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Abstract

:

Alginates are naturally occurring polysaccharides extracted from brown marine algae and bacteria. Being biocompatible, biodegradable, non-toxic and easy to gel, alginates can be processed into various forms, such as hydrogels, microspheres, fibers and sponges, and have been widely applied in biomedical field. The present review provides an overview of the properties and processing methods of alginates, as well as their applications in wound healing, tissue repair and drug delivery in recent years.
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1. Introduction


Alginates are groups of linear anionic polysaccharides derived from kelp or Sargassum algae of brown algae and several bacterial strains [1]. Since its discovery in the late nineteenth century, alginates have been researched extensively on their physical and chemical properties [2,3,4]. Alginates are non-toxic, rich in source and easy to obtain. It has been proved to be biocompatible and biodegradable in human body [5,6,7]. Based on these favorable properties, alginates have been widely used in the food industry, and have become very important biomaterials for phamaceutical and biomedical purpose.



This review covers the recent advances on the characterizations and productions of alginates, and presents several important fabrications of alginate biomaterials, including hydrogels, microspheres, and composite porous scaffolds. Besides, the review describes the versatile applications of the alginate-based materials in protein and small molecule drug delivery, wound dressing, skin, cartilage, bone tissue repair and regeneration, and 3D bioprinting as well.




2. Compositions, Structures and Properties


Chemically, alginates are copolymers mainly composed of β-d-mannuronic acid (M) and its C5 epimer α-l-guluronic acid (G) residues linked via 1,4-glycosidic bond in an irregular block-wise manner. The M and G residues are organized in homopolymeric blocks of G units (GG blocks) or M units (MM blocks) and heteropolymeric sequences of randomly coupled G and M units (GM or MG blocks). Their occurrence, proportions and distributions may differ significantly depending on their natural sources [2,3,4].



Due to the steric hindrance around the carboxyl groups in the ring structure of the residues, M units adopt a stable 4C1 chair conformation, while 1C4 chair conformation is preferred for G units, so that the spatial interference of the groups present in the ring structure could be reduced [8]. The tacticity of chemical groups around M and G units results in the formation of different molecular conformations. The linkages in diequatorial position of the MM blocks, in diaxial position of the GG blocks, and in equatorial/axial or axial/equatorial position of the MG or GM blocks in the copolymer (Figure 1), give rise to a flat ribbonlike structure for the MM blocks, a rigid folded structure for the GG blocks and a helix-like structure for the MG or GM blocks, respectively [9,10].



The compositions and conformation structures of the blocks as well as their arrangement patterns determine the physicochemical properties of the alginates, which in turn have both biological and industrial significance.



2.1. Molecule Rigidity/Flexibility, Solubility and Viscosity


The linkage in the block structure results in varying degrees of stiffness or flexibility in alginates, due to the greater or lesser hindrance of the rigid six-membered sugar rings and restricted rotation around the glycosidic bonds, as well as the electrostatic repulsion between the charged groups on the polymer chain [9,10]. As the relative flexibility increases in the order GG block < MM block < MG or GM block, the polymer chains of alginates containing predominantly GG blocks are stiffer and possess a more extended chain conformation than those containing MM blocks, which in turn are stiffer than MG or GM blocks, and the rigidity increases in the order MG < MM < GG [11].



Alginic acid is insoluble in water and organic solvents, whereas its monovalent salts and esters are water-soluble and form a stable, viscous solution [12]. The intrinsic viscosity of alginates is determined by molecular weight, rigidity, extension of the chain of the polymer and ionic strength of the solution. The increase in molecular weight, alginate concentration, or the stiffness of the constituent chain blocks leads to the increase in the viscosity. Besides, with the extension of polymer chain, the electrostatic repulsion between the charged groups on the chain increases and the intrinsic viscosity follows with an increase [11].




2.2. Gelation Properties


The most important property of alginates is their ability to form ionic gel in the presence of polyvalent cations. The gelling is the result of ion-exchange between monovalent ion of alginate solution (most often, sodium ion, Na+) and polyvalent cations followed by the subsequent coordination of polyvalent metal ions with alginate macromolecule. Calcium is the most common cation applied to form ionic alginate gels.



The typical gelation mechanism involves the coordination and chelating structures in the model of egg-box during the process of binding of alginates to polyvalent metal ions, G-units selectively form higher-order junction zones, which is composed of two or more chains, together with the hydrogen-bonding interaction of these cross-linking agents with oxygen atoms in the G blocks of two adjacent polymer chains (Figure 2) [13,14]. In the 3-D network of the egg box, each cation is bound with four G residues, thus there should be eight to 20 adjacent G residues in order to form a stable junction for Ca alginate gels [13].



Continuous revision and improvement on the gelling mechanism has been carried out based on new experimental evidence. Further work has suggested that the egg box model is not the only possible structure for the junction zones, a 3/1 helical conformation of G blocks is more proper for Ca alginate gels formed slowly, while the 2/1 helical conformation is still possible in fast gelatinized Ca-alginate in which the 2/1 helix is a metastable form [15]. It has been accepted that Ca-alginate gelation undergoes three distinct and successive steps, which starts with the interaction of Ca2+ with a single G unit to form monocomplexes in a tilted egg-box structure, followed by the pairing of the monocomplexes to form egg-box dimers, and then lateral association of the egg-box dimers to generate multicomplexes, which is mediated by Ca2+ concentrations, disordered Na+, water molecules and hydrogen bonding between the hydroxyl and carboxyl groups of paired G residues [13,16,17,18]. The alginate chains are auto cooperatively zipped by inter-cluster separation and simultaneously intra-cluster association of egg-box dimers, which is potentially attributed to the excessive Ca2+ neutralizing the free negative carboxyl groups in alginate molecules which disrupts the association between egg-box dimers [19].



The alginate gel formation is determined by the type and concentration of cross- linking agents/cations, as well as the molecular weight, composition, degree of polymerization and polymer chain length of the alginates. The strength and viscosity of the formed gels are the two most important physical properties that denote the gelling capability of alginates.



Previous studies have shown that several divalent cations can bind to alginates, but with different affinity, which is in the order of Mg2+ < Mn2+ < Zn2+, Ni2+, Co2+ < Fe2+ < Ca2+ < Sr2+ < Ba2+ < Cd2+ < Cu2+ < Pb2+ [15,20]. Harper et al. explored the effect of the gelling cations on the properties of the resulting alginate gels on the basis of ionic radii. With the addition of Ba2+, Sr2+, Ca2+, Zn2+, and Mg2+ respectively in the sodium alginate solution, the corresponding gel strength expressed in the Young’s modulus showed that Ba2+ formed the strongest gels followed by Sr2+, Ca2+, Zn2+, and Mg2+, which partly supported the presumption that cation size may influence the strength of gels in that larger cation might provide stronger binding forces at junction zones thereby creating stronger gels [21]. Similar conclusion can also be drawn from another research on the coordination model of Ca and Sr with alginates. Zhang et al. prepared Ca and Sr-alginate fibers with microfluidic spinning technology, and verified that the chelation type of Sr2+ with alginate being similar to that of Ca2+, i.e., core-shell of the analogous egg-box structure. Compared to Ca-alginate counterpart, there were more crosslinking sites of Sr2+ with alginate molecule, which resulted in higher crosslinking degree and stronger binding of Sr2+ with alginate molecular chain, hence more robust mechanical performance of Sr-alginate fibers [22]. Cation charges may also affect the gel properties. Trivalent cations such as Al3+ and Fe3+ can also be used to gel alginates. Due to their ability to bind with three carboxyl groups from different alginate polymer chains at the same time, they generally have an increased affinity of binding with alginates and form a more compact gel network by binding in a 3-D structure [20]. Generally speaking, many other factors influence the affinity of a certain metal cation with a polymer network besides its interaction with one functional group, including ionization potential, ionic charge, mass and radius of the metal ion, participation of inner orbitals in metal-ligand binding, interaction with adjacent hydroxyl groups/coordination number, and covalent bonding [23].



As to the important role the alginate polymer plays in the gelling, the M/G ratio, block-structure and degree of polymerization of the alginate backbone profoundly impact the gelling behavior of alginates [11]. Increasing the content of G residues in the chains, and especially, increase the length of homoguluronic block structures (i.e., FGG and FGGG) with the average G-block length larger than one (NG > 1), have been considered to correlate positively to gelling properties of alginate [13]. As MM blocks and alternating MG blocks have lower affinity toward the cation, M-rich samples often produce more soft and elastic gels. Raising the G block content or molecular weight of alginates both contribute to achieve more strong and brittle gels [12]. Especially, it is important to note that G blocks in fact are not the only sequences involved in junction formation, but that long alternating sequences also play an important part in the alginate gel network by forming MG-MG and mixed MG-GG junctions [20].



Several studies have reported poor gelling properties of the Sargassum alginates which have M/G ratios around or below one, along with high contents of GG-blocks [11]. Rhein-Knudsen et al. proposed an explanation to the discrepancy. Due to the partial hydrolysis in the experiment, the Sargassum spp. samples may have shorter guluronic acid rich alginate chains that are more prone to de-polymerization than the other samples, and Sargassum spp. alginate chains are probably not long enough to achieve high gel strengths. Thus, it is no strange that the relationship between the degree of polymerization of the acid tolerant moieties in the alginates (DPn) and the gel strengths showed a positive linear correlation. Low DP alginate from Sargassum spp. demonstrated low gelling strength. Thus, the degree of polymerization of the acid tolerant alginate backbone fragments, but not M/G ratio or homoguluronate dimer and trimer element contents, appeared to correlate to the alginate gel strength [11].




2.3. Immune Response


The immune response of alginates has always been of huge concern, though there is still an ongoing debate on their biological reactions in vivo. M-blocks has once been identified as the major initiator of the foreign body reaction, it has also been reported that macrophages and neutrophils infiltrated around the alginate capsules within two weeks after implantation, and collagen formed around the capsules with higher densities adjacent to the alginate-body interface [24]. Whereas little or no immune response to other alginate implants were found, especially the alginates of high purity caused no obvious foreign body reaction in vivo [25]. The immunogenic response at the injection or implantation sites might be attributed to impurities remaining in the alginate, such as heavy metals, proteins, endotoxins, polyphenolic compounds, etc. [26]. Achieving a suitable level of biocompatibility requires highly purified alginate.



Several factors are likely to affect the in vivo biological behavior of the alginates, including physicochemical properties, chemical compositions of alginates, the administration method, etc. [27]. F Ge et al. examined three types of alginate materials, respectively, with low viscosity, high viscosity and in particulate, by both in vivo and in vitro analyses. Administration of alginates by intra lymph node injection (I.L.N.) yielded more potent cytokine productions than other injection routes. Alginate materials, especially in particulate form, have the potential to be applied in inflammation related diseases [27]. M Bochenek et al. tested, in non-human primate (NHP) models, seven alginate formulations that were efficacious in rodents, including three that led to transient islet graft function in clinical trials. All formulations elicited significant foreign-body response (FBR) and pericapsular fibrotic overgrowth (PFO) one month post implantation; however, three chemically modified, immune-modulating alginate formulations elicited a reduced FBR. In conjunction with a minimally invasive transplantation technique into the bursa omentalis of NHPs, the most promising chemically modified alginate derivative (Z1-Y15) protected viable and glucose-responsive allogeneic islets for 4 months without the need for immunosuppression. Chemically modified alginate formulations may enable the long-term transplantation of islets for the correction of insulin deficiency [28].





3. Preparation and Processing Technology of Alginates


3.1. Preparation


Commercially available alginates are currently extracted from raw algae. Generally, the production consists of several steps, through which the water-insoluble mixed salts of alginic acid present in the brown seaweed cell walls are extracted and converted to soluble sodium alginates, eventually obtained as purified alginic acid or salts. The first step is usually the pretreatment with 0.1% formaldehyde to avoid pigments in alginates, and then dissolve with dilute acid, usually hydrochloric acid (HCl), to remove the counter ions of alginates, get rid of acid-soluble impurities and increase the yield of alginate as well [29]. In the second step, alkaline solution is added to the harvested insoluble alginic acid, thereby obtaining sodium alginate in aqueous solution. Sodium carbonate (Na2CO3) treatment is normally adopted in view of the potential harm the sodium hydroxide (NaOH) could have to the environment [26,30]. In the third step, after filtration, the sodium alginate solution can be precipitated into sodium alginate, calcium alginate or alginic acid directly by respectively adding in ethanol, calcium chloride or dilute hydrochloric acid (HCl) [30]. The precipitates will go through further purification and conversion as needed and then be separated, dried and milled [31]. In industry, however, an alternative extraction process for sodium alginate is often adopted using calcium chloride to precipitate first due to the higher binding affinity of calcium ions, and then Ca2+ from the alginate is exchanged for sodium ion to form sodium alginate (Figure 3).



The consecutive addition of the chemicals during the extraction process can affect the conversion and influence the yield and physicochemical properties of the isolated alginates. There exists a need for milder and more efficient extraction processing. Enzymatic extraction techniques of algal alginates have been studied, but not standardized to routine extractions. Enzymes such as alginate lyase, laminarinase, are used to degrade the seaweed cell wall, thus free alginate can be released. An example of optimized extraction processes of alginates from laminaria by hydrolysis of cellulase, pectinase and protease is as follows [32]: the first, hydrolyze the alginate samples with 2% cellulase at 55 °C and pH 4.5 for 20 min, 1% pectinase at 60 °C and pH 4.5 for 1.5 h and 1% protease at 80 °C and pH 8.0 for 3 h. And then inactivate all the enzymes by boiling solution for 10 min. Finally, add 1 mol/L CaCl2 solution to the hydrolysis solution with the volume ratio of 1:4 (the hydrolysis solution: CaCl2 solution). In the end, harvest the alginates after bleaching, acidification, drying and alkalization.



The effect of different extraction methods on the molecular structure and the bioactivity of the obtained alginates has been evaluated. NJ Borazjani et al. compared the alginates from Sargassum angustifolium treated by water, acid, alcalase and cellulase. The results showed that the use of enzymes considerably reduced protein (from 14.58% to <0.4%) and polyphenol (from 16.0% to <1.7 mg GA/g sample) contaminations of alginates compared to those of water and acid, and the FT-IR spectrum revealed that the extraction method did not affect the structure of the recovered alginates. The highest molecular weight (Mw) (557.1 × 103 g/mol) was found in acid treated alginate while the Mw of cellulase assistant alginate (356.2 × 103 g/mol) was the minimum. The SVg values varied from 2.79–5.17 cm3/g revealing the loosed conformational structures of alcalase and cellulase assistant alginates. Alcalase assistant alginate stimulated RAW264.7 cells to release nitric oxide and inflammatory cytokines TNF-α, IL-1, IL-6, IL-10 and IL-12, while enzyme-treated alginates showed maximum DPPH radical scavenging activity and reducing power. Hence, the study revealed the determinant effect of pretreatment during the extraction process of alginate and the beneficial influence of enzymatic process when biological functions of alginates are of high interest in the industry [33].



Alginates can also be synthesized by bacteria, and mainly from two strains, i.e., Pseudomonas aeruginosa, the pathogenic bacteria, and Azotobacter vinelandii, a nitrogen fixing soil-dwelling bacteria. Briefly, the biosynthesis process undergoes four stages: (1) precursor synthesis, (2) polymerization and cytoplasmic membrane transfer, (3) periplasmic transfer and modification, and (4) export through the outer membrane [34]. Although the two bacteria share a similar biosynthesis gene cluster, they differ in regard to epimerization as well as regulatory mechanisms, and produce alginates with different material properties. Azotobacter alginates contain all types of block structures, while Pseudomonas alginates only possess M and MG blocks, no G blocks, indicating their different biological role for different species [34]. Both bacterial alginates are characterized by acetylation of M-residues to a variable extent at positions O-2 and/or O-3. The degree of acetylation is also found to affect the material properties of the alginate. The presence of O-acetyl groups in bacterial alginates increases the interaction of chains with water molecules, leads to increasing water capacity and chain expansion and hence better solubility, notably changes the properties of the produced alginates in polymer conformation, viscoelasticity, and molecular mass [35].



Algal and bacteria alginates differ substantially from each other with respect to their composition, modification, molecular mass, viscoelastic properties, and polydispersity. Algal alginates are not naturally acetylated, usually contain all types of blocks including G blocks. The in vitro chemical modifications and treatments are normally required for alga alginates to obtain desired derivatives, which, however, are often less controllable and sometimes impossible, may result in undesired changes, such as degradation of polymer chain. Whereas the production by bacterial fermentation can be controlled and optimized on a large scale without geographical restriction and climatic influence. In addition, by adjusting the fermentation conditions such as temperature, pH and concentration of culture solution, it is possible to rationally design the synthesis for tailor-made alginates [36].




3.2. Hydrogels


Hydrogels are three-dimensional cross-linked networks of hydrophilic polymers [37,38,39], and many biomedical applications of alginates are in the form of hydrogels, including wound healing, drug delivery and tissue engineering [5,14,40,41]. Since the first report of its utility in insulin microencapsulation in 1980, alginate hydrogel has become the most widely used functional material for cell encapsulation and drug carrier [42]. As the ratio of M/G of the alginates from different sources varies, the G unit in alginate can provide rigidity to the polymer structure [43], and the pore size distribution of alginate hydrogel ranges widely, alginate hydrogels with different structures and functional characteristics can be prepared. For example, macroporous structure helps cells to effectively obtain nutrients, transmit metabolic waste and active substances, such as insulin and various growth factors. By choosing alginates with higher G unit content, the wider internal pore area of the alginate gel can be achieved.



Alginate hydrogels can be prepared through a number of methods, including ion interaction, covalent crosslinking, thermal gelation, and cell crosslinking [2,3]. By altering the type and density of crosslinking, the physical and chemical properties of the alginate hydrogels can be tailored for various biomedical applications [44]. Table 1 lists some of the typical alginate-based hydrogel matreials.



The most common method of alginate gel formation is ionic crosslinking with multivalent cations, which can be carried out under mild conditions [3]. Numerous researches have reported using Ca2+ as the ionic agent to prepare the alginate based hydrogel [45], with the major limitation that the formed gel will disintegrate in physiological environment. Strontium (Sr) is structurally, physically and chemically similar to calcium. It has been proved to have treatment effect on osteoporosis, thus become another commonly selected ion for alginate hydrogel [22]. As long as Sr only has stable isotopes (naturally occurring), the health risk is minimal.



Covalent crosslinking of alginate hydrogels forms the network through copolymerization or polycondensation reaction initiated by the crosslinking agent, which can improve the physical properties of hydrogels. The mechanical properties of the gels are mainly controlled by the cross-linking density and the agent type [46]. While the agent may be toxic to the cells or tissues in vivo, it needs to be removed completely after the hydrogel is formed. Composite hydrogels with both ionic and covalent cross-linking networks can also be made, and their mechanical properties can be improved through the synergistic effect of the two cross-linking mechanisms, which expands their applications [47].



The strategy of cell cross-linking alginate hydrogels is to form the network using specific receptor-ligand interactions. Alginate is composed of inert monomers and lacks the bioactive ligand required for cell anchoring and adhesion. The ligand (Arg-Gly-Asp, RGD) sequence is then introduced into alginate by chemical coupling via water-soluble carbon diamine chemical method [48,49]. When cells are dispersed in the RGD-modified alginate solution homogeneously, the receptors on the cell surface can be combined with the ligand in the modified alginate and thus form a cross-linked network [50]. Such cell-crosslinking hydrogels exhibit excellent bioactivity, and may be an ideal choice for cell delivery in tissue engineering, but currently the studies in this area are quite few.



In addition, thermal response phase transition has also been widely used in the alginate hydrogels preparation. Thermo-sensitive hydrogels used in drug delivery can adjust their swelling properties in response to temperature changes, thereby controlling the release of drugs from the gel as on demand. Poly(N-isopropylacrylamide) (PNIPAAm) hydrogels are the most extensively exploited thermo-sensitive gels, by incorporating it into the alginate hydrogel framework, the alginate hydrogel exhibits temperature-dependent behavior [51,52,53]. Spontaneous self-assembled physical interactions are also widely used in the formation of physical networks. Zhao et al. used the in-situ multilayer self-assembly technology to combine alginate with highly hydroxyl grouped polyacrylamide, and constructed a highly self-healing hydrogel with ordered semi-interpenetrating polymer network (semi-IPN) [54]. The hydrogel possesses a self-healing ability of 99% with being sprayed by only a small amount of water. Moreover, the layered semi-IPN structure leads to the tensile strength of PAMSA hydrogel up to 266 kPa.



Alginate hydrogel can be prepared by enzymatic cross-linking [55]. Enzymes are highly efficient and specific, can catalyze one or a type of chemical reaction in a short time and reduce the generation of by-products. Horseradish peroxidase (HRP) is a member of the large class of peroxidases. Due to its commercial availability in high purity, HRP has long been used as a novel route for enzymatic hydrogel preparation, in which, assisted by the enzyme and H2O2, the phenolic hydroxyl (Ph) groups is oxidized into polyphenols linked at the aromatic ring by C–C and C–O coupling between the Ph groups [53]. Sakai et al. coupled alginate with tyramine hydrochloride first, and then prepared alginate-Ph hydrogel with horseradish peroxidase (HRP) as catalyst [56]. The results showed that the crosslinking of Ph groups enhanced the hydrophobicity of alginate, resulted in greater adsorption of cell-adhesive protein, thus acquired cellular adhesiveness in alginate. Incorporating Ph groups into polymers for HRP-catalyzed gelation has also been proved effective in other biocompatible materials (e.g., dextran, carboxymethylcellulose, chitosan and gelatin) [57,58,59].




3.3. Microspheres


Gel microsphere and solid microsphere made of alginate can be obtained readily, serving as a delivery system for drugs, growth factors, cells, etc. [60,61,62,63]. Generally, alginate gel-microspheres are prepared by ionic crosslinking under aqueous conditions, which are suitable for the encapsulation of cells, growth factors and biologically active proteins [64,65,66]. Compared with gel-microspheres, alginate solid-microspheres can be prepared by emulsion-solvent evaporation technology and are mainly used to load drugs. According to the direction of reaction between divalent cation and alginate, it can be further divided into external emulsification method [67,68,69] and internal emulsification method [70,71]. In the external emulsification method, the aqueous solution of alginate and the oil phase form a water-in-oil(W/O) emulsion first, and then add the aqueous solution containing Ca2+ into the emulsion. Subsequently, Ca2+ gradually diffuses from the outside of the sodium alginate droplet into the inside, while the solidification occurs from the surface to the inside. For the internal emulsification method, CaCO3 powder is dispersed in the aqueous solution of sodium alginate first, and then emulsification is applied to form sodium alginate droplets containing CaCO3 powder. When the acidic aqueous solution is dropped into the oil phase, hydrogen ions gradually diffuse into the inside of the droplet and react with CaCO3 to produce Ca2+, and followed with Ca2+ gradually diffusing outwards to solidify the sodium alginate droplet from the inside to the surface.
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Table 1. Alginate-based hydrogel materials.
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	Materials
	Cross-Linking
	Methods Used
	Active Ingredient
	Properties
	Ref





	Alginate + polyacrylamide (PAAM)
	Ionic and covalent cross-linking
	Combining weak and strong crosslinks
	/
	High breaking strength

(fracture energies of 9000 Jm−2)

Expand the scope of hydrogel application
	[47]



	Alginate + RGD-peptide
	Ionic cross-linking
	The gel/sol transition of calcium alginate
	RGD-peptide
	Enhance cell attachment
	[50]



	Alginate + PNIPAm
	
	Graft modification
	/
	Fast response to changes in pH and temperature
	[51]



	Alginate + PAM
	Self-assemble
	Hydrogen bonds promoted self- assembly of SA in PAM matrix
	/
	High mechanical strength

(the tensile strength reaches 266 kPa)

Self-healing property
	[54]



	Alginate
	Enzymatically cross-linking
	Horseradish peroxidase (HRP)-catalyzed oxidative crosslinking reaction
	/
	Controlled adhesion and proliferation of cells
	[56]



	Alginate + ZnO
	Ionic cross-linking
	By a strategy combining casting and solvent evaporation processes
	/
	High transparency

adequate mechanical strength

(Young’s modulus: From 4.14 to 4.52 MPa)

Enhanced in vivo wound healing ability
	[72]



	Alginate + chitosan + gelatin
	Covalent crosslinking
	The Schiff-base reaction
	Tetracycline hydrochloride
	Antibacterial

Enhance wound healing
	[73]



	Alginate + PNIPAm
	Ionic cross-linking
	/
	Cefazolin
	Monitor wound status in real-time

Release the drugs on-demand
	[74]



	Alginate + aloe vera
	Ionic cross-linking
	Solvent-casting

process
	/
	Protect the wound
	[75]



	Alginate + human hair keratin
	Macromolecular hydrogen bonds and interfacial disulfide cross-linking
	/
	Doxorubicin hydrochloride
	Super-high drug-loading rate

Improved antitumor activity
	[76]



	Alginate + PAAm + poly(lactide-co-glycolide)
	Ionic cross-linking
	Consisting of ionically and chemically crosslinking networks
	Transforming growth factor beta-3 (TGF-β3)
	Higher viscoelasticity

(compression modulus = 59.79 ± 1.58 kPa)

Enhance cartilage repair ability
	[77]



	Alginate + chondroitin sulfate
	Ionic cross-linking
	/
	Bhondroitin sulfate
	Enhance bone formation in bone defects
	[78]



	Alginate + fullerenol
	Ionic cross-linking
	/
	Brown adipose-derived stem cells
	Induce angiogenesis

Reduce oxidative stress levels
	[79]



	Alginate +gelatin
	Enzyme-catalyzed cross-linking
	HRP-catalyzed
	10T1/2 and HAE cells
	Shorter time for enclosed cell growth

Enhance cell adhesion

Maintaining on demand degradability
	[57]



	Alginate + PEGDA + acrylic acid
	Radicals radiation
	Irradiate with UV light
	/
	Enhanced cell migration velocity keratinocytes ingrowth
	[80]



	Oxidized alginate (OA) + gelatin
	Covalent cross-linking
	rapid cross-linking and gelation with gelatin in the presence of borax
	Rat hepatocytes
	Maintained cell viability
	[81]



	Alginate + PAM
	Ionic and covalent cross-linking
	Ionic cross-linking by immerse, and covalent

cross-linking in a blast oven
	/
	Antibacterial activities

Collagen deposition

Granulation tissue and Angiogenesis
	[82]



	Alginate + chitosan + nano-HA
	Polyelectrolyte cross-linking
	Oppositely charged groups can be driven by electrostatic interactions
	Parathyroid hormone
	Enhanced osteogenic differentiation of BMSCs
	[83]



	Alginate derivatives + PAAM azobenzene
	Self-assembly
	Self-repairing based on the dynamic host–guest interaction
	/
	Highly stretchable and tough interpenetrating(the tensile strength = 0.015 MPa, elongation = 3465%) Self-repairing behavior under light irradiation
	[84]



	Alginate + pectin
	Ionic cross-linking
	/
	Simvastatin
	Promotes angiogenesis, epithelial regeneration and increased collagen deposition

Speed up wound healing
	[85]



	Alginate + chitosan + PVA
	Radiation cross-linking
	Gamma-radiation
	Silver NPs
	Antibacterial, relieve pressure ulcers
	[86]



	Alginate + PVA
	Physical cross-linking
	Freeze-thawing method
	Sodium ampicillin
	High protein adsorption

Antibacterial
	[87]







Note: Abbreviations can be checked in the Abbreviations Part at the end of the text.











Alginate microspheres can also be prepared according to the polyelectrolyte complexation principle. For example, drip preparation, the earliest and most widely used method, is mainly to mix the drug and sodium alginate solution, drop the mixed solution into the cationic solution through syringe or microporous silicone tube, stir and solidify to produce spherical alginate microcapsules [6]. However, due to the high viscosity of sodium alginate solution, adhesion between the microcapsules occurs. With the increase of alginate concentration, the size of the prepared balloon will be more and more uniform and close to spherical, but the reaction is difficult when the concentration of sodium alginate is too high. The spray drying, the mainly used method, is to make the alginate solution form the droplets through the nozzle under high pressure [88]. When the high-pressure liquid is ejected at high speed, the droplet will be sheared and burst instantaneously, then the broken droplets are dried under high temperature by hot air and form microspheres. The principle of electrostatic granulation is that when in a high-voltage electrostatic field, the charge will be attached to the surface of the liquid. Once the flow rate and voltage exceed a specific value, the liquid will continue to grow under the action of surface electrostatic repulsion, gravity and pressure inside the liquid, and then liquid droplets are obtained [89]. The droplets drop into the Ca2+ containing solution at low temperature and rapidly solidify to produce microspheres.




3.4. Fiber


The alginate fiber prepared with seaweed as raw material has high hygroscopicity, high oxygen permeability, good biodegradability and biocompatibility, and has been widely used in medical dressings and other fields [90]. Usually, alginate fibers are prepared by wet spinning method. The soluble alginate is dissolved in water to prepare a spinning solution with a certain concentration. Squeeze the spinning solution through the spinneret into a suitable coagulation bath (usually CaCl2 solution), thus form insoluble alginate fibers. Zheng et al. used wet spinning to mix 2-methylimidazole zinc salt and sodium alginate and acquired alginate composite fibers with good mechanical properties, high breaking strength and antibacterial activity [91].



Alginate nanofibers can be obtained directly by electrospinning. Nanofibers have the characteristics of high specific surface area and large porosity, which can simulate extracellular matrix and is beneficial to promote the proliferation of epithelial cells and the formation of new tissues [92]. Its nano-diameter and nanofiber mesh can promote hemostasis of damaged tissues, enhance liquid absorption, promote drug delivery, cell respiration and high gas penetration, thereby prevent bacterial infections [92,93]. However, since pure sodium alginate is a polyelectrolyte, it has high conductivity in aqueous solution and needs to be blended with other polymers to prepare alginate composite fibers.





4. Biomedical Applications


4.1. Wound Healing


Currently, alginates have been widely used in wound healing due to their beneficial properties, such as biocompatibility, non-toxicity and high absorption capacity. Alginates have been prepared in various forms for wound dressings, including hydrogels, films, nanofibers and topical preparations [40,90,93]. Some of commercially available alginate dressing is in band-aid and bandages in “dressings” with alginate. Compared with traditional raw materials (such as gauze), wound dressings prepared from alginate can absorb excess wound fluid, provide a moist environment, minimize bacterial infections at the wound site, and promote wound healing (Table 2) [3]. Due to the poor mechanical properties of one component alginate material, it is usually combined with synthetic polymers to enhance the mechanical properties of the dressing. The therapeutic efficacy of composite wound dressings is affected by the component proportion of synthetic polymers, the type and degree of cross-linking, the incorporation of nanoparticles and antimicrobial agents [40].



Wound dressings provide a physical barrier between the wound and the external environment to prevent further injury or infection, and hydrogel is an ideal choice because of its non-adhesiveness, ductility and resemblance to living tissues [94]. Hydrogel can provide moisture to the wound and maintain a moist environment for cell migration. It also accelerates wound healing and reduces infection by promoting collagen synthesis, epithelial regeneration and lowering the pH of the wound [95,96]. Since chronic wounds are associated with alkaline pH, the treatment needs to restore the elevated pH to the physiological pH [5]. For the development of pH-modulating hydrogels, substances with easily ionizable groups, such as acrylic acid (AA), can be added to increase the concentration of hydrogen ions in body fluids [80]. The incorporated AA groups are responsible for pH regulation and act, together with functional groups of alginate, as interconnection between the networks. In particular, alginate hydrogels not only meet these requirements, but also activate macrophages and stimulate the late mononuclear cells to produce inter-leukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) to accelerate chronic wound healing [97,98]. Wang et al. developed ZnO nanoparticles contained double-layer alginate wound dressing to prevent bacterial infection. The outer layer, i.e., a sodium alginate (SA) layer, was to prevent outside invasion, while the inner layer, which contained ZnO nanoparticles, was the absorption system. The dressing reached the maximum antibacterial rate of 68.4% without obvious cytotoxicity, and had the ability to enhance the healing in vivo [72].



Chen et al. developed a composite hydrogel dressing integrating antibacterial, biodegradable microspheres and alginate hydrogels. The alginate hydrogel used OA and carboxymethyl chitosan (CMCS) as the raw material [73]. The gelatin microspheres (GMS) loaded with tetracycline hydrochloride (TH) were prepared by emulsion cross-linking method, and the composite gel dressing was synthesized with the OA-CMCS hydrogel [73]. Compared with pure hydrogels and microspheres, the composite hydrogel dressings can continuously release the drug. In addition, the composite hydrogel dressing had strong bacteriostatic effects on Escherichia coli and Staphylococcus aureus.



Wound dressings with high flexibility, high mechanical strength and porosity have received increasing attention. Ma et al. prepared sodium alginate/graphene oxide/polyvinyl alcohol (AG/GO/PVA) nanocomposite sponge by freeze-thaw cycle and freeze-dried forming method [99]. When the GO concentration was 1 wt%, the prepared sponges had uniform and interconnected porous structure, leading to good water absorption, air permeability and mechanical properties [99]. Moreover, the presence of appropriate amount of GO could promote cell proliferation. The sponges had strong inhibitory effects on Escherichia coli and Staphylococcus aureus, and in vivo evaluations showed that the sponges enhanced wound healing.



Wound healing can be improved by giving treatment at the appropriate time, so researchers have huge interest in the so-called smart hydrogel. The hydrogel can monitor the wound environment in real time, and exhibit obvious property changes in the external environment, including small changes in temperature, pH, light, ionic strength, or enzyme environment [100,101]. Mostafalu et al. proposed an intelligent and automated flexible wound dressing by embedding thermally responsive particles into an alginate hydrogel patch and casting the patch directly onto the flexible pH sensor and heater [74]. According to the data fed back by the pH sensor, the thermal responsive release patch was activated to release antibacterial agents [74]. The prepared pH sensor patch has good flexibility, can be attached to the body and provide real-time information about the wound condition.
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Table 2. The comparison of traditional gauze and different alginate dressings.
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Wound Dressing

	
Composition

	
Advantages

	
Disadvantages






	
Gauze

	
Purified cotton;

	
Cheap and easy to obtain;

	
Frequent changing and do not provide a moist environment for the wound [90];




	
Sponge

	
Porous PVA + alginate composite foams [102];

	
High porosity and surface area [102];

	
Need a second layer of dressing to fix [103];




	
Alginate + graphene oxide +PVA [104];

	
Comfortable, no adhesion to the wound, and low replacement frequency;

	
Cannot be used for infected wounds;




	
Nanofiber

	
Alginate +PVA + ZnO [105];

	
Strong absorption capacity [106];

	
Nonadherent, require secondary dressings [40];




	
Alginate+ PEO + lecithin [107];

	
No adhesion to the wound;

Simulating ECM structure [92];

	
Maybe cause dehydration and dryness of the wound, and difficult to remove after using for too long [108];




	
Hydrogel

	
Alginate + chitosan [73];

	
Provide moisture to the wound and maintain a moist wound environment [90];

	
Poor mechanical properties;




	
More examples, see alginate hydrogel part.

	
Facilitates cell migration [108].

	
Cause skin maceration at swollen state [109].








Note: for abbreviations, refer to Abbreviations Part at the end of the text.











Films and nanofibers made of alginate as potential materials for wound dressings have been reported by some researches. The film not only protects the wound from bacterial infections, but also improves the permeability of water vapor, oxygen and carbon dioxide, which contributes to the wound healing. However, due to their high water absorption and poor thickness, films are not useful for the wounds with excessive exudation [90]. Pereira et al. prepared novel alginate/aloe films with different proportions by solvent casting [75]. The study showed that the incorporation of aloe vera has no obvious effect on the chemical properties of the film, but improves its permeability and mechanical properties. In addition, by increasing the degradation temperature and reducing the weight loss of the film, its permeability and thermal stability are improved.



Li et al. developed a new wound dressing composed of silk fibroin, sodium alginate and strontium (Sr-loaded SF/SA blend membrane) [110]. Sr-loaded SF/SA blend film not only has good physical and chemical properties, but also exhibits water absorption, moisture permeability and good biological activity. Especially, during four days of culture in vitro, the Sr-loaded SF/SA blend films prepared by treating with 5 mg/mL Sr solution can induce a large number of basic fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF), indicating that it can induce angiogenesis, which is very important for wound dressings [110]. In addition, some studies have shown that Sr has antibacterial activity, and its antibacterial effect is to inhibit the permeability of cell membrane, the synthesis of cell wall, the replication of bacterial chromosomes and cell metabolism by inhibiting the growth and reproduction of bacteria [111]. Therefore, the prepared new wound dressing also has antimicrobial activity.



Adding nanoparticles to the nanofibers can improve their antibacterial activity. Mokhena et al. prepared stable polyelectrolyte complex (PEC) nanofiber composites by coating chitosan/silver nanoparticles (AgNPs) onto the electrospun alginate membranes [112]. Due to their very potent and diverse antibacterial activity, AgNPs have become a popular choice of antibacterial component in polymer-based wound dressings [113]. The porous structure of PEC nanofiber composites accelerates absorbing water which in turn helps releasing the AgNPs into the medium [112]. The AgNP aggregates are well dispersed on the surface of electrospun nanofibers, thus the obtained nanofiber composite material is highly antibacterial against gram-negative bacteria and gram-positive bacteria. However, it cannot be released for a long time. Hajiali et al. used sodium alginate and lavender essential oil to produce bioactive nanofiber dressings by electrospinning [114]. The results showed that the addition of lavender oil did not affect the morphology of the nanofibers, and the nanofibers prepared were highly hydrophilic. The in vivo studies have shown that sodium alginate and lavender essential oil nanofiber dressings not only have antibacterial activity against Staphylococcus aureus, but also effectively inhibit the production of pro-inflammatory cytokines in vivo and in vitro.




4.2. Drug Delivery


Alginate plays an important role in drug delivery. At present, the oral dosage form uses alginate the most frequently in drug application, and alginate as a carrier for local drug delivery has been paid more and more attention [2]. Encapsulating certain active substances (nucleic acids, cells, enzymes, proteins, drugs, etc.) in the alginate substrate can protect the drugs, prevent the premature inactivity of the drugs, delay the release of the drugs, and enable the drugs to reach the target site at a fixed point and at a fixed time to complete the targeted therapy. A schematic presentation of alginate-based material preparation for cancer therapy is shown in Figure 4. Shaedi et al. designed an oral gut specific alginate nano-system for vitexin [115]. In the study, stearic acid was used to make the matrix hydrophobic, which promotes the early release of vitexin, and the nanoparticles are compacted with polyethylene glycol (PEG3000, 10,000 and 20,000). The results showed that compacting the nanoparticles with PEG significantly reduced the release of vitexin in the gastric region, while the release of vitexin in the intestinal tract increased by the nanoparticles loaded with stearic acid [115]. The use of PEG-10,000 during the compaction process will lead to PEG-nanoparticle interactions, thereby inhibiting the initial release of vitexin. Then the dissolution of PEG in the subsequent intestinal phase causes the dispersed stearic acid to induce particle rupture and vitexin release. PEG compressed nanoparticles showed specific release of vitexin by oral intestines, decreased positive blood glucose in the body and increased intestinal vitexin content.



Sun et al. prepared a novel double-stimulation-responsive nanogel using human hair keratin and alginate as raw materials through a simple cross-linking method [76]. Keratin provides the cross-linking structure and biological reactivity of nanogels, while alginate improves the properties of nanogels, such as particle size, stability and drug loading capacity [76]. The prepared keratin-alginate nanogel (KSA-NGS) has a high drug loading rate (52.9%) and can effectively load and deliver doxorubicin hydrochloride (DOX) to cancer cells, which can effectively inhibit the occurrence of tumor. In in vivo experiments, it has shown that KSA-NGS gel loaded with DOX aggregates more easily in tumors, stays longer, has better antitumor activity and fewer side effects compared to the gel free of drugs.



Alginate can incorporate protein into alginate-based materials under relatively mild conditions, minimizing its denaturation and making it unaffected by the acid environment of the stomach. Due to the inherent porosity and hydrophilicity of the gel, the release of protein from the alginate gel is very fast. However, if the encapsulated protein is positively charged, then the protein can interact with the negatively charged sodium alginate, inhibiting its diffusion and release in the polymer network, and achieving sustained and local release. This release can also be controlled by changing the degradation rate of alginate. Mata et al. applied a combination of polylactic acid (PLGA) and sodium alginate to vaccine delivery [104]. As the main substrate, PLGA could avoid the instability of sodium alginate hydrogel in the physiological environment, while sodium alginate can improve the encapsulation rate of PLGA particles and significantly reduce the initial burst release [104]. Studies have shown that the prepared PLGA/Alg carrier microspheres have higher encapsulation efficiency and immune-mediated ability than a single carrier.



Zhang et al. used functionalized alginate (ALG) nanoparticles to deliver targeted antigen to dendritic cells for cancer immunotherapy [118]. Mannose (MAN) modified alginate (MAN-ALG) was used for DC targeting and the MAN-ALG/ALG = OVA nanoparticles (MAN-ALG/ALG = OVA NPs) were prepared via crosslinking MAN-ALG and ALG = OVA by CaCl2. The results showed that MAN-ALG/ALG = OVA NPs facilitated antigen uptake of BMDCs and cytosolic release of the antigen. In vivo studies have shown that nanoparticles can be effectively transported from the injection site to the draining lymph nodes. In addition, Man-Alg/Alg = OVA NPS can enhance the cross expression of OVA in B3Z T-cell hybridoma, and subcutaneous administration of MAN-ALG/ALG = OVA NPS in mice also induced cytotoxic T lymphocyte (CTL) response and inhibited the growth of EG7 tumors.



Zhang et al. modified alginate (AlG) nanoparticles (DOX/ GA-AlG NPS) with glycyrrhizinic acid (GA) loaded with doxorubicin (DOX) [119]. In the DOX/ GA-Alg NPS group, the growth inhibition rate (IR) of orthotopic liver tumors was 76.6%, with no mouse death, compared to approximately 52.6% and 33% mortality in the control group. This indicates that DOX/ GA-AlG NPS can effectively inhibit the growth of liver tumors in situ. Most importantly, DOX/GA-ALG NPs had no effect on the heart and liver cells around the tumor and reduced side effects significantly.




4.3. Tissue Repair and Regeneration


Tissue engineering can combine cells and biomaterials to reconstruct the structure, shape and function of damaged tissues and organs, thus replace damaged tissues. Seed cells, growth factors and scaffolds are three elements of tissue engineering technology [3]. One of the earliest applications of sodium alginate in tissue engineering is to encapsulate pancreatic islet grafts in sodium alginate hydrogel for the treatment of diabetes. The advantage of sodium alginate as a scaffold material is that it can fully adapt to tissue defects because of the excellent flexibility [7], and simultaneously load bioactive molecules as well [120]. The unique three-dimensional gel structure provides comfortable stereo space for the growth of the seed cells, and the shape is regular and the surface is smooth, which can avoid secondary damage to the injured site when the implant of irregular shape is implanted. It has been used in the cartilage [120], hard bone [121], nerve tissue repair [122,123] and other aspects [124].



Saygili et al. prepared a functionalized polyacrylamide (PAAM)-ALG double network hydrogel [77]. Subsequently, the PLGA NPs loaded with functional transformation factors were encapsulated in this hydrogel, similar to articular tissue, and maintained their mechanical stability for over 3 months at different temperatures (+4, 25, 40 °C) and humidity conditions (60% and 75%). In vitro experiments showed that, compared with PAAM-ALG hydrogels, the functional hydrogel exhibited better cell viability and significantly promoted the regeneration of rat cartilage. Witte et al. designed an alginate-fibronectin microfluidic carrier (known as a cartilage bag) equipped with solid presentation of growth factors capable of preserving the human articular chondrocyte phenotype and promoting chondrogenic differentiation of skeletal stem cells [125]. The results demonstrated the biocompatibility, cell viability, proliferation and tissue-specific differentiation of chondrocyte markers. It illustrated the potential applications for a TGF-β1 alginate-fibronectin chondro-bags platform as a workable 3D bioprinting and culture system for cartilage tissue regeneration with therapeutic applications therein.



Alginate hydrogel has many advantages, such as its inherent biocompatibility, high water content and molecular structure similar to natural extracellular matrix, so it has a great application potential in bone regeneration and bone defect repair. Ma et al. prepared strontium alginate (Sr) hydrogel containing chondroitin sulfate (CS) for enhanced bone defect repair [78]. Studies have shown that strontium (Sr), a trace element in bone, has a positive effect on bone regeneration, can enhance the proliferation and differentiation of osteoblasts, and reduce the activity of osteoclasts [126]. As an important multifunctional sulfide GAG, CS can participate in the process of bone formation and mineralization. The results of in vitro experiments showed that the SR-CS/alginate gel with higher CS ratio was beneficial to the proliferation of osteoblasts, and the Sr-CS/alginate gel had a positive regulation effect on osteogenic factors.



Bone repair is very slow and it is difficult to regain full function. This is mainly due to the existence of a lot of reactive oxygen species (ROS)/free radicals at the fracture site. Bone injury and surgical trauma will produce oxidative stress in the damaged tissue, thus increasing the generation of free radicals [127]. The presence of free radicals during healing further delays the healing process, and high levels of free radicals can damage cells through protein and lipid oxidation. In addition, it can alter DNA and mitochondrial integrity, or trigger apoptosis of bone cells [128,129]. Purohit et al. mixed nano-cerium oxide (Nanoceria, NC) into gelatin-alginate (GA) scaffolds and obtained nano-composite scaffolds (GA-NCs) by freeze-drying. NC has good free radical scavenging ability [130], the results showed that the addition of NC increased the mechanical properties and biomineralization of the scaffold, and reduced the expansion and weight loss of the scaffold. The synergistic fusion of nanoparticles and GA scaffolds enhanced the adhesion, proliferation and activity of cells, making GA-NCS scaffolds have the potential to assist the differentiation of mesenchymal stem cells (MSCs) into osteoblasts, and have a certain ability of free radical scavenging. In order to solve the problem of low retention rate and survival rate of stem cells after transplantation ascribing to the existence of reactive oxygen species (ROS) microenvironment. Tong et al. introduced fullerenol nanoparticles into alginate hydrogels to create an injectable cell delivery vehicle with antioxidant activity [79]. The results showed that the prepared fullerenol/alginate hydrogels had good injection strength and mechanical strength, and could effectively scavenge superoxide anions and hydroxyl radicals. Fullerenol/alginate saline gel had no cytotoxic effect on the biological behaviors of brown adipose-derived stem cells (BADSCs). It could effectively reduce the ROS level in the myocardial infarction (MI) region, improve the retention rate and survival rate of implanted BADSCs, induce angiogenesis, and thus promote the recovery of cardiac function. The mechanism of action was to inhibit oxidative stress damage of BADSCs via activating ERK and p38 pathways while inhibiting JNK pathways, and improve its survival ability in ROS microenvironment.




4.4. 3D Bioprinting


3D bioprinting, also known as biofabrication, is a new additive manufacturing technology for fabrication of structures resembled in architecture to native biological tissue. Compared with non-biological printing, 3D bioprinting enables 3D printing of biocompatible materials, cells and supporting components into complex 3D functional living tissues. Under the banner of robotic rapid prototyping, 3D bioprinting has emerged as a potential tool in regenerative medicine since last decade, and is currently being applied to fabricate 3D functional constructs with biological and mechanical properties suitable for clinical restoration of tissue and organ function.



Most of the 3D bioprinting researches have been conducted for the applications in bone and cartilage regeneration. Antich et al. prepared hyaluronic acid (HA) and alginate (ALG) hydrogel based bioink [108]. The mixtures of HA and ALG provide the mechanical properties suitable for cell laden. The printed bioink/PLA composite scaffold can support cartilage extracellular matrix deposition and gene expression in vitro. With 3D bioprinting technique, Wu et al. constructed a gelatin/sodium alginate hydrogel scaffold for neural repair with rat Schwann cells contained [131]. After cultured in the hydrogel for seven days, it was found that the cells had a high survival rate and adhered to the surface of the scaffold firmly. Compared with the 2D culture samples, 3D bioprinted samples showed higher mRNA levels of NGF, brain-derived neurotrophic factor (BDNF), glial neurotrophic factor (GDNF) and platelet-derived growth factor (PDGF) on the fourth day. These results suggest that the composite scaffold can maintain the activity of Schwann cells and promote the expression of cell adhesion and related factors.



The cells used in 3D bioprinting should be kept to the physiological state and maintained with physiological function [132], and normally, need to be expanded in vitro till enough for printing. Over the years, bioink has been the focus of the research within 3D bioprinting field. Defined as a formulation suitable for processing by an automated biofabrication technology, bioink may also contain biologically active components and biomaterials [132]. Compared with directly loaded cell hydrogel, the application of scaffold free cell gel can obtain higher cell density. Without waiting for cell proliferation, it can stimulate cells to synthesize ECM, greatly improve the efficiency and accuracy of biological 3D printing process [133]. Fedorovich et al. successfully demonstrated the possibility of manufacturing viable centimeter-scaled structured tissues by the 3D fiber deposition technique [134]. In this study, the fluorescently labeled human chondrocytes and osteogenic progenitors were encapsulated and printed in alginate hydrogel yielding scaffolds of 1 × 2 cm with different parts for both cell types. Cell viability remained high throughout the printing process, and cells remained in their compartment of the printed scaffold for the whole culture period. Moreover, distinctive tissue formation was observed, both in vitro after three weeks and in vivo (six weeks subcutaneously in immunodeficient mice), at different locations within one construct. In addition, some studies have shown that incorporating the tissue-specific ECM into bioink can promote the specific differentiation of the cells. Choi et al. prepared the decellularized skeletal muscle extracellular matrix (mdECM)-based bioink [135]. These mdECM-based bioinks can be extruded at 4 °C and then fabricated and solidified by raising the temperature to 37 °C. The results showed that the cells encapsulated in these bioinks remained active after printing, the mdECM bioink provideed the 3D cell-printed muscle constructs with a myogenic environment that supports high viability and contractility as well as myotube formation, differentiation, and maturation.





5. Conclusions and Prospect


Alginate, which is rich in sources, and has excellent biocompatibility, biodegradability, non-toxicity and safety, has been widely used in drug delivery carriers, medical wound dressings, skeleton materials and delivery of bioactive substances in tissue engineering, etc. In this paper, the research status of alginate medical materials in different fields was reviewed in detail. Compared with existing medical materials, alginate wound dressings have higher water absorption and porosity, continuous drug release ability and non-immunogenicity, which can not only maintain a certain degree of moisture for the wound microenvironment, but also accelerate the speed of epithelial regeneration, granulation tissue formation and wound healing. However, most of the existing alginate medical dressings do not have intelligent characteristics and cannot monitor wound conditions in real time, which hinders their application. Therefore, the development of smart alginate medical materials with new structures will become the focus of research in the future.



While alginate is widely used in tissue engineering, there are still many problems to be solved: How to improve the mechanical properties and biocompatibility of hydrogels; how to promote the adhesion, proliferation and differentiation of osteoblasts, and promote the angiogenesis and the formation of bone tissue; how to control the porosity of the hydrogel to ensure the transportation of nutrients and metabolites, as well as cell proliferation and transfer; and how to provide enough oxygen for the microencapsulated cells in the scaffold and avoid cell death. The alginate drug carrier has targeted therapeutic effect, and the drug is released slowly and uniformly in the body, which improves the therapeutic effect of the drug. However, how to realize dynamic and intelligent drug release, and how to carry out continuous and sequential release according to external signals, remains to be solved. Alginate fiber materials have great advantages in the field of biology, but there are some problems, such as poor mechanical properties, weak binding force between fibers, uncontrollable hygroscopicity and single function. Therefore, for the development of alginate fiber in the future, it is necessary to optimize the production process, improve the mechanical properties, optimize the design of functional alginate fiber, and develop multi-functional alginate fiber products.







Funding


This work was funded by grants from Sichuan Science and Technology Program (2020YFH0008) and National Key R&D Program of China (2017YFA0105802, 2020YFF0426289).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




Abbreviations


β-d-mannuronic acid (M); α-l-guluronic acid (G); lymph node injection (I.L.N.); non-human primate (NHP); foreign-body response (FBR); pericapsular fibrotic overgrowth (PFO); hydrochloric acid (HCl); sodium carbonate (Na2CO3); sodium hydroxide (NaOH); Arg-Gly-Asp (RGD); strontium (Sr); silver (Ag); polyacrylamide (PAAM); horseradish peroxidase (HRP); poly(N-isopropylacrylamide) (PNIPAAm); zinc oxide (ZnO); transforming growth factor beta-3 (TGF-β3); semi-interpenetrating polymer network (semi-IPN); ultra violet (UV); oxidized alginate (OA); nanoparticles (NPs); polyethylene glycol (PEG); polyacrylamide (PAM); hydroxyapatite (HA); polyvinyl alcohol (PVA); acrylic acid (AA); carboxymethyl chitosan (CMCS); tetracycline hydrochloride (TH); gelatin microspheres (GMS); basic fibroblast growth factor (bFGF); vascular endothelial growth factor (VEGF); polyelectrolyte complex (PEC); keratin-alginate nanogel (KSA-NGS); doxorubicin (DOX); alginate (ALG); mannose (MAN); glycyrrhizinic acid (GA); nano-composite scaffolds (GA-NCs); extracellular matrix (ECM); polyethylene oxide (PEO); polylactic acid (PLGA); chondroitin sulfate (CS); reactive oxygen species (ROS); nano-cerium oxide (Nanoceria, NC); gelatin-alginate (GA); muscle extracellular matrix (mdECM); brown adipose-derived stem cells (BADSCs); mesenchymal stem cells (MSCs); brain-derived neurotrophic factor (BDNF); glial neurotrophic factor (GDNF); plate-let-derived growth factor (PDGF).




References


	



Zhang, C.; Wang, W.; Zhao, X.; Wang, H.; Yin, H. Preparation of alginate oligosaccharides and their biological activities in plants: A review. Carbohydr. Res. 2020, 494, 108056. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.Y.; Mooney, D.J. Alginate: Properties and biomedical applications. Prog. Polym. Sci. 2012, 37, 106–126. [Google Scholar] [CrossRef]

	



Sun, J.; Tan, H. Alginate-Based Biomaterials for Regenerative Medicine Applications. Materials 2013, 6, 1285–1309. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, H.; Gao, X.; Cheng, C.; Liu, C.; Wang, Q.; Han, X. The Structural Characteristics of Seaweed Polysaccharides and Their Application in Gel Drug Delivery Systems. Mar. Drugs 2020, 18, 658. [Google Scholar] [CrossRef]

	



Hernandez-Gonzalez, A.C.; Tellez-Jurado, L.; Rodriguez-Lorenzo, L.M. Alginate hydrogels for bone tissue engineering, from injectables to bioprinting: A review. Carbohydr. Polym. 2020, 229, 115514. [Google Scholar] [CrossRef] [PubMed]

	



Uyen, N.T.T.; Hamid, Z.A.A.; Tram, N.X.T.; Ahmad, N. Fabrication of alginate microspheres for drug delivery: A review. Int. J. Biol. Macromol. 2020, 153, 1035–1046. [Google Scholar] [CrossRef]

	



Saltz, A.; Kandalam, U. Mesenchymal stem cells and alginate microcarriers for craniofacial bone tissue engineering: A review. J. Biomed. Mater. Res. A 2016, 104, 1276–1284. [Google Scholar] [CrossRef]

	



Stokke, B.T.; Smidsrød, O.; Brant, D.A. Predicted influence of monomer sequence distribution and acetylation on the extension of naturally occurring alginates. Carbohydr. Polym. 1993, 22, 57–66. [Google Scholar] [CrossRef]

	



Venkatesan, J.; Bhatnagar, I.; Manivasagan, P.; Kang, K.H.; Kim, S.K. Alginate composites for bone tissue engineering: A review. Int. J. Biol. Macromol. 2015, 72, 269–281. [Google Scholar] [CrossRef]

	



Pina, S.; Oliveira, J.M.; Reis, R.L. Natural-based nanocomposites for bone tissue engineering and regenerative medicine: A review. Adv. Mater. 2015, 27, 1143–1169. [Google Scholar] [CrossRef]

	



Rhein-Knudsen, N.; Ale, M.T.; Ajalloueian, F.; Meyer, A.S. Characterization of alginates from Ghanaian brown seaweeds: Sargassum spp. and Padina spp. Food Hydrocoll. 2017, 71, 236–244. [Google Scholar] [CrossRef]

	



Andersen, T.; Strand, B.L.; Formo, K.; Alsberg, E.; Christensen, B.E. Alginates as biomaterials in tissue engineering. Carbohydr. Chem. Chem. Biol. Approaches 2011, 37, 227–258. [Google Scholar]

	



Grant, G.T.; Morris, E.R.; Rees, D.A.; Smith, P.J.; Thom, D. Biological interactions between polysaccharides and divalent cations: The egg-box model. FEBS Lett. 1973, 32, 195–198. [Google Scholar] [CrossRef]

	



Reakasame, S.; Boccaccini, A.R. Oxidized Alginate-Based Hydrogels for Tissue Engineering Applications: A Review. Biomacromolecules 2018, 19, 3–21. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Fang, Y.; Vreeker, R.; Appelqvist, I.; Mendes, E. Reexamining the Egg-Box Model in CalciumAlginate Gels with X-ray Diffraction. Biomacromolecules 2007, 8, 464–468. [Google Scholar] [CrossRef]

	



Fang, Y.; Al-Assaf, S.; Phillips, G.O.; Nishinari, K.; Funami, T.; Williams, P.A.; Li, L. Multiple steps and critical behaviors of the binding of calcium to alginate. J. Phys. Chem. B 2007, 111, 2456–2462. [Google Scholar] [CrossRef]

	



Borgogna, M.; Skjåk-Bræk, G.; Paoletti, S.; Donati, I. On the Initial Binding of Alginate by Calcium Ions. The Tilted Egg-Box Hypothesis. J. Phys. Chem. B 2013, 117, 7277–7282. [Google Scholar] [CrossRef]

	



Sikorski, P.; Mo, F.; Skjåk-Bræk, G.; Stokke, B.T. Evidence for egg-box-compatible interactions in calcium-alginate gels from fiber X-ray diffraction. Biomacromolecules 2007, 8, 2098–2103. [Google Scholar] [CrossRef]

	



Wang, H.; Wan, Y.; Wang, W.; Li, W.; Zhu, J. Effect of calcium ions on the III steps of self-assembly of SA investigated with atomic force microscopy. Int. J. Food Prop. 2018, 21, 1995–2006. [Google Scholar] [CrossRef]

	



Draget, K.I. Alginates. In Handbook of Hydrocolloids; Woodhead Publishing: Cambridge, UK, 2009; pp. 807–828. [Google Scholar]

	



Harper, B.A.; Barbut, S.; Lim, L.T.; Marcone, M.F. Effect of Various Gelling Cations on the Physical Properties of “Wet” Alginate Films. J. Food Sci. 2014, 79, E562–E567. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, L.; Weng, L.; Deng, B. Strontium ion substituted alginate-based hydrogel fibers and its coordination binding model. J. Appl. Polym. Sci. 2020, 137, 48571. [Google Scholar] [CrossRef]

	



Papageorgiou, S.K.; Kouvelos, E.P.; Favvas, E.P.; Sapalidis, A.A.; Romanos, G.E.; Katsaros, F.K. Metal-carboxylate interactions in metal-alginate complexes studied with FTIR spectroscopy. Carbohydr. Res. 2010, 345, 469–473. [Google Scholar] [CrossRef]

	



Rezaa Mohammadi, M.; Rodrigez, S.; Cao, R.; Alexander, M.; Lakey, J.R.T. Immune response to subcutaneous implants of alginate microcapsules. Mater. Today Proc. 2018, 5, 15580–15585. [Google Scholar] [CrossRef]

	



Orive, G.; Ponce, S.; Hernández, R.; Gascón, A.; Igartua, M.; Pedraz, J.L. Biocompatibility of microcapsules for cell immobilization elaborated with different type of alginates. Biomaterials 2002, 23, 3825–3831. [Google Scholar] [CrossRef]

	



Fertah, M.; Belfkira, A.; Dahmane, E.m.; Taourirte, M.; Brouillette, F. Extraction and characterization of sodium alginate from Moroccan Laminaria digitata brown seaweed. Arab. J. Chem. 2017, 10, S3707–S3714. [Google Scholar] [CrossRef]

	



Ge, F.; Zhu, L.; Yang, L.; Li, W.; Wei, S.; Tao, Y.; Du, G. The Soluble and Particulate Form of Alginates Positively Regulate Immune Response. Iran. J. Immunol. 2018, 15, 228–238. [Google Scholar] [PubMed]

	



Bochenek, M.A.; Veiseh, O.; Vegas, A.J.; McGarrigle, J.J.; Qi, M.; Marchese, E.; Omami, M.; Doloff, J.C.; Mendoza-Elias, J.; Nourmohammadzadeh, M.; et al. Alginate encapsulation as long-term immune protection of allogeneic pancreatic islet cells transplanted into the omental bursa of macaques. Nat. Biomed. Eng. 2018, 15, 228–238. [Google Scholar] [CrossRef]

	



Hernández-Carmona, G.; McHugh, D.J.; Arvizu-Higuera, D.L.; Rodríguez-Montesinos, Y.E. Pilot plant scale extraction of alginate from Macrocystis pyrifera. 1. Effect of pre-extraction treatments on yield and quality of alginate. Environ. Boil. Fishes 1998, 10, 507–513. [Google Scholar]

	



Fenoradosoa, T.A.; Ali, G.; Delattre, C.; Laroche, C.; Petit, E.; Wadouachi, A.; Michaud, P. Extraction and characterization of an alginate from the brown seaweed Sargassum turbinarioides Grunow. J. Appl. Phycol. 2009, 22, 131–137. [Google Scholar] [CrossRef]

	



Gomez, C.G.; Perez Lambrecht, M.V.; Lozano, J.E.; Rinaudo, M.; Villar, M.A. Influence of the extraction-purification conditions on final properties of alginates obtained from brown algae (Macrocystis pyrifera). Int. J. Biol. Macromol. 2009, 44, 365–371. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Chen, L.; Zhao, Y.; Wang, H.; Ye, N. Extraction of alginates by enzymatic hydrolysis. China Brewing 2010, 1, 88–90. [Google Scholar]

	



Borazjani, N.J.; Tabarsa, M.; You, S.G.; Rezaei, M. Effects of extraction methods on molecular characteristics, antioxidant properties and immunomodulation of alginates from Sargassum angustifolium. Int. J. Biol. Macromol. 2017, 101, 703–711. [Google Scholar] [CrossRef]

	



Nivens, D.E.; Ohman, D.E.; Williams, J.; Franklin, M.J. Role of alginate and its O acetylation in formation of Pseudomonas aeruginosa microcolonies and biofilms. J. Bacteriol. 2001, 183, 1047–1057. [Google Scholar] [CrossRef]

	



Freitas, F.; Alves, V.D.; Reis, M.A. Advances in bacterial exopolysaccharides: From production to biotechnological applications. Trends Biotechnol. 2011, 29, 388–398. [Google Scholar] [CrossRef] [PubMed]

	



Urtuvia, V.; Maturana, N.; Acevedo, F.; Pena, C.; Diaz-Barrera, A. Bacterial alginate production: An overview of its biosynthesis and potential industrial production. World J. Microbiol. Biotechnol. 2017, 33, 198. [Google Scholar] [CrossRef] [PubMed]

	



Rowley, J.A.; Madlambayan, G.; Mooney, D.J. Alginate hydrogels as synthetic extracellular matrix materials. Biomaterials 1999, 20, 45–53. [Google Scholar] [CrossRef]

	



Li, Y.; Yang, H.Y.; Lee, D.S. Advances in biodegradable and injectable hydrogels for biomedical applications. J. Control Release 2021, 330, 151–160. [Google Scholar] [CrossRef]

	



Liu, R.; Zhang, S.; Chen, X. Injectable hydrogels for tendon and ligament tissue engineering. J. Tissue Eng. Regen. Med. 2020, 14, 1333–1348. [Google Scholar] [CrossRef]

	



Zhang, M.; Zhao, X. Alginate hydrogel dressings for advanced wound management. Int. J. Biol. Macromol. 2020, 162, 1414–1428. [Google Scholar] [CrossRef]

	



Vasilyev, A.V.; Kuznetsova, V.S.; Bukharova, T.B.; Grigoriev, T.E.; Zagoskin, Y.; Korolenkova, M.V.; Zorina, O.A.; Chvalun, S.N.; Goldshtein, D.V.; Kulakov, A.A. Development prospects of curable osteoplastic materials in dentistry and maxillofacial surgery. Heliyon 2020, 6, e04686. [Google Scholar] [CrossRef]

	



Lim, F.; Sun, A. Microencapsulated islets as bioartificial endocrine pancreas. Science 1980, 210, 908–910. [Google Scholar] [CrossRef]

	



Sumonrat, C.; Suphitchaya, C.; Tipparat, H. Antimicrobial activities of essential oils and crude extracts from tropical Citrus spp. Against food-related microorganisms. Songklanakarin J. Sci. Technol. 2008, 30, 125–131. [Google Scholar]

	



Lee, K.Y.; Yuk, S.H. Polymeric protein delivery systems. Prog. Polym. Sci. 2007, 32, 669–697. [Google Scholar] [CrossRef]

	



Chen, J.P.; Hong, L.; Wu, S.; Wang, L. Elucidation of Interactions between Metal Ions and Ca Alginate-Based Ion-Exchange Resin by Spectroscopic Analysis and Modeling Simulation. Langmuir 2002, 18, 9413–9421. [Google Scholar] [CrossRef]

	



Eiselt, P.; Lee, K.Y.; Mooney, D.J. Rigidity of Two-Component Hydrogels Prepared from Alginate and Poly(ethylene glycol)Diamines. Macromolecules 1999, 32, 5561–5566. [Google Scholar] [CrossRef]

	



Sun, J.Y.; Zhao, X.; Illeperuma, W.R.; Chaudhuri, O.; Oh, K.H.; Mooney, D.J.; Vlassak, J.J.; Suo, Z. Highly stretchable and tough hydrogels. Nature 2012, 489, 133–136. [Google Scholar] [CrossRef] [PubMed]

	



Drury, J.L.; Boontheekul, T.; Mooney, D.J. Cellular Cross-linking of Peptide Modified Hydrogels. J. Biomech. Eng. 2005, 127, 220–228. [Google Scholar] [CrossRef]

	



Lee, K.Y.; Kong, H.J.; Larson, R.G.; Mooney, D.J. Hydrogel Formation via Cell Crosslinking. Adv. Mater. 2003, 15, 1828–1832. [Google Scholar] [CrossRef]

	



Yan, J.; Chen, F.; Amsden, B.G. Cell sheets prepared via gel-sol transition of calcium RGD-alginate. Acta Biomater. 2016, 30, 277–284. [Google Scholar] [CrossRef] [PubMed]

	



Ji, H.K.; Sang, B.L.; Kim, S.J.; Lee, Y.M.J.P. Rapid temperature/pH response of porous alginate-g-poly(N-isopropylacrylamide) hydrogels. Polymer 2002, 43, 7549–7558. [Google Scholar]

	



Rzaev, Z.M.O.; Dinçer, S.; Pişkin, E. Functional copolymers of N-isopropylacrylamide for bioengineering applications. Prog. Polym. Sci. 2007, 32, 534–595. [Google Scholar] [CrossRef]

	



Wang, J.; Chen, L.; Zhao, Y.; Guo, G.; Zhang, R. Cell adhesion and accelerated detachment on the surface of temperature-sensitive chitosan and poly(N-isopropylacrylamide) hydrogels. J. Mater. Sci. Mater. Med. 2009, 20, 583–590. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, D.; Feng, M.; Zhang, L.; He, B.; Chen, X.; Sun, J. Facile synthesis of self-healing and layered sodium alginate/polyacrylamide hydrogel promoted by dynamic hydrogen bond. Carbohydr. Polym. 2021, 256, 117580. [Google Scholar] [CrossRef]

	



Nezhad-Mokhtari, P.; Ghorbani, M.; Roshangar, L.; Soleimani Rad, J. Chemical gelling of hydrogels-based biological macromolecules for tissue engineering: Photo- and enzymatic-crosslinking methods. Int. J. Biol. Macromol. 2019, 139, 760–772. [Google Scholar] [CrossRef] [PubMed]

	



Sakai, S.; Hirose, K.; Moriyama, K.; Kawakami, K. Control of cellular adhesiveness in an alginate-based hydrogel by varying peroxidase and H(2)O(2) concentrations during gelation. Acta Biomater. 2010, 6, 1446–1452. [Google Scholar] [CrossRef]

	



Liu, Y.; Sakai, S.; Taya, M. Impact of the composition of alginate and gelatin derivatives in bioconjugated hydrogels on the fabrication of cell sheets and spherical tissues with living cell sheaths. Acta Biomater. 2013, 9, 6616–6623. [Google Scholar] [CrossRef]

	



Jin, R.; Hiemstra, C.; Zhong, Z.; Feijen, J. Enzyme-mediated fast in situ formation of hydrogels from dextran–tyramine conjugates. Biomaterials 2007, 28, 2791–2800. [Google Scholar] [CrossRef]

	



Sakai, S.; Yamada, Y.; Zenke, T.; Kawakami, K. Novel chitosan derivative soluble at neutral pH and in-situ gellable via peroxidase-catalyzed enzymatic reaction. J. Mater. Chem. 2008, 19, 230–235. [Google Scholar] [CrossRef]

	



Zaman, M.; Sajid, N.; Rehman, A.U. Gastrointestinal Mucosa: The Target Site of Mucoadhesive Microspheres, A Review. Adv. Polym. Technol. 2016, 35, 269–276. [Google Scholar] [CrossRef]

	



Basmanav, F.B.; Kose, G.T.; Hasirci, V. Sequential growth factor delivery from complexed microspheres for bone tissue engineering. Biomaterials 2008, 29, 4195–4204. [Google Scholar] [CrossRef]

	



Supramaniam, J.; Adnan, R.; Mohd Kaus, N.H.; Bushra, R. Magnetic nanocellulose alginate hydrogel beads as potential drug delivery system. Int. J. Biol. Macromol. 2018, 118, 640–648. [Google Scholar] [CrossRef]

	



Serra, M.; Correia, C.; Malpique, R.; Brito, C.; Jensen, J.; Bjorquist, P.; Carrondo, M.J.; Alves, P.M. Microencapsulation technology: A powerful tool for integrating expansion and cryopreservation of human embryonic stem cells. PLoS ONE 2011, 6, e23212. [Google Scholar] [CrossRef]

	



Man, Y.; Wang, P.; Guo, Y.; Xiang, L.; Yang, Y.; Qu, Y.; Gong, P.; Deng, L. Angiogenic and osteogenic potential of platelet-rich plasma and adipose-derived stem cell laden alginate microspheres. Biomaterials 2012, 33, 8802–8811. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Subirade, M. Alginate-whey protein granular microspheres as oral delivery vehicles for bioactive compounds. Biomaterials 2006, 27, 4646–4654. [Google Scholar] [CrossRef]

	



Tan, H.; Huang, D.; Lao, L.; Gao, C. RGD modified PLGA/gelatin microspheres as microcarriers for chondrocyte delivery. J. Biomed. Mater. Res. B Appl. Biomater. 2009, 91, 228–238. [Google Scholar] [CrossRef]

	



Lin, N.; Huang, J.; Chang, P.R.; Feng, L.; Yu, J. Effect of polysaccharide nanocrystals on structure, properties, and drug release kinetics of alginate-based microspheres. Colloids Surf. B Biointerfaces 2011, 85, 270–279. [Google Scholar] [CrossRef]

	



Ramesh Babu, V.; Sairam, M.; Hosamani, K.M.; Aminabhavi, T.M. Preparation of sodium alginate–methylcellulose blend microspheres for controlled release of nifedipine. Carbohydr. Polym. 2007, 69, 241–250. [Google Scholar] [CrossRef]

	



Chuah, A.M.; Kuroiwa, T.; Kobayashi, I.; Zhang, X.; Nakajima, M. Preparation of uniformly sized alginate microspheres using the novel combined methods of microchannel emulsification and external gelation. Colloids Surf. A Physicochem. Eng. Asp. 2009, 351, 9–17. [Google Scholar] [CrossRef]

	



Sadeghi, D.; Solouk, A.; Samadikuchaksaraei, A.; Seifalian, A.M. Preparation of internally-crosslinked alginate microspheres: Optimization of process parameters and study of pH-responsive behaviors. Carbohydr. Polym. 2021, 255, 117336. [Google Scholar] [CrossRef]

	



Yue, X.; Yan, B.; Wang, S.; Gao, W.; Zhang, R.; Dong, H. Preparation of pH-Responsive Alginate-Chitosan Microspheres for L-Valine Loading and Their Effects on the A40926 Production. Curr. Microbiol. 2020, 77, 1016–1023. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Wang, J.; Wang, R.; Yuan, P.; Fan, Z.; Yang, S. Preparation and properties of ZnO/sodium alginate bi-layered hydrogel films as novel wound dressings. New J. Chem. 2019, 43, 8684–8693. [Google Scholar] [CrossRef]

	



Chen, H.; Xing, X.; Tan, H.; Jia, Y.; Zhou, T.; Chen, Y.; Ling, Z.; Hu, X. Covalently antibacterial alginate-chitosan hydrogel dressing integrated gelatin microspheres containing tetracycline hydrochloride for wound healing. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 70, 287–295. [Google Scholar] [CrossRef]

	



Mostafalu, P.; Tamayol, A.; Rahimi, R.; Ochoa, M.; Khalilpour, A.; Kiaee, G.; Yazdi, I.K.; Bagherifard, S.; Dokmeci, M.R.; Ziaie, B.; et al. Smart Bandage for Monitoring and Treatment of Chronic Wounds. Small 2018, e1703509. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, R.; Carvalho, A.; Vaz, D.C.; Gil, M.H.; Mendes, A.; Bartolo, P. Development of novel alginate based hydrogel films for wound healing applications. Int. J. Biol. Macromol. 2013, 52, 221–230. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Z.; Yi, Z.; Zhang, H.; Ma, X.; Su, W.; Sun, X.; Li, X. Bio-responsive alginate-keratin composite nanogels with enhanced drug loading efficiency for cancer therapy. Carbohydr. Polym. 2017, 175, 159–169. [Google Scholar] [CrossRef]

	



Saygili, E.; Kaya, E.; Ilhan-Ayisigi, E.; Saglam-Metiner, P.; Alarcin, E.; Kazan, A.; Girgic, E.; Kim, Y.W.; Gunes, K.; Eren-Ozcan, G.G.; et al. An alginate-poly(acrylamide) hydrogel with TGF-beta3 loaded nanoparticles for cartilage repair: Biodegradability, biocompatibility and protein adsorption. Int. J. Biol. Macromol. 2021, 172, 381–393. [Google Scholar] [CrossRef]

	



Fenbo, M.; Sijing, L.; Ruiz-Ortega, L.I.; Yuanjun, Z.; Lei, X.; Kui, W.; Lijun, L.; Bin, T. Effects of alginate/chondroitin sulfate-based hydrogels on bone defects healing. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 116, 111217. [Google Scholar] [CrossRef]

	



Hao, T.; Li, J.; Yao, F.; Dong, D.; Wang, Y.; Yang, B.; Wang, C. Injectable Fullerenol/Alginate Hydrogel for Suppression of Oxidative Stress Damage in Brown Adipose-Derived Stem Cells and Cardiac Repair. ACS Nano 2017, 11, 5474–5488. [Google Scholar] [CrossRef]

	



Koehler, J.; Wallmeyer, L.; Hedtrich, S.; Goepferich, A.M.; Brandl, F.P. pH-Modulating Poly(ethylene glycol)/Alginate Hydrogel Dressings for the Treatment of Chronic Wounds. Macromol. Biosci. 2017, 17. [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] [PubMed]

	



Zhou, Q.; Kang, H.; Bielec, M.; Wu, X.; Cheng, Q.; Wei, W.; Dai, H. Influence of different divalent ions cross-linking sodium alginate-polyacrylamide hydrogels on antibacterial properties and wound healing. Carbohydr. Polym. 2018, 197, 292–304. [Google Scholar] [CrossRef]

	



Zou, Z.; Wang, L.; Zhou, Z.; Sun, Q.; Liu, D.; Chen, Y.; Hu, H.; Cai, Y.; Lin, S.; Yu, Z.; et al. Simultaneous incorporation of PTH(1-34) and nano-hydroxyapatite into Chitosan/Alginate Hydrogels for efficient bone regeneration. Bioact. Mater. 2021, 6, 1839–1851. [Google Scholar] [CrossRef] [PubMed]

	



He, F.; Wang, L.; Yang, S.; Qin, W.; Feng, Y.; Liu, Y.; Zhou, Y.; Yu, G.; Li, J. Highly stretchable and tough alginate-based cyclodextrin/Azo-polyacrylamide interpenetrating network hydrogel with self-healing properties. Carbohydr. Polym. 2021, 256, 117595. [Google Scholar] [CrossRef]

	



Rezvanian, M.; Ng, S.F.; Alavi, T.; Ahmad, W. In-vivo evaluation of Alginate-Pectin hydrogel film loaded with Simvastatin for diabetic wound healing in Streptozotocin-induced diabetic rats. Int. J. Biol. Macromol. 2021, 171, 308–319. [Google Scholar] [CrossRef] [PubMed]

	



Khampieng, T.; Wongkittithavorn, S.; Chaiarwut, S.; Ekabutr, P.; Pavasant, P.; Supaphol, P. Silver nanoparticles-based hydrogel: Characterization of material parameters for pressure ulcer dressing applications. J. Drug Deliv. Sci. Technol. 2018, 44, 91–100. [Google Scholar] [CrossRef]

	



Kamoun, E.A.; Kenawy, E.-R.S.; Tamer, T.M.; El-Meligy, M.A.; Mohy Eldin, M.S. Poly (vinyl alcohol)-alginate physically crosslinked hydrogel membranes for wound dressing applications: Characterization and bio-evaluation. Arab. J. Chem. 2015, 8, 38–47. [Google Scholar] [CrossRef]

	



Cui, J.H.; Goh, J.S.; Park, S.Y.; Kim, P.H.; Lee, B.J.; Pharmacy, I. Preparation and Physical Characterization of Alginate Microparticles Using Air Atomization Method. Drug Dev. Ind. Pharm. 2001, 27, 309–319. [Google Scholar] [CrossRef] [PubMed]

	



Belščak-Cvitanović, A.; Stojanović, R.; Manojlović, V.; Komes, D.; Cindrić, I.J.; Nedović, V.; Bugarski, B. Encapsulation of polyphenolic antioxidants from medicinal plant extracts in alginate–chitosan system enhanced with ascorbic acid by electrostatic extrusion. Food Res. Int. 2011, 44, 1094–1101. [Google Scholar] [CrossRef]

	



Aderibigbe, B.A.; Buyana, B. Alginate in Wound Dressings. Pharmaceutics 2018, 10, 42. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, X.; Zhang, Y.; Zou, L.; Wang, Y.; Zhou, X.; Yao, L.; Wang, Z.; Li, C.; Qiu, Y. Robust ZIF-8/alginate fibers for the durable and highly effective antibacterial textiles. Colloids Surf. B Biointerfaces 2020, 193, 111127. [Google Scholar] [CrossRef]

	



Abrigo, M.; McArthur, S.L.; Kingshott, P. Electrospun nanofibers as dressings for chronic wound care: Advances, challenges, and future prospects. Macromol. Biosci. 2014, 14, 772–792. [Google Scholar] [CrossRef]

	



Homaeigohar, S.; Boccaccini, A.R. Antibacterial biohybrid nanofibers for wound dressings. Acta Biomater. 2020, 107, 25–49. [Google Scholar] [CrossRef]

	



Francesko, A.; Petkova, P.; Tzanov, T. Hydrogel Dressings for Advanced Wound Management. Curr. Med. Chem. 2018, 25, 5782–5797. [Google Scholar] [CrossRef] [PubMed]

	



Rezvani Ghomi, E.; Khalili, S.; Nouri Khorasani, S.; Esmaeely Neisiany, R.; Ramakrishna, S. Wound dressings: Current advances and future directions. J. Appl. Polym. Sci. 2019, 136. [Google Scholar] [CrossRef]

	



Tavakoli, S.; Klar, A.S. Advanced Hydrogels as Wound Dressings. Biomolecules 2020, 10, 1169. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, A.; Harding, K.G.; Moore, K. Alginates from wound dressings activate human macrophages to secrete tumour necrosis factor-α. Biomaterials 2000, 1, 1797–1802. [Google Scholar] [CrossRef]

	



Yang, D.; Jones, K.S. Effect of alginate on innate immune activation of macrophages. J. Biomed. Mater. Res. A 2009, 90, 411–418. [Google Scholar] [CrossRef]

	



Ma, R.; Wang, Y.; Qi, H.; Shi, C.; Wei, G.; Xiao, L.; Huang, Z.; Liu, S.; Yu, H.; Teng, C.; et al. Nanocomposite sponges of sodium alginate/graphene oxide/polyvinyl alcohol as potential wound dressing: In vitro and in vivo evaluation. Compos. Part B Eng. 2019, 167, 396–405. [Google Scholar] [CrossRef]

	



Wang, Y.; Cao, Z.; Ma, C.; Wu, R.; Du, A.; Huang, G.; Zheng, J.; Wu, J. Mechanically robust smart hydrogels enabled by an organic-inorganic hybridized crosslinker. Polymer 2021, 214. [Google Scholar] [CrossRef]

	



Mantha, S.; Pillai, S.; Khayambashi, P.; Upadhyay, A.; Zhang, Y.; Tao, O.; Pham, H.M.; Tran, S.D. Smart Hydrogels in Tissue Engineering and Regenerative Medicine. Materials 2019, 12, 3323. [Google Scholar] [CrossRef]

	



Wang, Y.; Wang, C.; Qiao, L.; Feng, J.; Zheng, Y.; Chao, Y.; He, W.; Xie, Y.; Shuai, W.; Li, M. Shape-adaptive composite foams with high expansion and absorption used for massive hemorrhage control and irregular wound treatment. Appl. Mater. Today 2018, 13, 228–241. [Google Scholar] [CrossRef]

	



Dhivya, S.; Padma, V.V.; Santhini, E. Wound dressings—A review. BioMedicine 2015, 5, 22. [Google Scholar] [CrossRef]

	



Mata, E.; Igartua, M.; Patarroyo, M.E.; Pedraz, J.L.; Hernandez, R.M. Enhancing immunogenicity to PLGA microparticulate systems by incorporation of alginate and RGD-modified alginate. Eur. J. Pharm. Sci. 2011, 44, 32–40. [Google Scholar] [CrossRef]

	



Shalumon, K.T.; Anulekha, K.H.; Nair, S.V.; Nair, S.V.; Chennazhi, K.P.; Jayakumar, R. Sodium alginate/poly(vinyl alcohol)/nano ZnO composite nanofibers for antibacterial wound dressings. Int. J. Biol. Macromol. 2011, 49, 247–254. [Google Scholar] [CrossRef] [PubMed]

	



Dabiri, G.; Damstetter, E.; Phillips, T. Choosing a Wound Dressing Based on Common Wound Characteristics. Adv. Wound Care 2016, 5, 32–41. [Google Scholar] [CrossRef]

	



Su, A.P.; Park, K.E.; Kim, W. Preparation of sodium alginate/poly(ethylene oxide) blend nanofibers with lecithin. Macromol. Res. 2010, 18, 891–896. [Google Scholar]

	



Antich, C.; de Vicente, J.; Jimenez, G.; Chocarro, C.; Carrillo, E.; Montanez, E.; Galvez-Martin, P.; Marchal, J.A. Bio-inspired hydrogel composed of hyaluronic acid and alginate as a potential bioink for 3D bioprinting of articular cartilage engineering constructs. Acta Biomater. 2020, 106, 114–123. [Google Scholar] [CrossRef]

	



Kamoun, E.A.; Kenawy, E.; Chen, X. A review on polymeric hydrogel membranes for wound dressing applications: PVA-based hydrogel dressings. J. Adv. Res. 2017, 8, 217–233. [Google Scholar] [CrossRef]

	



Li, S.; Li, L.; Guo, C.; Qin, H.; Yu, X. A promising wound dressing material with excellent cytocompatibility and proangiogenesis action for wound healing: Strontium loaded Silk fibroin/Sodium alginate (SF/SA) blend films. Int. J. Biol. Macromol. 2017, 104, 969–978. [Google Scholar] [CrossRef]

	



Brauer, D.S.; Anjum, M.N.; Mneimne, M.; Wilson, R.M.; Doweidar, H.; Hill, R.G. Fluoride-containing bioactive glass-ceramics. J. Non-Cryst. Solids 2012, 358, 1438–1442. [Google Scholar] [CrossRef]

	



Mokhena, T.C.; Luyt, A.S. Electrospun alginate nanofibres impregnated with silver nanoparticles: Preparation, morphology and antibacterial properties. Carbohydr. Polym. 2017, 165, 304–312. [Google Scholar] [CrossRef] [PubMed]

	



Nešović, K.; Mišković-Stanković, V. A comprehensive review of the polymer-based hydrogels with electrochemically synthesized silver nanoparticles for wound dressing applications. Polym. Eng. Sci. 2020, 60, 1393–1419. [Google Scholar] [CrossRef]

	



Hajiali, H.; Summa, M.; Russo, D.; Armirotti, A.; Brunetti, V.; Bertorelli, R.; Athanassiou, A.; Mele, E. Alginate-lavender nanofibers with antibacterial and anti-inflammatory activity to effectively promote burn healing. J. Mater. Chem. B 2016, 4, 1686–1695. [Google Scholar] [CrossRef] [PubMed]

	



Shaedi, N.; Naharudin, I.; Choo, C.Y.; Wong, T.W. Design of oral intestinal-specific alginate-vitexin nanoparticulate system to modulate blood glucose level of diabetic rats. Carbohydr. Polym. 2021, 254, 117312. [Google Scholar] [CrossRef]

	



Rajpoot, K.; Jain, S.K. Oral delivery of pH-responsive alginate microbeads incorporating folic acid-grafted solid lipid nanoparticles exhibits enhanced targeting effect against colorectal cancer: A dual-targeted approach. Int. J. Biol. Macromol. 2020, 151, 830–844. [Google Scholar] [CrossRef]

	



Reig-Vano, B.; Tylkowski, B.; Montane, X.; Giamberini, M. Alginate-based hydrogels for cancer therapy and research. Int. J. Biol. Macromol. 2021, 170, 424–436. [Google Scholar] [CrossRef]

	



Zhang, C.; Shi, G.; Zhang, J.; Song, H.; Niu, J.; Shi, S.; Huang, P.; Wang, Y.; Wang, W.; Li, C.; et al. Targeted antigen delivery to dendritic cell via functionalized alginate nanoparticles for cancer immunotherapy. J. Control Release 2017, 256, 170–181. [Google Scholar] [CrossRef]

	



Zhang, C.; Wang, W.; Liu, T.; Wu, Y.; Guo, H.; Wang, P.; Tian, Q.; Wang, Y.; Yuan, Z. Doxorubicin-loaded glycyrrhetinic acid-modified alginate nanoparticles for liver tumor chemotherapy. Biomaterials 2012, 33, 2187–2196. [Google Scholar] [CrossRef]

	



Moshaverinia, A.; Ansari, S.; Chen, C.; Xu, X.; Akiyama, K.; Snead, M.L.; Zadeh, H.H.; Shi, S. Co-encapsulation of anti-BMP2 monoclonal antibody and mesenchymal stem cells in alginate microspheres for bone tissue engineering. Biomaterials 2013, 34, 6572–6579. [Google Scholar] [CrossRef]

	



Mao, D.; Li, Q.; Li, D.; Tan, Y.; Che, Q. 3D porous poly(ε-caprolactone)/58S bioactive glass–sodium alginate/gelatin hybrid scaffolds prepared by a modified melt molding method for bone tissue engineering. Mater. Des. 2018, 160, 1–8. [Google Scholar] [CrossRef]

	



Chen, Y.; Long, X.; Lin, W.; Du, B.; Yin, H.; Lan, W.; Zhao, D.; Li, Z.; Li, J.; Luo, F.; et al. Bioactive 3D porous cobalt-doped alginate/waterborne polyurethane scaffolds with a coral reef-like rough surface for nerve tissue engineering application. J. Mater. Chem. B 2021, 9, 322–335. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, Y.; Li, X.; Qiqing, Z. The progress of biomaterials in peripheral nerve repair and regeneration. J. Neurorestoratol. 2020, 8, 252–269. [Google Scholar] [CrossRef]

	



Yang, I.H.; Chen, Y.S.; Li, J.J.; Liang, Y.J.; Lin, T.C.; Jakfar, S.; Thacker, M.; Wu, S.C.; Lin, F.H. The development of laminin-alginate microspheres encapsulated with Ginsenoside Rg1 and ADSCs for breast reconstruction after lumpectomy. Bioact. Mater. 2021, 6, 1699–1710. [Google Scholar] [CrossRef]

	



Witte, K.; de Andres, M.C.; Wells, J.; Dalby, M.J.; Salmeron-Sanchez, M.; Oreffo, R.O.C. Chondrobags: A high throughput alginate-fibronectin micromass platform for in vitro human cartilage formation. Biofabrication 2020, 12, 045034. [Google Scholar] [CrossRef] [PubMed]

	



Mierzwa, A.G.H.; Campos, J.F.; Jesus, M.F.; Nader, H.B.; Lazaretti-Castro, M.; Reginato, R.D. Different doses of strontium ranelate and mechanical vibration modulate distinct responses in the articular cartilage of ovariectomized rats. Osteoarthr. Cartil. 2017, 25, 1179–1188. [Google Scholar] [CrossRef]

	



Symons, M.C. Radicals generated by bone cutting and fracture. Free Radic. Biol. Med. 1996, 20, 831. [Google Scholar] [CrossRef]

	



Karakoti, A.S.; Monteiro-Riviere, N.A.; Aggarwal, R.; Davis, J.P.; Narayan, R.J.; Self, W.T.; McGinnis, J.; Seal, S. Nanoceria as antioxidant: Synthesis and biomedical applications. JOM 2008, 60, 33–37. [Google Scholar] [CrossRef] [PubMed]

	



Wauquier, F.; Leotoing, L.; Coxam, V.; Guicheux, J.; Wittrant, Y. Oxidative stress in bone remodelling and disease. Trends Mol. Med. 2009, 15, 468–477. [Google Scholar] [CrossRef]

	



Purohit, S.D.; Singh, H.; Bhaskar, R.; Yadav, I.; Chou, C.F.; Gupta, M.K.; Mishra, N.C. Gelatin-alginate-cerium oxide nanocomposite scaffold for bone regeneration. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 116, 111111. [Google Scholar] [CrossRef]

	



Wu, Z.; Li, Q.; Xie, S.; Shan, X.; Cai, Z. In vitro and in vivo biocompatibility evaluation of a 3D bioprinted gelatin-sodium alginate/rat Schwann-cell scaffold. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 109, 110530. [Google Scholar] [CrossRef]

	



Groll, J.; Burdick, J.A.; Cho, D.W.; Derby, B.; Gelinsky, M.; Heilshorn, S.C.; Jungst, T.; Malda, J.; Mironov, V.A.; Nakayama, K.; et al. A definition of bioinks and their distinction from biomaterial inks. Biofabrication 2018, 11, 013001. [Google Scholar] [CrossRef] [PubMed]

	



Schuurman, W.; Levett, P.A.; Pot, M.W.; Weeren, P.; Dhert, W.; Hutmacher, D.W.; Melchels, F.; Klein, T.J.; Malda, J. Gelatin-Methacrylamide Hydrogels as Potential Biomaterials for Fabrication of Tissue-Engineered Cartilage Constructs. Macromol. Biosci. 2013, 13, 551–561. [Google Scholar] [CrossRef]

	



Fedorovich, N.E.; Schuurman, W.; Wijnberg, H.M.; Prins, H.J.; van Weeren, P.R.; Malda, J.; Alblas, J.; Dhert, W.J. Biofabrication of osteochondral tissue equivalents by printing topologically defined, cell-laden hydrogel scaffolds. Tissue Eng. Part C Methods 2012, 18, 33–44. [Google Scholar] [CrossRef] [PubMed]

	



Choi, Y.J.; Kim, T.G.; Jeong, J.; Yi, H.G.; Park, J.W.; Hwang, W.; Cho, D.W. 3D Cell Printing of Functional Skeletal Muscle Constructs Using Skeletal Muscle-Derived Bioink. Adv. Healthc. Mater. 2016, 5, 2569–2645. [Google Scholar] [CrossRef]








[image: Marinedrugs 19 00264 g001 550] 





Figure 1. Stylized conformation structures of alginate units, blocks and their linkages M unit: β-d-mannuronic acid residues; G unit: α-l-guluronic acid residues; MM block: homopolymeric blocks of M units; GG block: homopolymeric blocks of G units; and MG or GM block: heteropolymeirc blocks of M and G or G and M units. 
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Figure 2. The junction zone in the egg-box model of calcium alginate gel. 
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Figure 3. The industrial process of sodium alginate extraction via calcium precipitation. 
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Figure 4. An example of alginate-based material for cancer therapy. Schematic preparation of folic acid (FA)-grafted solid lipid nanoparticles (SLNs) bearing irinotecan hydrochloride trihydrate (IHT) are encapsulated in alginate matrix coated with Eudragit S100 [116,117]. 
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