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Abstract

:

Modern innovation in reconstructive medicine implies the proposition of material-based strategies suitable for tissue repair and regeneration. The development of such systems necessitates the design of advanced materials and the control of their interactions with their surrounding cellular and molecular microenvironments. Biomaterials must actively engage cellular matter to direct and modulate biological responses at implant sites and beyond. Indeed, it is essential that a true dialogue exists between the implanted device and the cells. Biomaterial engineering implies the knowledge and control of cell fate considering the globality of the adhesion process, from initial cell attachment to differentiation. The extracellular matrix (ECM) represents a complex microenvironment able to meet these essential needs to establish a relationship between the material and the contacting cells. The ECM exhibits specific physical, chemical, and biochemical characteristics. Considering the complexity, heterogeneity, and versatility of ECM actors, fibronectin (Fn) has emerged among the ECM protagonists as the most pertinent representative key actor. The following review focuses on and synthesizes the research supporting the potential to use Fn in biomaterial functionalization to mimic the ECM and enhance cell–material interactions.
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1. Introduction


Facing the challenge of increasing needs for the reparation of the human body and emerging innovative strategies to realize the modern concepts of regenerative and reconstructive medicine, many medical devices have been proposed by the scientific community. These are used in a wide range of clinical applications, and their performance is highly dependent on the nature of their surfaces and the latter’s interaction with defined proteins and cells.



Commonly, once a biomaterial is implanted, protein adsorption from biological fluids occurs immediately, mediating the interaction between the surface and cells. Concomitantly, a tissue reaction occurs, which results in an inflammatory response driven, largely by immune-related proteins and cell contact activation.



Although biomaterials were originally designed to be inert, contemporary applications, such as tissue engineering and regenerative medicine, demand biomaterials that can actively engage cellular matter to direct and modulate biological responses at implant sites and beyond [1,2,3,4]. Since biomaterials interact with their surroundings via their surfaces, an attractive strategy for producing truly bioactive materials is the design of biofunctionalized coatings. Of particular note are three-dimensional, cellularized, porous scaffold devices with interfaces optimized to support and implant viable cells, a promising breakthrough that will facilitate biomedical advances in the future. An appropriately modulated innate immune response would improve the acceptance of a given biomaterial by the host and its bio-integration with tissues. This principle is universal whatever the nature of the material, from metals and ceramics to polymers.



Currently, it is absolutely necessary to determine a way to promote a true and effective dialogue between the material and its cellular and tissular microenvironment. The notion of material–cell engineering has emerged, and it leads global, multifactorial, and complex cell behavior at the site of implantation. Throughout the overall cell-adhesion process, from the initial phase of the cell-contacting response (i.e., cell attachment) to later cell actions, such as differentiation, the different phases of a cell’s fate must be taken into consideration.



This cell–material relationship is controlled and tuned by various parameters as following: (i) adhesion control influenced by physical characteristics such as the mechanical properties of the materials and their topography; (ii) chemical/biochemical molecular reactions mediated by the availability of growth-factor (GF) receptors, the actions of soluble factors, and the role of extracellular-matrix (ECM) protagonists.



The ECM is composed of fibrous protein polymers, typically type I collagen fiber networks, interspersed with strongly flexible and highly hydrated glycoproteins, polysaccharides, and other large molecules, from fibrin to heparin. Thus, there exist various molecular protagonists that, due to their specific and intrinsic properties, represent and respond to various concepts and needs.



Biomaterial engineering science necessitates a simple, pertinent, representative solution to elucidate this ECM. Among the ECM protagonists, considering the complexity, heterogeneity, and versatility of ECM actors, fibronectin (Fn) has emerged as the most pertinent key partner.



The aim of the following narrative review was to focus on the research supporting this crucial role of Fn in representing the ECM and to explore many of the versatile and predominant properties of biomaterials.




2. Fn as a Pertinent Key Actor in the ECM


The ECM, a material secreted by and surrounding cells, represents a complex network of polysaccharides (such as proteoglycans) and proteins (such as collagen, elastin, and Fn). This physical barrier delimits organs and represents the structural component of tissues that influences their development and physiology. Fn plays a major role in the ECM and is involved in numerous physiological processes, especially owing to its modular structure and the numerous properties of its different regions.



2.1. Fn’s General Properties


Fn is a multifunctional glycoprotein expressed by many different cell types (hepatocytes, fibroblasts, macrophages, and leukocytes, among others). It is found in the plasma and the ECM. Its main biological functions are based on its affinity for different biological compounds such as cell-surface receptors, ECM proteins (collagens, heparin, etc.), DNA, gangliosides, and immunoglobulins [5].



In vivo, Fn mediates cell adhesion to the ECM and contributes to phagocytosis regulation, wound healing, cell proliferation, differentiation, and locomotion [6]. At the structural level, Fn is composed of two identical polypeptide subunits covalently linked via two disulfide bonds near their carboxy termini. Each subunit contains nearly 2500 amino acids (with a molecular weight of approximately 250,000 Da). It consists of a repetition of 56 modules of three types having a well-defined structure and a high degree of internal homology. Modules of types I, II, and III consist of 45, 60, and 90 amino acids, respectively. Type I modules make up the NH2-terminal and COOH-terminal ends of the polypeptide. Two type II modules interrupt a row of nine type I modules at the NH2-terminus. Fifteen type III modules make up the middle of the polypeptide [7] (Figure 1A). Type I, II, and III modules are also found in many other proteins, with type III even being ubiquitous in animal proteins [8]. These modules are connected by short polypeptide segments sensitive to proteinases and are grouped into functional domains that express specific binding activities [9]. The above structure of Fn varies, depending on the cell source of the protein. These variations are mainly due to the alternative splicing of the Fn mRNA [10].



The three types of modules are globular. Separately, their structures are known as being mainly β-sheet based on X-ray and NMR studies on isolated modules. Figure 1A provides the detailed information of this organization with several illustrations of the representative structural secondary elements found in the different modules [11,12,13].



The global conformation of Fn cannot be assumed from the folding of the individual isolated modules. No success in the crystallization of the whole protein has been reported. To understand the relationship between the Fn’s structure and its various adhesive biological functions, several studies have been performed in solution. Fluorescence studies on the overall protein have shown the existence of hydrophobic domains [14,15]. Circular dichroism and infrared spectroscopy studies have only detected β-sheet secondary structures [15,16,17]. These results suggest that the modules within the overall protein retain the same structure as those that are isolated.



The conformation of the whole Fn in physiological conditions is debated and controversial. In 2000, in “native” conditions, through quasi-elastic light and small-angle neutron scattering studies, the radius of gyration (Rg) of 15.3 ± 0.3 nm and the hydrodynamic radius (RH) of 11.5 ± 0.1 nm were determined. These results imply a low internal concentration (M/R3g/H) compared to those of the usual globular proteins. This is also confirmed by the RH/Rg ratio of 0.75 ± 0.02, consistent with a Gaussian chain, whereas the RH/Rg ratio of 1.3 was identified for spherical-shaped molecules. However, adding a denaturing agent (8 M urea) increases Rg by a factor of two. This means that the Fn “native” chain is not completely unfolded. The average shape of the Fn conformation was also probed by small-angle neutron scattering performed for a reverse scattering vector q-1 smaller than Rg (0.2 < q-1 < 15 nm). The measured form factor is in complete agreement with the form factor of a random string of 56 beads with 5 nm in diameter (Figure 1B). It rules out the possibility of an unfolded chain as well as globular structures [18]. This study demonstrates not only the complexity, but also the versatility offered by Fn in modulating and adapting its structural and conformational organization. In other words, considering the nature of Fn, it is crucial to make a distinction between structure and conformation and to deal with the two definitions to clearly explain and discuss some specificity. For instance, conformation is used more to refer to the overall global whole-chain organization, whereas the structural level concerns the intrinsic remarkable structural elements in the modules. For example, without compromising the presence of the β-sheet in the individual modules, which provides the structure of the modules, the overall Fn molecule can transition from a highly extended and almost linear conformation to a globular and compact state. In other words, the molecule appears as a highly flexible and extendable string of beads capable of large conformational modulations.



Moreover, the global molecular organization of the whole Fn, at interfaces versus in solutions, is under control and mediated by the specificity and the nature (hydrophobic, charged, etc.) of the elements found along the chain.



First, the beta structures found in the three types of modules are composed of hydrophobic and large amino acids (Figure 1A). The structures of these apolar and hydrophobic elements are strongly influenced by polar or apolar environments, which, in turn, strongly impact the Fn’s structure and its subsequent organization. The nature of certain solvents and the physicochemical properties of materials strongly affect the overall conformation and structure of the Fn [19].



Second, the charges of the different modules and the subsequent electrostatic effects also play a crucial role in the structuration and conformation of the molecule. The complete amino acid sequence of human Fn has been known for decades [20]. The protein data bank contains a specific amino acid sequence for the 32 modules of each chain. The attribution of one positive charge for arginine and lysine residues and one negative charge for aspartic acid and glutamic acid residues gives 192 positive charges and 259 negative charges, forming an overall net charge per chain equal to −259 + 192 = −67. With more than 450 negative and positive residues charged among 2500, Fn is a true polyelectrolyte. Moreover, with 134 (67 × 2) more negative charges than positive ones, Fn, owing to this excess of negative charges, can be globally considered a polyanion. At a more detailed level, a fine analysis of the contained positively charged residues in each module, compared to the quantity of negatively charges, permits the calculation of the net charge for each module. The differences range between −11 (for the III-2 and the EDA modules with −14/+3 and −17/+6, respectively) and +6 (for the III-14 with −7/+13) (see Figure 2A).



This heterogeneous repartition of charges toward the different modules, precisely in the cell-binding region (the middle of the chain that contains the type III modules), gives rise, led by electrostatic interactions, to the specific folding of the chain in solution (Figure 2A). Moreover, the other part of the chains also adopts a specific orientation. The N-terminal part must present a favorable orientation of the Fn assembly domain, which allows the stabilization of the globular conformation of the dimer. At the C-terminal part, the orientation of this segment is led by the constraint of the double disulfide cross-links that covalently binds the two Fn chains (Figure 2B). This “natural” folding and orientation of the chains is conserved and stabilized in the dimer structure (Figure 2C).




2.2. Fn’s Role and the Structure–Function Relationship within the ECM and Cells


Cells’ behaviors are under the control of their interactions with their surrounding extracellular microenvironment. Cells are very sensitive to the mechanical and biophysicochemical properties of this ECM environment, and cell receptors and integrins are mainly solicited. Via the integrins, cells literally “feel” the specificity of their environment and respond to crucial parameters such as mechanical properties. For instance, a lack of rigidity, as in a very soft environment, compromises cell adhesion and, subsequently, induces a lack of intracellular tension and non-performant intrinsic signaling pathway. Conversely, the ECM that presents a relatively high stiffness plays a pivotal role in provoking appropriate cell behaviors such as correct differentiation, the generation of intrinsic signals, the leading of focal adhesions and, thus, cell engagement in appropriate signaling pathways.



Moreover, in addition to the fact that cells respond to their biochemical environments via integrins, they also mainly employ GF receptors. Indeed, GFs, delivered to cells, are essential factors that govern part of their response. These GFs must be delivered specifically to the cells. In physiological conditions, they are present throughout the ECM, where they bind to the GF receptors.



When scientists and engineers design and generate biomaterials with interfacial properties capable of controlling cell behavior, it is of crucial interest to implicate and mobilize specific receptors’ integrins and GF receptors, respectively. In other words, ECM models must consider both integrins and GF receptors. Moreover, integrins mediate adhesion related to the mechanical or viscoelastic properties of the environment. The ECM presents dynamic viscoelasticity, and biomaterials developed by engineers must also integrate these viscoelastic properties.



Thus, there are two crucial questions regarding the aim of satisfying and optimizing the dialogue between cells and their surrounding environments: (i) How do cells sense this viscoelasticity, and how can this viscoelasticity be incorporated into materials? (ii) How can GFs’ presentation and their accessibility be maximized? Dalby et al., in a recent review, synthetized the different possibilities for presenting GFs [21], from uploading GFs in interfacial films to increasing GFs’ affinity, specific chemical binding, or affinity in the ECM. Among these strategies, the development of materials with both integrin binding and GF binding represents a highly interesting way to solve these problems.



Fn appears to be the most pertinent protagonist of the ECM for satisfying the latest requirements and addressing this interesting dual specificity. First, as presented above, among the different modules that contain specific properties, the modules III-10 and III-9 contain the well-known RGD and PHSRN sequences that are, highly specific and a well-known region for integrin binding, respectively (especially αvβ3 and α5β1). Second, in the vicinity of this region, there exists a row of three specific type III modules (III-12–III-14 heparin-binding site) that exhibit a specific affinity for binding GFs (Figure 1A). Martino and Hubbell showed that Fn III-12–III-14 from Fn promote the binding of GFs including BMP2 [22]. Thus, within Fn, integrin binding can be simultaneously optimized with GF binding.



The accessibility of these regions necessitates a specific Fn dynamic conformation and structural rearrangement. Initially secreted from cells and, in solution, organized as a compressed, soluble dimer connected by disulfide linkages, Fn is naturally stimulated in an active state by interactions between its integrin-affinity sequences and synergy domains of the integrin present on the cell surface. This initiates a gathering of several Fn molecules near the cell surface. Although each molecule has a row of five Fn-specific binding sites, the primary matrix-assembly domain, located near the disulfide bonds, is essential for fiber formation. The high concentration of activated Fn molecules promotes the linkages between each of these and molecules from surrounding cells. The process generates a network of interconnected, stabilized, and insoluble proteins connecting cells throughout the matrix (Figure 3).





3. Fn Application and Involvement in Biomaterials and Medical Device Engineering


As already established, one of the main challenges in material implantation is appropriate bio-integration that conditions the successful performance of the implant in the human body. Implant–host tissue crosstalk must be improved through interfacial strategies. In recent years, there has been increasing interest in the functionalization of surfaces with protein coatings, since the first event to occur right after implantation is the interaction between the implant and circulating blood components, leading to the adsorption of ECM proteins. Consequently, cells do not interact directly with the implant but interact with protein coatings [23] that influence cell behavior (recruitment, adhesion, and differentiation). In this context, proteins from the ECM are of particular interest. As described above, due to its intrinsic biochemical properties and specific biophysical multi-modular structuration, Fn plays a key role in mediating cell behavior, from adhesion, growth, and migration to differentiation.



Many studies have described strategies based on the selection of a discriminant part of Fn. For instance, studies report the extensive use of functional fragments of Fn, such as specific Fn peptides or moieties containing integrin-binding domains (RGD and PHSRN), to improve implant integration [24,25,26]. Despite numerous opportunities, these strategies present drawbacks due to the lack of synergy and cooperation between different modules.



A full-length Fn protein, instead of small peptides, could provide secondary actions linked to the presence of other binding sites, and it is more biomimetic of the ECM and also fully integrates the dimension of the protein dynamic which is essential for representing the structural molecular rearrangement involved during the remodeling of the cell microenvironment.



Different strategies can be used to functionalize materials with Fn:




	
Simple molecular two-dimensional (2D) coatings at interfaces via covalent binding or adsorption and the use of aptamers to favor Fn adsorption in monolayers;



	
Complex coated interfaces, where Fn is combined with other molecules in order to form bioengineered multilayered interfaces generating thin films and interfaces in 2.5D;



	
Fn distribution in a three-dimensional (3D) volume entrapped in hydrogels via physical dispersion and covalent cross-linking.








These biofunctionalized interfaces recreate, at different levels, various pertinent and representative biomimetic cell microenvironments between the implant and the surrounding tissues.



3.1. Fn 2D Molecular Coatings


3.1.1. Fn Covalent Binding


The covalent binding of Fn presents many advantages such as the strong and stable linkage of molecules to the surface. Nevertheless, the grafting process is delicate, as it should proceed in mild conditions to preserve the protein structure and requires the presence of functional groups at the surface of the biomaterial able to react with reactive protein groups, which often requires a preliminary activation step at the surface. The following section describes the main published papers regarding surface activation and Fn-grafting modes on various substrates, which are summarized in Table 1.



One of the first approaches to Fn-covalent immobilization was reported by Kobayashi and Ikacia on polyvinyl alcohol (PVA) hydrogels for contact lens applications [29]. In this case, PVA, known to be a highly bio-inactive polymer, was modified by the addition of isocyanate groups able to react with the amino and hydroxyl groups of Fn to form urea and urethane bonds, respectively [29]. The resulting Fn-functionalized PVA enhanced the adhesion of corneal epithelial cells and their proliferation [27,28]. PVA chains can also be activated via a three-step reaction: the linkage of alkyl chains containing acids group followed by acid-group activation with carbonyl diimidazole (CDI) and, finally, a PVA–CDI reaction with Fn amine groups [30,31,32,33]. This Fn-covalent-grafting strategy permits the obtention of a normal cell morphology, higher cell adhesion, and the proliferation of NIH3T3 fibroblast cells [30], primary human foreskin fibroblasts [31], chondrocytes [32], and porcine radial arterial and endothelial cells [33].



Other strategies for Fn covalent immobilization on hydrogel surfaces using an avidin–biotin-binding system have also been described in the literature [34], as have those involving surface activation with hydrazine hydrate [35] or via a polydopamine-coating process [36]. Recently, Wacker et al. reported the biofunctionalization of bacterial nanocellulose-hydrogel-based vascular grafts (BNCs) with human albumin, Fn, or heparin–chitosan [37]. Briefly, BCN surfaces were activated with 1-cyano-4-dimethylamino pyridinium tetrafluoroborate (CDAP). Bioconjugation with proteins was induced by the formation of isourea bonds with amino acids. The Fn bioactivity regarding human saphenous vein endothelial cell (VEC) and endothelial progenitor cell (EPC) adhesion and proliferation was remarkable compared to that of albumin or heparin coatings [37].



The grafting processes described above remain difficult to implement, as they involve many complex steps. Therefore, Custodio et al. developed a simple and low-cost method for the immobilization of Fn on chitosan using N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) as a cross-linker [38]. They showed that human-osteoblast-like cell adhesion is promoted on chitosan functionalized with immobilized Fn and that the long-term proliferation of cells is enhanced compared to that on surfaces with adsorbed Fn. On the contrary, adsorbed Fn has been shown to desorb over time, as only weak and unspecific forces are involved in the protein’s immobilization on the surface (hydrogen bonds, Van der Waals forces, and electrostatic or hydrophobic interactions). This simple technique was successfully used to functionalize different hydrogel surfaces such as fibrinogen [39], polyethylene glycol diacrylate (PEGDA)/polyacrylamide (PA) [40], poly(N-isopropylacrylamide) [41], and PVA [42]. A homogeneous distribution of Fn on all surfaces and a good cell–hydrogel interaction via improved cell adhesion and proliferation has been highlighted.



Another similar and simple approach using N-hydroxy succinimide (NHS) to covalently attach Fn has also been described. The cross-linking between the NHS-ester of modified PEG-NHS and free amino groups on Fn has also been reported [43,44]. Shinoara et al. demonstrated a better cell adhesion and proliferation of human fetal lung fibroblasts, human aortic smooth muscle cells (HASMCs), and human aortic endothelial cells (HAECs) in a PEG–Fn hydrogel compared to that in a bare PEG hydrogel or PEG–gelatin hydrogel [43]. Recently, the modification of a hydrogel surface with sulfo-SANPAH (a molecule containing an NHS-ester and a photoactivatable nitrophenyl azide) to cross-link Fn has been reported [45,46,47]. Stanton et al. showed the biofunctionalization of a PA hydrogel surface with ECM proteins such as Fn, type I collagen, type IV collagen, and laminin using sulfo-SANPAH. They reported that Fn and laminin biofunctionalization results in a more homogeneous distribution than collagen type I or IV, using immunostaining. Moreover, the quantity of Fn immobilized at the surface is higher than those for other ECM proteins [46].



The covalent binding of Fn to the surface can affect Fn’s conformation and, thus, bioactivity. Vallières et al. showed that Fn can be anchored via its lysyl or cysteyl moieties on a PTFE or silica treated with ammonia plasma via two conjugation strategies using glutaric anhydride (GA) and sulfosuccinimidyl 4-(p-maleimidophenyl) butyrate (SMPB) cross-linking agents. They showed that Fn adopts different conformations and that the covalent binding of Fn via its lysyl group is more favorable for cell adhesion [48,49]. A recent study showed that the hydrophilic/hydrophobic nature of the linker, its length, and the binding site on the protein influenced the Fn conformation and RGD accessibility [51]. Fn grafting has also been used to functionalize titanium surfaces in the context of transcutaneous implants to enhance soft-tissue sealing around the implant [50]. In this study, the authors showed that Fn grafted via phosphonate-linking arms increases dermal fibroblast adhesion, spreading and proliferation, and the strength of the adhesion between the functionalized material and the bioengineered dermal tissue.



Even if the covalent binding of proteins leads to stable surfaces and locks the protein in a defined conformation, the grafting process remains difficult and involves many steps, and it remains difficult to control the protein’s conformation and, therefore, to maintain its bioactivity.




3.1.2. Fn Physical Adsorption


Physical adsorption can lead to unstable coatings; however, it is less damaging for the conformation of the adsorbed molecules. Zhang et al. investigated the bioactivity of adsorbed Fn vs. Fn covalently immobilized on polyethylene terephthalate (PET) [52]. They showed that adsorbed Fn results in higher accessibility for the RGD domain and bioactivity. Over the last few decades, Fn adsorption on various biomaterial surfaces has been analyzed and garnered great interest in different contexts.



The overall surface properties of a biomaterial, such as the chemical composition, topography and roughness, hydrophobicity, and surface energy, influence the adsorption, structure, and function of proteins and have impacts on cell responses [53,54,55]. Several studies have shown the influence of surface topography on Fn adsorption. Microtopography leads to a heterogeneous adsorption of the protein: on rough or micro-grooved surfaces, Fn is preferentially adsorbed on peaks or onto groove/ridge boundaries [56,57]. Nanostructures at the surface also influence the amount of Fn adsorbed, but in this case, a homogeneous deposition of 10–20 µg/mL Fn solution has been observed [58]. In all cases, great impacts on cell spreading, adhesion, and the size of focal adhesion have been observed.



Interactions between Fn and polymeric surfaces have been demonstrated to be influenced by surface hydrophobicity. Early studies revealed that the amount of Fn adsorbed on hydrophobic surfaces is higher, but the protein is less active [59,60]. The loss of Fn’s bioactivity could be directly linked to Fn’s conformation: on a hydrophilic substrate, atomic force microscopy (AFM) images highlighted an elongated conformation of Fn and, thus, the exposure of specific binding sequences were obtained, whereas on hydrophobic substrates, a more compact structure was observed [61]. Baujard-Lamotte et al. also demonstrated that, even though the surface densities of Fn adsorbed onto a hydrophilic silica surface and a hydrophobic polystyrene surface are identical, Fn retains a native conformation on the hydrophilic substrate while exhibiting an alteration of the globular module on the hydrophobic material [19]. To assess the impact of surface chemistry on Fn adsorption and conformation, self-assembled monolayers presenting different terminated groups were used as model surfaces. Fn adsorption on gold surfaces modified by self-assembled monolayers (SAMs) of alkanethiols terminated with CH3, OH, COOH, and NH2 functionalities led to differences in the accessibility of the integrin-binding domain [62] and, therefore, had a direct impact on cell adhesion and spreading, with higher cell responses on OH–SAMs [54]. Protein conformation and integrin-binding site accessibility play key roles in early cell adhesion; however, Lin et al. showed that the force of protein adsorption on a biomaterial and protein reorganization carried out by cells affect long-term cell adhesion and are directly related to surface chemistry [63].



Recently, surfaces exhibiting a specific chemistry—poly(ethyl acrylate) (PEA)—have been shown to induce Fn fibrillogenesis, a process usually driven by cells, leading to the formation of a physiological fibrillar network [64,65]. On these surfaces, Fn adsorbs in a conformation that permits the simultaneous exposure of the integrin-binding domain (Fn III-9 and -10) and GF-binding domain (Fn III-12–III-14), leading to a synergistic presentation of the GFs BMP2 and VEGF for bone regeneration or vascularization [66,67].



Biomaterial biofunctionalization with Fn is often used to enhance implant biointegration and biocompatibility, modulating the cell response. Fn adsorption on biomaterials has also been shown to modulate the inflammatory and wound-healing process that occurs after biomaterial implantation. Monocytes adhere to the material surface rapidly after implantation and become activated macrophages able to release proinflammatory cytokines [68]. Shen et al. showed that Fn adsorption on TCPS increases monocyte adhesion, but the release of the proinflammatory cytokine TNFα and the level of foreign body giant cell formation are lower compared to those for TCPS coated with IgG [69]. Fn coatings on specific polyurethanes were also explored in the context of vascular applications. The results showed that the specific cell-binding sequences of the Fn are less exposed to cell receptors that could reduce the immune cell response and inflammation [70].



To enrich biomaterial surfaces with Fn, another strategy consists of the use of aptamers to enhance Fn retention. Aptamers are small single-stranded oligonucleotides that overcome a specific and defined 3D conformation and specifically bind a target molecule. They are thus good candidates for therapeutic purposes in the same way as antibodies but without their disadvantages, which are their immunogenicity and low stability [71]. The functionalization of biomaterials with aptamers could thus control the adsorption of proteins that occurs shortly after implantation by selectively binding a target protein. Parisi et al. used aptamers directed against Fn to promote the specific adsorption of the protein and to enhance the cell colonization of chitosan films. They showed that the use of aptamers had no influence on the amount of Fn adsorbed on the surface but improved osteoblastic and human epithelial cell adhesion, proliferation, and spreading [72,73]. Aptamers thus help to maintain Fn in a functional conformation that enhances the cell response at the interface.



To obtain multifunctional coatings, Fn can also be co-immobilized with other molecules. In the context of cardiovascular implants, for a family of biomaterials in direct contact with blood, the main issues are long-term implantation and implant failure due to thrombus formation and the absence of endothelialization. Fn is co-adsorbed or co-immobilized on a fluorocarbon polymer or titanium in association with phosphorylcholine or heparin, known for their antithrombogenic and anticoagulant properties. It has been shown that the association of Fn with these molecules could improve the endothelialization process and prevent thrombus formation [74,75]. Fn can also be co-adsorbed with plasma proteins and generate a synergetic effect. This is the case, when Fn is co-adsorbed with albumin; the association of the two proteins modulates preosteoblastic cell adhesion, spreading, and proliferation and may enhance fibroblast adhesion [76,77,78].





3.2. Fn in Complex Coated Interfaces


Surface biofunctionalization can occur via Fn 2D simple coatings, but increasingly, studies have focused on complex interfaces in order to form bioengineered interfaces. In the context of biomedical applications, coatings formed by layer-by-layer (LbL) assemblies are of growing interest due to their high versatility [79]. This technique is based on the alternate deposition of oppositely charged polyelectrolytes [80], which results in the formation of thin coatings, ranging from a few nanometers to a few microns, which are easy to fabricate and can be deposited on any type of surface irrespective of their geometry and chemistry, making them attractive for implant functionalization. Thin films’ properties can be easily modulated in terms of thickness, rigidity, and roughness and can be functionalized with bioactive molecules or serve as reservoirs for the controlled delivery of biomolecules [81,82,83,84,85,86]. Fn can be considered a polyampholyte with negatively and positively charged patches and an acidic isoelectric point (5.5–6) (Figure 2). It is thus negatively charged at physiological pH and can be used as a polyanion to functionalize the surfaces of polyelectrolyte multilayer films or directly incorporated during film assembly.



Polyelectrolyte multilayer films often present low mechanical rigidity, which is not favorable for cell adhesion and spreading. To overcome this drawback, several authors decided to functionalize an LbL film with Fn adsorbed on top of the film. Wittmer et al. showed that it is possible to adsorb Fn as a top layer on a poly-L-lysine (PLL) (+)/dextran sulfate (−) nanofilm and that it positively affects cell spreading [87]. They noted that the charge of the terminated layer could influence Fn adsorption, with a higher amount of protein adsorbed on films exhibiting a positively charged terminated layer. Surprisingly, it is also possible to adsorb Fn on poly(sodium 4-styrenesulfonate) (PSS) in a higher amount than on non-functionalized surfaces.



The nature of the terminated layer, thus, has an impact on Fn adsorption and could also impact the protein conformation. Ngankam et al. studied the adsorption of Fn on PSS (−) and poly(allylamine hydrochloride) (PAH, (+)) thin films. They found that, on PAH-terminated films, the Fn adsorption, density, and thickness are higher than those on a PSS-terminated layer. However, integrin-binding sites are more accessible on PSS-terminated thin films, suggesting a potential higher bioactivity [88]. It has been clearly shown that the adsorption of an Fn monolayer on the top of thin films positively influences cell adhesion and spreading [87,89,90]; the properties of the underlying thin films (i.e., thickness and roughness) are also of great importance [90].



Recently, hybrid cell adhesive materials (hCAMs) have been developed where a bilayer of Fn and PAH is deposited on top of polyelectrolyte multilayer films. hCAMs allow the long-term anchorage of P19 cells, and pluripotent cells are able to differentiate into neuronal skeletal muscle and cardiac muscle. Their proliferation and differentiation into neuron-like cells have been studied under dielectrophoretic conditions and continuous fluid flow [91]. hCAM constructs have also been used to develop an in vitro model to study tumor–endothelial cell interactions. The co-culture of hepatocarcinoma cells (HepG2) and endothelial cells (HUVECs) on hCAMs shows that HepG2 tends to form 3D structures while endothelial cells form cords [92]. When hCAMs are treated with transglutaminase, known to play a role in the cross-linking of ECM proteins, Hep2G cells change from 3D to 2D morphology, suggesting that Fn remodeling plays a key role in 3D structure morphology formation.



Fn has also been directly integrated in polyelectrolyte multilayer films during film assembly in place of an anionic polyelectrolyte in order to generate interfaces biomimetic of the ECM. Enriched-Fn thin-film construction in association with PLL or collagen follows a novel growth regime, as the film seems to stall after a few layers, whereas polyelectrolyte multilayer films usually adopt linear or exponential growth [93,94]. Nevertheless, film assembly includes proteins that are non-trivial and is highly influenced by the construction conditions, i.e., type of buffer and pH. Fn-based multilayer thin films (PLL-Fn)5 are able to enhance murine MC3T3-E1 preosteoblastic cell adhesion, spreading and proliferation compared to an Fn monolayer. Cells can reorganize Fn into fibrils, and after seven days of culture, Fn remains in a thin film. Thin films enriched in Fn, therefore, constitute a reservoir of Fn, which is able to be used and remodeled by cells, thereby improving cell proliferation [93].



Finally, LbL assembly can also be performed on the cell surface to protect and control cell function [95,96]. Fn in association with gelatin creates a protective barrier around cells in a stressful environment, and the protection is greater with Fn–gelatin thin films than with films constructed with synthetic polyelectrolytes, the protection being directly dependent on the thickness of the film [96].




3.3. Fn in Volume


Hydrogels are 3D polymeric networks that can mimic some specific ECM characteristics due to their properties such as porosity, swelling, and viscoelasticity [97]. As 3D biomimetic artificial matrices, hydrogels must be tuned to favor appropriate cell behavior and to provide an appropriate microenvironment. There is thus a need for hydrogels to exhibit specific mechanical properties and appropriate biological cues [97,98]. Hydrogels could be obtained with different types of hydrophilic polymers (natural or synthetic). However, there may be some drawbacks, such as insufficient cell-anchorage cues, which can lead to minimal cell adhesion and spreading [99,100,101] or a decrease in cell viability in the case of cell encapsulation [102,103].



As previously described, surface biofunctionalization with full-length Fn has been shown to greatly enhance cell–material interactions on substrates of various natures.



Fn can also been included within hydrogels to generate a 3D biomimetic matrix and realize ECM-like biological functions. Different strategies can be employed for Fn incorporation and entrapment within the 3D network, such as simple physical entrapment and/or covalent linking within the hydrogel’s matrices. Numerous parameters and characteristics must be taken into consideration and tested. The nature of the polymers, from natural to synthetic ones, is of primary interest. Over the last few decades, following different aims and perspectives, numerous results have been obtained regarding the generation of the desired cell response related to desired applications, etc. The following section reports some of the most significant results obtained, summarized in Table 2, which show the synthesis of the published work classified according to the mechanism involved in Fn addition, i.e., physical dispersion or covalent cross-linking.



3.3.1. Fn Physical Dispersion


Some remarkable studies dealing with Fn physical dispersion have been reported for alginate-based hydrogels [98,100,101,113]. For instance, Mosahebi et al. investigated the addition of Fn in an alginate solution before physical gelation with Ca2+ and its impact on nerve regeneration. Schwann cells (SCs) were encapsulated in an alginate or alginate–Fn hydrogel. The alginate–Fn hydrogel appeared to clearly improve cell proliferation and metabolic activity. In vivo studies in a peripheral-nerve-injury model of SCs encapsulated in an alginate–Fn hydrogel demonstrated a steady progression of axons up to six weeks [100]. Interestingly, similar results were obtained by Novikova et al., with an increase in the metabolic activity of olfactory ensheathing cells and the improvement of neurite sprouting from dorsal root ganglion in an alginate–Fn hydrogel compared to that in a bare alginate hydrogel [101]. The differentiation of stem cells in alginate–Fn physical hydrogel beads has also been evaluated. Gilmozzi et al. described the differentiation of human-induced pluripotent stem cells (hiPSCs) to dopaminergic (DA) neurons. They showed higher cell viability for the long-term culture (20 days) of encapsulated hiPSCs in alginate–Fn hydrogel beads compared to alginate alone and an increase in the transcription-factor (i.e., LMX1A and FOXA2) expression of DA neurons over time [98]. The advantage of using this 3D culture system was demonstrated by the presence of synaptic connections formed by 3D neurons. An interpenetrating polymer network hydrogel composed of alginate/gelatin/hyaluronic acid polymers was fabricated through dual cross-linking with a temperature change and the addition of Ca2+ for a 3D impression [102]. Fn was added to the mixture before gelation, and chondrogenic progenitor cells (CPCs) were encapsulated into the hydrogel. Although the Fn was released from the hydrogels (a burst release within 8 days was observed, followed by a sustained release up to 14 days), the cells encapsulated in the Fn-functionalized hydrogel showed an increase in chondrogenic marker (COL2, PRG4, and SOX9) expression compared to those in a bare hydrogel [102].



The potential of using a collagen-based system was also explored. Several studies report Fn entrapped within collagen hydrogels [103,104,114,115]. For example, Gonzalez-Perez et al. investigated the regeneration of a critical sciatic nerve gap (15 mm) in rats. In this case, they compared the effect of the functionalization of laminin or Fn in a collagen type I hydrogel within chitosan conduits and showed an improvement in nerve regeneration in the collagen–Fn hydrogel [103]. Recently, Norris et al. evaluated the protein organization and biological activity of a collagen–Fn hydrogel using an ultrasound methodology. Fn was added to a neutralized collagen solution before ultrasound exposure at a constant frequency. A pattern of radially aligned collagen fibers with co-localized Fn was observed in the ultrasound-exposed samples. Fn-null mouse embryonic fibroblasts were seeded on top of these hydrogels, and the reorganization of Fn in fibrils was only observed in the ultrasound-exposed samples [104]. A composite collagen/gelatin hydrogel was biofunctionalized with Fn in order to improve the chemotactic and bioactive action on human apical papilla cells for dental-pulp regeneration [105]. The study showed that the entrapment of Fn at a concentration of 10 µg/mL promoted cell viability and cell migration through a membrane compared to the collagen/gelatin hydrogel alone. The higher gene expression of α5 integrin (ITGA5), αV integrin (ITGV), type I collagen (COL1A1), and type III collagen (COL3A1) was also observed.



In other studies, a PEG-based system was considered. PEG-diacrylate (PEGDA) hydrogels were combined with natural polymers, such as collagen [106] and fibrinogen [107]. In these cases, Fn was physically entrapped within hydrogels to provide an appropriate 3D environment for stem cells. Nii et al. reported the encapsulation of human adipose-derived stem cells (hADSCs) in PEGDA–collagen hydrogels. They showed that the addition of a specific concentration of Fn (10 µg/mL) combined with an intermediate matrix stiffness (~55 kPa) led to cell differentiation into the osteoblastic phenotype associated with a significant increase in osteocalcin expression (130-fold) [106]. Furthermore, Goldshmid and Seliktar described the encapsulation of human mesenchymal stem cells (hMSCs) in a PEGDA–fibrinogen hydrogel. A combined addition of Fn and the Von Willebrand factor into the hydrogel (5% and 2%, respectively) resulted in higher cell proliferation and an improvement in cell pluripotency [107].



The results presented above demonstrate the potential of using simple physical links to foster the effects of Fn within hydrogels. However, some undesired effects, such as uncontrolled burst release and the instability of 3D systems, were frequently observed. This suggests that the better control of Fn stabilization inside the gel may represent a route for improving Fn-based 3D hydrogel applications. These considerations have pushed researchers to explore the drawbacks and opportunities of covalently immobilizing Fn inside hydrogels. Some of the major results are presented in the following section.




3.3.2. Fn Covalent Cross-Linking


Fn has been incorporated using different chemical cross-linking strategies in hydrogels made with natural compounds. First, for example, fibrin hydrogels containing Fn covalently cross-linked by factor XIII and thrombin have been reported [117]. Associated with vitronectin, fibrin–Fn hydrogels have been used as a platform to deliver autologous mesenchymal cells in an emphysema sheep model. The authors demonstrated the capacity of this system to promote tissue regeneration after four weeks [112]. Moreover, Ao et al. reported the benefit of using a fibrin–Fn hydrogel system to specifically bind heparin (Hep) and subsequently improve the presentation of bone morphogenic protein (BMP2) to cells. A fibrin/Fn/Hep–BMP2 hydrogel led to mineralization after 21 days of MC3T3 cell culture and the expression of osteogenic markers (ALP, RUNX2, OPN, OCN, and COL-I). In vivo tests in a rat calvaria critical-sized defect model revealed significantly improved bone regeneration compared to that achieved with a local administration of high-concentration BMP2 [113]. Complementary to the enzymatic natural cross-linking approach described above, other chemical strategies have been explored. For instance, the covalent immobilization of Fn inside hyaluronic acid hydrogels has been performed by a photopolymerization reaction. Seidlits et al. investigated this method for functionalizing hyaluronic acid hydrogels and showed that encapsulated HUVECs presented increased viability and migrated into aligned structures organized in tubule-like networks [101]. In addition, Trujillo et al. developed an HA hydrogel that contained Fn covalently cross-linked by thiolene addition mediated by photopolymerization. MSCs seeded on the top of or encapsulated in the HA–Fn hydrogel presented well-defined actin fibers and high cell adhesion compared to in the HA hydrogel [99].



Moreover, Fn can also be covalently linked to synthetic-material-based hydrogels. For example, maleimide-functionalized PEG can react with cysteine residues of Fn and form covalent bonds with sulfhydryl groups [114,118]. The resulting PEG–Fn, associated with PEG–heparin, formed a hydrogel that significantly enhanced the adhesion of cardiovascular cells to a greater extent than when PEG–RGD was used in place of PEG–Fn [114]. Other studies report Fn-covalent incorporation in Tetronic®-tyramide polymer via a one-step enzymatic reaction with H2O2 and horseradish peroxidase (HRP) [100,115]. The cell adhesion and proliferation of hMSCs were remarkably influenced by the Fn concentration and covalent immobilization; at the highest concentration tested (50 µg/mL), mature F-actin fibers and higher cell proliferation were observed, whereas no improvement was observed when Fn was physically adsorbed on hydrogels [115]. Similar results were obtained in a PA hydrogel obtained by embedding radicals from plasma immersion ion implantation [116]. Fn was mixed into an acrylamide precursor prior to polymerization or coated on the surface of the formed hydrogel. The presence of radicals inside the hydrogels generated by plasma immersion is believed to covalently cross-link Fn to the hydrogel matrix. The researchers demonstrated significantly higher human dermal fibroblast adhesion and proliferation on both hydrogels functionalized with Fn compared to those on a bare hydrogel.





3.4. Potential for the Use of Fn in Medical Applications


The sections above present different state-of-the-art strategies developed to generate Fn implants that can be considered for potential medical applications. It is evident that, from synthetic or recombinant fragments to whole Fn purified from animal or human plasma, these strategies have biological potential for directing tissue responses and promoting repair in the human body.



Recently, the use of Fn-modified biomaterials in surgical applications has been reported in different studies, especially in animal models (from rodents to dogs) [119,120,121,122]. Some opportunities can also be explored for human applications, and the clinical use of Fn-modified biomaterials can now be seriously considered. However, in these cases, aspects beyond the biological tissular response benefits need to be considered, such as concerns about safety and regulatory affairs.



Synthetic or recombinant strategies using Fn fragments are powerful; however, as explained above, the use of whole animal or human Fn may represent a pertinent alternative for fully harnessing the potential of this molecule. With produced fragments, the issues of immunocompatibility and the risk of contamination are less prominent. Nevertheless, in the case of animal or human purified molecules, the control of the source and the origin of the material have to be carefully considered, and questions about quality assurance and regulatory affairs are central. For human medical applications, we can envision, as developed previously with platelet-rich plasma, the use of Fn purified from the patient themself. This approach necessitates some optimization of the purification process at the bedside. Allogenic xenogenic sources may also be considered; however, in that case, the perfect control of the purification and the analysis of the elimination of immunological markers and viruses would be essential.





4. Conclusions


Biomaterial bio-integration constitutes one of the main challenges in regenerative medicine, as it conditions the success of medical device implantation in the human body. Over the last few decades, several strategies have been developed to improve cell–material interactions, and in particular, biomaterial biofunctionalization with ECM proteins has received particular interest. Among these ECM proteins, Fn has caught the attention of researchers due to the presence of binding domains specific for cell integrins, heparin, and GFs. However, Fn is a very large and complex protein able to adopt different conformations, from a compact globular form in circulating fluids to an extended and fibrillar conformation at interfaces, which makes it difficult to handle. In this review, we focused on the descriptions of different strategies developed for Fn-material functionalization, from simple coatings at interfaces to complex Fn-enriched materials in bulk materials. Fn addition is not trivial, and the method of supplying the protein to a material, from simple physical coating or physical entrapment to covalent grafting, strongly affects the protein’s dynamic conformation and, thus, bioactivity. The ideal choice of strategy highly depends on the material physico-chemical and surface properties. Despite this complexity, Fn functionalization is promising and presents numerous advantages for synergy with the properties of other molecules from the ECM or GFs.
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Figure 1. (A) Schematic representation of the modular composition of a fibronectin (Fn) chain. Type I, II, and III domains are depicted in light blue, purple, and pink, respectively. Upper: representative molecular model view of the β–sheet’s secondary structural elements involved in the three different domains. The variable domain and extra domains A (EDA) and B (EDB) are indicated in green and red, respectively. Above: from left to the right, the brackets show the Fn assembly domain at the N–terminus, the integrin- and heparin–binding site in the central cell–binding domain, and sulfhydryl groups for covalent Fn dimerization at the C-terminus. (B) Representative view of the volume occupied by the dimeric soluble compact Fn in a solution. 
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Figure 2. (A) Representation of the modular composition of an Fn chain with details of the electrostatic net charge for each of individual 32 domains. A red–blue scale illustrates the gradual change in the charge from –11 to +11. (B) Schematic representation of the structural organization adopted by the chain in solutions, essentially mediated by electrostatic domain interactions in the type III–1–III–14 central domains. (C) Representation of an Fn dimer stabilized by disulfide cross-links at the C-terminus and Fn–Fn interactions in the N-terminal domain. 
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Figure 3. Schematic representation of the major steps that mediate an Fn fibrillar assembly at the interfaces and lead to a structural Fn reorganization from a soluble compact form to aligned Fn molecules with fibrils. First, the III-9 and III-10 modules of each chain of the soluble Fn bind to the integrins clustered at the surface (1). This triggers a reorganization of both the type III modules around the cell-binding domain and that of the disulfide bridge cross-links at the C-terminal part of each chain in a double-folded loop orientated to face the integrins and a dissociation of the N-terminal dimer assembly with a motion of the row of the six type I modules at the N-terminal site that now become aligned in parallel to the membrane, opposite to the orientation in a solution (2). This opening and new orientation of the N-terminal Fn-assembly domain favors interactions with the N-terminal domain of another Fn molecule and, consequently, initiates Fn fibrillogenesis (3). 
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Table 1. Fn surface functionalization of different substrates using different strategies and related biological activities.
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Surface Activation/Fn Grafting

	
Substrate

	
Biological Activity

	
References






	
Modification with isocyanates

	
Polyvinyl alcohol (PVA)

	
Increasing cell adhesion and proliferation in rabbit corneal epithelial cells

	
[27,28,29]




	
Carbonyl diimidazole activation

	
PVA

	
Enhancing cell adhesion and proliferation in murine (NIH3T3) and human fibroblasts, murine chondrocytes, and porcine radial arterial and endothelial cells

	
[30,31,32,33]




	
Avidin–biotin

	
Polyethylene glycol diacrylate (PEGDA)/polyacrylamide (PA)

	
Improving cell adhesion and supporting long-term survival of rat astroglioma cells

	
[34]




	
Hydrazine hydrate activation

	
PA

	
Leading to higher cell adhesion of human marrow stromal cells (hMSCs); enhancing the secretion of proangiogenic factors

	
[35]




	
Polydopamine coating

	
Poloxamine

	
Enhancing cell adhesion and the proliferation of human dermal fibroblasts

	
[36]




	
Modification with cyanate ester

	
Nanocellulose

	
Increasing cell adhesion and proliferation in static and dynamic culture conditions of human saphenous vein endothelial and endothelial progenitor cells

	
[37]




	
Carbodiimide cross-linker

	
Chitosan

	
Increasing cell adhesion and proliferation in osteoblasts, murine myoblasts (C2C12), hMSCs, NIH3T3, and pancreatic tumor cells

	
[38]




	
Fibrinogen

	
[39]




	
PEGDA/PA

	
[40]




	
Poly(N-isopropylacrylamide)

	
[41]




	
PVA

	
[42]




	
Polymer modification PEG–NHS

	
PEG

	
Improving cell adhesion and proliferation in human aortic smooth muscle cells and human umbilical vein endothelial cells (HUVECs)

	
[43]




	
PEGDA

	
Increasing cell proliferation and metabolic activity in porcine hepatocyte cells; enhancing albumin secretion

	
[44]




	
Modification with Sulfo-SANPAH

	
PA

	
Enhancing osteoblast differentiation in bone marrow stromal cells; influencing translocation of yes-associated protein (YAS) in hMSCs.

	
[45]




	

	
[46]




	
PVA

	
Enhancing optimal migratory behavior in human hepatocytes

	
[47]




	
GA cross-linking

	
Plasma-treated silica and polytetrafluoroethylene (PTFE)

	
Increasing CBD accessibility and bovine aortic endothelial cell adhesion

	
[48,49]




	
Modification with phosphonate

	
Titanium

	
Increasing dermal fibroblast adhesion, spreading, and proliferation; enhancing the strength of adhesion to bioengineered dermal tissue

	
[50]
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Table 2. Fn in a three-dimensional (3D) matrix using different strategies and related biological activities.
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Type of Binding

	
Mechanism of Fn Addition

	
Polymer

	
Biological Activity

	
References






	
Physical entrapment

	
Dispersed into a hydrogel

	
Alginate

	
Improving cell proliferation and metabolic activity in rat Schwann cells and olfactory ensheathing cells; enhancing nerve reparation in vivo

	
[104,105]




	
Increasing cell viability for the long-term culture of human induced pluripotent stem cells (hiPSCs) and cell differentiation

	
[102]




	
Alginate/gelatin/hyaluronic acid

	
Enhancing the proliferation, migration, and chondrogenic differentiation of rat chondrogenic progenitor cells

	
[106]




	
Collagen

	
Improving nerve regeneration in adult rats

	
[107]




	
Co-localizing and reorganizing Fn in fibrils after the seeding of fibronectin-null mouse embryonic fibroblasts

	
[108]




	
Collagen/gelatin

	
Improving the adhesion, spreading, and viability and migration of human apical papilla cells; gene expression of α5 integrin, αV integrin, and type I and type III collagens

	
[109]




	
Agarose

	
Enhancing cell survival, adhesion, and the metabolic activity of hMSCs in complex with fibrinogen

	
[103]




	
PEGDA/collagen

	
Enhancing the differentiation of human adipose-derived stem cells (hADSCs) and cell proliferation and pluripotency of hMSCs

	
[110]




	
PEGDA/fibrinogen

	
[111]




	
Covalent cross-linking

	
Cross-linking with XIII factor

	
Fibrin

	
Increasing cell adhesion and spreading in sheep lung mesenchymal cells and tissue regeneration in vivo

	
[112]




	
Sustaining the release of bone morphogenic protein (BMP2) and the expression of osteogenic markers in preosteoblast cells; improving tissue regeneration in vivo

	
[113]




	
Photo cross-linking

	
Hyaluronic acid

	
Increasing cell viability and tubular organization of HUVECs

	
[101]




	
Improving the cell adhesion and proliferation of MSCs; expressing YAS protein in encapsulated cells

	
[99]




	
Maleimide reaction

	
PEG

	
Increasing cell adhesion and proliferation in human cardiovascular cell types

	
[114]




	
Enzymatic cross-linking

	
Poloxamine

	
Enhancing the cell adhesion and proliferation of hMSCs and HUVECs

	
[100,115]




	
Cross-linking by radicals

	
Plasma immersion PA

	
Improving the cell adhesion and proliferation of human dermal fibroblast

	
[116]
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