
optimized together to harmonize printing performance with the biological needs of the intended
tissue [8].

The optimization of these rheological properties is directly influenced by a set of key processing
parameters during printing. Table 3 summarizes the impact of these critical parameters on
polysaccharide bioinks.

Table 3. Influencing parameters on 3D bioprinting with polysaccharide bioinks.

Parameter  Influence on polysaccharide bioinks Key effects References

Smaller diameters increase shear stress,

potentially reducing cell viability in . .
. o . - Higher shear stress with smaller

polysaccharide bioinks, such as alginate and

o . nozzles leads to cell damage. - Affects

. hyaluronic acid blends. Larger diameters . . . .
Nozzle diameter ~ ] ) ) filament width and uniformity [178-180]

facilitate the extrusion of viscous inks but may . . o o

] . . .. .. (spreading ratio >1 indicates widening).
compromise print resolution and shape fidelity. o .

. - Balances precision and extrudability.

Tapered nozzles can mitigate shear stress

compared to straight nozzles.

. . - Increases mass flow and filament
Higher pressures increase the flow rate and . . o
. o accumulation, reducing shape fidelity if
shear stress, often decreasing cell viability in . L
) . . ) excessive. - Minimizes shear damage at
Extrusion  inks such as alginate or gellan gum. Optimal
. . o lower levels to ensure better cell [181-184]
pressure pressure ensures uniform filament deposition . . )
. . . . survival. - Critical for viscous
and shape retention without excessive spreading . .
polysaccharide blends to avoid under-
or collapse. .
gelation.

. . - Causes filament breakage or sagging

Higher speeds induce greater shear forces, ) . .
. . if there is a mismatch. - Affects the
leading to potential cell damage and . .

o ] } ] ] . uniformity and pore patency of the
Printing speed discontinuous filaments in polysaccharide-based [170, 171, 178]
o ; . structures. - Slower speeds may
bioinks. It must be matched with the extrusion

. . enhance fidelity but increase the
rate to ensure structural integrity. .
process time.

Smaller layer heights improve the dimensional - Tied to speed ratio; higher ratios lead

accuracy and structural integrity of multilayered to taller and thicker walls. - Affects (171,185

86]

Layer height constructs but may risk collapse in soft pore closure in over-deposition 1
polysaccharide inks. It influences the overall scenarios. - Enhances nutrient diffusion

build resolution and stacking. if optimized for porosity.

Infill patterns and density control the internal .
. . ) Patterns, such as lattices, create
architecture and mechanical strength; higher
o ] ) ) g heterogeneous structures. - Balanced
. infill reduces porosity, potentially hindering . . .
Infill pattern & porosity supports cell differentiation
. nutrient transport in polysaccharide bioinks. . . [186-188]
porosity . Do . . and capillary formation. - Affects
Porosity enhances cell viability by improving . .
degradation and mechanical cues for
diffusion but may compromise the structure if 1
cells.
excessive.

2.8. A Roadmap for Polysaccharide Bioink Development

To systematically guide the design and optimization of polysaccharide-based bioinks, this
review proposes a conceptual roadmap (Figure 8) that integrates the key aspects discussed
throughout. This iterative framework begins with identifying a specific clinical need (e.g., tissue
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regeneration, drug delivery, wound healing), which dictates the target bioink specifications. The
subsequent steps involve:

Polysaccharide selection: choosing one or more base polysaccharides (e.g., alginate, chitosan,
cellulose derivatives) based on their inherent properties and suitability for the intended application
and printing modality.

Material modification & formulation: chemically modifying (e.g., methacrylation, sulfation) or
physically blending the selected polysaccharides with complementary polymers (e.g., gelatin),
nanoparticles, or bioactive additives (cells, drugs, growth factors) to achieve the desired rheological,
mechanical, and biological functionality.

Crosslinking strategy selection: determining an appropriate crosslinking method (ionic, thermal,
photochemical, enzymatic) or a hybrid approach to balance printability with post-printing stability.

Printing technique application: employing a suitable bioprinting technique (extrusion, vat
photopolymerization, embedded) based on the formulated bioink’s properties and the architectural
complexity required.

Post-processing & maturation: applying necessary post-printing crosslinking, conditioning, or
culture protocols to mature the construct.

Key evaluations: rigorously assessing the printed construct through mechanical testing (Young’s
modulus, toughness), biological assays (cell viability, proliferation, differentiation), and functional
performance (degradation, swelling, drug release, ECM deposition).

Iterative refinement: the results from these evaluations feed back into the modification and
formulation stage, allowing for iterative refinement of the bioink until it meets the predefined design
and biological criteria.

Only after successfully passing these iterative cycles should the bioink proceed to application-
specific testing and clinical translation considerations. This roadmap underscores that successful
bioink development is not a linear process but a dynamic, interdisciplinary cycle of design,
fabrication, and evaluation, central to advancing personalized medicine solutions.
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Figure 8. Roadmap of bioink development.

3. Conclusions

This review highlights the central role of polysaccharide-based hydrogels as versatile and
sustainable materials in the rapidly advancing field of 3D bioprinting for medical applications. A
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comparative analysis of polysaccharides derived from seaweed, plants, bacteria, and animals
demonstrates that no single material provides a universal solution for all applications. Instead, each
class offers distinct advantages, such as the rapid ionic gelation of alginate, mechanical reinforcement
imparted by cellulose, or intrinsic bioactivity of hyaluronic acid, while simultaneously exhibiting
inherent limitations, including mechanical fragility, bioinertness, or constrained processing
windows. The progression from single-component bioinks to multi-network composites and hybrid
material systems reflects the growing recognition that printability, mechanical integrity, and
biological functionality must be independently engineered and subsequently integrated.

The performance of polysaccharide bioinks is intrinsically linked to the choice of bioprinting
modality and crosslinking strategy used. While extrusion-based printing remains dominant,
embedded approaches such as Freeform Reversible Embedding of Suspended Hydrogels (FRESH)
have substantially expanded the range of printable, cell-compatible materials by decoupling
structural support from ink rheology. In parallel, the adoption of orthogonal and multimodal
crosslinking strategies has enabled temporal control over gelation, allowing bioinks to satisfy the
competing demands of cytocompatible processing and post-printing mechanical stability.
Nevertheless, this review reveals a critical imbalance: advances in geometric precision and
architectural complexity have frequently outpaced progress in long-term biological performance.
Persistent challenges, including limited cell survival, insufficient vascularization at physiologically
relevant length scales, and inadequate integration with host tissues, continue to impede clinical
translation.

Polysaccharide bioinks are evolving from passive structural matrices to dynamic, cell-instructive
components within complex, multifunctional formulations. Their future lies not in standalone use
but in rationally engineered hybrid systems that combine the sustainability and biocompatibility of
polysaccharides with complementary bioactive, synthetic, or nanoscale elements. Addressing the
intertwined trade-offs between material properties, processing constraints, and biological
requirements is essential to realize bioprinted constructs that are not only precisely fabricated but
also biologically functional and clinically viable.

4. Future Directions

Based on the critical analysis presented, several targeted research avenues are essential to propel
polysaccharide-based bioinks from promising laboratory platforms to robust clinical solutions.

Development of predictive design frameworks: There is an urgent need for computational and
experimental models to predict bioink performance. Integrating machine learning with high-
throughput rheological and biological screening could establish quantitative relationships between
molecular parameters (degree of substitution and molecular weight), ink properties (shear thinning
index and yield stress), printing outcomes, and cellular responses. This would shift the field from
empirical formulation to rational design.

Hybrid bioinks with enhanced biofunctionality: future efforts must prioritize the creation of
“cell-instructive” bioinks. This involves moving beyond blending for rheology towards the strategic
incorporation of engineered ECM components, peptide motifs (e.g.,, RGD and IKVAV), and
controlled release systems for growth factors. The goal is to direct specific cellular behaviors, such as
adhesion, proliferation, differentiation, and matrix deposition, in a spatially and temporally
controlled manner.

Confronting the vascularization challenge: achieving perfusion-ready, capillary-scale (<50 pm)
vascular networks within bioprinted constructs is a non-negotiable milestone. Research must focus
on advanced techniques, such as sacrificial writing into functional tissue (SWIFT) or in-bath printing
of co-cultured endothelial and supportive cells within specifically designed bioinks that facilitate
rapid anastomosis and stability under flow.

Sustainability and scalability: as the field matures, the environmental impact and economic
viability of bioink components become critical. Leveraging underutilized biorefinery streams (e.g.,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1845.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 February 2026 d0i:10.20944/preprints202602.1845.v1

23 of 34

bacterial cellulose and pectin from agro-waste) and developing energy-efficient, aqueous-based
processing and crosslinking methods will be vital for sustainable scale-up and widespread adoption.

In vivo validation and standardization: finally, rigorous long-term in vivo studies are required
to evaluate the integration, degradation, immune response, and functional efficacy of polysaccharide-
based constructs. Concurrently, the community must develop standardized protocols for
characterizing printability, bioactivity, and safety to enable meaningful comparisons between studies
and accelerate regulatory approval pathways.

By addressing these interdisciplinary challenges, the next generation of polysaccharide bioinks
can fulfill their potential, enabling the 3D printing of living tissues that are structurally accurate,
biologically viable, and therapeutically effective.
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Glossary of Key Terms and Abbreviations

AGDA Alginate/Gelatin/Dextran-Aldehyde

CMC Carboxymethyl Cellulose

ECM Extracellular Matrix

FRESH Freeform Reversible Embedding of Suspended Hydrogels
GelMA Gelatin Methacryloyl

HA Hyaluronic Acid

HRP Horseradish Peroxidase

LAB Laser-Assisted Bioprinting

MB Bioink Microgel-Based Biphasic Bioink

MeHA Methacrylated Hyaluronic Acid

OBBs Organ Building Blocks

PVA Polyvinyl Alcohol

RGD Arginine-Glycine-Aspartate (cell-adhesive peptide)
ROS Reactive Oxygen Species

SPIRIT Supportive Perfusable Integrated Reversible Template
SWIFT Sacrificial Writing into Functional Tissue
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