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Abstract

:

Three-dimensional (3D) bioprinting technology is now one of the best ways to generate new biomaterial for potential biomedical applications. Significant progress in this field since two decades ago has pointed the way toward use of natural biopolymers such as polysaccharides. Generally, these biopolymers such as alginate possess specific reactive groups such as carboxylate able to be chemically or enzymatically functionalized to generate very interesting hydrogel structures with biomedical applications in cell generation. This present review gives an overview of the main natural anionic polysaccharides and focuses on the description of the 3D bioprinting concept with the recent development of bioprinting processes using alginate as polysaccharide.
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1. Introduction


At the opening scene of the famous French film entitled the “Fifth Element”, released in cinemas in 1997 with Bruce Willis as main actor, the body of the beautiful Milla Jovovich was built by a three-dimensional (3D) printer using her genetic code extracted from a fragment of her skeletal tissue Of course, this technology was considered, and will always be, fictional but it is potentially becoming reality with the rapid development of 3D bioprinting using natural biopolymers such as polysaccharides.



3D printing involves various processes in which material is joined or solidified under computer control to create a three-dimensional object from digital models. 3D printing is not a new method as the two primitive 3D printing or additive manufacturing methods were invented in 1981 by Hideo Kodama of the Nagoya Municipal Industrial Research Institute to make layer-by-layer three-dimensional plastic materials using a photosensitive polymer called Tevistar and manufactured by Teijin [1]. Hideo Kodama was also among the first to develop a single-beam laser curing approach. 3D printing technologies have recently become accessible due to the expiration of key patents such as that of the fused deposition modeling printing process which expired in 2009 [2] leading to a drop of 3D printers’ prices. The term 3D printing referred to the polymer technologies where additive manufacturing was used in metalworking. The main 3D printing categories described in literature are stereolithography (SLA), fused deposition modeling (FDM) and selective laser sintering (SLS) [3]. A fourth technique usually grouped with SLA is digital light processing (DLP). SLA (the oldest additive manufacturing technique) uses a high-powered laser to harden a liquid resin leading to the desired 3D shape. FDM is based on the deposition of a continuous thermoplastic filament by a print head moved under the control of a computer. SLS is a technique using a laser power source to sinter a powder of polymer. 3D printing is one the most promising technologies in regenerative medicine for in situ creation of 3D tissues or organs after using direct copies of the patient’s organ parameters obtained with 3D imaging techniques such as tomography, for example [4]. The 3D-printed structures colonized by tissue-selected cells under the action of specific growth factors can be also used to build in vitro models for the testing of bioactive compounds in pharmaceutic and cosmetic fields [5]. The 3D printing resulting in cell-laden constructs is call as ‘3D bioprinting’, and the ink suspending cells is called ‘bioink’. The process in 3D bioprinting and the components of the bioink are required not to damage the cells. In addition, the components of bioink must be biocompatible for avoiding adverse responses after implantation in vivo. Regarding the application of natural polysaccharides, 3D bioprinting technologies mainly involve inkjet-based printing, extrusion-based printing, light-assisted 3D printing and particle fused-based 3D printing [3]. Polysaccharides are highly complex biopolymers composed of monosaccharides (mainly hexoses and pentoses) with linear or ramified structures. They have various degrees of solubility in water depending on: the monosaccharide’s composition, the nature of the glycosidic bonds that link the monosaccharides to each other, and the possible presence of non-sugars constituents. This variety of condensation linkages and the variations in monomer sequences generates a plethora of possible architecture and shapes [6]. Polysaccharides are abundant in nature as they have been described in microorganisms (including bacteria, cyanobacteria, microalgae and fungi), mushrooms, terrestrial plants, macroalgae and animals [6,7,8,9]. In view of their numerous hydroxyl groups, polysaccharides can be modified with desired chemical moieties to obtain 3D-crosslinked structures with tunable mechanical properties [10]. Generally, in the last decades, the most described polysaccharides used in bioink to obtain 3D bioprintable scaffolds and hydrogels are hyaluronic, acid, alginate, chondroitin sulfate, chitosan, agarose, gellan, pullulan or cellulose [11,12]. Their main advantages are their appropriate mechanical/rheological properties, printability, biocompatibility, biodegradability and non-toxicity. Among them, polyuronides and, above all, alginates—which are linear anionic polysaccharides that have been shown to be capable of self-assembly to form acidic or ionic crosslinked hydrogels with interesting mechanical properties—are considered ideal candidates with or without chemical functionalization [13,14,15]. Anionic polysaccharides such as alginate are composed of carboxylated sugars (COO-) which are specific reactive groups largely described in literature to be easily functionalized by a chemical or enzymatic process in order to generate interesting hydrogel structures with biomedical applications in tissue engineering. Consequently, this review aims to discuss state of the art 3D printing technologies and its application to design biomaterials using polysaccharides and predominantly, anionic polysaccharides such as alginates and hyaluronic acid.




2. Overview of Natural Anionic Polysaccharides from Plant, Bacteria and Algae


Carbohydrate polymers from natural sources have been studied and utilized in the pharmaceutical and biotechnological industries for many years. Besides its desired gelling properties, these natural polysaccharides have been used as hydrogels for 3D bioprinting [3,4,5,10,11]. For example, in the presence of divalent cations, such as calcium, anionic polysaccharides are able to form gels because of associations between the calcium ion and the acid residues. This section gives a short emphasis on the most described and principal natural anionic polysaccharides of interest, including: polygalacturonic acid (PGA), polyglucuronic acid (PGU) and alginate reported for their gelling properties and their potential for 3D bioprinting technology.



2.1. Polygalacturonic Acid from Pectin


Pectin is a glucidic polymer of high molecular weight, present practically in all plants where it contributes to the cell structure [16,17]. The term pectin covers a number of polymers, which vary according to their molecular weight, chemical configuration and neutral sugars content [17]. It is an heteropolysaccharide found in and between plant cell walls. The amount and composition of the polymer vary with the plant species but all pectins are based on a backbone of anhydrogalacturonic acid [17,18]. The dominant feature of pectins consists of a linear chain of α-(1,4)-linked d-galacturonic acid (GalA) units called polygalacturonic acid (PGA) (Figure 1) [17,19,20], together with various neutral sugars, mainly rhamnose (Rha), arabinose (Ara) and galactose (Gal). In addition, non-sugar components such as methanol, acetic acid and ferulic acid (FerA) are often associated with pectic polysaccharides (Table 1). The galacturonic acid chain is partly esterified as methyl esters. Although the esters are the most significant components on the galacturonic acid backbone, other chemicals, such as acetyl, can be important in specific pectin types [17]. The percentage of galacturonic acid in the whole molecule is defined as the galacturonic acid content (% GA), which is set at a minimum of 65% in the definition of pectin as a food additive. The percentage of esterified galacturonic acid units relative to the total number of galacturonic acid units in the pectin structure is defined, respectively, by the degree of methylation (DM) and the degree of acetylation (DA) [17,18].



Colorimetric procedures are the most widely used methods for galacturonic acid content determination. In concentrated acid medium, furfuric derivatives are generated and conjugated with aromatic compounds (m-hydroxybiphenyl, 3,5-dimethylphenol) [28,29] to give colored products that are quantified by colorimetry. Thibault (1979) [30] automated the m-hydroxybiphenyl method. Titrimetry is also widely used and is the main reference method for commercial pectin quantification. In their acidic form, pectins are titrated by a dilute alkali, saponified and titrated again. This “double titration” gives access to both DM (degree of methylation) and galacturonic acid content, but it suffers from a lack of specificity and cannot be used on acetylated pectins. The method also requires large quantities of pectins (from 100 mg to 1 g) for its operations. Regarding rheological behavior, solutions with more than 1% (w/v) pectin exhibit pseudoplastic behavior and are strongly affected by calcium. They gel in the presence of calcium ions or other divalent cations. Then, there are “eggbox” junction zones between the regular regions of acidic homogalacturonans, which can stack on top of one another. It is clear that the dominant factor in the gelling of pectin strongly depends on its degree of esterification, but the structure of the complex network is most often the result of a combination of several mechanisms. The assertion that high ester pectins will gel with sugars and acids, while gelling with low ester and calcium pectins, is certainly valid, but that calcium can certainly alter the gelling of high-ester pectins, as well as pH and soluble solids affect the low gelling ester content of pectin [17,18]. The rigidity of the gel depends on several factors: the proportion of homogalacturonan (HGA) zones and branches, the degree of esterification, the pH which must allow the ionization of the acid functions, and the calcium ion content of the medium. These interesting gelation effect of polygalacturonic acid (PGA) in presence of calcium could be a very interesting properties in 3D bioprinting technology development since these similar gelling properties were successfully investigate with another anionic polysaccharides such as alginate for tissue engineering technology.




2.2. Polyglucuronic Acid from Bacteria, Fungi and Green Algae


Polyglucuronic acids are homopolymers of glucuronic acid partially acetylated and initially isolated from microorganisms, such as the bacterial strain Sinorhizobium meliloti M5N1CS, which produces an extracellular polysaccharide with interesting viscosimetric and gelling properties consisting only of glucuronic acids. Gas chromatography and 1H nuclear magnetic resonance (NMR) analysis revealed the presence of a single peak that corresponds to β-(1,4)-linked glucuronic acid (Figure 2) [14,31,32].



Gelling properties have also been reported in the presence of monovalent, divalent or trivalent cations as a function of polymer concentration and ionic strength [14,32]. Glucuronan can form thermo-reversible gels in the presence of monovalent cations in the form of Na+ high ionic. Thermally stable gels were obtained with divalent cations (Ca2+, Cu2+, and Ba2+) and the resistance of the gels was modulated by the degree of acetylation of the polymer that disrupts the ionic interaction [14]. The production of glucuronan by the S. meliloti strain M5N1CS and its use in food products, agriculture, pharmacy, cosmetics or water purification, especially in the form of a gelling agent, thickener, moisturizer, stabilizer, have been claimed in the first patent describing the use of β-(1,4)-d-poly- and oligoglucuronic acids in chelatant or flocculant applications but also in various fields of applications [14,33,34].



Another bacterial strain producing cellulose was isolated from rotten apples. It has been identified as Gluconacetobacter hansenii based on its physiological characteristics and the sequence of the gene coding for 16S rDNA. Specifically named G. hansenii PJK [35,36], it was used to produce water-soluble polysaccharides composed of glucuronic acid [35,36,37,38]. High-performance liquid chromatography (HPLC) analysis of the polysaccharide hydrolysates produced by this strain revealed the presence of glucuronic acid [39,40]. Further analysis by NMR determined the structure of this polymer that can be composed of α-glucuronic acid rather than β-glucuronic acid [39,40]. Part of the polysaccharide mixture was composed of unsaturated α-(1,4)-oligoglucuronic acids [39,40]. These oligosaccharides have good emulsifying properties and sufficient thermal stability to be commercially developed [39]. Their production from a chemically defined medium was expensive, but the strain produced large amounts (112.65 g/L) of these oligomers on fermentation broth waste from beer [39,41].



In fungal species of the genus Mucor, the fibrillar structure of the wall is composed of chitin and chitosan [42], which have been incorporated in matrix materials mainly composed of polymers, containing large amounts of glucuronic acid [43]. Two polymers of different acidity were extracted from the mycelial walls of Mucor rouxii. The first was an heteropolymer composed of d-glucuronic acid, d-mannose, d-galactose and l-fucose. It was designed as mucoran. The other polymer contained large amounts of d-glucuronic acid and was designed as mucoric or fungal β-(1,4) glucuronan acid [44]. Previous studies have also revealed the presence of β-(1,4)-d-polyglucuronic acid in the cell walls of several green algae [45,46].



Regarding the very good gelling properties of PGU using divalent ions which gave thermally stable gels [14,33], it is important to mention that PGU could be efficiently use as the basal hydrogel of bioinks and investigated for new application in 3D bioprinting dedicated to tissue engineering as already done with alginate.




2.3. Alginate from Brown Algae and Bacteria


2.3.1. Alginate from Brown Algae


Alginates are quite abundant in nature since they occur both as a structural component in marine brown algae (Phaeophyceas), comprising up to 40% of the dray algae such as Laminaria digitata, L. hyperborea and Macrocystis pyrifera. Alginates are unbranched binary copolymers, consist of (1->4) linked β-d-mannuronic acid (M) and α-l-guluronic acid (G) residues (Figure 3) [47,48], of widely varying composition and sequence according to: (i) algae, (ii) where they are developed and, (iii) the organs used for extraction.



However, it is still organized as homo- (MM blocks and GG blocks) and/or heteropolymeric blocks (MG blocks) [49]. Distribution, quantity and length of the MM, MG and GG blocks determine the rheological properties of alginates. Thus, high levels of G blocks stiffen the alginate chains [49] and lead to more viscous solutions. It is in the presence of cations and especially Ca2+ ions that alginate forms gel (called egg box model) whose resistance is strongly influenced by the content and the length of the G blocks [48,49]. Compared with other gelling polysaccharides, the most striking features of alginate’s physical properties are the selective binding of multivalent cations, being the basis for gel formation and the fact that the sol/gel transition of alginates is not particularly influenced by temperature. Commercial alginates are produced mainly from Macrocystis pyrifera, Ascophyllum nodosum, Laminaria species, Eclonia maxima, Lessonia nigrescens, Durvillea Antarctica and Sargassum species [50]. Many processes are used to extract alginate [51,52,53,54]. In a general way, algae powder was first demineralized using acid solution such as HCl (0.1%–0.5%) and secondly treated with alkaline solution using NaHCO3 or NaOH (0.5 to 2%; pH 10–11) at 60–70 °C which easily allows the release of alginates in sodium salt form [51,53]. To increase yield, the alkali treatment is repeated 2-3 times. After filtration to eliminate insoluble residue, CaCl2 solution (5%–15% (w/v)) is added to the filtrate to precipitate alginate in calcium salt. Then, calcium alginate could be bleached using aqueous oxygen peroxide or sodium hypochlorite (1%–10% (v/v)) treatment followed by mixing with HCl solution (1%–5% (v/v)) to obtain alginic acid which is purify by repeated water washing to completely remove calcium salt [48,49,51,52]. Finally, the highly purified alginic acid form is usually: (i) converted to sodium alginate using carbonate or NaOH solution treatment, (ii) precipitated using alcohol (ethanol, isopropanol…), (iii) dried and (iv) ground in fine powder.




2.3.2. Alginate from Azotobacter Vinelandii and Pseudomonas spp.


Alginates are also synthesized as acetylated exopolysaccharides by certain bacterial species such as Pseudomonas aeruginosa and Azotobacter vinelandii [54,55]. During its vegetative growth Azotobacter vinelandii synthesizes alginate and intracellular polyesters (polyhydroxybutyrate) [56,57]. This alginate production is part of the enkystement process, as a mechanism for promoting resistance to desiccation under unfavourable environmental conditions in order to maintain hydration of the cell [58,59] constituting a structural element of the cell [60]. In addition to this structural role that alginate plays in Azotobacter vinelandii and due to its guluronic acid content, it can also act as an oxygen diffusion barrier, limiting its transfer to the enzymatic complex of nitrogenase [61], which is very sensitive to oxygen [62]. In Pseudomonas aeruginosa, alginate is the causative agent of cystic fibrosis, and is associated with pathogenic power [59,63,64]. Alginate biosynthesis in Pseudomonas spp. is induced under desiccation conditions and is probably a key component of stable biofilms in various environments [58,59]. The main difference at the molecular level between algal and bacterial alginates is the presence of O-acetyl groups at C2 and/or C3 of mannuronic acid unit in the bacterial alginates (Figure 3) [65].






3. 3D Bioprinting Technology Concept


Parallel to the many advances made in science and technology, 3D printing has been applied to many multidisciplinary fields due to its unique physical, chemical and biological properties as well as multifunctional material-based construction. In addition, 3D printing has extended applicability toward the fabrication of three-dimensional constructs containing living cells. This technology is expected to solve the problem of the conventional tissue engineering approach and the arduous task of controlling the position of individual cells. In the conventional tissue engineering approach, cell-laden constructs are prepared by pouring cell-suspending solution to porous scaffolds. In contrast, in 3D bioprinting, cell-laden constructs are prepared by localizing cell-suspending bioink using printers as intended. The existing bioprinting systems can be roughly classified into four types (Figure 4) [12,66,67,68]: inkjet bioprinting (a), stereolithography bioprinting (b), micro-extrusion bioprinting (c), and laser-assisted bioprinting (d).



Inkjet bioprinting system deposits droplets of bioink-containing cells on a substrate through an ejection from a small needle. Gelation of the deposited bioink should occur in-situ at the deposited position. The diameter of the droplets is within a range of several dozens to several hundred micrometers. An attractive point of inkjet bioprinting is a micrometer scale resolution (10–50 μm). In contrast, a well-known limitation is the necessity of rapidly gellable bioinks with low viscosity (<10 mPa·s) [66]. It is ideal for bioprinting systems, to enable hydrogelation processes that are cytocompatible. Stereolithography bioprinting requires bioinks curable through photo-irradiation using a rastered laser beam or a dynamically projected light source. Cell-laden constructs are fabricated on the surface of a substrate submerged in the bioink. When it comes to the quality, resolution, and accuracy of manufactured parts, stereolithography bioprinting is the most promising system. The difficulty of this approach is that the same layer cannot be fabricated by multiple bioinks. Micro-extrusion bioprinting is the most intensively investigated. 3D constructs are obtained by continuous extrusion of bioink filament fed through a needle.



The bioinks with the viscosity of 30 – 6×107 mPa·s are applicable to this system [66]. In addition, in comparison with other bioprinting systems, micro-extrusion bioprinting enables one to prepare cell-laden constructs with higher cell density [12]. The existence of various applicable biomaterials and inexpensive printers are also attractive points of this system. Laser-assisted bioprinting is one of the most cutting-edge systems, which allows the printing of bioink inclusive of cells with a cell-level resolution. In this system, a pulsed laser beam is focused and scanned over a donor substrate that is coated with an absorbing layer and a layer of bioink. The resolution is in the range of 10–100 μm. A few of the drawbacks of this printer is that it has a more complicated structure, it is relatively expensive, and irradiation of a laser beam can lead to cell damage [69].




4. Biomaterial Application of Alginate in 3D Bioprinting and Perspectives Using Other Polyuronic Acid Polysaccharides


Alginate, as a biomaterial for tissue engineering applications, has a number of attractive features such as biocompatibility, low toxicity, relatively low cost, and mild and rapid hydrogelation by the addition of divalent cations such as Ca2+ [70]. The mild and rapid hydrogelation is useful as a component of bioink for stabilizing it at the designated position. In a pioneer work by Nakamura et al. for inkjet bioprinting, 3D cell-laden constructs were obtained by dropping sodium alginate solution containing cells into CaCl2 solution from an inkjet nozzle [71,72,73]. It is reported that successful fabrication of a cell-laden gel tube is around 400 μm in diameter (Figure 5a). There is a commercially available bioink named Cellink (Cellink, Gothenburg, Sweden) which is composed of alginate, a cellulose nanofiber-containing polymer with enhanced shear-thinning properties. Due to the shear-thinning property, printed 3D constructs can retain the shape during printing. Post-printing, the constructs are gelated by reacting with an aqueous solution of Ca2+.



A noticeable drawback of sodium alginate for tissue engineering applications is the low cell attachment and characteristic spreading of the resultant hydrogels crosslinked by divalent cations. To address this problem, Jia et al. used an alginate conjugated with cell-adhesive RGD peptide for bioprinting [74]. Another approach in utilizing the hydrogelation feature is a combination with other materials having different properties with alginate such as hydroxyapatite [75] and gelatin [76]. Wüst et al. used a bioink containing gelatin, alginate, hydroxyapatite, and cells to print a novel cell-laden composite for bone printing using micro-extrusion bioprinting [76]. In the system, the bioink was first extruded onto a cooling plate for inducing thermal hydrogelation attributed to gelatin. Then, the resultant constructs were immersed in a solution containing Ca2+ for inducing cross-linking of alginate to improve a long-term structural integrity of the constructs including cells.



Alginate has also been used as a component of bioink after being introduced to phenolic hydroxyl moieties that proved to be cross-linkable under mild conditions. In these cases, the biocompatibility and low toxicity would be considered useful. Sun et al. fabricated 3D constructs through micro-extrusion bioprinting using bioink containing photo-cross-linkable and cell-adhesive alginate derivative obtained by introducing both methacrylate and RGD moieties onto the alginate backbone [77]. In the system, hydrogels were obtained through ultraviolet light-irradiation in the presence of a photo initiator. Sakai et al. reported stereography bioprinting using alginate derivatives obtained by introducing phenolic hydroxyl moieties through visible light irradiation in the presence of ruthenium II tris(bipyridyl) chloride and sodium persulfate (Figure 5b) [78]. Fibroblast cells enclosed in the hydrogel constructs showed more than 90% viability for seven days [78]. The same alginate derivative possessing phenolic hydroxyl moieties were also used as bioinks of inkjet bioprinting (Figure 5c) [79] and micro-extrusion bioprinting [80]. In these studies, the bioinks were gelated through horseradish peroxidase-catalyzed reaction. The enzyme-mediated hydrogelation was reported as rapid enough to fabricate 3D constructs with the shapes as designed [79,80].



Hyaluronic acid (HA), one of the most important components of extracellular matrices, is a polysaccharide that has been intensively investigated as a component of bioink due to its excellent biocompatibility and biological properties [81,82]. Native HA is not gellable under physiological conditions, therefore introduction of cross-linkable moieties is necessary for the use as bioinks to fabricate the 3D constructs containing HA in stable. As the similar manner for alginate described above, HA derivatives possessing introduced methacrylate moieties [83] and phenolic hydroxyl moieties [79,84] were used in micro-extrusion bioprinting (Figure 5d) [83,84] and inkjet bioprinting [79]. Considering the various bioactive properties of each polysaccharide, these polysaccharides will be used as components of bioinks through the introduction of crosslinkable moieties catalyzed by enzymatic means.




5. Conclusions


3D printing has well earned its place in the fabrication of biomaterials. The emerging technology is only at the beginning of its industrial development. Indeed, the development of this technology is still very limited for the construction of 3D bio-based materials despite the abundance of the biopolymers. They are eco-friendly, renewable and sustainable polymers abundant in our very own biosphere. They also have functional groups in their structures which allow for chemical modification. However, the majority of these polymers have low printing performance and this issue must be addressed in order for this technology to be applied at industrial scales. Their formulation as chemically modified biopolymers and their use in combination with other components such as low-cost polyesters (polylactic acid for example) makes these compounds viable with improved printing properties. In parallel, the increase in performance of new-generation 3D printers may pave the way to the gradual utilization of natural biopolymers. The requirements of the regenerative medicine for biocompatible hydrogels and dried scaffolds with high levels of biocompatibility and biodegradability will be the greatest opportunity for polysaccharides to have an increased presence in the market of 3D printing processes. The natural evolution of living organisms gives rise to these macromolecules with numerous innate biological functions, mainly mimicking the architecture of tissues (cellulose from plants or chitin from fungi and animals) and providing a system to support life (hydrated extracellular matrix of cells). These biological functions are attributed to their unique mechanical properties (stiffness or swelling degree). In addition, a better understanding of 3D printed bio-based material interactions with the human body and its role in regenerative medicine will lead to a need for more specialized polysaccharides—optimized in design, processability and bioactivity. Although the field is in its early development, it has already created several human tissues approaching the scenario of the “Fifth Element” film. The success of future biocompatible artificial tissue obtained by 3D bioprinting will be also dependent on the capacity to reproduce the complexity of natural environment and tissues with gradients of matter having functionally adaptability. Polysaccharides are viable polymers to achieve this as they can generate a large variety of hydrogels; some of them having biological activities (hydrogels of glycosaminoglycans (GAG) or other sulfated polysaccharides, and polymers mimetic of GAG such as polyglucuronic acid). These high-value applications of polysaccharides in 3D printing would become the forefront in its path for specialized bio-ink. With a stronger presence in the market, lowered costs for polysaccharide processing would lead to greater access to even non-polysaccharide polymers such as lignins. This opens endless paths leading to sustainable and eco-friendly solutions that may be the alternative to what was once fictional.
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