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Abstract

:

The natural anionic polyelectrolyte alginate and its derivatives are of particular interest for pharmaceutical and biomedical applications. Most interesting for such applications are alginate hydrogels, which can be processed into various shapes, self-standing or at surfaces. Increasing efforts are underway to functionalize the alginate macromolecules prior to hydrogel formation in order to overcome the shortcomings of purely ionically cross-linked alginate hydrogels that are hindering the progress of several sophisticated biomedical applications. Particularly promising are derivatives of alginate, which allow simultaneous ionic and covalent cross-linking to improve the physical properties and add biological activity to the hydrogel. This review will report recent progress in alginate modification and functionalization with special focus on synthesis procedures, which completely conserve the ionic functionality of the carboxyl groups along the backbone. Recent advances in analytical techniques and instrumentation supported the goal-directed modification and functionalization.
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1. Introduction


Alginates (alg) are natural anionic polyelectrolytes, which are quite abundant in nature [1]. Commercial alg are generally produced by extraction from marine brown algae, though some bacteria are able to synthesize alg as well [2]. Microbial biosynthesis is possible, yielding alg over a very wide range of tailored composition [3,4]. The global production of alg and alg derivatives increased from about 48.73 × 106 t in 2010 to 58.27 × 106 t in 2015 with an average annual growth rate predicted as more than 3.65% per year.



Alg, including alginic acid and its salts, are traditionally used as stabilizers, thickeners, emulsifiers, as well as hydration and gelling agents in the food, beverage, cosmetics, paper, textile printing, and pharmaceutical industries. Alg have also found several applications in biomedical science and engineering due to a number of properties that are favorable for the biomedical field. In particular, alg hydrogels are promising in wound healing, drug delivery, and regenerative medicine applications. Depending on the intended use, different requirements concerning the purity, chemical composition, and physical characteristics are made. Only certified medically grade alg, which complies with the limits of endotoxin and other toxic impurities, is allowed for medical applications.



Due to the frequently unfavorable mechanical stability, integrity, deformability, and permeability of purely ionically cross-linked alg hydrogels, which hinder the progress of sophisticated biomedical applications, increasing efforts are underway to functionalize the alg macromolecules prior to hydrogel formation in order to overcome these shortcomings. Special attention is given to derivatives of alg, which allow simultaneous ionic and covalent cross-linking to improve the physical properties of the hydrogel and likewise add biological activity adapted to the intended application.



In terms of regulatory aspects for modified alg intended for biomedical applications, not only appropriate purity is required but also SOPs (Standard Operation Protocols) and GMP (Good Manufacturing Practice) certification of the modification procedures may become necessary before translation to the clinics.



This review will report recent progress in alg modification and functionalization with special focus on synthesis procedures, which completely conserves the ionic functionality of the carboxyl groups along the backbone, or at least to such an extent that fast ionic gelation can still occur. Following a brief presentation of alg as the raw material for functionalization, the review will mainly address the methodologies for modification of the hydroxyl groups of the alg backbone, including direct derivatization or partial oxidation of alg vicinal diols followed by further conjugation with nucleophilic derivatives.




2. Alginate: Composition and Physicochemical Properties


2.1. Chemical Description of Alginate


The term alg covers a family of polysaccharide structures consisting of linear copolymers of (1 → 4) linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) units [1,5,6,7]. The linear backbones are composed of regions of G- and M-blocks interspaced with regions of mixed sequences, MG-blocks [8]. Figure 1 shows exemplary sections of alg backbones. Depending on the type of the seaweed, the quality of the extract, the isolation process, and the biotechnological procedure, the proportion and sequential arrangement of the two structural units can strongly vary. M and G blocks of various lengths can constitute the polymer chain. The weight average molar mass of commercial Na-alg varies from 4 × 104 to 5 × 105 g/mol. However, some alg with molar masses higher than 106 g/mol have also been isolated. For the same average molar mass, the molar mass distribution can be quite different.




2.2. Physicochemical and Polyelectrolyte Characteristics of Alginate


The composition, internal structure, and molar mass of the alg backbone govern the functional properties [9]. The solubility of alg in water depends on the pH value and the type of the counterions of the carboxyl groups. At pH < 3, both the M- and G-structures will precipitate as alginic acid. However, alternating M- and G-structures precipitate at lower pH values compared to the alg containing more homogeneous block structures. Neutralization of the alginic acid occurs at pH > 4, where it is converted into its corresponding salt [10]. Na-alg is an example of a water-soluble alg.



Na-alg behaves in aqueous solution as a typical linear homogeneously charged polyelectrolyte. The chain conformation and consequently the solution viscosity strongly depend on the ionic strength, i.e., on both the alg concentration and the simultaneous presence of low molar mass salt. The intramolecular electrostatic repulsion between the neighboring negatively charged carboxyl groups of each monomer unit forces alg molecules into an extended random coil conformation in aqueous solution [11]. This results in highly viscous solutions even at relatively low alg concentration. The dynamic viscosity increases exponentially with the molar mass, while the intrinsic flexibility of the alg chains in solution increases in the order GG < MM < MG [12]. On the other hand, the selectivity for cation-binding and gel-forming properties strongly depends on the composition and sequence. Divalent cations preferably bind to the G-blocks. The ability to form ionotropic gels is based on this selective binding of cations. Mixing solutions of Na-alg with solutions of cationic polyelectrolytes yields precipitates of polyelectrolyte complexes.



The rheological behavior of Na-alg solutions is important for a number of technologies and depends on both the concentration and the shear rate. Higher concentrated solutions exhibit pseudoplastic flow even at low shear rates. At lower concentrations, the Newtonian behavior is observed at low shear rate, whereas the solutions become pseudoplastic at a higher shear rate [1].



Na-alg as a dry powder and, in particular as a solution, is subject to degradation, leading to the rapid decrease of the chain length. Many microorganisms digest alg. In a deep freezer, Na-alg may be kept for several years without significant degradation. Purified and sterilized samples better resist degradation.





3. Modification with Partial Conservation of the Carboxyl Groups


The backbone of Na-alg presents a series of carboxyl and hydroxyl groups amenable to chemical functionalization (Figure 2) [13]. Before moving to the primary focus of the review, the modification of Na-alg with complete conservation of the carboxyl groups, progress concerning only partial conservation is briefly summarized.



While Na-alg is known to undergo fast gelation in the presence of divalent cations such as Ca2+ and Ba2+ [14], the synthesis of alg derivatives is used to modulate the properties of the resulting hydrogels. Not only the physical characteristics (mechanical resistance, elasticity, stability under physiological conditions) of alg hydrogels can be modified through chemical functionalization of the starting polymers, but also their in vitro and in vivo compatibility is largely influenced by conjugation to other polymers or small molecular scaffolds.



Due to the large variety of mild activating agents to increase the reactivity of carboxyl groups, one of the most straightforward chemical modifications of Na-alg relates to the partial conversion of its carboxylates into ester and amide derivatives. In particular, the combination of 1-ethyl-3-(3-dimethylaminoprolyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) was largely reported for the formation of alg-derived amides with variable degrees of grafting. Using this methodology, Na-alg was functionalized with dopamine at 6.6% of the carboxyl groups [15]. The resulting polymer was applied to a multilayer coating of bioprosthetic heart valves, causing efficient anti-calcification protective effects due to dynamic calcium–sodium ionic exchange. Using a similar functionalization pathway, tyramine-conjugated planar and spherical alg hydrogels were produced to overcome the bioinertness of alg scaffolds [16]. The functionalized scaffolds presented elastic moduli similar to human tissues, enhanced the adsorption of proteins in cell culture media, and allowed the stable adhesion of human mesenchymal stem cells and human pluripotent stem cell-derived cardiomyocytes. Dopamine-modified alg was also used for the formation of covalently cross-linked hydrogels under oxidizing conditions (sodium periodate) [17]. While this cross-linking strategy did not induce cytotoxicity on murine pancreatic islets, it demonstrated a marked detrimental effect on stimulated insulin secretion in comparison with Na-alg encapsulation material.



In view of the potential of alg hydrogels for the microencapsulation and subsequent transplantation of endocrine cells, modification of the alg carboxylic groups was investigated to improve both the mechanical properties and biocompatibility of the resulting microspheres (MS). The conjugation, through amide formation, of Na-alg with perfluorinated (PF) alkyl groups using a short poly(ethylene glycol) (PEG) spacer allowed the production of ionic PF-alg MS with better swelling behavior than pure Ba-alg MS. With only 3.3% of PF chain content, PF-alg MS enhanced the viability of mouse insulinoma MIN6 cells, while presenting similar permeability profiles as Ba-alg MS [18].



Cross-linked alg hydrogels were further obtained using functionalized cross-reactive alg derivatives produced by amide formation on the alg carboxylate groups. Copper-catalyzed azide to alkyne [3+2]-cycloaddition—namely click-reaction—increased the stability of ionic alg hydrogels in aqueous ethylenediaminetetraacetic acid (EDTA) solution due to additional triazole cross-linking [19]. The resulting MS displayed higher permeability toward low molar mass components and lower gel swelling than simply ionically cross-linked alg hydrogels. Alternatively, the amide coupling of Na-alg with 3-aminophenylboronic acid afforded 25% of grafting, as determined by 1H-NMR spectroscopy [20]. The resulting boronic acid-containing alg derivatives underwent chemical cross-linking with the vicinal diols present on the alg pyranose rings to produce injectable multi-stimuli responsive and self-healing hydrogels [20]. Other bio-orthogonal reactions, such as Diels–Alder cycloaddition and Staudinger ligation, were reported for the covalent cross-linking of furan-containing and azido-containing alg derivatives, respectively [21,22]. The partial conversion of alg carboxylates into amide and ester analogues was exploited for the formation of combinatorial hydrogel libraries aiming at the identification of chemical motifs that are able to mitigate the foreign body response after transplantation [23]. A triazole-containing alg derivative used to transplant human glucose-responsive mature beta cells in immune competent diabetic mice demonstrated excellent performance [24]. Finally, amide formation on the carboxylate groups of alg was applied to produce alg–peptide bioconjugates for tissue engineering [25] and silica–alg core–shell nanoparticles for cisplatin-based anticancer prodrugs delivery [26].




4. Modification with Complete Conservation of the Alginate Carboxyl Groups


4.1. Ester Formation


4.1.1. Acetylation


One of the earliest chemical modifications performed on alginic acid was acetylation of the alg hydroxyl groups. This modification did not provide alg derivatives with significantly new characteristics nor was it for any specific applications. However, it was particularly important in the understanding of some alg features and reactivity at the early stages.



In 1946, Wassermann reported the successful acetylation of alginic acid, Na-alg, and Ca-alg in the presence of ketene, reaching approximatively one acetate group per saccharide unit, i.e., a degree of grafting (DG) = 1 [27,28]. The same year, it was shown that swelling alginic acid in water, followed by an almost complete exchange to glacial acetic acid, could significantly reduce the extent of chain degradation [29]. The same reaction could not be performed on dry alginic acid, as the hydrogen bonds between neighboring molecules were found to be too strong, and the structure was found to be too compact for the acetylation reaction to happen. Under similar conditions, Schweiger reported the acetylation of alginic acid with a maximal DG of 1.85 [30] and pointed toward the increase of the reaction rate following the acetylation of one hydroxyl group due to the disruption of the strong hydrogen bonds between vicinal hydroxyl groups. Acetylation reactions were also used to investigate the insolubility and precipitation of alg salts [31]. While alg were expected to gelify and eventually precipitate in the presence of increasing concentration of di- or trivalent cations, diacetylated alg derivatives did not undergo gelification in the presence of Ca2+ ions. Surprisingly, even with one free hydroxyl group per saccharide unit (DG = 1), precipitation could not be observed in the presence of multivalent cations. Based on these results, Schweiger et al. proposed that the coordination of Ca2+ ions in alg-derived gels involved not only the carboxylate moieties but also two vicinal hydroxyl groups (Figure 3). Later investigations led to the revision of this coordination structure in favor of the egg-box model [32].



Acetylation reactions also served to establish the role of O-acetylated groups in the protective effect of alg in bacteria [33], preventing enzymatic degradation of the polysaccharide backbone [34]. Investigation of the effect of the degree of acetylation on the macromolecular properties of alg pointed toward the increased swelling ratio of acetylated Ca-alg gels [35]. Viscosity measurements indicated that a low degree of acetylation results in more stiffness and the expansion of the alg chain molecules, while a highly acetylated alg causes a more flexible polymer chain [35].



More recently, the acetylation of tetrabutylammonium (TBA)-alg in organic solvents led to a maximum DG of 1, raising the question of the regioselectivity of the reaction (C2–OH versus C3–OH) or the different reactivity of M and G units [36]. It was hypothesized that 1,3-diaxial interactions of C2–OH groups with C4 protons in M residues and of C3–OH groups with C5 protons in G residues were responsible for the acetylation of a single hydroxyl group per saccharide unit.




4.1.2. Other Esterification Methods


In order to maintain the full capacity of alg carboxylate moieties for ionotropic interactions, esterification of the hydroxyl groups was often proposed to modify the properties of alg hydrogels without reducing alg gelling properties (Figure 4). Alg beads were reported for the immobilization of lactic acid bacteria (LAB), which are essential for a healthy intestinal flora but are very sensitive to the acidic pH of gastric fluid (pH < 2). In comparison with Ca-alg beads, succinylated hydrogels improved the viability of LAB in acidic media by assisting to the neutralization of acidic pH due to an increased number of carboxylate functionalities on the polysaccharide backbone [37]. Similarly, the palmitoylation of Na-alg resulted in an increased resistance of immobilized LAB due to the higher hydrophobic character of the resulting beads, thus restricting the amount of gastric fluid reaching the inner core of the hydrogel.



Alg esterification by succinic anhydride was also used to introduce an additional carboxylic moiety on the alg backbone, allowing further functionalization through amide formation. This strategy was reported for the conjugation of Na-alg with heterobifunctional PEG derivatives equipped with end-thiol moieties [38]. The resulting PEG-grafted alg led to the formation of spherical hydrogels assembled by dual ionotropic interactions with Ca2+ ions and covalent disulfide bridges, without the need for an additional external chemical cross-linker. These hydrogels showed improved mechanical resistance and shape recovery performance in comparison with pure Ca-alg beads, as well as favorable properties for the microencapsulation of human foreskin fibroblasts. The esterification of alg was performed as well in the absence of organic solvents, using formic acid to disrupt the network of hydrogen bonds, thus facilitating further reaction of the hydroxyl groups with fatty acid chlorides [39]. The resulting hydrophobic alg derivatives were used as nanocarriers for the controlled release of Vitamin D3.



Several alginic acid ester derivatives with different acyl chain lengths were prepared as new thermoplastic, organosoluble materials [40]. The use of perchloric acid catalyst resulted in the chemical modification of all alg hydroxyl groups, but it was associated with significant chain degradation as evaluated by gel permeation chromatograpy (GPC) measurements. Finally, the derivatization of Na-alg with lauroyl chloride was developed for incorporation into psyllium husk–gel composite films [41], conferring improved mechanical strength and antibacterial activity to the materials.





4.2. Sulfation


Most O-sulfation reactions on alg are aiming to provide the polysaccharide with features similar to those of heparin. Heparin, a naturally occurring glycosaminoglycan, is a widely used anticoagulant that is composed of linearly repeated sulfated disaccharide units of hexuronic acid and hexosamine, displaying both carboxylates and sulfated functional groups [42]. Being the only naturally occurring polysaccharide containing carboxylic acid moieties in each of its uronic acid units, alg appeared as an excellent candidate to develop heparin analogues by sulfation of the hydroxyl functionalities (Figure 5).



Many conditions were reported for the synthesis of sulfated alg derivatives (Table 1). Due to its low cost and ease of use, chlorosulfonic acid is the most common reported sulfation reagent, allowing to achieve various degrees of functionalization with good reproducibility [43,44,45,46,47,48]. In order to prevent degradation of the polysaccharide backbone, N(SO3Na)3 was reported as a mild, non-toxic, and low-cost reagent for the sulfation of Na-alg in aqueous medium [49]. The use of coupling reagents such as dicyclohexylcarbodiimide (DCC) activated by sulfuric acid was also proposed for the modification of TBA-alg [50].



The degree of sulfation was probed with several analytical techniques, including FT-IR, elemental analysis, and NMR spectroscopy. While the maximum reported DG was around 1, the optimal sulfation degrees for applications in ionotropic gel formation were reported to be between 0.64 and 0.8 [51]. In general, no significant regioselectivity was observed between the C2–OH and C3–OH substitution; however, a slight preference for the sulfation of the C2–hydroxyl groups was reported for both M and G units [45,47].



In addition to the exploitation of the heparin-like properties, sulfated alg derivatives were also successfully applied to the entrapment of cell-adhesion molecules, growth factors, and chemokines. The controlled and sustained delivery of the basic fibroblast growth factor (bFGF) was achieved with MS produced from a mixture of Na-alg and sulfated alg [50]. Similarly, the encapsulation of chondrocytes in sulfated-alg 3D matrices supported high cell viability and preserved their phenotype [46,51]. Sulfated alg derivatives were also shown to have increased anti-viral activity compared to unmodified polymers. The higher the degree of sulfation, the higher the anti-viral potency was found against herpes virus type 1 (HSV-1) [52].



A clinically relevant sulfated derivative is the propylene glycol alg sodium sulfate (PSS), which was the first oral heparinoid drug to be approved in China in 1987, and it has been used since then in China both orally and intravenously for the treatment of cardiovascular diseases [53]. PSS derivatives with various sulfur content, molar mass, and G:M ratios were intensively investigated for their P-, L-, and E-selectin mediated binding to tumor cells [48].




4.3. Phosphorylation


To the best of our knowledge, there are only two relevant examples in the literature for the phosphorylation of the alg hydroxyl groups. One study discusses the O-phosphorylation of Na-alg and the effect of the resulting phosphorylated derivatives on the induction of hydroxyapatite (HAP) nucleation and growth [54]. In the presence of phosphoric acid and urea, the phosphorylation of Na-alg was accompanied by significant chain degradation, leading to a reduction of the average molar mass by a factor of 2 to 4. While the functionalization of M residues occurred preferentially at the C3–OH groups, the regioselectivity on G residues could not be elucidated from 1D- and 2D-NMR analyses. Due to substantial chain degradation and possible conformational changes upon modification, phosphorylated alg derivatives had to be mixed with native Na-alg to achieve hydrogel formation by extrusion into a Ca2+ containing solution.



Secondly, Na-alg O-phosphorylation was achieved by using a mixture of H3PO4/P2O5/Et3PO4/hexanol. The resulting phosphorylated alg derivatives were subsequently submitted to cation exchange by Ca(OAc)2 and mixed with Na-alg, in different ratios to produce hydrogels resulting from an internal gelation process [55]. The suitability of these materials for cell immobilization was demonstrated on MC3T3 cells.




4.4. Epoxide Ring-Opening Reactions


Modulation of the hydrophilic character of alg was achieved by covalent conjugation to long linear alkyl chains through epoxide ring-opening reactions [56]. The condensation of Na-alg to dodecyl glycidyl ether, under basic conditions, resulted in amphiphilic alg derivatives that are able to self-assemble into micelles in aqueous solutions. The potential of these polymers to produce efficient drug carriers was evaluated on the highly hydrophobic drugs Clofazimine and Amphotericin B, showing a moderate increase of their apparent solubility, in comparison with cyclodextrin- or liposomic-based formulations [57]. In a subsequent report, an improved synthetic route for the preparation of amphiphilic alg derivatives was presented, by addition of sodium dodecyl sulfate (SDS) and orthogonal optimization of the reaction conditions to achieve higher reaction yields [58].



Additionally, ether formation through an epoxide ring-opening mechanism was used to prepare covalently cross-linkable alg derivatives with high absorption capacities for water treatment applications [59]. Na-alg was treated with glycidyl-methacrylate (GMA) at pH 10.5 in aqueous media, leading to a nucleophilic attack on both carbon atoms of the epoxide, while this type of reaction under basic conditions is expected to favor the attack at the less hindered position (Figure 6).



GMA-grafted alg derivatives were further covalently cross-linked with vinylated SiO2 MS to produce superabsorbent hybrid hydrogels that showed excellent removal capacity for water samples contaminated with methylene blue [59].




4.5. Synthesis of Graft Copolymers


Na-alg was successfully modified into different types of copolymers, taking advantage of the reactivity of its hydroxyl moieties to undergo graft polymerization in the presence of vinyl monomers and radical initiators (Figure 7). Azobisisobutyronitrile (AIBN) initiated N-vinyl-2-pyrrolidone (N-VP) grafting on Na-alg, followed by cross-linking with glutaraldehyde under acidic conditions, which led to the formation of Na-alg-g-PVP beads for the entrapment and subsequent release of the anti-inflammatory drug indomethacin [60]. Higher efficiency for both the encapsulation and the cumulative release of the drug was observed in comparison with pure Ca-alg cross-linked beads. The use of alg-based graft copolymers was also investigated in the context of flocculants production for water treatment. Free radical grafting of Na-alg with vinyl sulfonic acid (VSA) in the presence of the thiourea/peroxydiphosphate system [61] or with polyacrylamide (PAM) under microwave irradiation [62] provided aggregation-promoting agents with biodegradable and eco-friendly properties.



Other methods of alg copolymer syntheses include single electron transfer living radical polymerization (SET-LRP) in the presence of a catalytic amount of Cu(0) or reversible addition-fragmentation chain transfer (RAFT) polymerization. TBA-alg was first esterified with bromoisobutyric acid and subsequently treated with polymethyl-metacrylate (PMMA) under SET-LRP conditions to produce self-aggregating micelles as potential smart drug delivery devices [63] that are suitable for post-functionalization on the free alg carboxylic groups. RAFT polymerization was used to produce copolymers of alg and poly(oligo ethylene glycol methacrylate) (POEGMA), which, in the presence of Ca2+ ions, formed nanoparticle-based encapsulation materials for 4-n-butylresorcinol [64]. An alternative route to alg-POEGMA copolymers made use of the azide to alkyne click-reaction, followed by nanoparticles self-assembly in the presence of Ca2+ ions, providing efficient encapsulation matrices for the chemotherapy drugs doxorubicin and paclitaxel [65]. Finally, alg hydroxyl functionalities were demonstrated to be suitable to generate grafted alg-g-polyurethanes by the polyaddition of isocyanates [66]. The reaction between the NCO terminated urethane prepolymer and TBA-alg was completed in organic solvent (DMF/DMSO) without catalyst. The methodology was applied to the extension of both ionic and non-ionic polyurethane polymers with TBA-alg.




4.6. Oxidation of Alginates


The oxidation of alg leads to the opening of the polysaccharide backbone rings between the vicinal diols, resulting in a more flexible polymer backbone and two highly reactive aldehyde groups. While oxidized alg derivatives have been extensively studied, further functionalization of the resulting carbonyl groups through reductive amination was frequently reported to achieve additional chemical modification of the polymer backbone (Figure 8).



4.6.1. Oxidation without Further Modification


While the oxidation of alg has been studied since the 1970s [67,68,69,70,71], the real scope of this process emerged with the development of alg derivatives for tissue engineering applications, requiring finely tuned degradability. The most common reagent used for alg oxidation is sodium periodate (NaIO4), under aqueous, dark conditions. The degree of oxidation is limited by intramolecular hemiacetal formation between the so-formed aldehydes and nearby hydroxyl groups, thus preventing part of the alcohol functionalities to be further oxidized [67,72,73]. Despite the conservation of alg carboxylate groups during the process, ionic gelation is hindered above 10% oxidation of the polysaccharide backbone, with dependency on the initial alg molar mass and G/M ratio [72,74]. The oxidation of alg was found to go along with remarkable decrease of the viscosity of the resulting polymer solution, which could be attributed to two mechanisms. A fast process was found to involve the scission of atypical and infrequent monomer units of the alg backbone, leading to cleavage of the polysaccharide chain [70]. A slower reaction involving low concentrations of periodate-induced free hydroxyl radicals was also highlighted. Performing the reaction in ethanol/water dispersion instead of in pure water led to a reduction of the average molar mass of the resulting oxidized polymer, which was attributed to the contribution of hydroxyethyl radicals generated from ethanol [73]. Alternatively, the oxidation of alg was also performed using potassium permanganate (KMnO4) in the presence of H2SO4 as a catalyst [75]. Circular dichroism measurements gave evidence for the almost complete conversion of G units into dialdehydes, while the M units were susceptible to the cleavage of glycosidic bonds.



For tissue engineering applications, the degradation rate of polymeric biomaterials should be precisely controlled and adjustable to the specific requirements of the intended application. The partial oxidation of alg (degree of oxidation of 1%) results in open chain derivatives that are susceptible to hydrolytic degradation [76]. Oxidized alg showed reduced gel stiffness and mechanical properties, with significant reduction of the ultimate stress and ultimate strain values. In addition, it was demonstrated that the degradation rate could be controlled without compromising gel stiffness simply by specific mixing of high and low molar mass oxidized alg derivatives, i.e., by adjusting the molar mass distribution of the alg derivatives [77].




4.6.2. Chemical Modification of Oxidized Alginates


The use of oxidized alg derivatives for subsequent functionalization takes advantage of the high reactivity of the aldehyde moieties in comparison with the hydroxyl groups of native alg chains.



The most extensively reported reaction on oxidized alg–dialdehyde derivatives is the reductive amination (Figure 9). An overview of the types of functionalization introduced on the alg backbone by this method is presented in Table 2.



The common procedure involves imine formation, followed by reduction to the corresponding amine without isolation of the iminium intermediate. In order to avoid the reduction of non-reacted aldehydes, sodium cyanoborohydride (NaBH3CN) is the most common reagent for the reduction of the imine intermediates [78,79,80,81,82]. Following reductive amination on oxidized alg, post-functionalization of the resulting secondary amines was used to produce graft copolymers with PEG derivatives, resulting in promising candidates for microencapsulation applications [81]. Alternative reagents such as picoline-borane (pic-BH3) [83] were also reported as efficient and mild alg-imine reducing agents. Further reduction of the aldehyde moieties was achieved in the presence of ammonia-borane (BH3NH3) to produce degradable alg derivatives. This strategy was applied to the preparation of click cross-linked alg hydrogels for tissue engineering applications [84].



Numerous alg derivatives resulting from reductive amination were developed for drug delivery purposes. The conjugation of amino-thiophenol [85], cysteine [82], or cysteamine [86] to oxidized alg led to self-assembled nanospheres, cross-linked through disulfide bridge formation, which are sensitive to redox potential variations for controlled release of the entrapped drugs. Imine-functionalized alg-derived self-assembled nanoparticles were obtained by the conjugation of oxidized alg to doxorubicin and an additional encapsulation of curcumin for the co-delivery of both drugs to tumor cells, which was triggered by the pH variation in the tumoral environment [87]. Further applications of alg derivatives obtained by reductive amination with thiosemicarbazide [88] and cysteine [89] include the production of sorption materials for heavy metal removal from aqueous solutions. While the coordination with metal ions was shown to mainly involve the carboxylic groups of the functionalized polymers, the chemical modification with thiol-containing units was the key to the sorption properties, which was probably due to their role as cross-linkers between the polymeric chains [88].



Imine formation on oxidized alg derivatives was also applied to engineer alg/chitosan or alg/hyaluronic acid hydrogels for protein delivery [90] and cardiac tissue engineering [91].



Not only reductive amination was reported for the functionalization of oxidized alg. Oliver et al. demonstrated that the conjugation of the antioxidant catechin to alg-aldehyde under acidic conditions led to up to 22% functionalization with catechin, involving both nucleophilic addition to the carbonyl group and post-esterification of the carboxylate functionality (Figure 10) [92].



The resulting alg–catechin conjugates showed improved free-radical scavenging activity compared with non-functionalized Na-alg.




4.6.3. Cross-Linked Hydrogels from Oxidized Alginates


The oxidation of alg not only leads to polymers with biodegradable properties, but the resulting aldehyde functionalities can be used to produce cross-linked systems by bis–covalent conjugation with external cross-linkers (Figure 11). The choice of the type of chemical cross-linking can bring an additional level of control in tuning hydrogel degradability for tissue engineering applications or introduce extracellular matrix-like properties to alg-based materials.



The most common cross-linking strategy relies on the formation of bis-imine derivatives on oxidized alg. In the presence of adipic dihydrazide, low molar mass poly(aldehyde guluronate) segments were cross-linked through the formation of acyl hydrazone bonds, which are susceptible to hydrolytic cleavage in aqueous conditions [93]. The combination of chemical cross-linking and ionotropic gelation in the presence of Ca2+ ions provided an additional level of control over the mechanical properties of the resulting hybrid gels. While the degradation rate of these hydrogels is generally correlated to their cross-linking density, a detailed study of their degradation process under physiological conditions (37 °C, pH 7.4) revealed that hydrogels with a high content of hanging single-end molecules showed a retarded degradation process even at low cross-linking density, highlighting the opportunity for decoupled degradation rates and mechanical properties [94]. The cross-linking of alg-dialdehyde derivatives with gelatin [95] was reported to improve the cell–material interactions of alg-based hydrogels. The process involves imine formation with the ε-amino groups of lysine and hydroxylysine gelatin residues, at physiological pH [96] or in the presence of borax [97]. Depending on the alg to gelatin ratio and on the starting aldehyde content, a broad range of cross-linking densities was reported, as assessed by the degree of swelling and calculated from the Flory–Rhener equation [98,99]. The resulting hydrogels found applications for drug delivery and cell microencapsulation. In vitro cell interaction studies with human dermal fibroblasts in gelatin-cross-linked alg films showed high viability as well as enhanced cell attachment, spreading, and proliferation compared to non-modified alg material [100]. Investigation of the morphology and viability of MG-63 human osteosarcoma microencapsulated in gelatin-cross-linked alg hydrogels revealed an improved proliferation, migration, and formation of cellular network, as well as increased metabolic activity, in comparison with pure alg microencapsulated cells [101]. Further studies highlighted the faster degradation of gelatin–cross-linked alg hydrogels in comparison with pure alg hydrogels and gelatin–alg blends [102,103]. These cross-linked systems were also used for the development of 3D tumor models to study the behaviour of colon cancer cells [104]. Finally, cross-linked hydrogels with high gelatin content promoted the formation of filopodial protusions during the osteogenic differentiation of microencapsulated human adipose-derived stem cells [105]. Other imine-based cross-linking strategies include the formation of oxime and semi-carbazone functionalities, which showed promising properties for bioprinting applications [106]. Alternatively, unmodified alg was cross-linked by bis-acetalization with glutaraldehyde, under acidic conditions. The resulting hydrogels showed pH responsive swelling/contraction properties [107,108].





4.7. Other Functionalization Methods


In addition to the functionalization methods presented in the previous sections, a number of specific strategies were developed for the derivatization of alg hydroxyl groups.



A guest-responsive polymeric material was produced by the conjugation of 6-amino-α-cyclodextrin (CD) to Na-alg hydroxyl groups activated in the form of cyanate esters [109]. The degree of grafting was found to be dependent on the ratio of cyclodextrin to Na-alg, as well as on the reaction temperature, reaching a maximum of DG = 1.58. In the presence of Ca2+ ions, the CD-conjugated alg formed stable hydrogel MS, which were investigated as encapsulation material for the bacteria Sphingomonas cloacae in the context of the degradation of nonylphenol, which is an organic pollutant found in aquatic environment as a result of industrial surfactant biodegradation. The degrading ability of Sphingomonas cloacae toward nonylphenol as well as bacterial cell adhesion within the hydrogel matrix were superior to pure alg-MS in CD-conjugated alg-MS [110].



The alg hydroxyl groups were also functionalized with reactive groups increasing the sorption capacity of the native polysaccharide toward metal ions found in industrial effluents. Direct conjugation with urea and biuret significantly enhanced the ion-exchange capacity of the resulting MS toward toxic heavy metal ions such as Cd(II) and Pb(II), in comparison with pure alg beads [111]. Alternatively, Ca-alg MS were post-functionalized by the activation of surface hydroxyl groups in the presence of p-benzoquinone, followed by reaction with tetraethylenepentamine (Figure 12) [112]. The addition of amino groups covalently conjugated at the surface of alg beads, as confirmed by FT-IR studies, improved the removal capacity of the native hydrogel toward Cr(IV) ions in aqueous solutions. Interestingly, the amino-functionalized Ca-alg MS were found to be reusable, still possessing more than 80% of their initial adsorption capacity after five consecutive treatment cycles.



In the field of cell transplantation applications, the chemical modification of alg hydroxyl groups was investigated to improve the in vivo mechanical and chemical durability and to reduce the immunogenicity of the transplanted materials. A robust functionalization strategy was recently reported for the direct activation of alg hydroxyl moieties in the presence of 1,1-carbonyldiimidazole, followed by conjugation with cross-reactive PEG derivatives through a carbamate linkage [113]. The resulting alg–PEG polymers are simply mixed before extrusion into a Ca2+ containing gelation bath to produce hybrid MS assembled through simultaneously occurring fast ionotropic gelation and slower covalent cross-linking, i.e., slow thiol to thiol or thiol to carbon electrophile (Michael addition) bond formation, without the need for an additional chemical cross-linker (Figure 13) [114]. Optimization of the reaction conditions allowed finetuning of the molar mass of the alg–PEG polymers and precise control of the degree of grafting. The latter was deduced from 1H-NMR spectra by applying a deconvolution technique with Lorentzian functions to overcome the complexity of interpretation of overlapping signals. In comparison with pure Ca-alg MS, the dual ionic-covalent MS demonstrated higher mechanical resistance to uniaxial compression to 90% of their initial volume, improved shape recovery performance upon 10 repetitive compressions, and increased durability in aqueous solution containing non-gelling monovalent cations. The usability of the alg–PEG MS for cell encapsulation was validated on mouse insulinoma MIN6 cells and human hepatocellular carcinoma Huh7 cells. The cells maintained viabilities higher than 85% and functional secretion took place up to seven days after encapsulation [113,114].



PEGylation of alg hydroxyl groups aiming at the covalent conjugation of the anti-inflammatory drug ketoprofen to the hydrogel matrix of alg-based MS was also reported. For an in vivo comparison, ketoprofen-modified MS and pure alg beads, both containing encapsulated insulin producing MIN6 cells, were transplanted under the kidney capsule of immune-competent mice. The sustained hydrolytic release of ketoprofen from the modified MS led to a significant reduction of pericapsular fibrotic overgrowth [115]. The nature of the covalent bond between the drug and the PEG fragment (ester, amide) governed the release kinetics, thus potentially providing an efficient strategy for the mitigation of adverse fibrotic response after the transplantation of encapsulated endocrine cells.





5. Outlook


The presence of hydroxyl and carboxyl moieties on the backbone chain makes the natural anionic polyelectrolyte alg amenable to a large variety of chemical modifications and functionalizations aiming at the modulation of the physical, chemical, and biological properties. In order to maintain the full capacity of alg derivatives to spontaneously form hydrogels in the presence of divalent cations, the more promising functionalization strategies preferably focus on the selective modification of the hydroxyl moieties (Figure 14).



Despite the remarkable potential of alg derivatives for various applications, in particular in the biomedical domain, increasing the number of translations to the clinics remains a challenge. The scalability and reproducibility of the functionalization pathways, as well as reproducibility of the physicochemical characteristics of modified alg derivatives, need further improvement for meeting the regulatory requirements as prerequisites for commercial pharmaceutical and biomedical use.



The intention of this review is to provide a compact overview on the state of the art of Na-alg modification and functionalization without restriction of the polyelectrolyte properties in order to support ongoing and future research and development in this field.



It can be expected that ongoing and future research in the above addressed fields will profit not only from novel alg-based derivatives, but also from progress in analytical, characterization, and separation/purification methods and from novel manufacturing and processing technologies. On the one hand, the performance of analytical, characterization, and separation/purification methods is a key to more comprehensive regulatory compliance. On the other hand, novel computer design techniques and IT-supported technologies to transfer the alg derivatives into well-defined optimal shapes and macro structures are expected to accelerate their practical use.



Examples of advanced manufacturing techniques include microfluidics and 3D or 4D bioprinting. Alg-based materials are prospective bioinks for bioprinting, where one of the biggest challenges is finding a good compromise between printability (polymer concentration) and cytocompatibility [116]. Chemical modification of alg materials into dynamic hydrogels [117], stimuli-responsive materials [118], or functionalization with drugs, growth factors, or biological clues could lead to the development of more sophisticated biologically functional 3D constructs. Due to the wide variety of the properties of alg derivatives, in particular those equipped with biological activity, even integration into organoids or whole printed artificial organs could be imagined [119], or fabrication of personalized and vascularized biomedical devices, implants, and grafts [120].



Apart from the field of tissue engineering and regenerative medicine, the pharmaceutical industry could also profit from these advances of bioprinting. Preclinical in vitro drug screening on mini-tissue, organ-on-a-chip, or tissue/organ constructs could accelerate the screening of potential new drugs [121].



Given the remarkable recent advances in synthesis strategies, analytics, characterization, and technology, it may be concluded that in particular, interdisciplinary and multidisciplinary approaches are the best drivers for transferring and implementing research and development results into commercial products, demanding pharmaceutical and medical applications, including novel clinical therapies.







Author Contributions


Conceptualization, L.S., S.G.-L. and C.W.; selection of references, L.S., S.G.-L. and C.W.; writing—original draft preparation, L.S. and C.W.; writing—review and editing, L.S., S.G.-L. and C.W.; supervision, S.G.-L.; funding acquisition, S.G.-L. All authors have read and agreed to the published version of the manuscript.




Funding


We acknowledge the funding of the Swiss National Science Foundation, Grant N° 310030E-164250.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Draget, K.I. Alginates. In Handbook of Hydrocolloids; Phillips, G.O., Williams, P.A., Eds.; Woodhead Publishing Limited: Cambridge, UK, 2007; pp. 379–395. [Google Scholar]

	



Chapman, V.J. Algin and alginates. In Seaweeds and Their Uses, 3rd ed.; Chapman, V.J., Chapman, D.J., Eds.; Chapman and Hall: London, UK; New York, NY, USA, 1980; pp. 194–225. [Google Scholar]

	



Valla, S.; Ertesvåg, H.; Skjåk-Bræk, G. Genetics and biosynthesis of alginates. Carbohydr. Eur. 1996, 14, 14–18. [Google Scholar]

	



Hay, I.D.; Rehman, Z.U.; Moradali, M.F.; Wang, Y.; Rehm, B.H.A. Microbial alginate production, modification and its applications. Microbial. Biotechnol. 2013, 6, 637–650. [Google Scholar] [CrossRef] [PubMed]

	



Cottrell, I.W.; Kovacs, P. Alginates. In Handbook of Water-Soluble Gums and Resins; Davidson, R.L., Ed.; McGraw Hill: New York, NY, USA, 1980; pp. 1–43. [Google Scholar]

	



Moe, S.T.; Draget, K.J.; Skjåk -Bræk, G.; Smidsrød, O. Alginates. In Food Polysaccharides and Their Applications; Stephen, A.M., Ed.; Marcel Dekker, Inc.: New York, NY, USA, 1995; pp. 245–286. [Google Scholar]

	



Draget, K.J.; Moe, S.T.; Skjåk -Bræk, G.; Smidsrød, O. Alginates. In Food Polysaccharides and Their Applications, 2nd ed.; Stephen, A.M., Phillips, G.O., Williams, P.A., Eds.; Taylor & Francis: Boca Raton, FL, USA, 2006; pp. 289–334. [Google Scholar]

	



Grasdalen, H.; Larsen, B.; Smidsrød, O. A PMR study of the composition and sequence of uronic residues in alginate. Carbohydr. Res. 1979, 68, 23–31. [Google Scholar] [CrossRef]

	



Haug, A.; Myklestad, S.; Larsen, B.; Smidsrød, O. Correlation between chemical structure and physical properties of alginate. Acta Chem. Scand. 1967, 21, 768–778. [Google Scholar] [CrossRef]

	



Haug, A.; Larsen, B. The solubility of alginates at low pH. Acta Chem. Scand. 1963, 17, 1652–1662. [Google Scholar] [CrossRef]

	



Smidsrød, O.; Haug, A. Dependence upon uronic acid composition of some ion-exchange properties of alginates. Acta Chem. Scand. 1968, 22, 1989–1997. [Google Scholar] [CrossRef]

	



Smidsrød, O.; Glover, R.M.; Whittington, S.G. The relative extension of alginates having different chemical composition. Carbohydr. Res. 1973, 27, 107–118. [Google Scholar] [CrossRef]

	



Yang, J.-S.; Xie, Y.-J.; He, W. Research Progress on Chemical Modification of Alginate: A Review. Carbohydr. Polym. 2011, 84, 33–39. [Google Scholar] [CrossRef]

	



Liu, Y.; Tong, Y.; Wang, S.; Deng, Q.; Chen, A. Influence of Different Divalent Metal Ions on the Properties of Alginate Microcapsules and Microencapsulated Cells. J. Sol-Gel Sci. Technol. 2013, 67, 66–76. [Google Scholar] [CrossRef]

	



Hu, Y.; Su, X.; Lei, Y.; Wang, Y. A Novel Anti-calcification Method for Bioprosthetic Heart Valves Using Dopamine-Modified Alginate. Polym. Bull. 2019, 76, 1423–1434. [Google Scholar] [CrossRef]

	



Schulz, A.; Gepp, M.M.; Stracke, F.; von Briesen, H.; Neubauer, J.C.; Zimmermann, H. Tyramine-Conjugated Alginate Hydrogels as a Platform for Bioactive Scaffolds. J. Biomed. Mater. Res. Part A 2019, 107A, 114–121. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.-S.; Cho, S.-W.; Ko, B.; Shin, J.; Ahn, C.H. Alginate-Catechol Cross-Linking Interferes with Insulin Secretion Capacity in Isolated Murine Islet Cells. Diabetes Metab. J. 2018, 42, 164–168. [Google Scholar] [CrossRef] [PubMed]

	



Gattás-Asfura, K.M.; Fraker, C.A.; Stabler, C.L. Perfluorinated Alginate for Cellular Encapsulation. J. Biomed. Mater. Res. Part A 2012, 100A, 1963–1971. [Google Scholar] [CrossRef] [PubMed]

	



Breger, J.C.; Fisher, B.; Samy, R.; Pollack, S.; Wang, N.S. Synthesis of “Click” Alginate Hydrogel Capsules and Comparison of their Stability, Water Swelling, and Diffusion Properties with that of Ca+2 Crosslinked Alginate Capsules. J. Biomed. Mater. Res. B 2015, 103B, 1121–1132. [Google Scholar] [CrossRef] [PubMed]

	



Pettignano, A.; Grijalvo, S.; Häring, M.; Eritja, R.; Tanchoux, N.; Quignard, F.; Diaz Diaz, D. Boronic-Acid-Modified Alginate Enables Direct Formation of Injectable, Self-Healing and Stimuli-Responsive Hydrogels. Chem. Commun. 2017, 53, 3350–3353. [Google Scholar] [CrossRef] [PubMed]

	



Ghanian, M.H.; Mirzadeh, H.; Baharvand, H. In Situ Forming, Cytocompatible, and Self-Recoverable Tough Hydrogels Based on Dual Ionic and Cross-Linked Alginate. Biomacromolecules 2018, 19, 1646–1662. [Google Scholar] [CrossRef]

	



Gattás-Asfura, K.M.; Stabler, C.L. Chemoselective Cross-Linking and Functionalization of Alginate via Staudinger Ligation. Biomacromolecules 2009, 10, 3122–3129. [Google Scholar] [CrossRef]

	



Vegas, A.J.; Veiseh, O.; Doloff, J.C.; Ma, M.; Tam, H.H.; Bratlie, K.; Li, J.; Bader, A.R.; Langan, E.; Olejnik, K.; et al. Combinatorial Hydrogel Library Enables Identification of Materials that Mitigate the Foreign Body Response in Primates. Nat. Biotechnol. 2016, 34, 345–352. [Google Scholar] [CrossRef]

	



Vegas, A.J.; Veiseh, O.; Gürtler, M.; Millman, J.R.; Pagliuca, F.W.; Bader, A.R.; Doloff, J.C.; Li, J.; Chen, M.; Olejnik, K.; et al. Long-Term Glycemic Control Using Polymer-Encapsulated Human Stem Cell-Derived Beta Cells in Immune-Competent Mice. Nat. Med. 2016, 22, 306–311. [Google Scholar] [CrossRef]

	



Bubenikova, S.; Stancu, I.-C.; Kalinovska, L.; Schacht, E.; Lippens, E.; Declercq, H.; Cornelissen, M.; Santin, M.; Amblard, M.; Martinez, J. Chemoselective Cross-Linking of Alginate with Thiol-Terminated Peptides for Tissue Engineering Applications. Carbohydr. Polym. 2012, 88, 1239–1250. [Google Scholar] [CrossRef]

	



Ravera, M.; Gabano, E.; Bonzani, D.; Zanellato, I.; Arrais, A.; Cantamessa, S.; Biggiogera, M.; Osella, D. Hybrid Inorganic (Nonporous Silica)/Organic (Alginate) Core-Shell Platform for Targeting a Cisplatin-Based Pt(IV) Anticancer Prodrug. J. Inorg. Biochem. 2018, 189, 185–191. [Google Scholar] [CrossRef] [PubMed]

	



Wassermann, A. Alginic Acid-Acetate. Nature 1946, 158, 271. [Google Scholar] [CrossRef] [PubMed]

	



Wassermann, A. Alginic Acid Acetate. J. Chem. Soc. 1948, 48, 197–198. [Google Scholar] [CrossRef]

	



Chamberlain, N.C.; Cunningham, G.E.; Speakman, J.B. Alginic Acid Diacetate. Nature 1946, 158, 553. [Google Scholar] [CrossRef]

	



Schweiger, R.G. Acetylation of Alginic Acid. I. Preparation and Viscosities of Algin Acetates. J. Org. Chem. 1962, 27, 1786–1789. [Google Scholar] [CrossRef]

	



Schweiger, R.G. Acetylation of Alginic Acid. II. Reaction of Algin Acetates with Calcium and Other Divalent Ions. J. Org. Chem. 1962, 27, 1789–1791. [Google Scholar] [CrossRef]

	



Grant, G.T.; Morris, E.R.; Rees, D.A.; Smith, P.J.C.; Thom, D. Biological Interactions between Polysaccharides and Divalent Cations: The Egg-Box Model. FEBS Lett. 1973, 32, 195–198. [Google Scholar] [CrossRef]

	



Urtuvia, V.; Maturana, N.; Acevedo, F.; Peña, C.; Díaz-Barrera, A. Bacterial Alginate Production: An Overview of Its Biosynthesis and Potential Industrial Production. World J. Microbiol. Biotechnol. 2017, 33, 1–10. [Google Scholar] [CrossRef]

	



Skjåk-Braek, G. Selective Acetylation of Mannuronic Acid Residues in Calcium Alginate Gels. Carbohydr. Res. 1989, 185, 119–129. [Google Scholar] [CrossRef]

	



Skjåk-Braek, G.; Paoletti, S.; Gianferrara, T. Effect of Acetylation on Some Solution and Gelling Properties of Alginates. Carbohydr. Res. 1989, 185, 131–138. [Google Scholar] [CrossRef]

	



Pawar, S.N. Chemical Modification of Alginates in Organic Media. Biomacromolecules 2011, 12, 4095–4103. [Google Scholar] [CrossRef] [PubMed]

	



Le-Tien, C.; Mateescu, M.-A.; Millette, M.; Lacroix, M. Modified Alginate and Chitosan for Lactic Acid Bacteria Immobilization. Biotechnol. Appl. Biochem. 2004, 39, 347–354. [Google Scholar] [CrossRef] [PubMed]

	



Mahou, R.; Borcard, F.; Crivelli, V.; Montanari, E.; Passemard, S.; Noverraz, F.; Gerber-Lemaire, S.; Bühler, L.; Wandrey, C. Tuning the Properties of Hydrogel Microspheres by Adding Chemical Cross-Linking Functionality to Sodium Alginate. Chem. Mater. 2015, 27, 4380–4389. [Google Scholar] [CrossRef]

	



Li, Q.; Liu, C.G.; Huang, Z.H.; Xue, F.F. Preparation and Characterization of Nanoparticles Based on Hydrophobic Alginate Derivative as Carriers for Sustained Release of Vitamin D3. J. Agric. Food Chem. 2011, 59, 1962–1967. [Google Scholar] [CrossRef]

	



Matsumoto, Y.; Ishii, D.; Iwata, T. Synthesis and Characterization of Alginic Acid Ester Derivatives. Carbohydr. Polym. 2017, 171, 229–235. [Google Scholar] [CrossRef]

	



Fernandes, C.; Acharya, P.C.; Bhatt, S. Preparation of Lauroyl Grafted Alginate-Psyllium Husk Gel Composite Film with Enhanced Physicochemical, Mechanical and Antimicrobial Properties. Sci. Rep. 2018, 8, 1–9. [Google Scholar] [CrossRef]

	



Page, C. Heparin and Related Drugs: Beyond Anticoagulant Activity. ISRN Pharmacol. 2013, 2013, 1–13. [Google Scholar] [CrossRef]

	



Ronghua, H.; Yumin, D.; Jianhong, Y. Preparation and in Vitro Anticoagulant Activities of Alginate Sulfate. Carbohydr. Polym. 2003, 52, 19–24. [Google Scholar] [CrossRef]

	



Zhao, X.; Yu, G.; Guan, H.; Yue, N.; Zhang, Z.; Li, H. Preparation of Low-Molecular-Weight Polyguluronate Sulfate and Its Anticoagulant and Anti-Inflammatory Activities. Carbohydr. Polym. 2007, 69, 272–279. [Google Scholar] [CrossRef]

	



Øystein, A.; Finn, L.A.; Anders, S.; Terje, E.; Skjåk-Bræk, G. Heparin-Like Properties of Sulfated Alginates with Defined Sequences and Sulfation Degrees. Biomacromolecules 2014, 45, 2744–2750. [Google Scholar]

	



Öztürk, E.; Arlov, Ø.; Aksel, S.; Ling, L.; Ornitz, D.M.; Skjåk-Bræk, G.; Zenobi-Wong, M. Sulfated Hydrogel Matrices Direct Mitogenicity and Maintenance of Chondrocyte Phenotype through Activation of FGF Signaling. Adv. Funct. Mater. 2016, 26, 3649–3662. [Google Scholar] [CrossRef]

	



Daemi, H.; Mashayekhi, M.; Pezeshki Modaress, M. Facile Fabrication of Sulfated Alginate Electrospun Nanofibers. Carbohydr. Polym. 2018, 198, 481–485. [Google Scholar] [CrossRef] [PubMed]

	



Ma, H.; Qiu, P.; Xin, M.; Xu, X.; Wang, Z.; Xu, H.; Yu, R.; Xu, X.; Zhao, C.; Wang, X.; et al. Structure-Activity Relationship of Propylene Glycol Alginate Sodium Sulfate Derivatives for Blockade of Selectins Binding to Tumor Cells. Carbohydr. Polym. 2019, 210, 225–233. [Google Scholar] [CrossRef] [PubMed]

	



Fan, L.; Jiang, L.; Xu, Y.; Zhou, Y.; Shen, Y.; Xie, W.; Long, Z.; Zhou, J. Synthesis and Anticoagulant Activity of Sodium Alginate Sulfates. Carbohydr. Polym. 2011, 83, 1797–1803. [Google Scholar] [CrossRef]

	



Freeman, I.; Kedem, A.; Cohen, S. The Effect of Sulfation of Alginate Hydrogels on the Specific Binding and Controlled Release of Heparin-Binding Proteins. Biomaterials 2008, 29, 3260–3268. [Google Scholar] [CrossRef] [PubMed]

	



Mhanna, R.; Kashyap, A.; Palazzolo, G.; Vallmajo-Martin, Q.; Becher, J.; Möller, S.; Schnabelrauch, M.; Zenobi-Wong, M. Chondrocyte Culture in Three Dimensional Alginate Sulfate Hydrogels Promotes Proliferation While Maintaining Expression of Chondrogenic Markers. Tissue Eng. Part A 2014, 20, 1454–1464. [Google Scholar] [CrossRef] [PubMed]

	



Sinha, S.; Astani, A.; Ghosh, T.; Schnitzler, P.; Ray, B. Polysaccharides from Sargassum Tenerrimum: Structural Features, Chemical Modification and Anti-Viral Activity. Phytochemistry 2010, 71, 235–242. [Google Scholar] [CrossRef]

	



Zeng, Y.; Yang, D.; Qiu, P.; Han, Z.; Zeng, P.; He, Y.; Guo, Z.; Xu, L.; Cui, Y.; Zhou, Z.; et al. Efficacy of Heparinoid PSS in Treating Cardiovascular Diseases and beyond-A Review of 27 Years Clinical Experiences in China. Clin. Appl. Thromb. 2016, 22, 222–229. [Google Scholar] [CrossRef]

	



Coleman, R.J.; Lawrie, G.; Lambert, L.K.; Whittaker, M.; Jack, K.S.; Grndahl, L. Phosphorylation of Alginate: Synthesis, Characterization, and Evaluation of in Vitro Mineralization Capacity. Biomacromolecules 2011, 12, 889–897. [Google Scholar] [CrossRef]

	



Kim, H.S.; Song, M.; Lee, E.J.; Shin, U.S. Injectable Hydrogels Derived from Phosphorylated Alginic Acid Calcium Complexes. Mater. Sci. Eng. C 2015, 51, 139–147. [Google Scholar] [CrossRef]

	



Yueqin, Y.; Caifeng, L.; Zhe, L.; Fengjun, J.; Yi, Z.; Kunshan, Y.; Shaopeng, Y. Preparation and Characterization of Biosurfactant Based on Hydrophobically Modified Alginate. Colloid J. 2014, 76, 622–627. [Google Scholar]

	



Meng, Y.; Zhang, J.; Cao, Q.; Liu, Q.; Yu, Y.; Wu, C. Amphiphilic Alginate as a Drug Release Vehicle for Water-Insoluble Drugs. Colloid J. 2015, 77, 754–760. [Google Scholar] [CrossRef]

	



Wu, J.; Wu, Z.; Zhang, R.; Yuan, S.; Lu, Q.; Yu, Y. Synthesis and Micelle Properties of the Hydrophobic Modified Alginate. Int. J. Polym. Mater. Polym. Biomater. 2017, 66, 742–747. [Google Scholar] [CrossRef]

	



Panão, C.O.; Campos, E.L.S.; Lima, H.H.C.; Rinaldi, A.W.; Lima-Tenório, M.K.; Tenório-Neto, E.T.; Guilherme, M.R.; Asefa, T.; Rubira, A.F. Ultra-Absorbent Hybrid Hydrogel Based on Alginate and SiO2 Microspheres: A High-Water-Content System for Removal of Methylene Blue. J. Mol. Liq. 2019, 276, 204–213. [Google Scholar] [CrossRef]

	



Nuran, I.; Murat, I.; Mustafa, Y. Synthesis and Characterization of Poly(N-Vinyl-2-Pyrrolidone) Grafted Sodium Alginate Hydrogel Beads for the Controlled Release of Indomethacin. J. Appl. Polym. Sci. 2008, 110, 481–493. [Google Scholar]

	



Arpit, S.; Mithilesh, Y.; Kunj, B. Synthesis and Characterization of Alginate-g-Vinyl Sulfonic Acid with a Potassium Peroxydiphosphate/Thiourea System. J. Appl. Polym. Sci. 2010, 118, 3685–3694. [Google Scholar]

	



Gautam, S.; Ram Prakash, S.; Sagar, P. Microwave-Initiated Synthesis of Polyacrylamide Grafted Sodium Alginate: Synthesis and Characterization. J. Appl. Polym. Sci. 2010, 116, 63–71. [Google Scholar]

	



Vitaliy, K.; Ralph, A.W.; Pascale, C.; Michael, F.C.; Ronald, J.N. Polymerization Induced Self-Assembly of Alginate Based Amphiphilic Graft Copolymers Synthesized by Single Electron Transfer Living Radical Polymerization. Biomacromolecules 2015, 16, 2040–2048. [Google Scholar]

	



Kumar, J.N.; Pang, V.Y.T.; Aik, S.X.L. Calcium Triggered Self-Assembly of Alginate-: Graft -POEGMA via RAFT for the Encapsulation of Lipophillic Actives. J. Mater. Chem. B 2017, 5, 8254–8263. [Google Scholar] [CrossRef]

	



Kumar, J.N.; Wu, Y.L.; Loh, X.J.; Ho, N.Y.; Aik, S.X.; Pang, V.Y. The Effective Treatment of Multi-Drug Resistant Tumors with Self-Assembling Alginate Copolymers. Polym. Chem. 2019, 10, 278–286. [Google Scholar] [CrossRef]

	



Daemi, H.; Barikani, M. Molecular Engineering of Manipulated Alginate-Based Polyurethanes. Carbohydr. Polym. 2014, 112, 638–647. [Google Scholar] [CrossRef] [PubMed]

	



Painter, T.; Larsen, B. Formation of Hemiacetals between Neighbouring Hexuronic Acid Residues during the Periodate Oxidation of Alginate. Acta Chem. Scand. 1970, 24, 813–833. [Google Scholar] [CrossRef]

	



Smidsrød, O.; Painter, T. Effect of Periodate Oxidation upon the Stiffness of the Alginate Molecule in Solution. Carbohydr. Res. 1973, 26, 125–132. [Google Scholar] [CrossRef]

	



Scott, J.E.; Tigwell, M.J. Periodate-Induced Viscosity Decreases in Aqueous Solutions of Acetal- and Ether-Linked Polymers. Carbohydr. Res. 1973, 28, 53–59. [Google Scholar] [CrossRef]

	



Scott, J.E.; Tigwell, M.J. On the Mechanism of Scission of Alginate Chains by Periodate. Carbohydr. Res. 1976, 47, 105–117. [Google Scholar] [CrossRef]

	



Andresen, I.L.; Painter, T.; Smidsrød, O. Concerning the Effect of Periodate Oxidation upon the Intrinsic Viscosity of Alginate. Carbohydr. Res. 1977, 59, 563–566. [Google Scholar] [CrossRef]

	



Gomez, C.G.; Rinaudo, M.; Villar, M.A. Oxidation of Sodium Alginate and Characterization of the Oxidized Derivatives. Carbohydr. Polym. 2007, 67, 296–304. [Google Scholar] [CrossRef]

	



Balakrishnan, B.; Lesieur, S.; Labarre, D.; Jayakrishnan, A. Periodate Oxidation of Sodium Alginate in Water and in Ethanol-Water Mixture: A Comparative Study. Carbohydr. Res. 2005, 340, 1425–1429. [Google Scholar] [CrossRef]

	



Mooney, D.J.; Damm, K.L.; Bouhadir, K.H.; Anderson, K.W.; Alsberg, E.; Lee, K.Y. Degradation of Partially Oxidized Alginate and Its Potential Application for Tissue Engineering. Biotechnol. Prog. 2001, 17, 945–950. [Google Scholar]

	



Yang, Z.; Peng, H.; Wang, W.; Liu, T. Study on Partially Oxidized Sodium Alginate with Potassium Permanganate as the Oxidant. J. Appl. Polym. Sci. 2009, 113, 3585–3589. [Google Scholar]

	



Boontheekul, T.; Kong, H.J.; Mooney, D.J. Controlling Alginate Gel Degradation Utilizing Partial Oxidation and Bimodal Molecular Weight Distribution. Biomaterials 2005, 26, 2455–2465. [Google Scholar] [CrossRef]

	



Kong, H.J.; Kaigler, D.; Kim, K.; Mooney, D.J. Controlling Rigidity and Degradation of Alginate Hydrogels via Molecular Weight Distribution. Biomacromolecules 2004, 5, 1720–1727. [Google Scholar] [CrossRef]

	



Carré, M.-C.; Delestre, C.; Hubert, P.; Dellacherie, E. Covalent Coupling of a Short Polyether on Sodium Alginate: Synthesis and Characterization of the Resulting Amphiphilic Derivative. Carbohydr. Polym. 1991, 16, 367–379. [Google Scholar] [CrossRef]

	



Kang, H.A.; Jeon, G.J.; Lee, M.Y.; Yang, J.W. Effectiveness Test of Alginate-Derived Polymeric Surfactants. J. Chem. Technol. Biotechnol. 2002, 77, 205–210. [Google Scholar] [CrossRef]

	



Hyun-Ah, K.; Moon Sik, S.; Ji-Won, Y. Preparation and Characterization of Hydrophobically Modified Alginate. Polym. Bull. 2002, 47, 429–435. [Google Scholar]

	



Laurienzo, P.; Malinconico, M.; Motta, A.; Vicinanza, A. Synthesis and Characterization of a Novel Alginate-Poly(Ethylene Glycol) Graft Copolymer. Carbohydr. Polym. 2005, 62, 274–282. [Google Scholar] [CrossRef]

	



Hauptstein, S.; Dezorzi, S.; Prüfert, F.; Matuszczak, B.; Bernkop-Schnürch, A. Synthesis and in Vitro Characterization of a Novel S-Protected Thiolated Alginate. Carbohydr. Polym. 2015, 124, 1–7. [Google Scholar] [CrossRef]

	



Dalheim, M.; Vanacker, J.; Najmi, M.A.; Aachmann, F.L.; Strand, B.L.; Christensen, B.E. Efficient Functionalization of Alginate Biomaterials. Biomaterials 2016, 80, 146–156. [Google Scholar] [CrossRef] [PubMed]

	



Lueckgen, A.; Garske, D.S.; Ellinghaus, A.; Desai, R.M.; Stafford, A.G.; Mooney, D.J.; Duda, G.N.; Cipitria, A. Hydrolytically-Degradable Click-Crosslinked Alginate Hydrogels. Biomaterials 2018, 181, 189–198. [Google Scholar] [CrossRef] [PubMed]

	



Chang, D.; Lei, J.; Cui, H.; Lu, N.; Sun, Y.; Zhang, X.; Gao, C.; Zheng, H.; Yin, Y. Disulfide Cross-Linked Nanospheres from Sodium Alginate Derivative for Inflammatory Bowel Disease: Preparation, Characterization, and In Vitro Drug Release Behavior. Carbohydr. Polym. 2012, 88, 663–669. [Google Scholar] [CrossRef]

	



Ayub, A.D.; Chiu, H.I.; Mat Yusuf, S.N.A.; Abd Kadir, E.; Ngalim, S.H.; Lim, V. Biocompatible Disulphide Cross-Linked Sodium Alginate Derivative Nanoparticles for Oral Colon-Targeted Drug Delivery. Artif. Cells Nanomed. Biotechnol. 2019, 47, 353–369. [Google Scholar] [CrossRef] [PubMed]

	



Gao, C.; Tang, F.; Gong, G.; Zhang, J.; Hoi, M.P.M.; Lee, S.M.Y.; Wang, R. pH-Responsive Prodrug Nanoparticles Based on a Sodium Alginate Derivative for Selective Co-Release of Doxorubicin and Curcumin into Tumor Cells. Nanoscale 2017, 9, 12533–12542. [Google Scholar] [CrossRef] [PubMed]

	



Córdova, B.M.; Jacinto, C.R.; Alarcón, H.; Mejía, I.M.; López, R.C.; de Oliveira Silva, D.; Cavalheiro, E.; Venâncio, T.; Dávalos, J.Z.; Valderrama, A.C. Chemical Modification of Sodium Alginate with Thiosemicarbazide for the Removal of Pb(II) and Cd(II) from Aqueous Solutions. Int. J. Biol. Macromol. 2018, 120, 2259–2270. [Google Scholar] [CrossRef] [PubMed]

	



Huamani-Palomino, R.G.; Jacinto, C.R.; Alarcón, H.; Mejía, I.M.; López, R.C.; de Oliveira Silva, D.; Cavalheiro, E.T.; Venâncio, T.; Dávalos, J.Z.; Valderrama, A.C. Chemical Modification of Alginate with Cysteine and Its Application for the Removal of Pb(II) from Aqueous Solutions. Int. J. Biol. Macromol. 2019, 129, 1056–1068. [Google Scholar] [CrossRef] [PubMed]

	



Xing, L.; Sun, J.; Tan, H.; Yuan, G.; Li, J.; Jia, Y.; Xiong, D.; Chen, G.; Lai, J.; Ling, Z.; et al. Covalently Polysaccharide-Based Alginate/Chitosan Hydrogel Embedded Alginate Microspheres for BSA Encapsulation and Soft Tissue Engineering. Int. J. Biol. Macromol. 2019, 127, 340–348. [Google Scholar] [CrossRef]

	



Dahlmann, J.; Krause, A.; Möller, L.; Kensah, G.; Möwes, M.; Diekmann, A.; Martin, U.; Kirschning, A.; Gruh, I.; Dräger, G. Fully Defined in Situ Cross-Linkable Alginate and Hyaluronic Acid Hydrogels for Myocardial Tissue Engineering. Biomaterials 2013, 34, 940–951. [Google Scholar] [CrossRef]

	



Oliver, S.; Jofri, A.; Thomas, D.S.; Vittorio, O.; Kavallaris, M.; Boyer, C. Tuneable Catechin Functionalisation of Carbohydrate Polymers. Carbohydr. Polym. 2017, 169, 480–494. [Google Scholar] [CrossRef]

	



Bouhadir, K.H.; Hausman, D.S.; Mooney, D.J. Synthesis of Cross-Linked Poly (Aldehyde Guluronate) Hydrogels (Alginate Oxidised). Polymer 1999, 40, 3575–3584. [Google Scholar] [CrossRef]

	



Lee, K.Y.; Bouhadir, K.H.; Mooney, D.J. Degradation Behavior of Covalently Cross-Linked Poly(Aldehyde Guluronate) Hydrogels. Macromolecules 2000, 33, 97–101. [Google Scholar] [CrossRef]

	



Jaipan, P.; Nguyen, A.; Narayan, R.J. Gelatin-Based Hydrogels for Biomedical Applications. MRS Commun. 2017, 7, 416–426. [Google Scholar] [CrossRef]

	



Sarker, B.; Papageorgiou, D.G.; Silva, R.; Zehnder, T.; Gul-E-Noor, F.; Bertmer, M.; Kaschta, J.; Chrissafis, K.; Detsch, R.; Boccaccini, A.R. Fabrication of Alginate-Gelatin Crosslinked Hydrogel Microcapsules and Evaluation of the Microstructure and Physico-Chemical Properties. J. Mater. Chem. B 2014, 2, 1470–1482. [Google Scholar] [CrossRef]

	



Balakrishnan, B.; Jayakrishnan, A. Self-Cross-Linking Biopolymers as Injectable In Situ Forming Biodegradable Scaffolds. Biomaterials 2005, 26, 3941–3951. [Google Scholar] [CrossRef]

	



Vilgis, T.A.; Wilder, J. Polyelectrolyte Networks: Elasticity, Swelling, and the Violation of the Flory-Rehner Hypothesis. Comput. Theor. Polym. Sci. 1998, 8, 61–73. [Google Scholar] [CrossRef]

	



Xia, Z.; Patchan, M.; Maranchi, J.; Elisseeff, J.; Trexler, M. Determination of Crosslinking Density of Hydrogels Prepared from Microcrystalline Cellulose. J. Appl. Polym. Sci. 2013, 127, 4537–4541. [Google Scholar] [CrossRef]

	



Sarker, B.; Singh, R.; Silva, R.; Roether, J.A.; Kaschta, J.; Detsch, R.; Schubert, D.W.; Cicha, I.; Boccaccini, A.R. Evaluation of Fibroblasts Adhesion and Proliferation on Alginate-Gelatin Crosslinked Hydrogel. PLoS ONE 2014, 9, e107952. [Google Scholar] [CrossRef] [PubMed]

	



Grigore, A.; Sarker, B.; Fabry, B.; Boccaccini, A.R.; Detsch, R. Behavior of Encapsulated MG-63 Cells in RGD and Gelatine-Modified Alginate Hydrogels. Tissue Eng. Part A 2014, 20, 2140–2150. [Google Scholar] [CrossRef] [PubMed]

	



Sarker, B.; Rompf, J.; Silva, R.; Lang, N.; Detsch, R.; Kaschta, J.; Fabry, B.; Boccaccini, A.R. Alginate-Based Hydrogels with Improved Adhesive Properties for Cell Encapsulation. Int. J. Biol. Macromol. 2015, 78, 72–78. [Google Scholar] [CrossRef]

	



Zehnder, T.; Sarker, B.; Boccaccini, A.R.; Detsch, R. Evaluation of an Alginate-Gelatine Crosslinked Hydrogel for Bioplotting. Biofabrication 2015, 7, 025001. [Google Scholar] [CrossRef]

	



Ivanovska, J.; Lennert, P.; Hartmann, A.; Schneider-Stock, R.; Zehnder, T.; Sarker, B.; Boccaccini, A.R.; Detsch, R. Biofabrication of 3D Alginate-Based Hydrogel for Cancer Research: Comparison of Cell Spreading, Viability, and Adhesion Characteristics of Colorectal HCT116 Tumor Cells. Tissue Eng. Part C Methods 2016, 22, 708–715. [Google Scholar] [CrossRef]

	



Sarker, B.; Zehnder, T.; Rath, S.N.; Horch, R.E.; Kneser, U.; Detsch, R.; Boccaccini, A.R. Alginate-Gelatin Hydrogel: A Favorable Matrix for Growth and Osteogenic Differentiation of Adipose-Derived Stem Cells in 3D. ACS Biomater. Sci. Eng. 2017, 3, 1730–1737. [Google Scholar] [CrossRef]

	



Hafeez, S.; Ooi, H.; Morgan, F.; Mota, C.; Dettin, M.; van Blitterswijk, C.; Moroni, L.; Baker, M. Viscoelastic Oxidized Alginates with Reversible Imine Type Crosslinks: Self-Healing, Injectable, and Bioprintable Hydrogels. Gels 2018, 4, 85. [Google Scholar] [CrossRef] [PubMed]

	



Chan, A.W.; Whitney, R.A.; Neufeld, R.J. Kinetic Controlled Synthesis of PH-Responsive Network Alginate. Biomacromolecules 2008, 9, 2536–2545. [Google Scholar] [CrossRef] [PubMed]

	



Chan, A.W.; Whitney, R.A.; Neufeld, R.J. Semisynthesis of a Controlled Stimuli-Responsive Alginate Hydrogel. Biomacromolecules 2009, 10, 609–616. [Google Scholar] [CrossRef] [PubMed]

	



Pluemsab, W.; Sakairi, N.; Furuike, T. Synthesis and Inclusion Property of α-Cyclodextrin-Linked Alginate. Polymer (Guildf) 2005, 46, 9778–9783. [Google Scholar] [CrossRef]

	



Pluemsab, W.; Fukazawa, Y.; Furuike, T.; Nodasaka, Y.; Sakairi, N. Cyclodextrin-Linked Alginate Beads as Supporting Materials for Sphingomonas Cloacae, a Nonylphenol Degrading Bacteria. Bioresour. Technol. 2007, 98, 2076–2081. [Google Scholar] [CrossRef] [PubMed]

	



Benettayeb, A.; Guibal, E.; Morsli, A.; Kessas, R. Chemical Modification of Alginate for Enhanced Sorption of Cd(II), Cu(II) and Pb(II). Chem. Eng. J. 2017, 316, 704–714. [Google Scholar] [CrossRef]

	



Omer, A.M.; Khalifa, R.E.; Hu, Z.; Zhang, H.; Liu, C.; Ouyang, X.K. Fabrication of Tetraethylenepentamine Functionalized Alginate Beads for Adsorptive Removal of Cr (VI) from Aqueous Solutions. Int. J. Biol. Macromol. 2019, 125, 1221–1231. [Google Scholar] [CrossRef]

	



Passemard, S.; Szabó, L.; Noverraz, F.; Montanari, E.; Gonelle-Gispert, C.; Bühler, L.H.; Wandrey, C.; Gerber-Lemaire, S. Synthesis Strategies to Extend the Variety of Alginate-Based Hybrid Hydrogels for Cell Microencapsulation. Biomacromolecules 2017, 18, 2747–2755. [Google Scholar] [CrossRef]

	



Szabó, L.; Gonelle-Gispert, C.; Montanari, E.; Noverraz, F.; Bornet, A.; Bühler, L.H.; Gerber-Lemaire, S. Cross-Reactive Alginate Derivatives for the Production of Dual Ionic–Covalent Hydrogel Microspheres Presenting Tunable Properties for Cell Microencapsulation. ACS Appl. Polym. Mater. 2019, 1, 1326–1333. [Google Scholar] [CrossRef]

	



Noverraz, F.; Montanari, E.; Pimenta, J.; Szabó, L.; Ortiz, D.; Gonelle-Gispert, C.; Bühler, L.H.; Gerber-Lemaire, S. Antifibrotic Effect of Ketoprofen-Grafted Alginate Microcapsules in the Transplantation of Insulin Producing Cells. Bioconjug. Chem. 2018, 29, 1932–1941. [Google Scholar] [CrossRef]

	



Levato, R.; Jungst, T.; Scheuring, R.G.; Blunk, T.; Groll, J.; Malda, J. From Shape to Function: The Next Step in Bioprinting. Adv. Mater. 2020, 32, 1906423. [Google Scholar] [CrossRef]

	



Morgan, F.L.C.; Moroni, L.; Baker, M.B. Dynamic Bioinks to Advance Bioprinting. Adv. Healthc. Mater. 2020, 1901798. [Google Scholar] [CrossRef] [PubMed]

	



Wan, Z.; Zhang, P.; Liu, Y.; Lv, L.; Zhou, Y. Four-dimensional bioprinting: Current developments and applications in bone tissue engineering. Acta Biomater. 2020, 101, 26–42. [Google Scholar] [CrossRef] [PubMed]

	



Matai, I.; Kaur, G.; Seyedsalehi, A.; McClinton, A.; Laurencin, C.T. Progress in 3D bioprinting technology for tissue/organ regenerative engineering. Biomaterials 2020, 226, 119536. [Google Scholar] [CrossRef]

	



Vidal, L.; Kampleitner, C.; Brennan, M.Á.; Hoornaert, A.; Layrolle, P. Reconstruction of Large Skeletal Defects: Current Clinical Therapeutic Strategies and Future Directions Using 3D Printing. Front. Bioeng. Biotechnol. 2020, 8, 61. [Google Scholar] [CrossRef] [PubMed]

	



Nie, J.; Gao, Q.; Fu, J.; He, Y. Grafting of 3D Bioprinting to In Vitro Drug Screeing: A Review. Adv. Healthc. Mater. 2020, 1901773. [Google Scholar] [CrossRef]








[image: Polymers 12 00919 g001 550] 





Figure 1. Chemical structure of alginate. C2 and C3 hydroxyl groups, which are amenable to chemical functionalization, are highlighted. 
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Figure 2. Chemical transformations for the functionalization of alginates. 
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Figure 3. (a) Early hypothetical coordination model for Ca2+ alginate gels. (b) Egg-box model for the interaction of alginate with divalent cations. 
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Figure 4. Alginate ester derivatives and their applications. 
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Figure 5. Structural similarities between heparin and sulfated alginate derivatives. 
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Figure 6. Epoxide ring-opening reactions of sodium alginate with glycidyl-methacrylate (GMA). Adapted from [59]. 
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Figure 7. Examples of alginate graft copolymers and their applications. 
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Figure 8. Oxidation of alginate and further transformation. 
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Figure 9. General procedure for reductive amination on oxidized alginates. 
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Figure 10. Conjugation of catechin to oxidized alginates. 
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Figure 11. Cross-linked hydrogels from unmodified and oxidized alginates. 
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Figure 12. Modification of calcium alginate microspheres by activation of surface hydroxyl groups. Adapted from [112]. 
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Figure 13. Dual ionic-covalent alginate–poly(ethylene glycol) (PEG) spherical hydrogels. 






Figure 13. Dual ionic-covalent alginate–poly(ethylene glycol) (PEG) spherical hydrogels.



[image: Polymers 12 00919 g013]







[image: Polymers 12 00919 g014 550] 





Figure 14. Functionalization of sodium alginate by reactions on the hydroxyl groups: an overview. 
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Table 1. Sulfation methods for alg hydroxyl groups derivatization. TBA: tetrabutylammonium.
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	Starting Polymer
	Sulfation Agent
	Application
	Ref.





	Na-alg
	ClSO3H/formamide
	Anticoagulant heparin analogue
	[43]



	Poly-G-alg
	ClSO3H/formamide
	Anticoagulant heparin analogue and anti-inflammatory compound
	[44]



	TBA-alg
	DCC, H2SO4/DMF
	Heparin-binding proteins release
	[50]



	Na-alg
	N(SO3Na)3/H2O
	Anticoagulant heparin analogue
	[49]



	Na-alg, various G:M ratios
	ClSO3H/formamide
	Evaluation of heparin-like properties of sulfated-alg
	[45]



	TBA-alg
	SO3/pyridine
	Chondrocyte encapsulation
	[51]



	Na-alg
	ClSO3H/formamide
	Chondrocyte encapsulation
	[46]



	Na-alg
	ClSO3H/formamide
	Nanofiber electrospinning
	[47]



	Alginic acid, Poly-M-alg and Poly-G-alg
	ClSO3H/formamide
	Structure-activity relationship of propylene glycol alginate sodium sulfate (PSS) derivatives
	[48]
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Table 2. Functionalization of oxidized alginates by reductive amination.
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	[Ox] Degree
	R-NH2
	Reducing Agent
	Application
	Ref.





	20%
	 [image: Polymers 12 00919 i001]
	NaBH3CN
	Amphiphilic alginate
	[78]



	40%
	 [image: Polymers 12 00919 i002]
	NaBH3CN
	Hydrophobically modified alginate, surfactant, removal of heavy metals
	[79]



	30%
	 [image: Polymers 12 00919 i003]
	NaBH3CN
	Hydrophobically modified alginate, polymeric surfactant
	[80]



	20%
	 [image: Polymers 12 00919 i004]

(Further modified with PEG)
	NaBH3CN
	High biocompatibility material
	[81]



	44%
	 [image: Polymers 12 00919 i005]
	NaBH4
	Drug delivery
	[85]



	n.d.
	 [image: Polymers 12 00919 i006]
	NaBH3CN
	Drug delivery
	[82]



	8%
	 [image: Polymers 12 00919 i007]

Peptide sequences: GRGDYP, GRGDSP, KHIFSDDSSE
	pic-BH3
	Material with cell attachment sites, induction of cell interaction
	[83]



	48%
	Doxorubicin
	-
	Self-assembly pH sensitive nanoparticle for drug delivery
	[87]



	n.d.
	 [image: Polymers 12 00919 i008]
	NaBH4
	Heavy metal removal from water
	[88]



	30%
	 [image: Polymers 12 00919 i009]
	NaBH4
	Heavy metal removal from water
	[89]



	3–11%
	 [image: Polymers 12 00919 i010]
	NaBH4
	Drug delivery
	[86]
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