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Abstract

:

The self-repair capacity of human tissue is limited, motivating the arising of tissue engineering (TE) in building temporary scaffolds that envisage the regeneration of human tissues, including articular cartilage. However, despite the large number of preclinical data available, current therapies are not yet capable of fully restoring the entire healthy structure and function on this tissue when significantly damaged. For this reason, new biomaterial approaches are needed, and the present work proposes the development and characterization of innovative polymeric membranes formed by blending marine origin polymers, in a chemical free cross-linking approach, as biomaterials for tissue regeneration. The results confirmed the production of polyelectrolyte complexes molded as membranes, with structural stability resulting from natural intermolecular interactions between the marine biopolymers collagen, chitosan and fucoidan. Furthermore, the polymeric membranes presented adequate swelling ability without compromising cohesiveness (between 300 and 600%), appropriate surface properties, revealing mechanical properties similar to native articular cartilage. From the different formulations studied, the ones performing better were the ones produced with 3 % shark collagen, 3% chitosan and 10% fucoidan, as well as with 5% jellyfish collagen, 3% shark collagen, 3% chitosan and 10% fucoidan. Overall, the novel marine polymeric membranes demonstrated to have promising chemical, and physical properties for tissue engineering approaches, namely as thin biomaterial that can be applied over the damaged articular cartilage aiming its regeneration.
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1. Introduction


Tissue engineering and regenerative medicine have made remarkable advancements in developing different temporary scaffolds capable of repairing or replacing damaged tissues resulting from trauma, degenerative pathologies or wear [1,2]. Many of these tissues, such as cartilage, have been considered particularly challenging to repair due to their lower regenerative capacity. In fact, being characterized by the absence of blood vessels and innervation, cartilage shows limitations in self-repair, especially in advanced clinical problems, e.g., tissue deterioration during ageing in the case of the hyaline cartilage tissue, or arthritis that encompasses a wide range of joint disorders, including both degenerative and inflammatory forms [3]. Cartilage tissue is composed essentially by a small percentage of chondrocyte cells, surrounded by a dense extracellular matrix (ECM) that enables diffusion of nutrients, gases and metabolism products, while preventing chondrocyte mobility during locomotion [4]. Typically, articular cartilage can be found covering some parts of bone surfaces to render low friction properties, reducing the wear and stress in the joint zones, thus facilitating the movements and absorbing/dissipating impacts resulting from mechanical shocks [5].



To overcome the regenerative process limitations, tissue engineering is exploring a range of methodologies and materials to manufacture biomaterials mimicking native ECM [6], namely porous scaffolds [7], hydrogels [8], cryogels [9], membranes [10] or 3D (bio)printed structures [11], among others. Those are selected according to their structural and biological properties and final approach. Ideally, these scaffolds should accomplish some basic principles for tissue engineering by: (i) showing specific biological properties such as nontoxicity, biocompatibility, low antigenicity and biodegradability, (ii) integrating well with the surrounding tissues; (iii) coping with the biomechanical stress, such as in locomotion; (iv) supporting the total integrity of cells and their viability that include proliferation and differentiation; and (v) promoting the natural ingrowth of the native tissue; among others [3,12]. In fact, biocompatibility is a critical concern and new scaffolds should cause only a negligible immune response and avoid severe inflammation, which is associated with a decreased healing rate and, in some cases, rejection by the human body [13].



Regarding scaffold manufacturing, membranes are a type of biomaterials, typically thin, that can be used to cover the surface of damaged tissues and organs. Currently, different types of methodologies are employed to manufacture this type of scaffolds, such as ionic or chemical gelation [14], solvent casting [15], electrospinning [16], decellularization of natural tissues [17] and by compaction of materials (e.g., ultracentrifugation) [18]. Furthermore, (semi)synthetic polymers and natural materials are suitable for the fabrication of membranes. In the last decade, marine-derived materials have gained considerable attention for biomedical application due to their similarities with many ECM components, low risks associated with zoonosis and overcoming social/religious-related constraints [12,19]. In this order, marine collagens have been considered great candidates for TERM strategies due to their biological properties such as high biocompatibility, low antigenicity, non-toxicity, safe biodegradability [20] and have the capacity to provide appropriate signals for cell adhesion, viability, proliferation and migration [20,21]. Additionally, chitosan has been used for tissue engineering in humans since it structurally shares a monomer with hyaluronic acid found in ECM, especially in cartilage tissues [22]. Being mainly obtained from chitin present in crustacean shells (i.e., shrimps and crabs) and squid pens, this polymer contains remarkable properties such as biodegradability, biocompatibility, low toxicity, anti-inflammatory and antibacterial, making it a potential candidate for cartilage tissue repair [23,24]. In the same way, fucoidan is commonly considered to resemble sulfated glycosaminoglycan (such as chondroitin sulfates) found in ECM [25]. Recent studies have demonstrated diverse biological properties for this sulfated polysaccharide commonly extracted from brown seaweeds, such as anticoagulant, anti-thrombotic, antiangiogenic, anti-inflammatory, antiviral and antioxidant, among others [26,27].



In an era where the exploitation of resources and the environmental impact of actions are under close scrutiny towards sustainability, the establishment of eco-friendly processes should be a goal on any technological development, including the production of scaffolds for tissue engineering. From one side, strategies of biomass valorization under the circular economy concept, i.e., sustainable exploitation of “blue resources” and the management of industrial by-products, should be addressed [10,28]. Likewise, the environmental costs of the proposed scaffolding process should be explored, by evaluating the waste generated during this process and accounting reagents, solvents and other reagents used. For this understanding, green metrics have been developed, such as the Environmental factor (E-factor) [29,30], which is a measure of the efficiency of a chemical reaction or process (including natural and synthetic materials) that takes into account the amount of waste generated in relation to the amount of product produced [31].



The present study aims to demonstrate the feasibility of manufacturing biomaterial-membranes formed by marine collagen (from jellyfish and shark skin), chitosan (from squid pens) and fucoidan (from brown algae) using natural ionic cross-linking. For this purpose, membranes were developed using different formulations comprising a combination of polymer ratios, and further characterized regarding their chemical and morphological features, surface properties, mechanical behavior and polymer distribution. Furthermore, this innovative approach was designed envisioning its future application in tissue engineering, including to cover the damaged cartilage surface, promoting its regeneration.




2. Results and Discussion


2.1. Green Metrics on Scaffolding Membrane Process


Currently, humanity has a growing concern regarding the sustainability of products and processes in diverse areas (for instance, pharmacological products or biomaterial processing in tissue engineering), equally for the use in the short or long term. In this way, it is necessary to apply green metrics such as the Environmental factor (E-factor) to evaluate how green the scaffolding process herein proposed is, considering the resource efficient extraction and the waste generated during the process (e.g., reagents and solvents). These metrics give the developers essential information and predictions about the materials’ impact when discarded [32,33]. Theoretically, when a higher E-factor is obtained, more waste is generated, and consequently the product has an undesirable impact on the environment, as so, preferably the E-factor needs to be closer to zero [29]. The E-factor was calculated to evaluate if the newly developed membranes could be considered safe for the environment. According to Sheldon equation [30], all the results obtained are very close to zero, between 0.11 to 0.17, which confirms that our biomaterials and the process adopted to their development can be considered sustainable for the environment due to their low impact, highlighting in addition that these biomaterials were produced with biodegradable components. Likewise, this scaffolding process explores a green methodology by using natural ionic cross-linking between marine polymers, i.e., electrostatic interactions that occur between the positively charged groups found in both collagens and chitosan polymeric chains (charged amines), and the negatively charged groups of the fucoidan chains (sulfates). In this order, it avoids the use of any chemical cross-linking agents, which may have a negative impact on the environment and, in some cases, be associated with some cytotoxicity effect to the cells [34].



According to this methodology, the aspects that can be considered less green for the environment are the use of acidic and basic solutions. They comprise hydrochloric acid (HCl) and sodium hydroxide (NaOH) at low concentrations during the polymers’ extractions and the ammonium acetate buffer (NH4OAc/AcOH) to dissolve both collagens and the chitosan during the biomaterial processing. Furthermore, E-factor studies can also be particularly helpful in determining whether it will be feasible to scale up a manufacturing process, including the polymeric extraction process. A manufacturing process efficiency may be affected when it is scaled up, which could result in more waste being produced and energy being used. Researchers can predict potential problems that might emerge during scale-up and fix them before they become a problem by conducting E-factor studies at a lesser scale. This can lessen the environmental impact and improve the commercial viability of tissue engineering materials by ensuring that the production process stays sustainable and effective as it is ramped up.




2.2. Determination of Glycosylation by Glycoprotein/Carbohydrate Estimation in Collagen Samples


Collagen is a natural protein that can be abundantly found in both invertebrate and vertebrate animals, which is essentially formed by polypeptide chains combined to form a right-handed triple helical coil, typically represented by Gly-x-y, where Gly is the amino acid glycine, and x and y are associated to other amino acids, with higher prevalence to proline (Pro) and hydroxyproline (Hyp) [12]. During the biosynthesis of these proteins, collagen acquires a specific number of co-translational or post-translational modifications, which are essential for their functional integrity. Those include the hydroxylation of Pro and Lys (lysine) residues, glycosylation of specific hydroxylysine (Hyl) residues that is indispensable for fibril formation mediated by β(1-O)galactosyl- and α(1-2)glucosyltransferase enzymes, and the cross-linking formation by covalent intra- and intermolecular bonds [35]. Furthermore, these modifications significantly increase the thermal stability of collagen, which is a crucial key to support the body temperature [36] and thus impact the performance of collagen-based biomaterials. To understand structural differences between the collagen samples (type II jCOL and type I sCOL), the glycosylation quantification was estimated using a glycoprotein carbohydrate estimation kit. The glycosylation process relies on chemical reaction in which a carbohydrate or ‘glycan’, i.e., a glycosyl donor, is attached to a hydroxyl or other functional group, and its quantification is based on the kit ability to estimate the presence of this type of bonds [37]. Taking this into account, the values estimated for jCOL are between 2.93 and 3.05%, while for sCOL they are between 6.34 and 9.04%. Furthermore, Thierry Hennet [38] explains that glycosylation varies according to the type of collagen due to the presence of the amino acid hydroxylysine on each molecular composition, being already reported that the collagen type IV is more extensively glycosylated when compared with collagen type II and type I. To summarize, our results suggest that the sCOL sample can be considered more structurally and thermally stable than the jCOL. These differences can provide a significant influence on the structural stability of the developed biomaterial systems.




2.3. 1H Nuclear Magnetic Resonance (1H-NMR) Analysis


1H-NMR spectral analysis is a remarkable technique that uses information regarding the hydrogen atom position in molecules to infer about their structure [39]. The 1H-NMR spectra of collagen from jellyfish (jCOL) and shark (sCOL) are both shown in Figure 1a,b, respectively. The results demonstrate a very intense band in both spectra at ~4.8 ppm, which indicates the presence of water molecules in the collagen samples. This water can be called ‘hydration’ water [40]. In optimum collagen preparation for this analysis, the absorbed water interacts with the collagen surface, helping to stabilize the collagen helix structure [41]. Moreover, singlet peaks can also be found at 1.12 ppm, 3.27 ppm and 3.62 ppm for jCOL and at 1.24 ppm, 3.37 ppm and 3.72 ppm for sCOL that indicates the unfolding amide proton, and α-carbon protons, while the chemical shifts founded at 1.23 ppm for jCOL and 1.24 for sCOL indicates the acid reacted of the proline (amino acid present in collagen repeat model). These spectra coincided with the 1H-NMR spectra of marine collagen analyzed by Krishnamoorthi et al. [39] and by Angilè et al. [42].



Additionally, the degree of deacetylation (DD) of the chitosan sample could be calculated by 1H-NMR spectroscopy using the integration peaks of the non-anomeric and anomeric protons resonance signals, shown in Figure 1c, corresponding to the ratio of deacetylated D-glucosamine units is respect to the total number of monomers [23]. The integral value of the broad A1 zone (protons in positions C2–C6 on the sugar ring) was 14.23, while for A2 zone (the three N-acetyl protons of GlcNAc) the integral value was 0.74, resulting in a DD value of 85.9% ± 3.2, which stands in line with the DD values presented in the literature for most of the reported chitosan samples [43,44,45]. This allowed to validate the innovative methodology proposed by the authors in order to obtain chitosan with medium to high DD using a low number of steps when compared with traditional production methods [46]. According to the literature, there is a direct correlation of the DD value with the chitosan physicochemical properties, such as solubility, degradation rate and hydrophilicity character, and therefore an expected increase in their DD values [47,48].



The 1H-NMR of fucoidan (sulfated polysaccharide) is very complex, as demonstrated in Figure 1d. In fact, the most common structure of fucoidan is composed by alternating linked (1-3) or (1-4)-α-L-fucopyranose (α-L-Fucp) and β-D-galactopyranose (β-D-Galp), which can present variations at C2 and C4 position, the structure being partially acetylated or sulfated [49]. Regarding this, it is possible to divide the achieved fucoidan spectra into four principal regions (A-D), disregarding the biggest peak at 4.4 ppm that is typical of the presence of residual water. The first broad signal observed at 5 to 5.7 ppm, named as region A, is associated to α-anomeric protons, being related with the presence of α-3 linked and α-3, 4 linked L-fucopyranose residues [50]. The second broad signal at 3.4 to 4.0 ppm (Region B) is attributed to the presence of ring protons of the galactose residues. However, if we admit the signal extension between the region C (2.0 to 2.3 ppm) and region B, this indicates the presence of CH3 protons of O-acetyl groups [51]. The last broad region signal (region D), appears at 1 to 1.5 ppm and represents the C6 methyl protons of L-fucopyranose (fucose residues) that confirms the presence of sulfated polysaccharide structure [52]. This result is in-line with the findings earlier reported for fucoidan structures from different seaweeds [53,54,55].




2.4. Chemical Characterization of Polymeric Membranes


The amounts of collagen present in collagen extracts produced from jellyfish and shark skin and in each developed membrane were quantified by enzymatic fluorimetric method. This simple and highly sensitive methodology consists of using enzymatic digestion of collagens into peptides, where the N-terminal glycine from the peptides would further react with the dye reagent to form a fluorescent complex. The fluorescence intensity of this product is directly proportional to collagen concentration in the sample. The total collagen concentration present on the marine membranes is shown in Figure 2.



Initially, comparing both collagen samples (jCOL and sCOL) individually, it is noticed that the concentration of collagen is significantly different between them, i.e., the sCOL contain almost 40% more collagen than jCOL. This discrepancy can be associated with the type of collagen, source, their amino acids’ sequential composition and extraction methods, among others [56], or even due to the sCOL demonstrating an easier ability to dissolve in the solvent. Furthermore, since the formulations (M/J3 to M/J5S5) were achieved after polymeric reticulation, this quantification was also assessed to observe the reticulation’s effect on the collagen’s ability to react within methods using enzymes. Thus, it was possible to verify the probability of having some collagen losses during the membranes’ processing. In this order, the total collagen content present on each biomaterial-membrane shows that the small concentration variations observed are mostly associated with the formulation since some samples contain more collagen per mL than others. As expected, the achieved data through this method are correlated with the prepared compositions (Table 2), being the formulations with higher initial amounts of collagen the ones with higher values of collagens. To demonstrate this fact, as an example, the formulation M/J5S5 presents the higher collagen concentration values, which is in accordance with the amounts of both collagen types used for the formulation preparation. Nevertheless, the values obtained for the developed biomaterials can be influenced by some minor errors as the collagens are combined with chitosan and fucoidan polymers, which impeded the process of dissolving the samples. Overall, the data obtained are in accordance with the % w/w of total polymer mass in the biomaterial-membranes extrapolated.



Ellman’s assay is a non-destructive method, which contains the Ellman’s reagent (5-5′-dithio-bis(2-nitrobenzoic acid)), also called DNTB, that is a chemical product used to form free sulfhydryl groups (free thiol groups) in solution-measuring methodology [57]. In general, DNTB solution reacts with free sulfhydryl molecules, producing a mixed disulfide and 2-nitro-5-thiobenzoic acid (TNB) product. Likewise, this method has the advantage that it can also be used to quantify these free groups in single polymers as well as in materials after processing, as the produced membranes [58]. The thiol groups were quantified in each marine polymeric solution, and of the developed membranes (data are shown in Figure 3).



The quantification of the thiol groups present in each developed membrane can be helpful, as it allows to estimate the real amount of fucoidan in these biomaterials and, consequently, assess the efficiency of the membrane scaffolding process. As expected, the availability of free sulfhydryl groups in marine biopolymer samples was observed, and its presence in the fucoidan sample was confirmed, while the rest of marine samples only demonstrated some insignificant residues. The value achieved for the fucoidan membrane will be further used as a control, as the same initial concentration was used to prepare the biomaterial-membranes. Furthermore, according to the present results, no significant differences were observed between samples and the control (fucoidan sample), proving that the proposed methodology is a sustainable approach for developing membranes based on marine sources without having significant losses of the fucoidan polymer during the processing. The minor variations observed between the membrane samples could be related to (i) the mass percentage (% w/w, see Table 2) of polymer in the biomaterial-membrane; and (ii) the reduced number of sulfate groups that remain available after polymerization, since they are involved in the intermolecular interaction established into the blended network.



To further address the chemical composition of the produced polymeric membranes, X-ray photoelectron spectroscopy (XPS) was performed in different locations of the surface of each sample (considering an analysis depth of approximately 5 to 10 nm) and in-depth profile mode (Etch depth), with the purpose of investigating the spatial distribution of main chemical elements, particularly in a comparative way. All XPS data are summarized in Figure 4 and Table 1.



The data of elemental atomic concentration shown in Figure 4a were used to investigate the polymeric composition of each membrane surface. The evaluation of different locations allowed to ensure the homogeneity of the produced membranes surfaces. Some polymers contain specific elements that enable identification and quantification, as is the case of fucoidan, the only marine biopolymer used in this study containing sulfur (from sulfated groups) [55,59]. However, this strategy cannot be applied to distinguish biopolymers that contains similar elements in their composition, such as collagen and chitosan, the compositions of which are rich in carbon, oxygen and nitrogen [60,61]. The determination of sulfur/carbon (S/C), sulfur/nitrogen (S/N) and nitrogen/carbon (N/C) ratios, shown in Table 1, allowed to establish a more precise method to access the relative composition of the developed membranes. According to the data, the elemental composition of the membranes surface is very similar between the different compositions. All formulations containing fucoidan had lower sulfur/carbon ratio values in comparison with sulfur/nitrogen values, as expected from the used formulations (with C being a much more abundant element than N). Furthermore, only minor variations between the locations of each sample were appreciated, as expressed by the reduced standard deviations (SD) achieved. This can be considered a good indicator of the efficiency of the production method, rendering uniform biomaterials. In fact, the small detected variations between the samples can be directly related to the different initial polymer concentration used for biomaterial preparation (Table 2). Theoretically, a good polymer distribution plays a significant role in establishing analogous inter- and intra-chain bonds between the polymers, which directly influence the biomaterial microenvironment. Being also capable of increasing the structural stability in long-term, influence on polymer degradation likewise can act on cellular performance, such as on adhesion, distribution and proliferation of cells [12,62].



A supplementary XPS analysis was performed on each developed membrane to evaluate an in-depth profile (Etch depth) of the distribution of selected elements, with the results depicted in Figure 4b. It is possible to observe that the atomic concentration of carbon decreased after the first two etching cycles, while consequently an opposite profile was observed for the other elements, namely sulfur, oxygen and nitrogen. This occurrence may be due to the orientation of the functional groups, wherein the hydrophilic network functional groups orient towards the interior of the material. With the following etching cycles, a relative elemental composition similar to that detected at the surface was achieved. The atomic concentration of sulfur present in samples containing fucoidan was also used to assess the sulfate contents, shown in Figure 4c. In these results, statistical differences between the samples were not observed, which is in accordance with the results obtained in the thiol group’s quantification assay.




2.5. Physical Characterization of Polymeric Membranes


Figure 5 illustrates the scanning electron microscopy (SEM) analysis of the surface morphology of the developed membranes.



According to the surface morphological characteristics exhibited by the developed membranes, no macro or micropores could be observed, but some roughness was present, together with “stretch marks” induced by the use of the nylon mesh on the disk molds to prepare the membranes. During the molding process, the polymeric blend suffered some pressure while the use of filter paper absorbed the excess of solvent, resulting in apparently compact structures. Nowadays, the scarcity of porosity in these type of structures is accepted by clinicians, considering such structures helpful to avoid excessive moisture in the lesion site and subsequent loss of the membrane physical properties in long-term, which determines the degradation time of the biomaterial and its effectiveness for tissue repair [63].



Water contact angle measurements were performed to test the surface wettability of the developed membranes [64]. The obtained data are shown in Figure 6.



In general, the contact angle property is determined by the attractive force of the droplet molecules on the surface (adsorption force) and the attractive force between the droplet molecules (cohesion). Therefore, when cohesion is more dominant than adhesion, the droplets will not easily wet the surface, being classified as hydrophobic surfaces [65]. In this order, when the contact angle is higher than 90°, the surface comprises hydrophobic properties, while when the angle is lower than 90°, the surface of the materials has hydrophilic properties. According to the results expressed in Figure 6b, all membranes exhibited water contact angle degrees higher than 90°, which indicates a hydrophobic nature. Higher values were registered for samples M/J5 (117.2° ± 1.6), and M/J3S5 (114.3° ± 3.1) though without significant statistical differences between samples. This surface hydrophobic behavior could impact the time required for biomaterial swelling. However, since the membranes were produced using hydrophilic polymers, their core might be able to preserve the material’s internal moisture for a longer time. This property would be helpful when envisaging application for cartilage repair since this tissue requires a constant high water content to maintain low friction during human body locomotion [66].



The water contact angle is a surface property related with the surface energy of the material, also dependent on the surface charge, which can be assessed by the determination of the ζ-potential (also known as electrokinetic potential). This surface property can be obtained using the Helmholtz-Smoluchowski equation, where the streaming potential is generated by particles in circulation (electroosmotic flow) due to a differential pressure that can be measured using a voltmeter equipped on SurPASS electrokinetic analyzer. The data of ζ-potential obtained within the pH range of 5.5 to 8 are demonstrated in Figure 7.



All the analyzed membranes revealed a negative zeta potential, with the obtained absolute value not being significantly high, in coherence with the water contact angle obtained (in the hydrophobic region). Fucoidan is a negatively charged polymer, and it is the one that, in general, is in higher concentration in the membranes, which can be considered the main responsible for conferring the negative charge to the developed biomaterial systems. Moreover, collagen and chitosan will have a net charge dependent of the pH and, within the studied range, both would be positive to neutral. It is also important to refer that all systems showed similar surface zeta potential values, being the polymer concentration in each composition responsible for the small variations.



The water uptake test was performed to appreciate the swelling ability (hydration property) of the developed membranes and evaluate the material structural stability during the experimental time (21 days). The collected data are shown in Figure 8.



All the developed membranes absorbed most of the water within the first hour (1 h), reaching a value that was not significantly altered for many of the membranes until the end of the experiment, which comprised 21 days. Despite the limitations of the study, namely the impact of the removal of water excess with filter paper or considering that only water uptake contributes to weight variation (thus neglecting eventual degradation or partial solubilization of material) [67,68], differences between membrane formulations could be observed. The ones that exhibited higher water uptake were M/J3S5, M/J5S3 and M/S5, comprising values in the range of 600 to 850%, while on the opposite side were M/J5, M/S3 and M/J3S3 with values of about 400%. This can be related with the contents of shark collagen, with the membranes produced with higher amount of sCOL apparently showing higher capacity to absorb water, although other variables might be also playing a role. Moreover, these results are according to the obtained XPS analysis, which indicates the hydrophobic nature of the biomaterial surface by the presence of fewer carbon-bonded with functional groups at the surface. Indeed, this higher swelling capacity observed proves that all samples contain hydrophilic groups directed towards the interior of the structure. In fact, the presence of polar hydrophilic groups, such as -OH and/or -COOH, present in the biomaterial network, allow the bonding with the water molecules that increase their capacity to accumulate a higher percentage of water [69]. Additionally, the crosslinking density present on each polymeric structure (formed by chemical or physical agents) plays a significant role in providing an equilibrium state on the samples since the swelling capacity is contradicted by the elastic retraction force present in the polymeric network [70]. It is also important to note that the temperature of 37 °C during 21 days applied in this methodology do not compromise the structure of developed biomaterials, which are suitable to be used as an implantable material in the human body. Additionally, the proposed membrane scaffolds revealed no significant signs of degradation, indicating the desired stability even in long-term experiments, being possible after the test handling the membrane easily without the risk of breaking.




2.6. Thermal Characterization of Polymeric Membranes


The differential scanning calorimetry (DSC) allows one to infer about the physico-chemical transformations induced by the controlled heating or cooling of the samples [71]. The developed membranes were submitted to a temperature range of −40 to 200 °C under an inert atmosphere, measuring the heat exchanges, with the resulting DSC thermograms being depicted in Figure 9.



In a first analysis, it is possible to visualize in some DSC thermograms (i.e., M/J5, M/S5, M/J5S3 and M/J5S5) the exhibition of a small endothermic peak that appears close to 0 °C. This phenomenon is associated with a melting phase transition (that occurs in temperatures below 0), which are promoted by a small fraction of free or absorbed water present in samples [72]. The second endothermic phenomenon observed in all biomaterial samples, registered within the range 60 to 85 °C, is related to the disruption of inter-/intra-chain hydrogen bonds that are present on the structural composition of each polymer and between them, essential to maintain the structural stability of the produced membranes [73]. Our results suggested that the membranes M/J5S3, M/S5 and M/J5S5 were the formulations with higher thermal stability when compared with the other samples, illustrated by the presence of the second endothermic peak at higher temperature and with higher associated enthalpy, i.e., as mentioned above, more energy is necessary to disrupt the hydrogen bonds. On the other hand, the biomaterials M/J3S3, M/S3 and M/J3S5 are those that present the lowest thermal stability. These differences can be associated with the type of collagen used and their concentration in each formulation: containing shark skin collagen at higher concentration provides higher structural matrix stability when compared with the formulations that included jellyfish collagen. Additionally, when analyzing the materials in the cooling step, no thermodynamic signals were observed, indicating the irreversibility of the thermal disruption of the polymeric matrices, at least within the timeframe herein studied.



Further, a thermogravimetric analysis (TGA) was also performed to verify the weight loss experienced by the developed membranes upon heating (up to 800 °C, significantly above the range studied by DSC). The curves of weight loss and derivative thermogravimetry, or derivative weight loss (Δω/ΔT), are shown in Figure 10.



The TGA results can be divided into three principal temperatures ranges: zone A, which is between 50 to 200 °C, zone B, between 200 to 450 °C, and zone C, between 450 to 800 °C [71]. The curve in zone A corresponds to the evaporation of the residual physically absorbed water present in each sample, representing 11–15% of the total weight of the developed membranes and being observed only in some samples. The higher weight loss, corresponding to the thermal degradation of the organic compounds, was observed in zone B. In this stage, the samples have lost the internal structural network integrity (as observed in DSC analysis) and each component undergone combustion, resulting in a weight loss of approximately 70%. Lastly, the gradual low weight loss detected on zone C can be associated with some inorganic compounds that can be present on the samples experienced some chemical transformations, as well as some organic combustion still occurring. Additionally, the use of derivate of thermal analysis (DTG) allowed the determination of the temperature where the maximum rate of mass loss takes place, which in our samples was demonstrated to occur between 191 and 241 °C.




2.7. Mechanical Tests by Tensile Strength


In order to evaluate the influence of polymeric concentration on the mechanical properties of the produced membranes, uniaxial tensile testing was carried out, as illustrated in Figure 11a, and the obtained results regarding stress–strain curves and determined parameters are collected in Figure 11b–d.



The mechanical properties are essential factors to consider in the manufacturing of scaffolds and membranes, especially if the target application is a tissue that is in constant excessive stress and strains, such as the hyaline cartilage tissue. Indeed, articular tissues are constantly subjected to stretching and contracting movements due to the biological mechanical forces exerted by the body locomotion [74]. To evaluate the mechanical properties of the developed scaffolds, the tensile and compressive tests are the most commonly used strategies. In the case of membrane samples, it is essential to measure the tensile that accesses the stiffness, tensile strength and maximum strain of the materials [75]. The stiffness is expressed as Young´s modulus, or modulus of elasticity, which defines the relationship between the tensile stress and the strain: the higher the value, the stiffer is the material. On the other hand, the tensile strength, also measured in MPa, indicates the maximum stress that the material to be tested can withstand before fracturing [76]. In general, the mechanical strength is identified by the resistance of the material in order to sustain its stable structural support and integrity during the implantation procedure and the therapeutic time, i.e., complete the full tissue regeneration [77]. In this order, it has been generally accepted that the intrinsic mechanical properties of the biomaterials should match with the native tissue, even because the known role of mechanotransduction of cellular fate and biomaterial effectiveness [78]. For example, in the case of native hyaline cartilage tissue, tensile Young´s modulus should be between 2 to 25 MPa, or possibly higher, and in normal loading conditions, the strains can reach up to 20–30% [79,80,81], while the native skin tissue has Young´s modulus values between 4 to 20 MPa with a strain at break around 35 to 115% [82]. Regarding the polymeric membranes herein studied, their Young´s moduli (Figure 11c) fall between 2 to 5 MPa and the strain at break (Figure 11d) was between 35 and 70%, being higher for samples M/S3, M/J5S3 and M/J3S5. Despite these values being in accordance with the requirements of both indicated tissues, they are closer to the lower limits, probably associated with the fact that the produced membranes were thin biomaterials relying on polymer entanglement supported by electrostatic interactions and hydrogen bonds (but not covalent crosslinking). In conclusion, comparing the results acquired with the modulus presented by both native tissues, it is possible to confirm that our biomaterials possess adequate mechanical properties to be used for the engineering of tissues as hard as articular cartilage since they can support the naturally mechanical stresses exercised in joints. Moreover, in future approaches, the developed membranes comprised interesting properties to be used, as well, in soft tissues such as skin; for example, by considering the exhibited elastic properties. The formulations that can be considered more adequate for this approach are M/S3 and M/S5, containing only shark collagen, understood as similar to type I collagen, which is the main constituent of the native skin tissues.



Additionally, in research previously published by our team [9,83,84] we performed biological in vitro analysis of biomaterials formulations comprising the marine polymers used herein, namely the evaluation of cell viability, cytotoxicity, DNA content, morphology and ATP activity, using chondrocyte (ATDC5) and fibroblast (L929) cell lines. Taking this into account, the present study aims to expand the scaffolding knowledge by exploring other processing methodologies of the same marine polymers for various purposes, in this case specifically to form membranes. In fact, studies with polymers for multiple purposes provides the advantage of investigating the best scaffold design for the final application and/or severity of the damage to the tissue. For instance, damaged cartilage tissue can be classified on a scale ranging from 1 (slight cartilage damage) to 4 (most severe cartilage damage) and the scaffolds can be designed according to this damage scale, providing a more adjusted therapy to each clinical case. Nevertheless, knowing that not only chemical composition, but also structural features can influence biological performance (regarding, for instance, the influence of morphological and mechanical properties), in vitro tests will be performed at later term to understand the potential of the herein proposed membranes to support viable chondrocytes and/or chondrogenic differentiation of stem cells.





3. Conclusions


In the present work, polymeric biomaterials were formulated based on natural/physical interactions between marine origin biopolymers, building membrane-like conformations through the use of a specifically designed mold comprising nylon mesh and 3D printed PLA. The combination of the polysaccharides squid chitosan and brown algae fucoidan with the proteins shark collagen and/or jellyfish collagen rendered polymeric matrices presenting good dimensional stability (and hand ability), flexibility, adequate swelling ability without compromising the original structure, uniform polymeric distribution, with slightly rough and hydrophobic surfaces and exhibiting mechanical properties similar to the ones observed in native cartilage tissue. The processing methodology was considered as eco-friendly according to the assessment of the E-factor, the effectiveness of which was dependent on the polymer concentration and the type of polymer. In particular, it was noticed that shark collagen contributed with more stability to the membranes than jellyfish collagen. Taking into account all the reported data, it is possible to point out the membranes M/S3 (produced by combination of equal volumes of 3% shark collagen solution, 3% squid chitosan solution and 10 % brown seaweed fucoidan solution) and M/J5S3 (5% jellyfish collagen, 3% shark collagen, 3% squid chitosan and 10% brown seaweed fucoidan) as the most attractive formulations, namely regarding their physical analysis, by exhibiting a significant water uptake needed to enable diffusion of nutrients and gases together with an ability to withstand higher mechanical forces, approximate to native tissue, being useful to cope with the constant forces exerted during the body locomotion.



Overall, this work shows that the developed marine polymeric membranes demonstrated promising performance for tissue engineering and biomedical fields, particularly as a thin biomaterial in the perspective of final application in human tissues, covering their damaged surface and promoting their regeneration. Therefore, all these membrane structures can be considered sustainable and could potentially be scaled up without a negative impact on the environment.




4. Materials and Methods


4.1. Materials


Collagen from jellyfish (Rhizostoma pulmo) (jCOL) was provided by Jellagen Pty Ltd. (UK). Collagen from blue shark (Prionace glauca) skin has been previously produced, as described by Diogo et al. [85]. Fucoidan from brown algae (Fucus vesiculosus) (aFUC) was acquired from Marinova (Cambridge, Australia, product: Maritech® Fucoidan, FVF2011527), and used as received. Chitosan from squid pens (Dosidicus gigas) (sCHT) was produced and purified according to the patent number WO/2019/064231 [46]. In brief, the squid pens’ chitin was isolated and converted into chitosan using a single deproteinization and deacetylation step with an alkaline treatment, under a constant airflow of nitrogen (N2) at 75 °C for 2 h.




4.2. Solutions and Marine Membranes Preparation


Initially, both collagens and chitosan were separately solubilized in ammonium acetate buffer (0.15 M NH4OAc / 0.2 M AcOH) at pH 4.75 according to previously defined concentrations (30 and 50 mg/mL for collagens and 30 mg/mL for chitosan), while fucoidan was dissolved in ultra-pure water (100 mg/mL). Then, different marine polymeric solutions were mixed according to the formulations described in Table 2, and to guarantee the achievement of an appropriate homogenous mixture an overhead blender (Ultra-turrax T18, IKA, Staufen, Germany) was used, in low rotations to avoid bubbles, at 4 °C [86]. After that, each marine polymeric formulation was placed into a home-made cylindrical mold with a nylon mesh, previously produced by 3D printing with a polylactic acid (PLA) filament using Ender 3 Pro 3D printer (Creality, Shenzhen, China). Several filter paper strips were placed on top of each nylon mesh, to absorb the excess of solvents. Afterward, the molds were placed into the fridge at 4 °C for 3 days. During the molding time, the surplus solvent was removed, compacting the biopolymers and forming polyelectrolyte complexes by the action of natural cross-linking. A representative scheme of the procedure used to prepare the polymeric membranes is presented in Figure 12a.



To evaluate if our innovative process to manufacture the membranes is an environmental-friendly process, the green metrics environmental factor (E-factor) was used, being calculated according to the following Sheldon equation [29] (Equation (1)):


   E - factor =     (  Σ m    ( raw   materials ) +  Σ m    ( reagents ) +  Σ m    ( solvents )   -    Σ m    ( products )     )    m    ( products )     



(1)




when is expressed the sum of raw materials, sum of mass of reactants, sum of mass of solvents and sum of mass of products, resulting in the ratio between the mass of total waste and the mass of products.




4.3. Marine Biopolymers and Membranes Characterization


To understand if the marine origin compounds chosen are adequate to be used in TERM and biomedical approaches, they were methodically previously characterized [8,83] to assess their natural properties in terms of physico-chemical properties, such as structure, stability, solubility, purity and being free of heavy metal elements, and were also evaluated to find if they have additional biological properties such as anti-oxidant activity. In fact, these preliminary characterizations are critical, allowing us to understand and predict their performance as a biomaterial, i.e., after polymeric reticulation, which is important for the present scaffolding study.



4.3.1. Determination of Glycosylation by Glycoprotein/Carbohydrate Estimation in Collagen Samples


The glycosylation in collagen samples (from jellyfish and shark skin) was estimated using a glycoprotein carbohydrate estimation kit (Pierce™—Thermo Scientific, Waltham, MA, USA). For that purpose, 50 μL of each collagen sample (2.5 mg/mL) was placed in a 96 well-plate, and 25 μL of 10 mM sodium meta-periodate and 150 μL of 0.5% aldehyde detection reagent (Pierce™—Thermo Scientific, Waltham, MA, USA) were added and incubated for 1 h at room temperature. All samples and standards were tested in triplicate. Then, the optical absorbance was read at 550 nm in a microplate reader (Synergy HT, Bio-Tek Instruments, Winooski, VT, USA). Lysozyme and bovine serum albumin (BSA) were used as negative controls, while ovalbumin, human apotransferrin, fetuin and α1-acid glycoprotein were used as positive controls.




4.3.2. Quantification of Total Collagen Concentration


The amounts of collagen present in marine collagen samples from jellyfish and shark, and in the developed biomaterial systems were determined by solubilization of 50 μg/mL of each sample in 1 M hydrochloric acid (HCl), and application of the enzymatic fluorimetric method using EnzyFluo™ collagen assay kit (ECOL-100) (Gentaur molecular products, Kampenhout, Belgium). The methodology was performed according to the manufacturer’s manual, and the fluorescence was read at λex/em = 375/465 nm using a fluorescence spectrometer (JASCO, Tokyo, Japan) adapted with a microplate reader. Then, the concentration of collagen was calculated using the Equation (2):


  [ collagen ]  =      F    S      −   F    B         Slope    ( μ  g / m    L   − 1   )   × n  



(2)




where Fs and FB are fluorescence readings of the sample (Fs) and blank (FB), and n is the sample dilution factor. The calibration curve slope was obtained after plotting the collagen concentration vs fluorescence of the standard.




4.3.3. H Nuclear Magnetic Resonance (1H-NMR) Analysis


The atomic fingerprint of each of the marine biopolymers and subsequently the chitosan degree of deacetylation (DD) were determined by 1H Nuclear magnetic resonance (NMR) spectroscopy. The collagens and chitosan samples were solubilized (1%, w/v) in deuterium oxide (D2O) and Deuterium chloride (DCl) (Sigma-Aldrich, St. Louis, MO, USA), while the fucoidan samples were solubilized only in D2O, and then 1 mL of each solution was transferred to 5 mm NMR tubes. The 1H-NMR spectra (reported in ppm (δ)) were obtained by Bruker AVANCE 400 spectrometer, at 25, 45 and 60 °C using a resonance frequency of 400 MHz and a delay between pulses of 1 s. The data processing was determined using MestReNova Software 14.1 (Mestre-lab Research, Santiago de Compostela, Spain). The determination of chitosan DD (in%) was performed as described in the literature [87]. Briefly, using the data spectra of chitosan, the integrals of the CH3 of the N-acetyl group in GlcNAc (A1) and the remaining resonances from the ring positions were determined at the chemical shifts at ca. δ 2.9–4.0 ppm and ca. δ 2.0 ppm, A1 and A2, respectively. These values were then replaced as A1 and A2 in Equation (3).


   DD    ( % )  =    1 −     6 ×   A   2     3 ×   A   1         ×    100   



(3)








4.3.4. Ellman’s Test—Thiol Groups’ Quantification


The eventual presence of thiol groups (–SH) on the marine biopolymers and the developed biomaterial-membranes was quantified spectrophotometrically using Ellman’s method [57] that uses the reagent 5,5-dithio-bis (2-nitrobenzoic acid) (DTNB), also called Ellman’s reagent [88,89]. Briefly, all samples were dissolved in 100 mM DTNB with Dimethyl sulfoxide (DMSO) and left incubating protected from light, at room temperature, for 5 min. Then, the absorbance was read at 412 nm in a microplate reader (Synergy HT, Bio-Tek Instruments, Winooski, VT, USA). The quantity of thiol groups was estimated using a standard curve of L-cysteine (R2 = 0.98) and dH2O as a blank. The thiol concentration was calculated using the Equation (4):


   mM   of   Thiol =      Δ   A   412   ×    1.1   mL      13.600 ×    0.4   mL    ×    1000   



(4)




where ∆A412 is the corrected absorbance value, and 13.600 is the molar extinction coefficient (cm−1 M) of the 5-thio-2-nitrobenzoate generated from Ellman’s reagent when reacting with the free thiol of the L-cysteine. The obtained results were expressed in nmol thiols/mg protein.




4.3.5. Water Contact Angle Analysis


The water contact angle of the developed membranes was determined by the sessile drop method, using a contact angle meter (Goniometer OCA 15+, DataPhysics, Stuttgar, Germany) in association with an image processing system (SCA20 software, DataPhysics Instruments, Stuttgar, Germany). During every determination, a motor syringe was used to deposit a drop of water with 3 µL over the membrane surface. The images corresponding to these drops were recorded, and the contact angle was determined. Finally, the presented contact angles were calculated using measurements performed in the different membranes, in triplicate, at room temperature.




4.3.6. Surface and Depth Profile Analysis by X-ray Photoelectron Spectroscopy (XPS)


For superficial sample composition, twelve (12) samples were fixed to the sample holder with double-sided carbon tape. The samples were analyzed using a Kratos Axis-Supra instrument equipped with aluminum Kα (Al-Kα) monochromatized radiation at 1486.6 eV X-ray source, within ESCApe software. Photoelectron collection was performed from a take-off angle of 90º relative to the sample surface. The measurement in two distinct locations of each sample (n = 5) was performed in a Constant Analyser Energy mode (CAE) with a 160 eV pass energy for survey spectra and 20 eV pass energy for high-resolution spectra of C 1s, O 1s, Na 1s, N 1s, Si 2p Cl 2p, Ca 2p and S 2p. The binding energies (BEs) positions setting of the charge reference was equivalent to the C 1s hydrocarbon peak, the lower binding energy C 1s band at 285.0 eV [90]. The residual vacuum was maintained in the analysis chamber at around 7 × 10−9 torr.



Additionally, to analyze the compositive inside the samples, a relative depth profiling was accomplished using the same equipment. Blended membranes with distinct compositions were fixed to the sample holder with double-sided carbon tape and rastered over a 2 × 2 mm area at an angle of 90° to the surface. Sputtering occurred 35 times for 60 s intervals, using a PAH 16KeV Minibeam 5 ion gun. Regions’ spectra were acquired with a 20 eV pass energy for C 1s, O 1s, N 1s and S 2p, and the charge was corrected to the hydrocarbon bond that had binding energy of 285.0 eV. Atomic compositions were determined based on the region spectra peak areas provided in ESCAPE processing software.



Fucoidan sulfate group contents (such as -SO3) can be estimated using the basis of the sulfate (S) percentage that was determined by XPS analysis [91,92]. Moreover, these values can be used for the determination of sulfation degree in the fucoidan sample. For this purpose, two equations (Equations (5) and (6)) were employed [93].


   NSS =     C   %    /    12     S   %    /    32       /   6   



(5)






   Degree   of   sulfation = 1   /   NSS   



(6)




where NSS is the number of sulfate esters per monosaccharide, 12 and 32 are the atomic weight of carbon and sulfur, respectively, and the 6 corresponds to the number of carbon atoms in a sugar monomer (assuming that the monomers present in this polymer are hexoses).




4.3.7. Scanning Electron Microscopy (SEM)


The surface morphology of each membrane was analyzed with a Nova NanoSEM 200 scanning electron microscope (SEM) (JSM-6010LV, JEOL, Tokyo, Japan). The samples were fixed on aluminum stubs using a mutual conductive adhesive tape and covered with gold using a Leica EM ACE600 (Leica microsystems, Austria) sputter coater.




4.3.8. Surface Zeta (ζ) Potential Measurements


Zeta potential was measured using a SurPASS electrokinetic analyzer (Anton Parr) to assess the surface charge of each membrane during a pH range of 5.5 to 8. A fresh 0.1 M potassium chloride (KCl) (Sigma-Aldrich) solution was used as an electrolyte, and 0.05 M sodium hydroxide (NaOH) solution was used to increase the pH gradually on the KCl solution. For this analysis, each membrane was cut to obtain two identical circular sample pieces (d = 14 mm) and placed facing each other, with a gap between them of 100–110 μm submitted at a pressure of 400 mbar in bidirectional flow, according to the manufacturer’s recommendations. The measurements were performed in triplicate (n = 3) per condition and the results are expressed as mean ± standard deviation for the selected pH range.




4.3.9. Swelling—Water Uptake Quantification


The water uptake abilities of developed membranes were studied by quantification of the respective weight variations. First, the dehydrated membrane weight (W0) was measured, and the material was then immersed in a pH = 7.4 solution of phosphate buffered saline (PBS) at 37 °C for 21 days. At different previously defined time points (1, 2, 3, 6, 12 h and 1, 3, 7, 14 and 21 days), the samples were withdrawn, soaked up with dried filter paper to remove the excess of solution, and weighed immediately (W1). All the assays were performed in triplicate (n = 3). Finally, the amount of solution absorbed by samples was calculated as percentage of the initial sample weight with the following Equation (7):


   Water   uptake    ( % )  =  (   W   1    −    W   0   )    /      W   0   ×    100   



(7)








4.3.10. Differential Scanning Calorimetry (DSC)


Aliquots of the prepared membranes (~3 mg) were analyzed in a DSC Q100 equipment (TA Instruments, New Castle, DE, USA) using 40 μL aluminum pans covered with a suitable aluminum cover. DSC analysis was performed between −40 and 200 °C, at a heating rate of 10 °C/min, under nitrogen atmosphere using a flow rate of 50 mL/min. An empty aluminum pan was used as reference. All tests were performed twice.




4.3.11. Thermogravimetric Analysis (TGA)


The weight variation of membranes aliquots (~10 mg) as a consequence of healting was determined using a TGA Q500 Thermogravimetric Analyzer (TA Instruments, New Castle, DE, USA). Experiments were performed at a heating rate of 10 °C/min, from 40 to 800 °C, under an air atmosphere. All tests were repeated once.




4.3.12. Mechanical Tests by Tensile Strength


The mechanical properties of the developed membranes were addressed under uniaxial tensile tests, using an Instron 4505 universal mechanical testing equipment (Caerphilly, UK), equipped with a pneumatic BioPlus tensile grips system. All samples were cut, with rectangular shape and dimensions approximately of 30 mm (length) ✕ 5 mm (width) ✕ 1 mm (thickness), and a distance between grips of 25 mm. Furthermore, all samples were previously hydrated in PBS during 1 h (according to water uptake results). The tests were conducted at room temperature using a load cell of 50 N and a crosshead speed of 1 mm/min. The elastic modulus, maximum tensile strength, and maximum strain were calculated using the Bluehill Universal software. Six specimens per condition were tested, and the results are expressed in terms of mean ± standard deviation.





4.4. Statistical Analysis


Statistical analysis was performed by two-way ANOVA followed by Tukey’s post hoc test, using GraphPad Prism 8.0.1 (GraphPad Software, Inc., La Jolla, CA, USA). Differences between the groups were assessed considering a confidence level of 95%. In addition, the statistical analysis of surface zeta potential and mechanical tests results (no less than n = 5) were performed using the Kruskal–Wallis test, with Dunn’s comparison being used to determine statistical differences. The significance level between the groups were represented by symbols of * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001) and by ns (no significance). All data were presented as mean ± standard deviation (SD). As additional information, the equations present in this scientific paper were designed using the MathType 6.9 software (Design Science).








Author Contributions


Regarding CRediT taxonomy, the author contributions were: D.N.C.: Conceptualization; Date curation; Formal Analysis; Investigation; Methodology; Software; Visualization and writing—original draft, review and editing. F.C.M.L. and L.C.R.: Date curation; Formal Analysis; review and editing. E.M.F.: Validation; review and editing. D.S.W., C.G.S., R.I.P.-M. and A.M.-S.: Resources; Validation. M.G.: Supervision; Validation; Writing—review and editing. R.L.R.: Supervision; Resources; Funding acquisition. T.H.S.: Conceptualization; Supervision; Validation; Resources; Writing—review and editing; Funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


This work has been partially funded by ERDF under the scope of the Atlantic Area Program through project EAPA_151/2016 (BLUEHUMAN).




Acknowledgments


The authors would like to acknowledge the Portuguese Foundation of Science and Technology (FCT) for Ph.D. fellowship (D. N. Carvalho, under the scope of doctoral program TERM&SC, ref. PD/BD/143044/2018), post-doctoral fellowship (L.C. Rodrigues, ref. SFRH/BPD/93697/2013) and research project with ref. PTDC/CTM-CTM/29813/2017-(POCI-01-0145-FEDER-029813). The authors also thank Jellagen Ltd. (UK) for the provision of purified jellyfish collagen and Julio Maroto (Fundación CETMAR, Vigo, Spain) for the kind offer of the squid pens for chitosan production.




Conflicts of Interest


D. S. Williams and A. Mearns-Spragg are Jellagen Ltd. Employees, manufacturers of the jellyfish collagen used in this research.




References


	



Makris, E.A.; Gomoll, A.H.; Malizos, K.N.; Hu, J.C.; Athanasiou, K.A. Repair and tissue engineering techniques for articular cartilage. Nat. Rev. Rheumatol. 2015, 11, 21–34. [Google Scholar] [CrossRef]

	



Cao, S.; Bo, R.; Zhang, Y. Polymeric scaffolds for regeneration of central/peripheral nerves and soft connective tissues. Adv. NanoBiomed Res. 2023, 3, 2200147. [Google Scholar] [CrossRef]

	



Vinatier, C.; Guicheux, J. Cartilage tissue engineering: From biomaterials and stem cells to osteoarthritis treatments. Ann. Phys. Rehabil. Med. 2016, 59, 139–144. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Hu, J.; Athanasiou, K.A. The role of tissue engineering in articular cartilage repair and regeneration. Crit. Rev. Biomed. Eng. 2009, 37, 1–57. [Google Scholar] [CrossRef] [PubMed]

	



Responte, D.J.; Natoli, R.M.; Athanasiou, K.A. Collagens of articular cartilage: Structure, function, and importance in tissue engineering. Cllinical Rev. Biomed. Eng. 2007, 35, 361–411. [Google Scholar] [CrossRef] [PubMed]

	



Lim, Y.S.; Ok, Y.J.; Hwang, S.Y.; Kwak, J.Y.; Yoon, S. Marine collagen as a promising biomaterial for biomedical applications. Mar. Drugs 2019, 17, 467. [Google Scholar] [CrossRef]

	



Hoyer, B.; Bernhardt, A.; Lode, A.; Heinemann, S.; Sewing, J.; Klinger, M.; Notbohm, H.; Gelinsky, M. Jellyfish collagen scaffolds for cartilage tissue engineering. Acta Biomater. 2014, 10, 883–892. [Google Scholar] [CrossRef]

	



Carvalho, D.N.; Gonçalves, C.; Oliveira, J.M.; Williams, D.S.; Mearns-Spragg, A.; Reis, R.L.; Silva, T.H. Innovative methodology for marine collagen–chitosan–fucoidan hydrogels production, tailoring rheological properties towards biomedical application. Green Chem. 2021, 23, 7016–7029. [Google Scholar] [CrossRef]

	



Carvalho, D.N.; Lopez-Cebral, R.; Sousa, R.O.; Alves, A.L.; Reys, L.L.; Silva, S.S.; Oliveira, J.M.; Reis, R.L.; Silva, T.H. Marine collagen-chitosan-fucoidan cryogels as cell-laden biocomposites envisaging tissue engineering. Biomed. Mater. 2020, 15, 055030. [Google Scholar] [CrossRef]

	



Ferrario, C.; Leggio, L.; Leone, R.; Di Benedetto, C.; Guidetti, L.; Cocce, V.; Ascagni, M.; Bonasoro, F.; La Porta, C.A.M.; Candia Carnevali, M.D.; et al. Marine-derived collagen biomaterials from echinoderm connective tissues. Mar. Environ. Res. 2017, 128, 46–57. [Google Scholar] [CrossRef]

	



Diogo, G.S.; Marques, C.F.; Sotelo, C.G.; Perez-Martin, R.I.; Pirraco, R.P.; Reis, R.L.; Silva, T.H. Cell-laden biomimetically mineralized shark-skin-collagen-based 3D printed hydrogels for the engineering of hard tissues. ACS Biomater. Sci. Eng. 2020, 6, 3664–3672. [Google Scholar] [CrossRef]

	



Carvalho, D.N.; Reis, R.; Silva, T.H. Marine origin materials on biomaterials and advanced therapies to cartilage tissue engineering and regenerative medicine. Biomater. Sci. 2021, 9, 6718–6736. [Google Scholar] [CrossRef] [PubMed]

	



Silva, S.S.; Rodrigues, L.C.; Fernandes, E.M.; Reis, R.L. Biopolymer membranes in tissue engineering. In Biopolymer Membranes and Films; De Moraes, M., Da Silva, C., Vieira, R., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 141–163. [Google Scholar]

	



Rodrigues, M.N.; Oliveira, M.B.; Costa, R.R.; Mano, J.F. Chitosan/chondroitin sulfate membranes produced by polyelectrolyte complexation for cartilage engineering. Biomacromolecules 2016, 17, 2178–2188. [Google Scholar] [CrossRef]

	



Cleymand, F.; Zhang, H.; Dostert, G.; Menu, P.; Arab-Tehrany, E.; Velot, E.; Mano, J.F. Membranes combining chitosan and natural-origin nanoliposomes for tissue engineering. RSC Adv. 2016, 6, 83626–83637. [Google Scholar] [CrossRef]

	



He, X.; Fu, W.; Feng, B.; Wang, H.; Liu, Z.; Yin, M.; Wang, W.; Zheng, J. Electrospun collagen–poly(l-lactic acid-co-ecaprolactone) membranes for cartilage tissue engineering. Regen. Med. 2013, 8, 425–436. [Google Scholar] [CrossRef] [PubMed]

	



Inci, I.; Norouz Dizaji, A.; Ozel, C.; Morali, U.; Dogan Guzel, F.; Avci, H. Decellularized inner body membranes for tissue engineering: A review. J. Biomater. Sci. Polym. Ed. 2020, 31, 1287–1368. [Google Scholar] [CrossRef] [PubMed]

	



Costa, R.R.; Costa, A.M.S.; Caridade, S.G.; Mano, J.F. Compact saloplastic membranes of natural polysaccharides for soft tissue engineering. Chem. Mater. 2015, 27, 7490–7502. [Google Scholar] [CrossRef]

	



Rahman, M.A. Collagen of extracellular matrix from marine invertebrates and its medical applications. Mar. Drugs 2019, 17, 118. [Google Scholar] [CrossRef]

	



Song, E.; Yeon Kim, S.; Chun, T.; Byun, H.J.; Lee, Y.M. Collagen scaffolds derived from a marine source and their biocompatibility. Biomaterials 2006, 27, 2951–2961. [Google Scholar] [CrossRef]

	



Antoine, E.E.; Vlachos, P.P.; Rylander, M.N. Review of collagen I hydrogels for bioengineered tissue microenvironments: Characterization of mechanics, structure, and transport. Tissue Eng. Part B Rev. 2014, 20, 683–696. [Google Scholar] [CrossRef]

	



Correia, C.; MoreiraTeixeira, L.S.; Moroni, L.; Reis, R.L.; van Blitterswijk, C.; Karperien, M.; Mano, J. Chitosan scaffolds containing hyaluronic acid for cartilage tissue engineering. Tissue Eng. Part C Methods 2011, 22, 1–37. [Google Scholar] [CrossRef]

	



Reys, L.L.; Silva, S.S.; Oliveira, J.M.; Caridade, S.G.; Mano, J.F.; Silva, T.H.; Reis, R.L. Revealing the potential of squid chitosan-based structures for biomedical applications. Biomed. Mater. 2013, 8, 045002. [Google Scholar] [CrossRef]

	



Martins, A.; Silva, M.A.; Costa Pinto, A.; Reis, R.L.; Neves, N.M. Bio-Inspired integration of natural materials. In Bio-Inspired Materials for Biomedical Engineering, 1st ed.; Brennan, A.B., Kirschner, C.M., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2014; pp. 125–150. [Google Scholar]

	



Carretero, A.; Soares da Costa, D.; Reis, R.L.; Pashkuleva, I. Extracellular matrix-inspired assembly of glycosaminoglycan–collagen fibers. J. Mater. Chem. B 2017, 5, 3103–3106. [Google Scholar] [CrossRef] [PubMed]

	



Silva, T.H.; Alves, A.; Popa, E.G.; Reys, L.L.; Gomes, M.E.; Sousa, R.A.; Silva, S.S.; Mano, J.F.; Reis, R.L. Marine algae sulfated polysaccharides for tissue engineering and drug delivery approaches. Biomatter 2012, 2, 278–289. [Google Scholar] [CrossRef] [PubMed]

	



Fletcher, H.R.; Biller, P.; Ross, A.B.; Adams, J.M.M. The seasonal variation of fucoidan within three species of brown macroalgae. Algal Res. 2017, 22, 79–86. [Google Scholar] [CrossRef]

	



Alves, A.; Marques, A.; Martins, E.; Silva, T.; Reis, R. Cosmetic potential of marine fish skin collagen. Cosmetics 2017, 4, 39. [Google Scholar] [CrossRef]

	



Sheldon, R.A. The E factor 25 years on: The rise of green chemistry and sustainability. Green Chem. 2017, 19, 18–43. [Google Scholar] [CrossRef]

	



Sheldon, R.A. Catalysis: The key to waste minimization. J. Chem. Technol. Biotechnol. 1997, 68, 381–388. [Google Scholar] [CrossRef]

	



Sheldon, R.A. The E factor at 30: A passion for pollution prevention. Green Chem. 2023, 25, 1704–1728. [Google Scholar] [CrossRef]

	



Garcia-Quintero, A.; Palencia, M. A critical analysis of environmental sustainability metrics applied to green synthesis of nanomaterials and the assessment of environmental risks associated with the nanotechnology. Sci. Total Environ. 2021, 793, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Moreno, A.; Morsali, M.; Liu, J.; Sipponen, M.H. Access to tough and transparent nanocomposites via Pickering emulsion polymerization using biocatalytic hybrid lignin nanoparticles as functional surfactants. Green Chem. 2021, 23, 3001–3014. [Google Scholar] [CrossRef]

	



Gough, J.E.; Scotchford, C.A.; Downes, S. Cytotoxicity of glutaraldehyde crosslinked collagen/poly(vinyl alcohol) films is by the mechanism of apoptosis. J. Biomed. Mater. Res. 2002, 61, 121–130. [Google Scholar] [CrossRef]

	



Yamauchi, M.; Sricholpech, M.; Terajima, M.; Tomer, K.B.; Perdivara, I. Glycosylation of type I collagen. In Post-Translational Modification of Proteins: Tools for Functional Proteomics, Methods in Molecular Biology, 2019/07/01 ed; Kannicht, C., Ed.; Springer Nature: Berlin/Heidelberg, Germany, 2019; Volume 1934, pp. 127–144. [Google Scholar]

	



Bann, J.G.; Bachinger, H.P. Glycosylation/Hydroxylation-induced stabilization of the collagen triple helix. 4-trans-hydroxyproline in the Xaa position can stabilize the triple helix. J. Biol. Chem. 2000, 275, 24466–24469. [Google Scholar] [CrossRef] [PubMed]

	



Merly, L.; Smith, S.L. Collagen type II, alpha 1 protein: A bioactive component of shark cartilage. Int. Immunopharmacol. 2013, 15, 309–315. [Google Scholar] [CrossRef]

	



Hennet, T. Collagen glycosylation. Curr. Opin. Struct. Biol. 2019, 56, 131–138. [Google Scholar] [CrossRef]

	



Krishnamoorthi, J.; Ramasamy, P.; Shanmugam, V.; Shanmugam, A. Isolation and partial characterization of collagen from outer skin of Sepia pharaonis (Ehrenberg, 1831) from Puducherry coast. Biochem. Biophys. Rep. 2017, 10, 39–45. [Google Scholar] [CrossRef]

	



Fullerton, G.D.; Nes, E.; Amurao, M.; Rahal, A.; Krasnosselskaia, L.; Cameron, I. An NMR method to characterize multiple water compartments on mammalian collagen. Cell Biol. Int. 2006, 30, 66–73. [Google Scholar] [CrossRef]

	



Lodhi, G.; Kim, Y.-S.; Kim, E.-K.; Hwang, J.-W.; Won, H.-S.; Kim, W.; Moon, S.-H.; Jeon, B.-T.; Park, P.-J. Isolation and characterisation of acid- and pepsin-soluble collagen from the skin of Cervus korean TEMMINCK var. mantchuricus Swinhoe. Anim. Prod. Sci. 2018, 58, 585–594. [Google Scholar] [CrossRef]

	



Angilè, F.; Del Coco, L.; Girelli, C.R.; Basso, L.; Rizzo, L.; Piraino, S.; Stabili, L.; Fanizzi, F.P. 1H NMR metabolic profile of Scyphomedusa Rhizostoma pulmo (Scyphozoa, Cnidaria) in Female Gonads and Somatic Tissues: Preliminary Results. Molecules 2020, 25, 806. [Google Scholar] [CrossRef]

	



Croisier, F.; Jérôme, C. Chitosan-based biomaterials for tissue engineering. Eur. Polym. J. 2013, 49, 780–792. [Google Scholar] [CrossRef]

	



Jung, J.; Zhao, Y. Characteristics of deacetylation and depolymerization of beta-chitin from jumbo squid (Dosidicus gigas) pens. Carbohydr. Res. 2011, 346, 1876–1884. [Google Scholar] [CrossRef] [PubMed]

	



Reys, L.L.; Silva, S.S.; Pirraco, R.P.; Marques, A.P.; Mano, J.F.; Silva, T.H.; Reis, R.L. Influence of freezing temperature and deacetylation degree on the performance of freeze-dried chitosan scaffolds towards cartilage tissue engineering. Eur. Polym. J. 2017, 95, 232–240. [Google Scholar] [CrossRef]

	



López-Cebral, R.; Silva, T.H.; Oliveira, J.M.; Novoa Carballal, R.; Reis, R.L. High Molecular Weight Chitosan, Process for Obtaining and Uses Thereof—Association for the Advancement of Tissues Engineering and Cell Based Technologies & Therapies (A4TEC). PCT Patent WO/2019/064231, 2018. [Google Scholar]

	



Czechowska-biskup, R.; Jarosinska, D.; Rokita, B.; Ulanski, P.; Rosiak, J. Determination of degree of deacetylation of chitosan—Comparison of methods. Prog. Chem. Appl. Chitin 2012, 17, 5–20. [Google Scholar]

	



Hsu, S.; Whu, S.W.; Tsai, C.; Wu, Y.; Chen, H.; Hsieh, K. Chitosan as scaffold materials: Effects of molecular weight and degree of deacetylation. J. Polym. Res. 2004, 11, 141–147. [Google Scholar] [CrossRef]

	



Vishchuk, O.S.; Ermakova, S.P.; Zvyagintseva, T.N. The fucoidans from brown algae of Far-Eastern seas: Anti-tumor activity and structure-function relationship. Food Chem. 2013, 141, 1211–1217. [Google Scholar] [CrossRef]

	



Shiroma, R.; Uechi, T.K.S.; TaKo, M. Structural study of fucoidan from the brown seaweed Hizikia fusiformis. Food Sci. Technol. Res. 2008, 10, 176–182. [Google Scholar] [CrossRef]

	



Sudharsan, S.; Subhapradha, N.; Seedevi, P.; Shanmugam, V.; Madeswaran, P.; Shanmugam, A.; Srinivasan, A. Antioxidant and anticoagulant activity of sulfated polysaccharide from Gracilaria debilis (Forsskal). Int. J. Biol. Macromol. 2015, 81, 1031–1038. [Google Scholar] [CrossRef]

	



Vasantharaja, R.; Stanley Abraham, L.; Jyotsna, J.; Seedevi, P.; Sathishkannan, G.; Thirugnanasambandam, R.; Kirubagaran, R. Sulfated polysaccharide from Sargassum tenerrimum attenuates oxidative stress induced reactive oxygen species production in in vitro and in zebrafish model. Carbohydr. Polym. 2019, 203, 441–449. [Google Scholar] [CrossRef]

	



Ale, M.T.; Maruyama, H.; Tamauchi, H.; Mikkelsen, J.D.; Meyer, A.S. Fucose-containing sulfated polysaccharides from brown seaweeds inhibit proliferation of melanoma cells and induce apoptosis by activation of caspase-3 in vitro. Mar. Drugs 2011, 9, 2605–2621. [Google Scholar] [CrossRef]

	



Chizhov, A.O.; Dell, A.; Morris, H.R.; McDowell, R.A.; Shashkov, A.S.; Khatuntseva, E.A.; Usov, A.I.; Nifant’ev, N.E.; Haslam, S.M. A study of fucoidan from the brown seaweed Chorda filum. Carbohydr. Res. 1999, 320, 108–119. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.; Lu, F.; Wei, X.; Zhao, R. Fucoidan: Structure and bioactivity. Molecules 2008, 13, 1671–1695. [Google Scholar] [CrossRef] [PubMed]

	



Leon-Lopez, A.; Fuentes-Jimenez, L.; Hernandez-Fuentes, A.D.; Campos-Montiel, R.G.; Aguirre-Alvarez, G. Hydrolysed collagen from sheepskins as a source of functional peptides with antioxidant activity. Int. J. Mol. Sci. 2019, 20, 3931. [Google Scholar] [CrossRef]

	



Ellman, G.L. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 1959, 82, 70–77. [Google Scholar] [CrossRef]

	



Sawicki, L.A.; Kloxin, A.M. Design of thiol-ene photoclick hydrogels using facile techniques for cell culture applications. Biomater. Sci. 2014, 2, 1612–1626. [Google Scholar] [CrossRef]

	



Carvalho, D.N.; Inácio, A.R.; Sousa, R.O.; Reis, R.L.; Silva, T.H. Seaweed polysaccharides as sustainable building blocks for biomaterials in tissue engineering. In Sustainable Seaweed Technologies; Torres, M.D., Kraan, S., Dominguez, H., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 543–587. [Google Scholar]

	



Santos, C.; Silva, C.J.; Büttelb, Z.; Guimarães, R.; Pereira, S.B.; Tamagnini, P.; Zille, A. Preparation and characterization of polysaccharides/PVA blend nanofibrous membranes by electrospinning method. Carbohydr. Polym. 2014, 99, 584–592. [Google Scholar] [CrossRef] [PubMed]

	



Blanco, M.; Vázquez, J.A.; Pérez-Martín, R.I.; Sotelo, C.G. Hydrolysates of fish skin collagen: An opportunity for valorizing fish industry byproducts. Mar. Drugs 2017, 15, 131. [Google Scholar] [CrossRef] [PubMed]

	



Chen, F.M.; Liu, X. Advancing biomaterials of human origin for tissue engineering. Prog. Polym. Sci. 2016, 53, 86–168. [Google Scholar] [CrossRef]

	



Silva, M.J.; Goncalves, C.P.; Galvao, K.M.; D’Alpino, P.H.P.; Nascimento, F.D. Synthesis and characterizations of a collagen-rich biomembrane with potential for tissue-guided regeneration. Eur. J. Dent. 2019, 13, 295–302. [Google Scholar] [CrossRef] [PubMed]

	



Edalatpoura, M.; Liu, L.; Jacobi, A.M.; Eid, K.F.; Sommersa, A.D. Managing water on heat transfer surfaces: A critical review of techniques to modify surface wettability for applications with condensation or evaporation. Appl. Energy 2018, 222, 967–992. [Google Scholar] [CrossRef]

	



Agrawal, D.C. (Ed.) Surfaces. In Introduction to Nanoscience and Nanomaterials; Springer Nature: Berlin/Heidelberg, Germany, 2013; Volume 1142/8433, pp. 9–64. [Google Scholar]

	



Jeuken, R.M.; Roth, A.K.; Peters, R.; Van Donkelaar, C.C.; Thies, J.C.; Van Rhijn, L.W.; Emans, P.J. Polymers in cartilage defect repair of the knee: Current status and future prospects. Polymers 2016, 8, 219. [Google Scholar] [CrossRef]

	



Agger, J.W.; Nilsen, P.J.; Eijsink, V.G.H.; Horn, S.J. On the determination of water content in biomass processing. BioEnergy Res. 2013, 7, 442–449. [Google Scholar] [CrossRef]

	



Isengard, H. Water content, one of the most important properties of food. Food Control 2001, 12, 395–400. [Google Scholar] [CrossRef]

	



Hamidi, M.; Azadi, A.; Rafiei, P. Hydrogel nanoparticles in drug delivery. Adv. Drug Deliv. Rev. 2008, 60, 1638–1649. [Google Scholar] [CrossRef]

	



Gulrez, S.K.H.; Al-Assaf, S.; Phillips, G.O. Hydrogels: Methods of Preparation, Characterisation and Applications. In Progress in Molecular and Environmental Bioengineering—From Analysis and Modeling to Technology Applications; Carpi, A., Ed.; IntechOpen: London, UK, 2011; pp. 117–150. [Google Scholar]

	



León-Mancilla, B.H.; Araiza-Téllez, M.A.; Flores-Flores, J.O.; Piña-Barba, M.C. Physico-chemical characterization of collagen scaffolds for tissue engineering. J. Appl. Res. Technol. 2016, 14, 77–85. [Google Scholar] [CrossRef]

	



Talik, P.; Hubicka, U. The DSC approach to study non-freezing water contents of hydrated hydroxypropylcellulose (HPC). J. Therm. Anal. Calorim. 2017, 132, 445–451. [Google Scholar] [CrossRef]

	



Pace, C.N.; Fu, H.; Lee Fryar, K.; Landua, J.; Trevino, S.R.; Schell, D.; Thurlkill, R.L.; Imura, S.; Scholtz, J.M.; Gajiwala, K.; et al. Contribution of hydrogen bonds to protein stability. Protein Sci. 2014, 23, 652–661. [Google Scholar] [CrossRef]

	



Vedadghavami, A.; Minooei, F.; Mohammadi, M.H.; Khetani, S.; Rezaei Kolahchi, A.; Mashayekhan, S.; Sanati-Nezhad, A. Manufacturing of hydrogel biomaterials with controlled mechanical properties for tissue engineering applications. Acta Biomater. 2017, 62, 42–63. [Google Scholar] [CrossRef]

	



Prasadh, S.; Wong, R.C.W. Unraveling the mechanical strength of biomaterials used as a bone scaffold in oral and maxillofacial defects. Oral Sci. Int. 2018, 15, 48–55. [Google Scholar] [CrossRef]

	



Zee, M.Y.; Sobernheim, D.; Garzon, J.R. Glossary for unconventional oil and gas resource evaluation and development. In Unconventional Oil and Gas Resources Handbook; Zee, M.Y., Holditch, S., Eds.; Elsevier: Amsterdam, The Netherlands, 2016; pp. 513–526. [Google Scholar]

	



Yang, Y.; He, C.; Dianyu, E.; Yang, W.; Qi, F.; Xie, D.; Shen, L.; Peng, S.; Shuai, C. Mg bone implant: Features, developments and perspectives. Mater. Des. 2020, 185, 108259. [Google Scholar] [CrossRef]

	



Chan, B.P.; Leong, K.W. Scaffolding in tissue engineering: General approaches and tissue-specific considerations. Eur. Spine J. 2008, 17 (Suppl. 4), 467–479. [Google Scholar] [CrossRef] [PubMed]

	



Ateshian, G.A.; Warden, W.H.; Kim, J.J.; Grelsamer, R.P.; Mow, V.C. Finite deformation biphasic material properties of bovine articular cartilage from confined compression experiments. J. Biommechanics 1997, 30, 1157–1164. [Google Scholar] [CrossRef]

	



Davis, S.; Roldo, M.; Blunn, G.; Tozzi, G.; Roncada, T. Influence of the mechanical environment on the regeneration of osteochondral defects. Front. Bioeng. Biotechnol. 2021, 9, 603408. [Google Scholar] [CrossRef]

	



Little, C.J.; Bawolin, N.K.; Chen, X. Mechanical properties of natural cartilage and tissue-engineered constructs. Tissue Eng. Part B Rev. 2011, 17, 213–227. [Google Scholar] [CrossRef]

	



Tran, T.T.; Hamid, Z.A.; Cheong, K.Y. A review of mechanical properties of scaffold in tissue engineering: Aloe Vera composites. J. Phys. Conf. Ser. 2018, 1082, 012080. [Google Scholar] [CrossRef]

	



Carvalho, D.N.; Williams, D.S.; Sotelo, C.G.; Pérez-Martín, R.I.; Mearns-Spragg, A.; Reis, R.L.; Silva, T.H. Marine origin biomaterials using a compressive and absorption methodology as cell-laden hydrogel envisaging cartilage tissue engineering. Biomater. Adv. 2022, 137, 212843. [Google Scholar] [CrossRef] [PubMed]

	



Carvalho, D.N.; Goncalves, C.; Oliveira, J.M.; Williams, D.S.; Mearns-Spragg, A.; Reis, R.L.; Silva, T.H. A design of experiments (DoE) approach to optimize cryogel manufacturing for tissue engineering applications. Polymers 2022, 14, 2026. [Google Scholar] [CrossRef] [PubMed]

	



Diogo, G.S.; Senra, E.L.; Pirraco, R.P.; Canadas, R.F.; Fernandes, E.M.; Serra, J.; Perez-Martin, R.I.; Sotelo, C.G.; Marques, A.P.; Gonzalez, P.; et al. Marine collagen/apatite composite scaffolds envisaging hard tissue applications. Mar. Drugs 2018, 16, 269. [Google Scholar] [CrossRef] [PubMed]

	



Sheehy, E.J.; Lemoine, M.; Clarke, D.; Vazquez, A.G.; O’Brien, F.J. The incorporation of marine coral microparticles into collagen-based scaffolds promotes osteogenesis of human mesenchymal stromal cells via calcium ion signalling. Mar. Drugs 2020, 18, 74. [Google Scholar] [CrossRef]

	



Jiang, Y.; Fu, C.; Wu, S.; Liu, G.; Guo, J.; Su, Z.J.M.d. Determination of the deacetylation degree of chitooligosaccharides. Mar. Drugs 2017, 15, 332. [Google Scholar] [CrossRef]

	



Hauptstein, S.; Muller, C.; Dunnhaupt, S.; Laffleur, F.; Bernkop-Schnurch, A. Preactivated thiomers: Evaluation of gastroretentive minitablets. Int. J. Pharm. 2013, 456, 473–479. [Google Scholar] [CrossRef]

	



Huamani-Palomino, R.G.; Cordova, B.M.; Pichilingue, L.E.; Venancio, T.; Valderrama, A.C. Functionalization of an alginate-based material by oxidation and reductive amination. Polymers 2021, 13, 255. [Google Scholar] [CrossRef] [PubMed]

	



Briggs, D.; Seah, M. XPS—Practical Surface Analysis, 2nd ed.; Sons, J.W., Ed.; Wiley: Chichester, UK, 1993; Volume 1. [Google Scholar]

	



Zayed, A.; Hahn, T.; Finkelmeier, D.; Burger-Kentischer, A.; Rupp, S.; Krämer, R.; Ulber, R. Phenomenological investigation of the cytotoxic activity of fucoidan isolated from Fucus vesiculosus. Process Biochem. 2019, 81, 182–187. [Google Scholar] [CrossRef]

	



Zhao, Y.; Zheng, Y.; Wang, J.; Ma, S.; Yu, Y.; White, W.L.; Yang, S.; Yang, F.; Lu, J. Fucoidan extracted from Undaria pinnatifida: Source for nutraceuticals/functional foods. Mar. Drugs 2018, 16, 321. [Google Scholar] [CrossRef]

	



Zayed, A.; El-Aasr, M.; Ibrahim, A.S.; Ulber, R. Fucoidan characterization: Determination of purity and physicochemical and chemical properties. Mar. Drugs 2020, 18, 571. [Google Scholar] [CrossRef] [PubMed]








[image: Gels 09 00247 g001 550] 





Figure 1. 1H Nuclear magnetic resonance (1H-NMR) spectra of each marine polymer: (a) Collagen from jellyfish (jCOL); (b) Collagen from shark (sCOL); (c) Chitosan from squid pens (sCHT) and the respective degree of deacetylation (DD) and (d) Fucoidan from brown algae (aFUC). 
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Figure 2. Quantification of total collagen concentration on developed membranes (M/J3 to M/J5S5). Data bars are mean ± standard error (n = 3). Comparative statistical analysis was performed, where systems M/J3, MJ3S3 and M//J5S5 include statistical significance of p < 0.05 (*), and ns (no significant) for the rest of systems. 
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Figure 3. Determination of thiol (-SH) contents (a) determination on marine polymers (jCOL, sCOL, sCHT and aFUC), and (b) determination on the developed biomaterial-membranes (M/J3 to M/J5S5). Data bars are mean ± standard error (n = 3). The membrane samples do not show statistical differences represented by ns (no significance) except those represented with the symbol **** (p < 0.0001). 
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Figure 4. XPS analysis on the marine biopolymers and the developed membranes. (a) Atomic concentration (%) of main elements at the surface of the material; (b) atomic concentration (%) of main elements from in-depth profile assay as a function of etch time; and (c) determination of the sulfate contents (%) in all samples. 
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Figure 5. Scanning electron microscopy (SEM) images of the surface of all developed membranes (M/J3 to M/J5S5) according to the established formulations, (a–h), respectively. All samples were imaged at the magnifications of 30×/100 µm (main), 100×/100 µm (bottom left) and 500×/10 µm (top right). 
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Figure 6. Water contact angle (WCA) measurements for the study of surface hydrophilicity on the polymeric membranes: (a) representative image of a water droplet deposited on the membrane surface, and (b) statistical analysis of the mean water contact angle obtained for the different membranes. Results are exhibited as mean ± standard error of three independent experiments. Statistical analysis of multiple comparison test (p < 0.05) was performed, showing a significance of * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). 
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Figure 7. Surface Zeta (ζ) potential measurements on the membranes M/J3 to M/J5S5: (a) digital image of one representative membrane sample (M/J3), being glued to one surface of the surpass container, where (a1) illustrates the situation before the measurement and (a2) after used; and (b) titration curves of surface zeta potential within the pH range of 5.5 to 8. 
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Figure 8. Assessment of the degree of swelling (measured as water uptake) in each membrane (M/J3 to M/J5S5) upon incubation in PBS solution for up to 21 days (504 h). Data are presented as mean ± standard error (n = 3). 
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Figure 9. Differential scanning calorimetry (DSC) thermograms of the developed polymeric membranes M/J3 to M/J5S5 experiencing controlled heating from −40 to 200 °C: (a) M/J3 and M/J5; (b) M/S3 and M/S5; (c) M/J3S3 and M/J5S3 and (d) M/J3S5 and M/J5S5. 
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Figure 10. Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG—shown in blue) curves of the developed membranes in response to controlled heating from 40 to 800 °C: (a) M/J3 and M/J5; (b) M/S3 and M/S5; (c) M/J3S3 and M/J5S3; and (d) M/J3S5 and M/J5S5. 
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Figure 11. The mechanical properties of the marine biopolymers membranes (M/J3 to M/J5S5) addressed using uniaxial tensile testing. (a) Digital image of one condition (membrane M/J3) attached to Instron claws under load (representative of all samples); (b) Tensile stress–strain curves; (c) Young´s modulus and maximum tensile strength, and (d) strain at break and strain at maximum load. In graphics of (c,d), the error bars contain standard deviation (SD) from the mean values (not less than n = 5) and the symbols represent the statistical significance of * (p < 0.05), ** (p < 0.01), *** (p < 0.001) using one-way ANOVA with Tukey´s multiple comparisons test. 
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Figure 12. Preparation of marine biopolymers membrane. (a) Schematic representation of biomaterial-membrane formation process using a 3D printed PLA mold comprising a nylon mesh, where the biopolymers blend is placed and compacted while removing the excess of solvent; (b) Representative images of the molding procedure, the produced membranes and the respective dimensions. 
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Table 1. Average and standard deviation of the atomic concentration ratios between sulfur/carbon, sulfur/nitrogen and nitrogen/carbon on the surface of each biopolymers studied and on the developed biomaterials.
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	Samples
	    Ratio   S u l f u r ( S )   C a r b o n ( C )      
	    Ratio   S u l f u r ( S )   N i t r o g e n ( N )      
	    Ratio   N i t r o g e n ( N )   C a r b o n ( C )      





	jCOL
	-
	-
	0.148 ± 0.030



	sCOL
	-
	-
	0.234 ± 0.010



	sCHT
	0.005 ± 0.000
	0.050 ± 0.000
	0.102 ± 0.014



	aFUC
	0.029 ± 0.000
	2.101 ± 0.084
	0.014 ± 0.000



	M/J3
	0.013 ± 0.001
	0.325 ± 0.091
	0.041 ± 0.006



	M/J5
	0.021 ± 0.007
	0.341 ± 0.137
	0.063 ± 0.003



	M/S3
	0.017 ± 0.005
	0.339 ± 0.019
	0.050 ± 0.020



	M/S5
	0.024 ± 0.001
	0.585 ± 0.030
	0.041 ± 0.004



	M/J3S3
	0.018 ± 0.001
	0.356 ± 0.024
	0.051 ± 0.003



	M/J5S3
	0.016 ± 0.000
	0.302 ± 0.020
	0.053 ± 0.001



	M/J3S5
	0.016 ± 0.000
	0.220 ± 0.011
	0.075 ± 0.004



	M/J5S5
	0.014 ± 0.001
	0.265 ± 0.007
	0.054 ± 0.006
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Table 2. Membrane composition prepared by blending equal volumes of different marine origin biopolymer solutions (ratio of each biopolymer in the original solution and their percentage after biomaterial formation).
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Polymeric Membrane

Systems

(100%)

	
Abbreviation

	
mg/mL of Polymer in the Original Solution




	
Collagen

Jellyfish

	
Collagen

Shark

	
Chitosan

Squid Pens

	
Fucoidan

Seaweed






	
jCOL3/sCHT/aFUC

	
M/J3

	
30; (18.8)

	
-; (0)

	
30; (18.8)

	
100; (62.4)




	
jCOL5/sCHT/aFUC

	
M/J5

	
50; (27.8)

	
-; (0)

	
30; (16.6)

	
100; (55.6)




	
sCOL3/sCHT/aFUC

	
M/S3

	
-; (0)

	
30; (18.8)

	
30; (18.8)

	
100; (62.4)




	
sCOL5/sCHT/aFUC

	
M/S5

	
-; (0)

	
50; (27.8)

	
30; (16.6)

	
100; (55.6)




	
jCOL3/sCOL3/sCHT/aFUC

	
M/J3S3

	
30; (15.8)

	
30; (15.8)

	
30; (15.8)

	
100; (52.6)




	
jCOL5/sCOL3/sCHT/aFUC

	
M/J5S3

	
50; (23.8)

	
30; (14.3)

	
30; (14.3)

	
100; (47.6)




	
jCOL3/sCOL5/sCHT/aFUC

	
M/J3S5

	
30; (14.3)

	
50; (23.8)

	
30; (14.3)

	
100; (47.6)




	
jCOL5/sCOL5/sCHT/aFUC

	
M/J5S5

	
50; (21.7)

	
50; (21.7)

	
30; (13.1)

	
100; (43.5)








mg/mL (w/v) of polymer concentration in the original solution; (% w/w of total polymer mass in the biomaterial-membranes).
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