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Abstract

:

Alginates are polysaccharides that are produced naturally and can be isolated from brown sea algae and bacteria. Sodium alginate (SA) is utilized extensively in the field of biological soft tissue repair and regeneration owing to its low cost, high biological compatibility, and quick and moderate crosslinking. In addition to their high printability, SA hydrogels have found growing popularity in tissue engineering, particularly due to the advent of 3D bioprinting. There is a developing curiosity in tissue engineering with SA-based composite hydrogels and their potential for further improvement in terms of material modification, the molding process, and their application. This has resulted in numerous productive outcomes. The use of 3D scaffolds for growing cells and tissues in tissue engineering and 3D cell culture is an innovative technique for developing in vitro culture models that mimic the in vivo environment. Especially compared to in vivo models, in vitro models were more ethical and cost-effective, and they stimulate tissue growth. This article discusses the use of sodium alginate (SA) in tissue engineering, focusing on SA modification techniques and providing a comparative examination of the properties of several SA-based hydrogels. This review also covers hydrogel preparation techniques, and a catalogue of patents covering different hydrogel formulations is also discussed. Finally, SA-based hydrogel applications and future research areas concerning SA-based hydrogels in tissue engineering were examined.
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1. Introduction


The majority of human organs are made up of soft tissues, and since these tissues can regenerate, patients will have a far lower chance of needing an organ transplant [1]. However, regenerating soft tissues is challenging because of their multicellular population and complicated stratified structural properties [2,3]. Hydrogels possess significant potential in the realm of soft tissue engineering despite sharing structural and physicochemical features with the natural extracellular matrix (ECM) [4]. This involves the building of blood arteries, the heart, skin, nerves, muscles, and the liver. Hydrogels’ use in tissue engineering has grown exponentially since the development of bioprinting technology. Scaffolds of systematically complex structures can now be manufactured, and critical dimensional parameters, such as scaffold porosity and pore size, can be effectively controlled due to bioprinting’s ability to deposit different biomaterials (cells, growth factors, hydrogels, etc.) precisely and on demand in time and space. Consequently, the biomechanical development of tissue-engineered functional organs receives new hope with the combination of hydrogel-based biomaterials with 3D bioprinting technology. Many impressive advances have been made in the regeneration and restoration of soft tissues using 3D bioprinting hydrogel technology, which is now being used by an increasing number of academic researchers. Regenerative medicine is an emerging field; however, it has made remarkable progress in recent years. Its practices increase cell proliferation and differentiation and work to stimulate the body’s innate healing mechanisms. Multiple types of cells linked to tissue regeneration are delivered to the damaged location, which aids in tissue repair that goes beyond the self-healing potential. To thrive and perform their functions, cells need to communicate with one another and with the ECM (the extracellular matrix). The cells successfully express their biological roles in the body; however, the body requires tissue engineering materials that mimic the extracellular matrix (ECM) during tissue regeneration. In the field of tissue engineering, among the most significant difficulties is the development of solutions that can restore native tissue-like forms and functions. To optimize the conditions for tissue repair, researchers have undertaken several efforts to learn more about the relationships between cells, scaffolds, and bioactive chemicals [5]. Hydrogels have received a lot of attention for their use in a wide variety of applications, especially in soft tissues, because of their adaptability in terms of synthesis and functionalization for regulated biodegradation and mechanical characteristics. Hydrogels’ three-dimensional network design may be easily adjusted to achieve the required physical properties by measuring and controlling such factors as crosslinking density, elastic modulus, and degradation rate [6,7]. Thus, the degradation time can be set to correspond with the pace at which the target tissue is being regenerated (Figure 1), and the form and flexibility can be matched to the target tissue. The biocompatibility of the material allows for additional bioactivity to be introduced via the combination of functions and the conjugation of several bioactive compounds. These features are desirable because they make it possible to build materials in line with the stated regeneration strategy for each tissue. More and more hydrogels are being made from organically generated polymers because of their biocompatibility and valuable biofunctions [7]. Recent years have seen the increasing use of cell culture systems as scaffolds in which cells are added, in conjunction with 3D materials, as a method of acquiring even more complex regeneration tissues with the addition of growth factors, biological signal factors (i.e., peptides), and medicines. Sodium alginate (SA) has emerged as a popular hydrogel and is now considered a promising material for use in soft tissue scaffolds [8,9]. Sodium alginate is a natural polysaccharide that originates from brown algae kelp or Sargassum. The molecules that make up the compound comprise mannuronic acid and guluronic acid, which are bonded together by (1→4) bonds. Sodium alginate also has the benefits of being inexpensive, non-cytotoxic, simple to work with, and fast to gel [10,11]. The produced hydrogels share numerous structural and physicochemical characteristics with the natural extracellular matrix [12], which renders them promising for enclosing cells in the highly hydrated three-dimensional environment required for the formation and repair of soft tissue architecture. However, SA has some disadvantages in the field of soft tissue engineering: (i) due to its scaffold’s lackluster mechanical qualities, it cannot offer adequate mechanical support in a demanding setting. (ii) it suffers from a deterioration that occurs gradually and cannot be stopped; (iii) it is unable to engage with cells and provide adequate adhesion sites for cells [13,14]. Since sodium alginate hydrogels are used for tissue engineering, the absence of these flaws is crucial. Many unique physical, biological, and chemical characteristics of the substance (including its mechanical stiffness, swelling, disintegration, cell adherence, and its combination with bioactive compounds to provide a delayed release of growth factors) are the targets of physical and chemical modification techniques used by researchers [15,16]. This allows sodium alginate to better meet the diverse functional requirements of tissue engineering.




2. Natural Biological Substrates


Agarose, collagen, gelatin, chitosan, carrageenan, and fibrin are just a few of the natural biomaterials that have been successfully used in tissue engineering [17,18]. These biopolymers are advantageous because of their high compatibility, inherent non-toxicity, and strong cell adherence. By mixing sodium alginate with various other natural biomaterials that are highly biocompatible, cell migration and proliferation can be accelerated. Natural biomaterials are being incorporated into the sodium alginate hydrogel to enhance its mechanical properties. These natural materials work by developing hydrogen bonds between the hydroxyl and carboxyl groups of sodium alginate molecules, a process that in turn strengthens the hydrogel’s three-dimensional interconnected structure. Sodium alginate is frequently mixed with different biological materials with excellent biological characteristics in the field of soft tissue engineering to improve the physical and chemical properties of the materials and to address the requirements of a wide range of applications. These biomaterials include agarose [19], chitosan [20,21], hyaluronic acid [22,23], gelatin [24,25], collagen [26,27], fibrin [28], and others. Hydrogels are widely used in biomedical applications, with SA/gelatin composite hydrogels enjoying special popularity. The bioactive amino acid residues that increase cell adhesion sites and trigger cell adhesion are not contained in sodium alginate, but they are found in gelatin produced from collagen [29,30]. Gelatin, additionally, has reversible thermodynamic properties, and its modulus and viscosity are enhanced by the formation of a triple helix structure at low temperatures [31,32] and may significantly enhance the printing qualities of hybrid hydrogels. The gelatin in combination with sodium alginate prevents spontaneous thermal gelation [33], which enables a low viscosity to be maintained at room temperature. The printed material’s biomechanical and biological qualities can be tailored by altering the sodium alginate and gelatin levels in the composite hydrogel. When tested for printability, mechanical strength, and cellular activity, a mixture of 7% SA and 8% gelatin improved each component individually [27]. Capgel hydrogels are generated artificially from sodium alginate and gelatin, and they feature regular, cylinder-shaped microchannels. Microvascularization can be supported, and directional cell growth can be induced, using the scaffolds created when Capgel hydrogels are chopped into small pieces and printed using a syringe. Sodium alginate hydrogels’ mechanical characteristics can be enhanced by incorporating gelatin (which provides adjustable bio-functioning) [26], although this particular enhancement is insufficient to meet the criteria of a mechanical property [31]. In addition to these natural biopolymers, there is currently a considerable amount of curiosity in a recently created chemically processed biomaterial called a decellularized extracellular matrix. Sodium alginate differentiates itself from biomaterials because it improves with the addition of a decellularized extracellular matrix. Bioinks formulated with dECM have the potential to increase the yield strength and enhance cell protection during 3D printing [31,34]. This is due to the numerous components of dECM, such as collagen, fibronectin, and biopolysaccharides. In addition, while sodium alginate on its own does not stimulate blood vessel growth, dECM does. A sodium alginate/decellularized extracellular matrix has been shown to stimulate the growth and development of smooth muscle cells (SMC) and epithelial progenitor cells (EPC) in human bronchial tissue [32]. This sodium alginate/decellularized extracellular matrix bioink shows great promise as a future bioink for human transplantation [35,36].




3. Hydrogel Preparation


Hydrogels are often made with hydrophilic monomers, which are used to create a crosslinked network capable of absorbing water. The gel point, or the moment of transition of the polymer mixture from a sol state to a gel state (the gelation manifestation), can be identified for each hydrogel using rheological studies [37]. There are numerous approaches to hydrogel synthesis; however, they can be broadly categorized as either chemical crosslinking or physical crosslinking. Grafting, radical polymerization, click chemistry, enzymatic processes, thermo-gelation, and radiation crosslinking are all ways that can be used to covalently crosslink chemical hydrogels. In addition, polymers, such as alginate, that are abundant in anionic groups can be induced to gel by adding ions such as Ca2+, Mg2+, and Zn2+ to the hydrogel precursor. Both divalent and multivalent ions are used to induce gel formation. Hydrogels can be produced in the laboratory, but in nature, they are more likely to arise as the result of self-assembly via physical crosslinking processes, which encompass, primarily, the modification of intermolecular communication interactions within mechanisms such as ionic crosslinking, hydrophobic interactions, and hydrogen-bound gels. To achieve the appropriate hydrogel structure, however, several parameters can be regulated or modified during the gelation process [38,39]. Crosslinking can be either chemical or physical, and both methods can be used to create hydrogels. Hydrogels are typically made with hydrophilic monomers; however, hydrophobic monomers can be employed to achieve specific goals. Hydrophobic synthetic polymers are employed to give the hydrogels mechanical strength and longevity. Monomer, crosslinker, and initiator are the primary building blocks for hydrogels, with water serving as a diluent and a control for the reaction temperature. Hydrogels can undergo crosslinking reactions in several ways, including by the use of reactions and ionizing radiation to generate free radicals that recombine to form crosslinks, entanglements, electrostatic forces, and crystalline structures. Crosslinking processes join polymer chains to form networks in hydrogels, which are produced from polar monomers. Mechanical characteristics and viscoelasticity can be enhanced by such modifications, which have several potential pharmacological and biological uses [40]. The most common techniques for making physical and chemical gels are summarized in Figure 2.



3.1. Properties of Hydrogel


For the development of an effective gel delivery system, a fundamental familiarity with the gel characteristics is required. Studying the following characteristics will shed light on the gel–solute molecule interactions.




3.2. Swelling


Hydrogels are macromolecular polymeric networks that are crosslinked and can swell in a liquid. The expanded polymer functions as a filter, permitting only a certain amount of diffusion of the solute molecules. If the polymer network is crosslinked, it becomes insoluble and can hold the solvent by producing a gel. Because of the hydrophilic functional group linked to the backbone and the disparity in osmotic pressure between the gel phase and the solvent phase, hydrogels can absorb water. The rate of nutrient uptake and release in the hydrogel is dependent on the concentration of water within the gel. One subset of hydrogels with considerable medical promise is thermally sensitive materials. Although they have a liquid appearance at room temperature, when exposed to the body’s temperature, they transform into a viscous gel, which increases their staying time and slows their release rate. They can change volume or undergo a phase transition as the surrounding temperature fluctuates. Thermo selective gels, such as a water concentrate solution of poloxamer, are increasingly being employed in tissue engineering [41,42]. Furthermore, the release patterns of drugs and solvents from hydrogel polymeric networks are controlled by the rate and degree of swelling. Scientists employ a variety of techniques to calculate the percentages of free and bound water in comparison to the total water content. This result demonstrates the hydrogel’s ability to expand. The water content of hydrogels is often studied using tiny molecular probes, DSC, and proton NMR. The swelling qualities of a hydrogel can be evaluated to obtain insight into its mechanical capabilities, degree of crosslinking, rate of degradation, and other attributes. Crosslinked gels may be distinguished from the non-crosslinked parent polymer via the evaluation of the swelling and swollen state stability [43,44].




3.3. Mechanical Properties


A hydrogel’s mechanical properties are typically proportional to its water content and crosslinking density. A higher degree of crosslinking makes the gel stiffer, whereas heating softens the substance. A perfect hydrogel would have high rates of diffusion and responsiveness and be mechanically stable. Young’s modulus, Poisson’s modulus, the storage and loss moduli, etc., can be calculated to determine the hydrogel’s mechanical properties using a texture profile analyzer or rheometer. There has recently been a rise in the number of studies aimed at developing hydrogels with high mechanical performance. The fabrication of high-strength hydrogels has been accomplished by a variety of approaches, including double-network, topological, nanocomposite, macromolecular microsphere composite, and supramolecular hydrogels. These materials show promise as multifunctional scaffolds for tissue engineering due to their adequate and robust mechanical characteristics. Depending on where the hydrogel will be used, a certain stiffness level can be designed. A stiffer substance is needed, for instance, to seed osteoblast cells than is necessary for cultivating adipocytes [45]. However, characterizing materials and conducting tensile and compressive tests are fundamental techniques for gauging mechanical performance [46,47].




3.4. Crosslinking


Although crosslinking is not a fundamental property of hydrogels, it does have a significant impact on the other properties of the material. Because of this, the hydrogel is not only resistant to heat and erosion but also to mechanical stress. It has the potential to affect rheological parameters, skin hydration, and skin diffusion [48]. Although the nature of crosslinking can vary greatly, the degree of crosslinking is always related to every other property of a hydrogel. Physical crosslinking (by complicated coacervation or ionic contact), chemical crosslinking (by a crosslinker), and radiation crosslinking can all be used to generate the hydrogel network. The degree of crosslinking determines the material’s properties, allowing us to optimize it for a wide range of uses while still using a single polymer [49,50]. Nonetheless, there are a few drawbacks, such as their inflexibility in processing properties [51], because they are insoluble and infusible.




3.5. Polysaccharides


Polysaccharides are the biopolymer group with the longest and broadest experience in the biomedical area [52] thanks to their numerous benefits throughout the hydrogel manufacturing process. When compared to synthetic polymers, polysaccharides have several benefits due to the safety and biodegradability of the monomer residues and the fact that they are easily soluble in water. In addition, many polysaccharides are less expensive than synthetic polymers [53] because of how simple they are to produce. Hydrogels based on polysaccharides have recently been applied in drug delivery methods, as summarized in Table 1.




3.6. Chitosan


The hydrogel synthesis process frequently employs chitosan (CHI). Chitin removed from the exoskeletons of marine crustaceans is deacetylated to produce it. Chitin’s intra-chain hydrogen bonding gives it a strong crystalline structure and makes it relatively insoluble in water [60]. The percentage of glucosamine monomers in the chitin structure is proportional to the charge density of this polymer. Chitin is difficult to work with since it contains many acetylated groups. Chitin, which is insoluble in water containing acetic acid, is highly sensitive to this factor [61]. Chitin is transformed to CHI and becomes soluble in aqueous acidic environments when the degree of deacetylation is around 50%. The deacetylation of chitin to CHI increases the polymer’s amino group count, making it positively charged [62]. In addition, CHI demonstrates antibacterial activity due to the presence of amino groups in its backbone that facilitate binding to the negatively charged bacterial cell walls, hence modifying the cell envelope structures and permeability [63]. However, CHI’s crystalline structure and high molecular weight make it unsuitable for use in the food industry or the medical field. Hydrogels made from this biopolymer are unlike any others, and their cationic nature makes them ideal for use in drug administration [63,64].




3.7. Cellulose


Cellulose hydrogels (CLS) are porous scaffolds with the potential to imitate the extracellular matrix in several ways [65,66]. These hydrogels have found applications in a wide range of biomedical fields, from wound dressings and bioimaging to targeted medication delivery and tissue engineering. Most natural fibers start with CLS since it is the most widespread biopolymer. It is biodegradable but still cheap, non-toxic, and mechanically and thermally stable [66]. Anhydro-D-glucose has a hydroxyl group on one end and a reducing functionality on the other, and it is held together by a -(1,4)-glycosidic bond [67]. Although CLS is insoluble in water, this problem can be remedied by several chemical modification processes including esterification, etherification, and oxidation. CMC has excellent stability across a broad pH range, from 3.5 to 10, and it has no flavor or odor [68,69].In recent decades, solid-state NMR has seen a radical transformation, evolving from a poor resolution, out-of-sight technology to a technique that is essential for determining the structure and dynamics of a wide variety of materials in a variety of physical states [70]. Since the active nuclear spins interact with the magnetic fields, solid NMR spectra are typically wide, with large line widths and low intensities [71]. Limited thermal movements and a lack of fast molecule tumbling give rise to orientation-dependent nuclear magnetic interactions in solid states. This slow motion reveals local geometric and electrical structures [72,73,74] in the form of several forms of internuclear and orientation-dependent nuclear interactions. Newly designed pulse sequences and other solid-state NMR techniques have been developed to reduce or remove the spectral breadth of solid materials [75]. The combination of solid-state NMR with the magic angle spinning (MAS) approach proved the most successful in suppressing anisotropic and dipolar interactions, which predominate in the solid state. As shown in [76], a sample is rapidly rotated at an angle of 54.47 degrees, concerning a stationary external magnetic field, along the vertical axis. The present implementation of the MAS technique into solid-state NMR, as shown in Figure 3, has the potential to improve resolution and the spectrum signal-to-noise ratio, thus providing critical chemical information at an ultrastructural level for cellulose-based materials under a variety of situations.




3.8. Characterization


The swelling, size, mechanical properties, and degradation rates of hydrogels can vary significantly depending on their purpose. Hydrogels have a viscous stiffness that is much lower than their elastic modulus, even in the plateau zone [75], although their elastic modulus has a definite plateau region that extends to times at least on the scale of seconds. Because of this combination of characteristics, hydrogels stand out among other types of viscoelastic polymers. The crosslink density determines the mechanical strength of these gels, but the more crosslinks there are, the less water they can hold. To characterize a hydrogel, one must first calculate its swelling capacity, a parameter with a range that is limited by the gel’s elastic forces. This implies that the hydrogel’s solubility is effectively boundless and that there are only limitations coming from the elastic stresses of the network. The ability of a hydrogel to absorb water is influenced by its porosity structure, the materials employed, and the crosslink density [76]. The swelling degree and elastic modulus of equilibrium hydrogels are additionally influenced by the crosslink and imposed polymer concentrations [77].





4. Modification of Sodium Alginate


4.1. Physical Blending Modification


Among the various techniques used to create novel polymeric composite materials, physical blending modification ranks among the simplest, most cost effective, and practically applicable. Sodium alginate’s abundance of hydroxyl and carboxyl groups found throughout its molecular structure facilitates the formation of intermolecular hydrogen bonds and, in turn, improves the mechanical characteristics of blended materials by interacting with the functional groups of other polymers [78]. Furthermore, these polymers’ characteristics may be preserved during mixing, allowing them to effectively make up for sodium alginate hydrogels’ shortcomings. The most popular way to enhance sodium alginate’s capabilities nowadays is via mixing with nanomaterials, natural biomaterials, and polymeric synthetics.




4.2. Synthetic Polymer Materials


Many synthetic polymers, such as polyvinyl alcohol (PVA), polyethylene oxide (PEO), poly(-caprolactone) (PCL), poly (lactic acid) (PLA), polyethylene glycol (PEG), etc., are commonly blended with sodium alginate for modifications, in addition to the natural biological materials mentioned above. Sodium alginate hydrogels can benefit greatly from the addition of these polymers because of their enhanced mechanical characteristics. When combined with sodium alginate, the pore structural features of synthetic polymers can be artificially adjusted from the nanoscale to the micrometer scale [79]. By increasing its viscosity [80], PVA not only makes sodium alginate solution easier to print but also increases the material’s porosity, which in turn facilitates protein adsorption and water/media permeability. However, when microporosity levels go too high, the resulting loss of mechanical characteristics [81] can be problematic. In contrast, increasing the tensile strength and elastic modulus of scaffolds can be achieved by incorporating magnesium oxide (MgO) into a PVA base. Since PEO is both biocompatible and non-toxic, it is frequently used with sodium alginate to boost the latter’s mechanical qualities [82]. This is because PEO’s ether oxygen may establish hydrogen bonds with sodium alginate’s hydroxyl groups. One of the most exciting areas of study in tissue engineering matrix materials currently is the creation of multifunctional hydrogels by combining the benefits of several materials. To boost their mechanical qualities, nanoparticles and polymers are frequently used as infiltrators. Composite hydrogels with excellent mechanical characteristics and electrical conductivity are commonly prepared by combining these two components with sodium alginate. Incorporating 1 wt% graphene nanosheet (Gr) hydrogels can result in an 18-fold reduction in the impedance of the composite scaffold, produce a broad conductive channel, and boost the toughness and strength by 4 and 3 times, respectively, due to Gr’s better electrical and mechanical properties. Cell attachment and spreading abilities were also boosted by 1.4 times, as shown by a PC12 proliferation assay. Sodium alginate hydrogels are commonly modified with gelatin, although the material’s weak mechanical qualities have been a problem for a long time. To boost hydrogels’ mechanical qualities, researchers have experimented with incorporating nanoparticles and polymeric components into SA/gelatin hybrid hydrogels.




4.3. Chemical Modification


Chemical modification is the process of creating a new substance by altering an existing one; in this case, sodium alginate is modified by adding a functional group to one of its hydroxyl or carboxyl groups [83]. Oxidation, sulfation, and grafting are common chemical techniques for modifying sodium alginate.



4.3.1. Oxidation


Sodium alginate, generated by oxidizing the hydroxyl groups on glyoxal units with an oxidizing agent, such as sodium periodate, is one of the most widely used chemically modified forms of sodium alginate. Sodium alginate’s molecular weight can be lowered, and its rheological characteristics are improved by exposure to an oxidizing agent [83,84]. Sodium alginate is also highly challenging to eliminate from the body once it has been implanted, even though sodium alginate oxide (OA) compensates for the difference [53]. Increasing oxidation leads to increased solubility, decreased molecular weight, and a faster disintegration rate of Ca2+ crosslinked sodium alginate hydrogels [85,86,87,88]. Therefore, oxidized sodium alginate provides multiple benefits when making biodegradable scaffolding. However, the oxidation reaction is typically feasible at low concentrations of sodium alginate (4% or less) [84] because, as the oxidation degree increases, the elastic modulus of oxidized sodium alginate reduces, becoming lower than that of pure sodium alginate. The limitations in the use of oxidized SA are largely attributable to the material’s rapid degradability, which is harmful to the durability of scaffolds. Several investigators have looked into ways to strengthen oxidized sodium alginate’s flimsy mechanical characteristics. Sodium alginate oxide’s mechanical characteristics can be enhanced with the help of crosslinking agents. During the oxidation of sodium alginate, the number of aldehyde groups increases, and these groups can undergo Schiff’s base reaction with amino/hydrazide-modified polymers to generate covalent crosslinks. This crosslinking method can be used to create structurally stable composite hydrogels without the use of an exogenous crosslinking agent or any other crosslinking process [89,90]. Sodium alginate oxide, polyethene glycol, and chitosan can be used together to make an injectable hydrogel that self-crosslinks. The composite hydrogel improves degradation rates and has advantageous rheology and non-toxic properties. Sodium alginate oxide’s mechanical characteristics are improved by PEG’s ability to establish physical entanglement, leading to a higher compressive strength (126 kPa) [91]. The cytocompatibility and electrical conductivity of the hydrogel made from a combination of OA, pyrrole (py), and gelatin are both high. Because pyrrole penetration lowers the hybrid hydrogel’s viscosity, it can be easily extruded and used in 3D printing. However, the oxidation of pyrrole produces polypyrrole, which improves the hybrid hydrogel’s rigidity and electrical conductivity and strengthens the scaffold’s structural integrity [92]. The limitations of oxidized sodium alginate’s mechanical qualities can be mitigated by blending it with other polymers, thus expanding its use in tissue engineering. Oxidized sodium alginate’s limiting mechanical qualities can be mitigated by blending it with other polymers, opening new possibilities for its use in tissue engineering.




4.3.2. Sulfation


A substantial amount of sodium alginate sulfation occurs at the molecular level via sulfate molecules. Sulfating sodium alginate leads it to break down hydrogen bonds because the hydroxyl molecules are substituted by sulfate groups. Sulfated sodium alginate is a sulfated glycosaminoglycan (sGAG)-simulating molecule with applications in cartilage, nerves, and other tissues. Cell proliferation, migration, and differentiation all have been influenced by a variety of growth factors, some of which are bound by sGAG in tissues and organs [93,94,95]. Sodium alginate sulfate possesses a strong affinity for an extensive range of heparins since its negative charge is attracted to the positively charged groups of amino acids found in proteins. Sulfated sodium alginate has additionally been shown to stimulate cell growth by binding to and activating various growth factors. Vascular endothelial growth factor, tumor growth factor, hepatocyte growth factor, insulin-like growth factor (IGF), and basic fibroblast growth factor are all examples of growth factors. Via these growth factors, sulfated sodium alginate stimulates the growth of new coronary blood arteries due to its anticoagulant and hemocompatibility qualities [96,97,98].




4.3.3. Graft Copolymerization


Sodium alginate with a carbodiimide carboxy coupling to include peptide side chains of sodium alginate is another modification technique that has garnered considerable interest. RGD-modified sodium alginate is preferred because it is simple to attach to the sodium alginate framework using water-soluble carbodiimide, as well as because the resulting altered sodium alginate has been successful at promoting cell attachment, survival, and proliferation by enhancing the expression of vascular growth factors [99,100,101,102,103]. Significantly improving the mechanical characteristics of RGD-modified sodium alginate scaffolds will require further research. Hydrogels with highly tunable stress relaxation can be made by blending PEG with sodium alginate physically, and PEG can also be grafted onto the molecular chains of sodium alginate. By modifying the PEG molecular weight and number, the elastic modulus of PEG-SA hydrogels can be modified. Hydrogels made from PEG-SA can have faster stress relaxation times if more PEG chains are used in their construction, which in turn can facilitate cell proliferation and diffusion. However, RGD-coupled PEGSA hydrogels specifically integrate the beneficial effects of RGD grafting and PEG grafting to improve the growth and reproduction of fibroblasts while additionally improving the differentiation of mesenchymal stem cells [104]. Future studies on peptides as a functionalizing agent for sodium alginate, as well as the development of novel forms of sodium alginate with modifiable chemical and physical properties, are expected. When calcium ions are not utilized to crosslink sodium alginate sufficiently quickly, the scaffold immediately loses its mechanical integrity and could potentially collapse [105]. This is because multivalent cations are crucial to the mechanical stability of sodium alginate scaffolds. Scaffolds’ mechanical characteristics and stability can be enhanced via the chemical manipulation of the intermolecular crosslinking mechanism.





4.4. Double-Network SA Hydrogels


A Double-Network hydrogel (DN) was initially proposed by Gong [106] of Japan’s Hokkaido University. Dual-network hydrogels have a neutral network structure that is employed to bridge the internal gap of the electrolyte network structure, which has a high crosslinking density but low mechanical properties [107]. Hydrogels’ strength and mechanical capabilities have been enhanced by the dual-network system without any discernible loss of the material’s original properties. This was possible owing partially to the internal breakdown of covalent connections in the first network, which absorbed energy and improved the resistance of cracks. The Gong group also conceptualized and demonstrated this “sacrificial bond” mechanism. A wide variety of crosslinking techniques (physical crosslinking, chemical crosslinking, physical radiation crosslinking, and many more) have been utilized in the production of DN hydrogels. There are currently ten million different varieties of SA hydrogels thanks to extensive study. Materials are reviewed based on the areas of study that have received the most attention in recent years; these include polyvinyl alcohol (PVA), alginate (Alg), and protein for use in the preparation of basal hydrogels to improve their mechanical properties [108].



4.4.1. Polyvinyl Alcohol Hydrogels


Polyvinyl alcohol (PVA) is a polyhydroxy polymer that may be dissolved in water. Because of its safety for humans and the environment as well as its biodegradability, it finds extensive application in the fields of medicine and biology. Due to the high concentration of hydroxyl groups on PVA molecules, hydrogels can be created by both chemical or physical crosslinking. The PVA hydrogel microcrystals created by physical crosslinking forma three-dimensional network and are essential for improving mechanical performance. While freezing, the hydrogel’s internal network becomes more compact, and relative crystallinity increases. PVA hydrogel’s strength was found to change with both the length of time it was frozen and the number of times it was frozen and thawed [109]. The mechanical strength of single PVA hydrogel is still not up to the desired impact in some applications [110,111]. As a result, taking PVA as the first network and introducing the second network material to make double-network hydrogel has become a research hotspot. High-strength PVA hydrogel was created by adding tannic acid in dimethyl sulfoxide and water. Hydrogen bonds formed between the PVA molecule’s hydroxyl group and the tannic acid’s phenolic hydroxyl group, hence controlling the concentration of tannic acid. The hydrogel’s mechanical strength increased and subsequently decreased over time. The maximum tensile strength of the hydrogel was measured at 2.12 MPa. This means that a 30% TA concentration in normal saline can boost the mechanical strength of a PVA/TA hydrogel by 654%, allowing for a maximum tensile strength of 16 MPa. This is because typical saltwater serves as a “sacrifice domain” in the hydrogel structure, absorbing the energy created when hydrogen bonds are formed between molecules. The hydrogel is quite strong under tension [112].




4.4.2. Alginate Hydrogel


Alginate (Alg) is a natural polymer made up of b-1, 4-D-mannan acid (M) and a-1, 4-L-glucuronic acid (G), and it finds many applications in the medical and food industries due to its high biocompatibility. Ca2+ is effective in dissolving alginate into the hydrogel, and Ca2+ readily combines with other 2-valent cations in the G region, providing a solution to the issue of hydrogels’ weak mechanical characteristics. The complete crosslinking of PAM (polyacrylamide) before the ion exchange of Alg will result in poor solvent exchange, and the two polymers will aggregate on a micron scale. A massive crosslinking zone forms after water absorption as the freshly produced alginate aggregates are stabilized by hydrogen bonding and metal–ligand interaction. It is beneficial for strengthening the mechanical properties of hydrogels [113]. As reported by Zhao [114], the hydrogen bond interaction in SA/PAM (polyacrylamide/sodium alginate) hydrogel enabled SA self-assembly in the porous matrix of PAM, and the layered semi-interpenetrating network structure improved the hydrogel’s mechanical qualities. Zhang [115] employed radiation technology and Cu2+ crosslinking to create a polyacrylamide/copper alginate (PAM/Cu-Alg) double-network hydrogel, which he then used to analyze the effects of varying alginate contents, Cu2+ concentrations, and absorbed irradiation doses. The inclusion of Cu2+ will enhance the hydrogel’s conductivity, and the degree to which Alg crosslinks with Cu2+ will have a major impact on the hydrogel’s mechanical properties. This is because a great deal of energy is lost due to the interactions of ions between Alg and Cu2+ and the hydrogen bond between PAM chains. The compression modulus, strength, failure strain, and toughness of the hydrogel all increased with an SA concentration from 0% to 2% compared to their measurements taken before SA was incorporated into polyethylene glycol (PEG) (meth). As a result, the hydrogel’s performance was enhanced thanks to the SA network ability to link and the PEG (meth) acrylate covalent network.




4.4.3. Protein-Based Hydrogels


Hydrogels made of polymers can be classified as either natural or synthetic. Both PVA and SA, as well as the majority of modern hydrogels, are man-made hydrogels. The development of synthetic polymer hydrogel is hampered by the material’s biodegradability and probable toxicity, despite the material’s promising mechanical properties and robust swelling capability. Hydrogels made from natural polymers, such as proteins, have been the subject of methodological and practical proposals from scientists in recent years. When compared to synthetic macromolecules, proteins’ biocompatibility and biodegradability are far superior. Researchers have taken notice of protein-based hydrogels because of their potential utility in a variety of biomedical settings. The poor mechanical capabilities of pure protein hydrogels result from their otherwise advantageous biocompatibility and homogeneous structure [116,117], as well as the limits imposed by the single protein network.






5. Characterization of Sodium-Alginate-Based Hydrogels


Alginates are derived from brown seaweeds (Phaeophyceae), in which the polysaccharides play a crucial role in the thalli’s structural integrity. The alginate polysaccharide is linear in shape and composed of alternating blocks of homopolymeric (MM or GG) and heteropolymeric (MG) 1,4-linked -d-mannuronic acid (M) and -l-guluronic acid (G) units. The amount of M- and G-units and the block structure of seaweed are determined by its species, geographic location, season, vegetative phase, and the collected fraction of the algae species. Mannuronan C-5 epimerase [118] is responsible for controlling the M/G ratio in algae. Alginate hydrocolloids’ gelling qualities are based on the distribution of M- and G-units, as well as the counter ions present, whereas the hydrocolloids’ viscosity is dictated by their average molecular weight. Hard, inflexible gels are typical of those with a low M/G-ratio, whereas soft, malleable gels are typical of those with a high M/G-ratio. Brown seaweed and bacteria are both viable sources for the hydrogel polymer sodium alginate (SA). It is used in tissue engineering and for the targeted distribution of proteins and medicines [119,120] due to its biodegradability and high biocompatibility. Alginate is now known to be a type of linear copolymer in which M and G blocks are connected by 1,4-d-mannuronate and 1,4-l-guluronate residues, respectively. Gels made from l-guluronate in alginic acid are strong but brittle, while gels formed from d-mannuronate in alginic acid are weaker but more flexible [121]. The heteropolymer structure of alginic acid is linear. Because of their high G-content, low M: G alginates have found widespread use in a variety of fields, including environmental remediation, biomedicine, pharmaceuticals, food additives, and industry [122]. Medical applications such as drug administration and regenerative therapy benefit greatly from hydrogels’ capacity to (over time) breakdown into physiological metabolites under specific conditions. Hydrogels that mimic natural extracellular matrices and cell adhesion surfaces are useful for such applications because they facilitate the deployment of cells and their subsequent proliferation [123]. MG heteropolymeric blocks are interspersed with M and G homopolymeric blocks in naturally occurring alginates, which are linear polysaccharide chains. The food industry was not the only one to benefit from industrial alginate manufacturing; the industrial and medicinal sectors benefited as well [124]. The pharmaceutical industry uses this for a wide variety of purposes, including cancer treatment, protein, and cell delivery, and oral or controlled-release delivery [125]. Water content is intimately related to various hydrogel characteristics. The hydrogel is mostly water, and this water can be further broken down into two groups: waters that are highly associated and waters that are weakly related [126]. This categorization is based on the strength of the hydrogen bonds between water molecules and the alginate matrix. Some water molecules contact the hydrophilic groups in alginate for long periods, while other waters reside in the macropores, where they can move freely and only weakly interact with the polymers. In addition to providing information on the presence and size of the macropores, the latter macropore waters interact with the enclosed payload. Therefore, finding and researching these seas is crucial. Water molecules in hydrogels that are restricted and involved in strong hydrogen bonding to the polymer are resistant to freezing below 0°, making this a useful criterion for classifying (and detecting) different types of hydrogel waters. Other (biological) settings also exhibit this tendency [127,128]. The water in hydrogels can be divided into three categories: (1) water that does not freeze (highly bonded alginate), (2) water that has a freezing point like bulk water, and (3) water that freezes at a lower temperature inside the hydrogel [129,130,131]. Alternatively, hydrogel waters can be classified based on their mobility: water that is immobile, owing to strong alginate binding, is called “bound” water; water that is dynamic due to the absence of binding is called “free” water; and water that exhibits intermediate mobility is called “transient” water. Water is said to be “free” when it can move through or around the matrix (tissue) with minimal resistance and without interacting much with the alginate [132,133]. Bound water is water that is firmly attached to the matrix (in this case, alginate) and cannot move or freeze. Entrapped water is water that is encased by the structural features of the matrix but has weaker or temporary interactions with the matrix, giving it intermediate mobility. The mobility of these water molecules is restricted (in comparison to “free” water) [134]. Depending on the proximity and diffusion rates of the water pools, there may be an interchange between different pools. One advantageous element of this is that the relative amounts of these various hydrogel fluids reflect structurally and functionally significant characteristics such as the hydrogel mesh size and macropore size, with macropores filled with encapsulated but not tightly linked water molecules.



5.1. NMR Spectroscopy


NMR spectroscopy is well known for its application in liquid or solution states. Rapid thermal isotropic motions experienced by tiny soluble molecules in the solution state average out all orientation-dependent nuclear magnetic interactions. The resulting NMR spectra from a solution have a high signal-to-noise ratio because only isotropic components interact with it. Molecules in a “solid” state cause issues because they cannot tumble rapidly due to their size and restricted motions. Since “solid-state” NMR experiments do not involve small, dissolved molecules, the presence of orientation-dependent nuclear and internuclear interactions (such as anisotropic and dipolar interactions) is revealed. However, the resolution loss, decreased sensitivity, and difficulty in detecting individual atomic sites due to line broadening are all costs associated with these interactions, which provide insight into the local geometric and electronic structure [76]. The NMR spectra of most materials are broad and weak without line-narrowing procedures, which severely restrict the amount of information that can be gleaned from this method. Several methods have been created, however, to recover sharpness and sensitivity. Magic angle spinning (MAS) is frequently used in conjunction with solid-state NMR to dampen the dominant anisotropic interactions in the solid state. As part of this method, the sample is rapidly rotated at an angle of 54.74 degrees relative to the NMR instrument’s static magnetic field. If the MAS frequency is higher than the amplitude of the interaction, then the unwanted line-broadening interaction will be completely suppressed. As a result, the isotropic chemical shift frequencies observed in liquid-state NMR spectroscopy are shown to occur at the same frequencies in the solid-state NMR spectrum. The increasing speed of MAS has vastly improved the capabilities of current solid-state NMR. Since solid-state NMR spectroscopy using MAS-based techniques can provide in-depth molecular information without causing any damage or harm, it has become widely used in the pharmaceutical and biomedical industries [135,136,137,138,139]. MAS NMR provides structural and molecular dynamical information in a variety of non-crystalline environments, including amorphous and gel-like ones, in which other typical solid-state techniques fall short. Table 2 summarizes some important distinctions between solid- and liquid-state NMR.




5.2. Advantages of NMR Spectroscopy


The development of nuclear magnetic resonance (NMR) spectroscopy has been one of the most important contributions to the field of analytical science in recent decades. NMR has been used to study everything from a single cell to entire organs and tissues in both the biological and nonbiological sectors. Strong and consistent magnetic fields are needed for NMR. The magnitude of a magnet’s pull is expressed in tesla or megahertz. For NMR to work, the magnetic field strength must be represented by a reference nucleus. However, there is a risk of overexposure to radiation associated with the widespread use of electromagnetic spectra in healthcare and dentistry for the detection of abnormalities, fractures, and the monitoring of healing tissues. However, prolonged exposure to X-ray radiation can have negative consequences, such as cellular damage, even though it is painless and quick. In recent years, a plethora of cutting-edge analytical technologies that can provide pinpoint results with minimal tissue injury has emerged. In the 1940s, scientists made the initial discovery of nuclear magnetic resonance (NMR) [141].




5.3. Surface-Enhanced Raman Spectroscopy


Alginic acid is the major structural polysaccharide present in all brown seaweeds (Phaeophyta); it is a linear copolymer of β-D-mannopyranuronic acid (M) and α-L-gulopyranuronic acid (L) linked 1→4, which are arranged in homopolymeric and heteropolymeric blocks. There was no link found between M/G ratios and block composition in alginates, and the proportion of uronic acids in each species or tissue type varied widely. The characterization of alginic acid samples and block fractions using vibrational spectroscopy revealed that the FT-IR spectra of the homopolymannuronic and homopolyguluronic acid fractions displayed distinctive bands [142]. Raman spectroscopy has been used to identify alginates, as described by Pereira et al. [143], and IR, Raman, and NIR spectroscopies and chemometrics have been used to determine the M/G ratio in alginic acid, as reported by Salomonsen et al. [144]. Alginic acid salts have been reported as model compounds for use in the Raman spectroscopy study of biofilm matrix [145]. However, the high fluorescence of biological systems can mask the vibrational signals, and the low concentration of the samples results in poor spectra, limiting the utility of Raman and IR spectroscopies. Vibrational spectroscopy, which is enhanced by metal surfaces, has the potential to address these limitations since it may be used with low concentrations of analytes and because the effect of metal nanoparticles suppresses the inherent fluorescence of the materials [146]. In addition, measurements can be performed in aqueous conditions when metal colloids are used, which may facilitate conformational investigations of these macromolecules. The analytical method of surface-enhanced Raman spectroscopy (SERS) is particularly useful for elucidating the molecular structures of complicated substances [147]. Raman signals of molecules can be amplified by the electromagnetic field surrounding all the nanoparticles, which may increase the total vibrational signal by as much as 106 times. The first stage in Raman amplification was accomplished by Fleischmann et al. [147] using an electrochemical method with surface-adsorbed molecules of pyridine in a silver electrode. The detection of proteins, amino acids, peptides, and other biomolecules at concentrations as low as 1012 to 1014 M using SERS has now been reported in many publications [148]. Schmid et al. [149] recently examined alginate samples containing Ag colloids by tip-enhanced Raman spectroscopy.




5.4. Methodology of Sodium Alginate Hydrogel


Hydrogels made from alginate are just one example of biomaterial engineering that has benefited from the ever-expanding field of material science. The internal and diffusive gelling that occurs during construction is vital to many aspects of the final product. Gelation proceeds in two sequential reagents, with calcium ions becoming increasingly prominent within the body of the alginate, after a calculated injection of the calcium chloride solution into the alginate barrage. Numerous critical factors depend on the internal and diffusive gelling that occurs during building. Scaffolding makes it hard to maintain control [150]. The second approach involves using a double-nozzle procedure attached via a triad method of stopcock to manipulate the calcium chloride solutions and the alginate until the desired pliable hydrogel is achieved [151]. The technique’s main strength is how simple it is to generate a gel-like state consistently. Having a mechanical duty is just one of the many reasons why institutions can be utilized to make sodium alginate hydrogel scaffolds. To facilitate the process of alginate hydrogel injection, it is common to practice combining the alginate and calcium ions mechanically, as in the case of using a homogenization technique to combine the calcium gluconate solution and the marine alginate. Another technique involves subjecting the alginate solution to a barrage of divalent ions (a calcium chloride solution, for instance), which then facilitates the diffusion of calcium ions into the material’s core during the gelation process, beginning on the alginate’s outer surface. Using this method, one can create tissue scaffolds with a complicated architecture by manipulating alginate in a variety of fabrication procedures. However, bio-fabrication processes rely heavily on the presence of biomolecules and living cells, and the concentration of calcium ions is seen as an important goal for both [151,152]. Customized hydrogel materials also have various applications outside chemical catalysis, including nano-engineering, nanomedicines, nano-energy, and the visualization of reactions in aqueous media.





6. In Vitro Models of Development


Scaffolds have been the primary focus of tissue engineering research for tissue regeneration in transplantation therapies; however, other potential applications for this field, including drug efficacy and toxicology studies, as well as morphogenesis and tissue development studies, are now being investigated. A significant cost and regulatory input are provided by an in vitro tissue model throughout in vivo model creation and execution [153], enabling investigators to make advances in the mechanistic examination of simple, regulated systems. Conventional 2D culture systems show cells adhering directly to the substrate (cell-to-cell interactions) and then migrating away from the tissues [154,155]. Therefore, cells and tissues often exhibit quite distinct behaviors and experience significant variations in gene expression when cultivated in a non-natural 2D environment as opposed to a natural 3D environment [156,157,158,159,160,161,162]. Embryos may be maintained in a 3D culture system, while tissue architecture can be optimized for simple physical contact with the surrounding environment, and both of these are very representative of in vivo development.




7. Applications


It has been established that alginate is biocompatible and non-toxic, making it ideal for usage in the food sector as an intensifier for a variety of applications, including salad dressings [163]. Alginate gels are non-invasive and can be injected orally for administration [34]. They can also be altered to increase the controlled release of macromolecules. Due to its superfine gelation technique, low cost, and recent relocation, research on alginate has recently shifted toward tissue engineering applications [163,164,165]. Alginate hydrogels are frequently employed in cell transplantation since they are biodegradable and simple to interact with [165]. In addition to neural stem cells, articular chondrocytes, skeletal myoblasts, and mouse embryonic stem cells in alginate gels may be employed to culture several distinct kinds of cells. The use of 3D scaffolds as part of a tissue engineering strategy for cell and tissue culture is becoming recognized as the most effective way to generate results in in vitro culture models that are predictive of in vivo conditions. A polysaccharide generated by brown algae with a linear structure, called alginate, has various desirable properties that make it a good candidate for use as an extracellular 3D matrix in tissue models and in vitro cell cultures. Hydrogels can encase tissues and cells extensively when exposed to a divalent cation because they can create intimate crosslinkages with the ions in their vicinity [166,167]. The alginate hydrogel can be biologically changed to facilitate specific interactions between adjacent cells or tissues, or it can be left undisturbed to provide mechanical support for tissue morphogenesis and/or biological reactions. Investigators have employed alginate hydrogel to develop a double system of cultural separation that interacts as a targeted approach to generate operational and developmental in vitro models [168]. Figure 4 provides an overview of the applications for materials based on alginate.



7.1. Nanomaterials


Nanomaterials that are multifunctional and extremely porous and that have a high surface-to-volume ratio [93,94] can create highly linked nanofibrous networks for sodium alginate. This means that sodium alginate can benefit from nanocomposite improvement. There are several ways in which the scaffold could benefit from being blended, such as (1) enhanced adherence of cells, proliferation, and distinction within the scaffold; (2) modified mechanical properties; (3) enhanced shear thinning capabilities of the bioink; and (4) enhanced biological and conductive properties of the scaffold [169,170,171,172]. Scaffolds constructed with composites containing 1% w/v single-walled carbon nanotubes combined with sodium alginate as the reinforcement had a 23.3% boost in tensile strength, a 3.3% boost in primary modulus, and a 49.7% boost in secondary modulus, compared to their unreinforced equivalents. After co-culturing with different cell types, rat cardiac endothelial cells showed substantial improvements in adhesion and proliferation [173,174]. Nanocellulose (CNCs, CNFs, CNCTs, and CNFTs) is added to hydrogel to boost the pore size, which subsequently enhances the material’s mechanical properties and stability [26]. This mixture aids in nutrition transfer and cell growth. CNCs are an ideal element that may increase the bioink’s shear thinning properties [175,176], which allows the better printing of sodium-alginate-based hydrogels. The high-precision printing of complex 3D structural scaffolds that resist degradation for up to 30 days [177,178] is made feasible by combining CNFs with sodium alginate. CNFs can improve bioink printing by eliminating waste, increasing bioink tolerance to physiological deformations, and permitting the good shape accuracy of molded scaffolds. Incorporating carbon nanotubes and nanocellulose into sodium alginate hydrogels, as well as the nanoparticles of hydroxyapatite (HAP) and mesoporous silica (MSN), may enhance their characteristics [179,180,181,182,183,184]. These components enhance the mechanical characteristics of the hydrogels as well as promote cell proliferation and differentiation, both of which are critical for successful cartilage tissue engineering. Therefore, the nanoparticle co-modification of sodium alginate hydrogel can greatly enhance both the physicochemical properties and the bioactivity of the material [185,186,187]. However, nanoparticles and sodium alginate have a powerful intermolecular interaction that frequently decreases the porosity of sodium-alginate-based hydrogels and makes degradation more challenging as the microporous structure is lost. Furthermore, nanoparticle aggregation has proven to be a difficult issue [188,189,190,191].




7.2. Tissue Engineering


There are significant constraints to the standard transplantation techniques that depend on autologous or allogeneic grafts, which include the absence of donor tissues and severe immune reactions [192]. Tissue engineering can revolutionize healthcare by making it possible for the effective replacement of dysfunctional organs and tissues with artificial ones [193]. Tissue engineering is the implementation of engineering concepts in the study of living organisms to generate functional tissue substitutes. The use of autologous or allogeneic cells and the ability to modify in vitro culture conditions to mimic those that occur in vivo [194] are just two of the many advantages of tissue engineering. There are three essential components necessary for the basic idea of tissue engineering to work [167]. In the first place, live cells are required to generate the planned tissue. Donor tissue or stem/progenitor cells are common sources of the cells [193,194,195,196,197]. Second, a 3D scaffold is required to sustain cell-to-cell communication and provide structural support for developing tissue. By mimicking the tissue’s mechanical attributes and chemical signals, such scaffolds successfully recreate in vivo settings. Scaffolds used in tissue engineering can be constructed from a wide range of materials [198]. Some examples of synthetic scaffolding substances are polyglycolic and polylactic polymers, whereas examples of natural scaffold materials include collagen, alginate, and chitosan. Tissue engineering biomatrix materials and molding procedures are acknowledged to be the primary determinants of biomimetic manufacturing depth. Sodium-alginate-based hydrogels are used in a wide range of applications, and this inquiry aimed to provide a complete description of the current state of the modification research, molding process, and utilization level [199]. The contributors summarized the different ways sodium alginate can be modified, as well as the benefits and drawbacks of these altered hydrogels. Soft tissue engineering applications of sodium-alginate-based hydrogels have been analyzed along with the challenges and promise of using a 3D printing technique to manufacture such hydrogels, and a potential future route for research was expected. Figure 5 provides an overview of 3D bioprinting, modified sodium alginate hydrogels, and their potential applications. Tissue engineering (TE) is a multidisciplinary area that combines life science and materials science to stimulate tissue regeneration and repair [200,201]. Tissue-specific cells, scaffold materials, and cellular phenotype-guiding signals are the three main prerequisites for TE [202]. Scaffolds are essential to the TE method. Scaffolds provide a short-term structural base for damaged tissues to adhere, develop, divide, and regenerate. Hydrogels are an important class of scaffold materials. Hydrogels are polymer networks that are hydrophilic and may large amounts of water or biological fluids. Hydrogels have attracted interest for their TE applications as injectable scaffolds, which can be used to deliver cells into the body with minimal invasion, and for the development of matrices for cell encapsulation and for biofabricating 3D scaffolds. Because of their biocompatibility and biodegradability, hydrogels based on natural polymers are excellent scaffolds for TE. Cell attachment, development, and differentiation may be promoted in their natural form. Because they resemble the extracellular matrix of human tissues, hydrogels based on alginate have found extensive use in TE [203,204]. Linear polysaccharides called alginates are produced by both algae and bacteria and have an anionic charge.




7.3. The Implementation of Sodium Alginate Hydrogel in Regenerative Medicine


Regenerative and reparative tissue engineering relies heavily on the use of 3D scaffolds because, in comparison to a 2D culture, it better promotes cell adhesion and proliferation. Simulating the in vivo milieu and laying the groundwork for transplantation experiments are both made easier with the help of 3D-printed constructs that look and function like human tissues [203]. Tissue engineering applications for sodium-alginate-based hydrogels are being significantly enhanced using 3D printing technology. Different types of soft tissue, including the arteries, veins, heart muscle, epidermis, liver, and cartilage, have profited from the utilization of sodium alginate hydrogels for regeneration.




7.4. Skin


The skin is the largest body part and the body’s initial layer of protection against harmful elements. For quicker recovery from skin wounds, burns, and cuts, the clinical regeneration of the skin is one of the most prospective treatments in medicine, even though it would be necessary to print artificial skin tissue with biological functions and physiological properties [204]. Human skin consists of multiple layers of tissue, including the subcutaneous layer, the epidermis, and the dermis. Bioprinted skin requires it to be biocompatible, have mechanical characteristics compatible with skin tissues, and feature a well-linked capillary network [204] to facilitate the efficient exchange of nutrients and optimal skin regeneration. The hydrophilicity of sodium-alginate-based hydrogel helps to generate a moist wound environment, which speeds up the healing process for skin wounds. Additionally, the changed hydrogel’s mechanical properties are indistinguishable from those of healthy skin tissue [205,206,207,208,209]. Homogeneous porous scaffolds can be developed thanks to advancements in 3D bioprinting technology; a pore size of 100–300 m is optimal for cell activity and nutrition transfer [210]. The most popular biomaterials for use as scaffolds are SA/gelatin mixtures.




7.5. Vascular


The vascular system encourages the body in distributing oxygen and nutrients via diffusion, transferring blood, and eliminating waste. Neovascularization is essential for wound healing and organ remodeling [211], and it has been associated with the effectiveness of transplanting cells into scaffolds. Cell survival and function are dependent on vascularization in tissue engineering [212], and angiogenesis is required for soft tissue regeneration and recovery in organs such as the heart, nerves, muscles, and skin [213]. Some ischemic illnesses (myocardial infarction, hind limb ischemia, etc.) are effectively treated, in part, by stimulating vascular regeneration [214]. Bioprinting allows for the creation of three-dimensional scaffolds that promote vascular development and angiogenesis. Sodium alginate is the finest option if you need a scaffolding material. Vascular tissue regeneration makes extensive use of sodium alginate because of its ability to promote angiogenesis by (i) supplying growth factors to scaffolds to stimulate vascular growth; (ii) encapsulating different cells to enhance vascular growth; and (iii) preparing artificial tubular structures with microchannels to mimic blood vessels and deliver blood, nutrients, oxygen, etc.




7.6. Muscle


Muscle is the most abundant tissue in the body (accounting for about 45 percent of total body mass) and is primarily found close to bone [215]. Because muscles are innervated by peripheral nerves, the atrophy of the innervated muscles occurs when peripheral nerves are injured. This is especially true in the motor organs. Muscle also has many blood vessels; therefore, regenerating muscles with hollow tube networks can help with issues including poor nutrient delivery, oxygen imbalances, and waste elimination during the repair process [216]. Therefore, muscle regeneration can benefit from both nerve regeneration and vascular regeneration techniques. The administration of growth factors and the transplantation of cells are the two main methods now employed for muscle regeneration. Among these, sodium alginate and, in particular, cell-containing sodium-alginate-based biomaterial are the most widely utilized for 3D printing skeletal muscle. Sodium alginate has been shown to improve muscle regeneration by delivering growth factors (VEGF and PDGF) [217], with VEGF promoting angiogenesis in the limb and IGF-1 promoting muscle fiber regeneration and preventing cell death [218].




7.7. Heart


The current leading cause of death globally is cardiovascular disease (31% of total deaths). Atherosclerosis, which is defined by the accumulation of plaque contributing to the narrowing of arteries and tiny blood vessels, is mostly to blame for this. Myocardial infarction congestive heart failure, stroke, and valvular heart disease are just a few of the cardiovascular issues covered on the DVDs. Approximately 70% of these instances are attributed to myocardial infarction (MI), whereby the primary issue is the incapacity of impaired myocardial cells to undergo self-repair and regeneration [219,220]. The application of regenerative medicine in conjunction with tissue engineering is a significant factor in the restoration of damaged or diseased organs, particularly in the context of cardiovascular diseases and cardiac repair. Biomaterials intended for use in cardiac tissue engineering must share key properties with the native cardiac extracellular matrix and be able to support the microenvironment of host cardiomyocytes. Some of these features are the ability to conduct electricity, to be mechanically stable, to be elastic, to be bioactive, and to enable vascularization [212]. Sodium alginate has recently gained attention as a potentially game-changing biomaterial for use in heart recellularization, vascularization, and regeneration. It has undergone extensive clinical trials and is widely regarded as one of the most thoroughly tested biomaterials in this field [221]. Its primary applications are as follows:




	
The restoration of ischemic myocardium can be assisted by chemicals and cells being transported, cells generating growth factors in a particular location, and new blood vessels being generated by cells, as observed by multiple researchers [222,223]. Sodium alginate, which has been sulfated and possesses a structure similar to that of heparin, can administer diverse growth factors and encourage myocardial angiogenesis, as evidenced by the results of [222]. Myocardial stress and apoptosis become successfully reduced, and unfavorable LV remodeling is limited, employing post-infarction mechanical characteristics and biological signals as design criteria [224,225,226] to inform material development. Sodium alginate and fullerenol are two examples of nanomaterial hydrogels that are employed to reduce cardiac stress and give long-term physiological and mechanical support to damaged heart tissue.



	
Heart rate stabilization and cardiac contractility restoration following infarction with the administration of electrical impulses [219]. Myocardial infarction causes changes in behavior such as interruption of the normal heart conduction system due to damage to ion channels and connexins. Hydrogels made from sodium alginate that carry electricity could be used to restore heart contractility by delivering electrical impulses and keeping the heartbeat steady [219]. The regeneration of myocardial vasculature is a crucial aspect of tissue engineering for cardiac tissue regeneration. Prior research has employed hydrogel injection to promote cellular proliferation and differentiation, thereby facilitating the generation of blood vessels [227,228,229].









7.8. Alginate Hydrogel in Biomedical Applications


Alginate plays a significant role in the field of pharmaceutics by serving as a versatile agent with various functions such as thickening, stabilizing, and gel forming. Its ability to regulate the release of drug products is particularly noteworthy. Water-soluble, biodegradable, non-toxic, and nonirritant alginates are a type of naturally occurring colloidal polysaccharide. These are typically derived from several brown marine algae species [230]. Alginate is widely used in pharmaceutical applications, particularly in cosmetics [231] and oral forms. The use of alginate hydrogels for tissue localization, however, is now attracting much interest. Alginate and chitosan, the ionic complexation agent, are both frequently employed in drug delivery applications. Chitin, from which chitosan originates, serves as one of the most common natural polymers in nature. Its pH is estimated to be 6.5, and it has characteristics defined by the existence of (1,4) linked -D-glucosamine. N-acetyl-D-glucosamine is frequently discovered in commercial goods at a 20% concentration, with -D-glucosamine making up the remaining 80% [88]. Chitosan is a cationic polymer that has been extensively employed in a variety of fields, including food, pharmaceuticals, biomedicine, and cosmetics, due to its high biocompatibility and numerous favorable properties [229]. Patents for various hydrogel formulations are listed in Table 3.





8. Conclusions and Future Prospects


Finally, as the circumstances of injuries to soft tissues and healing become more readily evident and as the invention of materials and processing techniques continues sodium-alginate-based hydrogels have become applied in a variety of domains of soft tissue engineering. Owing in a significant way to the spread of 3D bioprinting technology, sodium alginate hydrogels are in high demand for utilization in soft tissue engineering. These hydrogels can print precise geometric patterns and heterogeneous 3D tissues that mimic the structure and function of their respective tissues. These qualities provide bioprinting technology with an edge over traditional methods of manufacturing functional tissues and organs and provide the scientific foundation for the direct printing of functional soft tissues and organs. Soft tissue engineering has come a long way thanks largely to the many studies carried out during recent years on the topic of the 3D bioprinting of soft tissue, several of which have yielded positive findings. However, there are significant barriers to utilizing active organs with an integrated structure/function in therapeutic applications. The spatial distribution of the components that make up naturally occurring soft tissues, such as cell populations and intercellular matrices, and the interaction processes between them, can be exceedingly complicated. Alginate is a multifunctional medium with applications in tissue engineering and cell culture. There are several alternative formulations still in development for creating 3D alginate and hydrogel for use; however, hydrogel will be the preferred way to study tissue cell proliferation and differentiation mechanisms. This is not an explanation to avoid using 3D cell or tissue systems in domains such as tissue engineering and drug discovery but, rather, an opening to improve and individualize cellular structure testing. Hydrogel technology based on sodium alginate is in its infancy when it comes to the bionic production of tissue-built working organs, and many obstacles remain to be overcome. However, many discoveries are appearing as technology develops, and the existing problems are being addressed one by one. The3D bioprinting of functional tissues and organs in vivo with sodium-alginate-based hydrogel is expected to advance to the point of clinical application within the next few years. The goal of developing cutting-edge 3D bionic manufacturing techniques for functioning tissues as well as organs is to help with the repair and regeneration of damaged organs and to fix a wide range of tissue abnormalities.
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Figure 1. Parameters for optimal hydrogels. 
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Figure 2. Different methods for the preparation of hydrogel. 
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Figure 3. The ssNMR method is an advanced technology tool for characterizing sustainable cellulose-based products. 
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Figure 4. Schematics of alginate applications. 
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Figure 5. Schematic of sodium alginate hydrogel modification, 3D bioprinting, and application. 
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Table 1. Drug delivery techniques based on natural polymers.
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	Hydrogel Source
	Additional Components
	Synthesis Method
	Loaded Drug
	Ref





	Chitosan
	—
	Formaldehyde crosslinking
	DOX/5-FU
	[54]



	SA
	Carbon nanotube whiskers
	Ionic crosslinking
	Metronidazole
	[55]



	SA
	Polyvinyl alcohol/benzeneboronic acid
	Ionic crosslinking
	Proteins
	[56]



	SA
	—
	Ionic crosslinking
	Iohexol
	[57]



	SA
	Polyvinyl pyrrolidone
	Ionic crosslinking
	Exosomes
	[58]



	Hyaluronic acid
	Gelatin
	UV radiation
	Epigallocatechin3-gallate
	[59]
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Table 2. The table below is a summary of the main distinctions between solid- and solution-state NMR [140].
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	Solid-State NMR
	Solution-State NMR





	Type of sample
	All physical states are possible
	Only hydrolyzed gels



	Sample preparation
	Preparation (levels of hydration) is straightforward and manageable
	Acid hydrolysis makes the preparation process lengthy



	Restoration of samples
	Yes
	No



	Limitations concerning hydrogels
	Low sensitivity and resolution
	Resolution depends on the solubility



	Obtained information
	Structure and dynamics of intact hydrogel
	Chemical structure and composition
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Table 3. List of patents for various hydrogel formulations [232].
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	S. No
	Patent No./Country
	Title
	Disease/Problem
	Details





	1
	US10799696B2 United States
	Stimulating the nasolacrimal gland with a polymer formulation
	Dry eye
	The hydrogel formulation (made via a UV crosslinking technique) allows therapeutic electrical stimulation of the lacrimal gland, nasal, or sinus tissue to produce tears and treat dry eyes.



	2
	US20200085733A1 United States
	Formulations of hypotonic hydrogels for improved delivery of therapeutics to mucosal surfaces
	Used for diagnosis, prevention, and treatment by inserting into the vagina or colorectum
	A polymeric hydrogel (poloxamers) in water acts as a plug and/or is delivered to a mucosal/epithelial surface for therapeutic, preventative, or diagnostic reasons.



	3
	CN105209016B China
	Matrix hydrogel polymers for cell transport that are biocompatible
	Provides cells with a stable environment that promotes their survival and activity
	Hydrogel polymer matrices are biocompatible, bioabsorbable, and release cells at the place of application, allowing for localized and precise distribution.



	4
	US20180023049A1 United States
	Hydrogel formulations without injection for controlled release
	Experimenting with cultured cells
	Solutions of synthetic peptide hydrogels with a pH of about 3.5and an osmolality in the isotonic range.



	5
	US20200360281A1 United States
	An interstitial thermo-responsive hydrogel for the treatment of solid tumor malignancies
	Solid tumor intra-tumoral chemotherapy
	The injectable thermo-responsive hydrogel formed by crosslinking chitosan and genipin into an interpenetrating scaffold can efficiently integrate chemotherapeutic medicines without compromising the hydrogel’s inherent thermo-responsiveness.



	6
	JP6293254B2 Japan
	Crosslinked hydrophilic coating on a silicone hydrogel lens
	Corneal lenses
	Contact lenses with a silicone hydrogel coating and a non-silicone hydrogel that is a crosslinked polymer of one or more crosslinkable components and a crosslinked carboxyl-containing polymer material are known as coated silicone hydrogel contact lenses.
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