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Abstract

:

Novel advanced biomaterials have recently gained great attention, especially in minimally invasive surgical techniques. By applying sophisticated design and engineering methods, various elastomer–hydrogel systems (EHS) with outstanding performance have been developed in the last decades. These systems composed of elastomers and hydrogels are very attractive due to their high biocompatibility, injectability, controlled porosity and often antimicrobial properties. Moreover, their elastomeric properties and bioadhesiveness are making them suitable for soft tissue engineering. Herein, we present the advances in the current state-of-the-art design principles and strategies for strong interface formation inspired by nature (bio-inspiration), the diverse properties and applications of elastomer–hydrogel systems in different medical fields, in particular, in tissue engineering. The functionalities of these systems, including adhesive properties, injectability, antimicrobial properties and degradability, applicable to tissue engineering will be discussed in a context of future efforts towards the development of advanced biomaterials.
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1. Introduction


The structure of biological materials has been fine-tuned over millions of years of evolution. The study of live organisms to derive new principles and technologies and then apply them to man-made materials, including polymers and combined systems such as composites and hybrids, to emulate biological functions and performance, is in a central place of biomimetics (bioinspiration). Following the principles of designing materials with defined biological properties, such as bioactivity, adhesiveness, self-healing, etc., the use of polymeric materials in medicine is one of the most important application areas in restoring health, interacting therapeutically or, ultimately, replacing diseased tissues or organs. The diversity of the chemical structures, synthesis possibilities and the monomers’ origins/sources make polymers important in the controlled release of drugs, implants for tissue reconstruction, medical devices and many other areas [1,2,3,4,5]. Naturally occurring polymers were the first to be used in medical applications around the 1960s. The most common representatives of natural polymers are proteins, polysaccharides and polynucleotides [6]. The main advantage of these natural polymers is high biocompatibility due to their chemical structure and natural origin. Nevertheless, these polymers can cause an immune response due to the possible impurities remaining after processing. Natural material fabrication typically involves decellularization and the removal of antigenicity, to obtain a material that will not cause an immune response after implantation in the human body. Therefore, synthetic materials which are obtained via precision macromolecular engineering or well-established polymerization processes often have better properties, both physical and biological, and are therefore frequently developed and used in medical applications. They can be engineered as very complex supports for tissues and organs that exhibit organized heterogeneity within multiple cell types [7].



Elastomers are a class of polymeric materials that can repeatedly and easily undergo large, reversible deformations with complete recovery [8]. They are usually composed of long-chain molecules, extremely flexible due to their ability to reconfigure themselves and dissipate an applied force. The main feature of elastomers, also called “biomedical elastomers” or “bioelastomers” is their viscoelasticity combined with biodegradation, thus making them suitable for medical applications as drug delivery systems [9,10], biosensors [11,12], artificial organs [13,14], materials for regenerative medicine [15,16], tissue engineering [17,18,19] and veterinary medicine [20]. They are suitable for medical applications due to their great attributes such as a 3D-crosslinked network structure, good mechanical properties and the possibility of tailoring degradation by introducing functional groups within the structure [18].



Hydrogels (HGs) are macromolecular structures consisting of polymer networks with the ability to absorb water without any dissolution [21]. Water is held between the polymer chains, which gives the material elastic features; however, hydrogels become a rigid macromolecular tangled structure when the water evaporates. The features of HGs such as their hydrophilic character, a similar structure to tissues, ability to degrade, chemical stability and the ability to absorb an immense amount of water or biological fluids, make HGs eligible for tissue engineering and regenerative medicine (TERM) [22].



Synthetic materials were designed as structural components of medical devices with tailored stability/degradation time. However, rapid development of materials engineering has triggered the new trend to incorporate the natural polymers’ sophistication into the synthetic polymer structures, to introduce biological cues that are necessary to support or replace the targeted tissue or organ and to better understand how these features can be created more effectively [23]. Advances in manufacturing strategies have ensured additional contributions to biomaterial design [24]. Thus, combined systems such as elastomer–hydrogel systems, often inspired by nature, containing natural and synthetic structural elements/polymers of distinct but often complementary or synergistic properties, are rapidly being developed to better optimize the final performance of medical devices.



This review is focused on recent advancements in the development of elastomer–hydrogel systems derived from distinctly different polymeric materials (natural origin and synthetic, hydrophobic and hydrophilic, elastic and stiff) to create materials with functionalities and properties resembling biological tissues. Insights into bio-inspired strategies for strong interface formation between elastomers and hydrogels will be provided and their functionality, including bioadhesiveness, injectability, porosity, biodegradation and elasticity will be discussed.




2. Preparation of Elastomer–Hydrogel Systems


Elastomer–hydrogel systems (EHS) are the combination of two or more polymeric materials, commonly of natural and synthetic origin, offering remarkable properties and multifunctionalities through the combination of different structural components (Figure 1). These may be systems where a hydrogel is encapsulated by an elastomer matrix to prevent its dehydration or both components are forming interpenetrating polymer networks (IPN) which can be bonded to each other by covalent bonds or non-covalent interactions such as hydrogen bonding, van der Waals and electrostatic interactions.



A wide range of EHS preparation methods such as a two-step polymerization, molecular stent, one-spot, extrusion 3D-printing and free-shapeable methods results in diverse properties of the systems, thus widening their applicability in different areas [25]. In the last decades, EHS have triggered more attention due to their specific physicochemical key properties such as enhanced mildness, solubilization, density, permeability, stiffness, low surface tension, stability, mesh size and structure. Moreover, their biocompatibility, biodegradability, non-immune response and structural similarity to the extracellular matrix (ECM) have attracted the researchers to focus on new developments in medicine. The properties of EHS can be structured through selection of their chemical composition, cross-linking strategy, structure stabilization, hydrophobicity/hydrophilicity ratio, etc.



Among various groups of polymers, thermoplastic elastomers such as polyurethanes [26], poly(ε-caprolactone) copolyesters [27], poly(ether ester)s [28] and thermoset elastomers such as crosslinked polyesters [29] have been developed for heart valves and muscle applications, skin, cartilage implants, blood vessels, vascular catheter and wound dressings [30,31,32,33,34]. Simultaneously, hydrogels which show a physicochemical similarity with ECM and provide high-water content are considered as highly biocompatible materials. Therefore, the use of elastomers and hydrogels is increasing rapidly in medical applications [35,36,37,38]. The rational design of elastomers and hydrogels could be a solution to obtain highly functional elastomer–hydrogel systems with tailor-made elasticity and wettability while preserving or creating strong adhesion between the components or with the biological tissues.



Such systems can be created by physical interactions (topological entanglements) and/or chemical bonds to create a strong interlinks between elastomer and hydrogel. Different chemicals such as silane coupling agents [39], cyanoacrylates [40] and benzophenone [41], have been used to create chemical bonds between distinctly different polymers; for instance, a silane coupling agent (SCA) introduced into the precursors of a cured polydimethylsiloxane (PDMS) elastomer and polyacrylamide (PAAm) hydrogel. After manufacturing, SCA condenses and creates bonds across the interface and improves adhesion. Bonding energy differences were investigated on various addition sequences such as cured hydrogel and cured elastomer, cured hydrogel and uncured elastomer, uncured hydrogel and cured elastomer (Figure 2) [39]. Furthermore, there are techniques of combining these distinctly different components inspired by nature and it is proven that these strategies can be applied for the biomimetic devices and machines with a wide selection of elastomers and hydrogels.




3. Bio-Inspiration for Strong Interface Formation between Elastomers and Hydrogels


Many researchers are inspired by nature to create bonds between different surfaces. For instance, synthetic adhesives bio-inspired from marine organisms such as mussels, gained great attraction due to their suitability for saline and watery environments, as well as their high adhesive strength [42,43,44]. These adhesives show exceptionally high bonding strengths with various substrates, and due to research progress in the isolation and characterization of mussels’ main adhesive components, their use in medical applications such as dental and surgical glues is envisioned [45,46]. The main adhesive compound in mussels is 3,4-dihydroxyphenylalanine (DOPA) which contains catechol units to create covalent and noncovalent interactions to many different surfaces, see Figure 3 [47].



Another inspiration is taken from the ability of geckos’ feet to adhere to tough surfaces. It has inspired researchers to fabricate tissue adhesives by mimicking its nano-scaled fibrillar array structure on the bottom of geckos’ feet. Those fibrillar arrays maximize the interfacial adhesion to surfaces by capillary forces and van der Waals interactions [48,49]. However, the created adhesion is not permanent, especially to wet surfaces. Therefore, Mahdavi et.al. have developed a gecko-inspired biodegradable tissue adhesive consisting of oxidized-dextran aldehydes (DXTA) coated on nano-patterned poly(glycerol sebacate acrylate) (PGSA) produced by photolithography and reactive ion etching for medical therapies. The adhesion results showed that the fabricated DXTA-PGSA hybrid showed 2-fold higher adhesion than PGSA without DXTA [50].



These examples clearly demonstrate that nature offers a great model for the development of strong interfaces between different surfaces/materials/systems.




4. Components of Elastomer–Hydrogel Systems by Their Origin


The creation of EHS involves various polymerization and crosslinking methods, with a very broad component selection for the targeted properties and application. The components of EHS can be extremely diverse and derived either from natural or synthetic sources (Figure 4). In this review, we will focus on components of EHS by the nature of their origin, including natural, semisynthetic, and synthetic raw materials.



4.1. Elastomers


The versatility of elastomers originates from a wide design window, where natural polymers (biopolymers) and synthetic elastomers can be used to gain the required properties for targeted applications. In this section, we have introduced the elastomers according to their source, and mechanical properties.



4.1.1. Natural Elastomers


Natural elastomers are characterized by their inherent biocompatibility, biodegradation, hydrophilic character and high bioactivity, which are promising for regenerative medicine. Mainly, natural-origin elastomers are derived from proteins, including collagen, elastin, fibrin, chitin [51] and resilin [52,53]. Mechanical properties of the most popular ones (collagen, elastin and fibrin) are shown in Table 1.



The most popular elastomer is collagen, a type of fibrous protein, which is the main structural component of connective and bone tissue [56]. Collagen’s structure is mostly dominated by rigid secondary regions of triple-helix, thus resulting in 29 types of collagen. Collagen is a flexible macromolecule, with strain at break of 10–20% and a resilience of 90% [57]. The elasticity of collagen may differ depending on the structural arrangement of fibrous tracts. For instance, bone collagen has a higher density of intermolecular crosslinks than soft tissue collagen. Other important elastomers found in tissues are elastin and fibronectin [58]. Elastin mostly contains amorphous, random-coil domains which result in high elasticity of this protein, thus directly contributing to organ elasticity [59]. Interestingly, it has rubber-like properties that provide high elasticity, extensibility and resilience. Elastin can form an insoluble network as a result of hydroxylation and crosslinking. Elastin is widely used in soft tissue engineering, e.g., split-skin autografts for burn wounds, gastrointestinal patches, heart valve replacement and vascular grafts. However, natural elastin is not used often in cardiovascular prosthetic implants due to its purification, batch-to-batch variations, and high propensity to calcification due to its poorly defined purification [15]. The exceptional properties of another biomacromolecule, fibrin, are directly connected with the blood clotting process assisting wound healing. Therefore, this elastomeric protein is used in materials for skin grafts. Fibrin shows mitogenic, chemotactic and proangiogenic activities and even degradation (coagulation and fibrinolysis) products are activators of wound repair [58]. This protein is widely used in many applications due to rich bioactivity and easy manipulation. Fibrin can be a perfect candidate for the cell instructive scaffolds due to its three-dimensional organization and injectability which minimizes the invasiveness of the procedure and biodegradation within a short period of time (1–26 weeks) [60].




4.1.2. Synthetic Elastomers


In order to mimic the elastomeric and biological properties of natural tissues and organs, synthetic materials have been rapidly developing in the last decades. Their advantage over natural-based elastomers is the much wider availability of monomeric units and the synthesis approaches. The most popular synthetic elastomers belong to the group of polyesters, where the mechanical properties (elasticity) and degradation in various environments can be tailored by applying various monomers and synthesis routes, preferably in bulk, without solvents [61]. Synthetic elastomers are usually linear polymers or block copolymers formed by the polyaddition, ring-opening polymerization and polyaddition of difunctional or cyclic monomers [62,63,64,65]. The elastomer structure can be stabilized by chemical or physical crosslinking (Figure 5). Chemically crosslinked elastomer chains and/or segments are interconnected into a three-dimensional network structure by covalent bonds, which are introduced during the curing process (Figure 5a). Curing can be performed by radiation or thermal processes. The most popular elastomers in this group are poly(ethylene glycol) (PEG), poly(glycerol sebacate) (PGS) and poly(glycerol sebacate-co-acrylate) (PGSA). In physically crosslinked elastomers (Figure 5b), elastomeric chains/segments are associated by weak hydrogen bonds, van der Waals forces, dipolar forces, microcrystalline or glassy domains [66]. Main groups of physically crosslinked materials are segmented polyurethanes (PUs), block copolyesters and styrene-based triblock copolymers [67].



Thermoplastic polyesters and their copolymers are currently dominating the field of biomedical materials. Most of them are highly biodegradable and hydrolysable to metabolic products. The most popular ones are poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(ε-caprolactone) (PCL) and their copolymers and blends. Polyesters can result in a direct reaction between carboxylic acid (-COOH) and a hydroxyl group (-OH), usually from alcohol. However, the synthesis route can include single or double ester exchange, acidolysis, activated condensation or carboxylate polymerization reaction with the use of acid halides [68].



An interesting example of condensation copolyesters are segmented block or random copolymers containing alcohols or acids derived from long chain fatty acids which are endogenous to the human body [65]. Many studies have proven that polyesters containing either terephthalic acid (e.g., ethylene terephthalate as in PET) or poly(butylene succinate) (PBS) are biocompatible and exhibit good mechanical properties for soft tissue-engineering applications. A common feature of biomedical thermoplastic elastomers is heterogeneous degradation as a result of which, a loss of structural integrity occurs and therefore they can be used as soft micro/nanoparticles for drug delivery [69]. In heterogeneous degradation, the crystalline domains are more resistant to degradation than amorphous regions [70,71] thus different amounts of co-monomeric units can be used as simple design tools for materials of variable degradation time.



Other recently developed elastomers are poly(diol citrate)s (PCC) synthesized through the polycondensation of citric acid (CA) and various diols which have a significant influence on the properties of the final materials. CA is one of the products of human metabolism, created during the Krebs and citric cycle [72,73]. According to Yajing Zhou et al., the molar ratio of monomers and thermosetting conditions have crucial effects on the properties of the PCC, as demonstrated by elongation ranging from 70% to 260% [72].



The polycondensation of glycerol and sebacic acid has resulted in poly(glycerol sebacate) (PGS), a highly elastomeric polymer mimicking collagen and elastin’s mechanical properties found in the extracellular matrix [74]. The inherent components of this polymer are natural metabolic compounds, where glycerol is involved in the synthesis of phospholipids and sebacic acid is important for the synthesis of fatty acid. PGS has been found to be biodegradable at low crosslink density [75]. PGS, as with many condensation polymers whose properties can be simply tailored by weight content of the monomers on the feed, is capable of forming a variety of polyester networks using low molecular weight multifunctional alcohols and carboxylic acids. PGS has extraordinary potential for soft and hard tissue engineering [76,77,78,79].



Another group of important synthetic elastomers are segmented polyurethanes. For instance, dopant-free conductive polyurethane elastomer (DCPU) was synthesized with the use of poly(caprolactone) (PCL) (biodegradable segment), aniline trimer with two amine end groups (conductive segment), and dimethylolpropionic acid (DMPA) (dopant molecule) with 1,6-hexamethylene diisocyanate (HDI) as the hard segment component. According to Cancan Xu et al., DCPUs are biodegradable; degradation can occur through hydrolysis and oxidation by enzymes. Furthermore, DCPU films and products of their degradation during cytotoxicity test with 3T3 fibroblasts showed good cell viability. The mechanical properties demonstrated high elasticity with the breaking strain ranging from 685 to 825% thus indicating the potential of this material in medical applications [26]. The mechanical properties of the commonly used synthetic elastomers are summarized in Table 2.



Recently, fatty acid-derived copolyesters have also been gaining great attention in regenerative medicine due to their decomposition/disintegration into natural components such as glycolic acid, citric acid, ricinoleic acid, etc. [86]. For instance, Ickowicz et al. synthesized copolyesters based on castor oil and citric acid by polycondensation reactions for use in soft tissue augmentation. Degradation studies showed that the branched copolyester showed less than 10% of weight loss in 30 days. The in vivo biocompatibility study was performed in rats, which revealed 20% weight loss of formulation in 9 months after post-subcutaneous administration [87]. The advantages and disadvantages of the selected natural and synthetic elastomers are presented in Table 3.





4.2. Hydrogels


Most hydrogels consists of natural and synthetic moieties. An important aspect is designing such a material is to properly combine the expected features of the various components for subsequent applications. Attention should be paid to chemical modifications or filling HGs with components such as drugs or cells, which may be an obstacle in combining an already processed matrix. The form of HGs to be placed in the body is usually challenging, so nowadays, the design of injectable materials has gained popularity. Great emphasis is now put on insulin delivery, which is widely described in [92]. Wound healing in hyperglycemia is difficult, therefore Wang et al. group created an antibacterial hydrogel dressing with deferoxamine. They obtained HG with good mechanical properties and self-healing properties and biocompatibility [93]. Injectable composite thermoactive hydrogels are used in bone regeneration assessment in bone tumor regeneration. Depending on the patient’s body temperature, β-sodium glycerophosphate and carbon particle hydrogels show sol–gel phase transitions and therefore irregular bone defects are built up [94]. Likewise, injectable hydrogels are typically used to prevent bleeding, for example after an arterial rupture. The solution to this problem is a hemostatic nanoporous hydrogel, combining the reaction of the transglutaminase enzyme and Schiff’s base reaction. The minimally invasive method was applied with a gelation time of about 10 s and with no need to use hemostatic clamps at both ends of the vessel damage [95]. As a positive feature, the environment of the hydrated structure of HG protects drugs and cells, and ensures good transport of nutrients to the cells [96]. Another important aspect is that all components of HGs (monomer, initiator and crosslinker) are entirely reacted during the formation process, or the side products are efficiently removed since unreacted products can significantly deteriorate chemical and physical properties. Therefore, relatively low toxic and high effective components are used [97].



HGs can be divided by their sources into natural, synthetic and semisynthetic origins. The advantage of natural components is their non-toxicity, biocompatibility and degradability. However, they are often unstable. On the other hand, synthetic HGs ensure stability but are hard to degrade. Therefore, by the combination of natural and synthetic components, the final properties can be easily tuned for medical applications [98,99,100].



4.2.1. Natural Hydrogels


HGs occurring in nature can be divided into two main groups: polysaccharides, such as chitosan, hyaluronan, alginate, agarose, and proteins. Natural HGs promote good cell interactions and adhesion thanks to their origin. As natural materials, they are also marked by their biodegradability, biocompatibility and low cytotoxicity. Based on polysaccharides that connect using the Schiff-type reactions, aldehyde hydroxyethyl starch (AHES) and amino carboxymethyl chitosan (ACC), the rapidly forming in situ hydrogel has a homeostatic ability, which is a particularly attractive property for tissue adhesives [101]. Natural hydrogels are mainly used for articular cartilage tissue engineering due to their similar constituent of water which is from 60 to 90% for hydrogel and about 70% in the ECM of cartilage tissue. Stimuli-responsive polysaccharide hydrogels are intelligent hydrogels that change form in response to factors such as pH, light, pressure, etc. Polysaccharide HGs exhibit storage properties to immobilize molecules, which makes them interesting for biomedical usage [102].




4.2.2. Synthetic and Semisynthetic Hydrogels


Synthetic hydrogels can be generated chemically by crosslinking polymers with radiation, click chemistry reactions [103,104], or Michael type addition [105], and are called chemical HGs. Physical HGs can be formed by warming or cooling the polymer solution, mixing polyanion and polycation solutions, or lowering the pH to attach via hydrogen bond polymers in an aqueous solution [97,106,107,108]. Both chemical and physical HGs are inhomogeneous due to their interior structure. They consist of areas entitled “clusters” that swell a low amount of water because of high crosslinking density. In contrast, there are also low crosslinked density regions or even filled water spaces or macropores. Synthetic HGs offer an advantage over natural HGs, in that they are more controllable, but less biologically active. The composition or architecture of the matrix needs to be considered. Features of synthetic and semisynthetic hydrogels such as biocompatibility, reproducibility, mechanical properties and biodegradability are crucial. Therefore, attention goes towards the selection of HGs components for specific applications.



In designing a synthetic hydrogel for application as a carrier of cells, one should consider the balance that needs to be kept between the biodegradation time and mechanical properties of HGs and ECM, and the growth of the desired tissue. Polymeric particles (macromolecules and proteins), similar to natural ones, influence the structure of tissues, and behavior of cells, which contributes to the regulation of cell functions. Some of the biodegradable synthetic HGs are poly(N-isopropylacrylamide) (PNIPAAm), poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO), triblock copolymer consisting of poly(lactic acid-co-glycolic acid) (PLGA) and poly(ethylene glycol) (PEG) (PLGA-PEG-PLGA) or poly(ethylene glycol)–polylactide-poly(ethylene glycol) (PEG-PLA-PEG). PEG derivatives which are mostly combined with fibrinogen, hyaluronic acid or poly(propylene fumarate) (PPF) are used in particular adhesives and scaffolds [106,107]. Zant and Grijpma synthesized and crosslinked macromers based on poly(trimethylene carbonate) (PTMC), poly(D,L-lactide) (PLL), poly(ε-caprolactone) (PCL) and PEG by using photopolymerization, and the obtained synthetic HGs showed high water uptake, remarkable ability to promote cell adhesion and proliferation [109]. As another example, modified alginates with 2-aminoethyl methacrylate (AEMA) subjected to photo-crosslinking are excellent materials for creating a filler or a scaffold because of slow degradation. Gelation occurred in vivo, and the mechanical properties were improved, supporting the components of cartilage tissue [99]. For instance, acrylamide-based hydrogels filled with MgO controlled the initial burst release through modification of the structure of the matrix, acting as nanosized drug reservoirs [110]. Additionally, acrylamide-based vaginal rings are designed to deliver acyclovir into the vagina, thus increasing protection against infection after childbirth. This is a novel approach to cross-linked hydrogels which gradually release drugs in this scope [111]. The mechanical properties of commonly used hydrogels are given in Table 4.



The main disadvantage of synthetic hydrogels is the lack of biologically recognized cell attachment sites and thus, poor cell proliferation. Despite the promising mechanical properties, the proliferation of cells proves the usefulness of the hydrogel. Semisynthetic hydrogels make it possible to combine the desired properties. Due to this combination, semisynthetic hydrogels have the appropriate physical properties and are reproducible but also have the desired biological properties, which result in a wider spectrum of utility [7]. For instance, a synthetic hydrogel consisting of sodium p-styrene sulfonate (NaSS) and N,N-dimethyl acrylamide (DMAAm), which was negatively charged NaSS and neutral DMAAm, on which there is no proliferation. This combination was examined for the adhesion, migration and proliferation of cells. In conclusion, even if the cell behavior was satisfactory, they were unable to proliferate [119]. In contrast, hydrogels made from poly(ethylene glycol) (PEG) and proteins such as fibrinogen, gelatin and albumin were able to support the neurite extension and glial cell migration from the dorsal root ganglion, in contrast to the control PEG hydrogel [120].






5. Biofunctionalities of Elastomer–Hydrogel Systems


EHS are gaining increased interest for medical applications due to their unique combination of properties, often emulating live organisms’ function and performance. Some of the sophisticated properties found in biomimetic materials will be discussed with emphasis on bioadhesiveness, injectability, antibacterial properties, biodegradability and porosity which are important for tissue engineering (Figure 6).



5.1. Bioadhesiveness


Most of the medical applications, especially surgical procedures, require tissue adhesives, sealants, and hemostatic agents. Those bioadhesives are mostly a glue to bind the tissues, seal the gaps or cracks and initiate the formation of blood clots, respectively [121,122]. Synthetic compounds which show adhesive properties such as poly(ethylene glycol) diacrylate (PEGDA) [123], N,N-dimethylaminoethyl methacrylate-co-methyl methacrylate (NDMEM) [124], gelatin methacrylate (GelMA) [125], tannic acid (TA) [126], etc., have been successfully introduced by physical or chemical processes into the patches or scaffolds with the development of materials science. This approach has gained successful outcomes in medical applications thanks to the adhesion ability of those materials to various tissues such as soft tissue, bone and skin [127,128,129,130]. However, their lack of robust and reversible adhesion abilities limit their application efficiencies. Therefore, inspiration from nature provides enormous information on how to develop materials with versatile adhesion capacities for both wet and dry surfaces. Determination of the key compounds within the various species has opened the way to introducing these compounds into the structured materials for medical applications. Thanks to these compounds, EHS can act fully or partially as bioadhesives, depending on the functional groups introduced that are inspired by nature (Figure 7). EHS can be structured to achieve the desired, controllable and reusable adhesion strength in wet environments.



Recently, bioinspired adhesives have attracted great attention due the combination of natural functionality realized through synthetic approaches. For instance, mussels show extremely good adhesion with high binding strength to various surfaces under wet conditions [131,132,133]. It was found that the catechol unit is the main factor that allows mussels to adhere to a variety of surfaces [134,135]. Materials containing catechol units can be used to create covalent and non-covalent attachments to various substrates for many medical applications, including drug delivery systems and wound healing [47,136,137].




5.2. Injectability


Traditional surgeries are increasingly being replaced by less invasive methods that shorten an overall procedure and the patient’s recovery time. Especially, in tissue engineering, the focus is on to improving the materials’ performance by their injectability [138]. The injectable systems can efficiently deliver particles such as drugs (antibiotics, anesthetics), biomolecules (fibrin), fillers (silica nanoparticles) or genes (DNA, siRNA) [139]. An attractive model, developed by Li et al., is an injectable probe for measuring oxygen in tissues [140]. Hydrogels containing N-isopropylacrylamide copolymer macromers for mesenchymal stem cell (MSC) delivery allow the formation of bone bridges, promoting the viability of MSCs, and can be used to create hard tissues, due to gelatin microparticles (GMP) which are enzymatically digestible porogens and sites for cell attachment [141]. Another long-term persistent hydrogel is the photo-crosslinked material composed of a double-network of modified sodium alginate and gelatin created by the Schiff base reaction [142]. Collectively, different works have clearly demonstrated the huge potential of injectable materials for biomedical applications. Xu et al., produced an injectable EHS consisting of hyperbranched multi-acrylated poly(ethylene glycol) macromers (HP-PEGs) and thiolated hyaluronic acid (HA-SH) and used it as a stem cell delivery system for diabetic wound healing (Figure 8) [143]. It is also worth noting that new injectable and photocurable elastomers containing fatty acid derivatives can be successfully used for minimally invasive surgical protocols in the repair of small hernia defects (Figure 9) [144].




5.3. Biodegradation


Biodegradable materials are now tending to become the most commonly used materials in medical applications due to their gradual bio-resorption into the human body [145]. Biodegradability is one of the key properties for the materials which are used in medical applications. It should be considered that the degradation rate must be consistent with the healing and regeneration process. Various crosslink densities, crosslinking mechanisms and component types were applied to control the degradation rate of such systems [146,147]. The most commonly used biodegradable materials consist of homo- or copolymers of alpha-hydroxy acids, such as lactic and/or glycolic acids.



Biodegradation can be triggered either by water (hydrolytic degradation) and/or enzymes (enzymatic degradation) within the body. The chemical structure of a polymer has the greatest influence on the type of degradation. Other important factors are chemical composition, the type of crosslinking bonds, molecular weight and its distribution, porosity, stereochemistry and chain mobility [148]. The elastomeric part of the EHS usually tends towards hydrolytic biodegradation due to its molecular chain structures sensitive to water (Figure 10). The hydrolysis of ester bonds usually leads to the creation of carboxyl and hydroxyl end groups, whereas natural biomaterials tend to degrade enzymatically.



The injected and/or implanted EHS can be degraded by oxidative (catalases, horseradish peroxidase and xanthine oxidase) or hydrolytic (protease, hydrolase, phosphatases, lipase and esterase) enzymes when exposed to body fluids and tissues [149,150,151]. Inflammatory cells (e.g., macrophages and leukocytes) create reactive oxygen species such as hydrogen peroxide, superoxide and nitric oxide during the inflammatory response to foreign materials [152]. EHS can be cut up by those species which are contributing to material degradation whereas the hydrolytic enzymes hydrolyze the components of the hybrid network to help in the absorption of nutrients and solutes.



For instance, a poly(caprolactone) (PCL)/gelatin(Gel) scaffold (sublayer) was electrospun on a dense polyurethane (PU)/propolis(EEP) (top layer) membrane to fabricate a bilayer wound dressing. It was demonstrated that the EHS combining a synthetic polymer with a natural one could enhance the stability of the scaffold. Hydrolytic and enzymatic degradation studies showed that PU/EEP membrane exhibited a slower degradation rate in comparison with a PCL/Gel hybrid structure. In the case of hydrolytic degradation, the total mass loss after 28 days for PU/EEP and PCL/Gel was found to be 1.9 and 76%, respectively [153].




5.4. Porosity


The porosity is an important feature in medical applications, especially in scaffolds [154,155]. The pore architecture and interconnectivity have a beneficial role in proliferation, cell survival and migration to create functional materials, and secrete ECM. Therefore, scaffold porosity is a must for homogenous cell distribution and interconnection throughout engineered tissues [156,157]. Additionally, pore size can have an effect on the cell growth, vascularization, nutrients and oxygen diffusion, especially in the absence of a functional vascular system [133,134,135,158,159,160]. Various techniques, components and ratios are used to obtain controlled pore size and architecture scaffolds. For instance, Kanimozhi et al. prepared a chitosan/poly(vinyl alcohol)/carboxymethyl cellulose (CP-CMC) porous scaffold by simple freeze drying and salt leaching techniques. Among scaffolds, 1:1 weight ratios showed significantly high porosity as compared to other ratios. The incorporation of CMC enhanced the scaffold porosity from 50 to 90% by increasing the molar ratio of CMC. However, when comparing the freeze-dried scaffolds and salt-leached scaffolds of 1:1 weight ratio, the 50% CP:50% CMC material showed a higher porosity of 90% in salt-leached and 70% in freeze-dried scaffolds, respectively. The reason was explained thus: with the increase of CMC ratio, the actual volume occupied by the molecules decreased [161].



In another study, Morris et al. produced porous elastomer–hydrogel scaffolds of chitosan/polyethylene glycol diacrylate (CS/PEGDA) using 3D bioprinting by a stereolithography method to create internal pore and macroscopic shapes. They achieved varied pore sizes by changing the CS molecular weight ratios. For instance, the average pore size of the pure PEGDA scaffolds increased from 24% to 67% by the addition of low molecular weight CS (LMWCS) (MW = 50–190 kDa) into the scaffold with the ratio LMWCS:PEGDA at 1:7.5. These kinds of studies show that controlled pore size and architecture can be achievable for specific needs in medical applications [162].




5.5. Antibacterial Surfaces


Antibacterial materials, especially surfaces, are playing an important role in protecting from contamination and eliminating bacteria from skin tissue and the surfaces of medical devices and implants. Bacterial adhesion is the main cause of the creation of 3D biofilm complex structures which infect the surrounding tissues. Therefore, new strategies which eliminate biofilm-based issues are applied. Hence, EHS which contain antibacterial components are being developed. For instance, Piarali et al. fabricated a fiber mesh based on the surface modification of polyhydroxyalkanoate, using an electrospinning technique, for tissue regeneration. In this study, basically an EHS was created by a synthetic antimicrobial peptide with anti-biofilm and strong bactericidal properties [149].



In another study, Muzammil et al. created elastomer–hydrogel scaffolds containing castor-oil-reinforced chitosan with various hydrophilic polymers. The obtained EHS showed antibacterial and hemostatic activities with good mechanical properties. Therefore, such systems could be good candidates for skin tissue regeneration and wound healing applications [163].





6. Elastomer–Hydrogel Systems for Soft Tissue Engineering Applications


The development of advanced systems for tissue engineering applications has been widely studied over the last decades. Specific interactions between the components, the combination of raw material advantages and the molecular organization of these systems dictates the direction of the tissue engineering applications. Different EHS systems which combine different classes of elastomers and hydrogels in one material with large yield formulations and many advantages, such as high interaction with targets to enhance their performance have been effectively developed.



EHS play an important role in the success of tissue engineering approaches, as they guide the structure of developing tissues, gaining mechanical and physical stability, and migrating cells or delivering the molecules to transplanted areas. Those highly efficient EHS find applications in soft, bone, skin, neural and cardiac tissue engineering [164,165,166,167] (Figure 11).



For instance, Fischenich et al. has developed a thermoplastic elastomer (TPE) hydrogel system for soft tissues, especially for articular cartilage, the knee meniscus, etc. The created system was based on a blend of unreacted ω-hydroxy-polystyrene-b-poly(ethylene oxide) (SO) and coupled polystyrene-b-poly(ethylene oxide)-b-polystyrene (SOS). The obtained TPE hydrogel system could be a promising candidate for soft tissue replacement with a comparable equilibrium compressive modulus of approximately 0.5 MPa and shear modulus of 0.2 MPa (Figure 12) [168].



Lewis et al. reported a thermoplastic elastomer–hydrogel system based on the prefabrication of an efficient nanoscale network architecture using the melt-state ω-hydroxy-polystyrene-b-poly(ethylene oxide) (SO) and polystyrene-b-poly(ethylene oxide)-b-polystyrene (SOS) as amphiphilic block copolymers. They proved by physical and mechanical analysis that the obtained systems have relevant moduli and water compositions, subsecond elastic recovery rates, negligible hysteresis, and unprecedented resistance to fatigue over hundreds of thousands of compression cycles. They suggested that such hydrogels may have tremendous promise beyond the synthetic soft tissue engineering applications for which they have been targeted [169]. In another study, Remya et al. synthesized EHS by modifying PCL with different molecular ratios of water soluble polymer PEO using the electrospinning technique to create scaffolds. The weight loss for pure PCL was 8.5% whereas for PCL/PEO blends with 50:50 ratios and differing the molecular weight of the PEO (10 k g/mol vs. 60 k g/mol), the weight loss was 41.7 and 48.7%, respectively after 3 months. The study also showed that the properties of PCL scaffolds such as cell viability, mechanical properties and hydrophilicity were increased by the incorporation of PEO and these materials could be possible candidates for bone tissue engineering applications [169].




7. Conclusions and Perspectives


Inspiration from nature is a driving force in the development of various functional structures, including elastomer–hydrogel systems of great promise for medical applications. Recent advancements in (nano)materials science show that the rational design of hybrid systems can result in highly functional materials of good adhesion strength, injectability and the desired biological properties for specific medical applications. The variety of elastomers and hydrogels for the creation of elastomer–hydrogel systems continues to grow, and highly advanced materials are constantly being developed to fulfill all the requirements of the medical industry. Bio-inspired materials obtained from natural-resource-based elastomers, including fatty acids, have the benefits in biocompatibility and biodegradability as simultaneous optimal physicochemical and mechanical properties. In addition, natural hydrogels can overcome the potential long-term side effects of synthetic materials since biodegradation products are non-toxic and biocompatible.



In spite of the unique advantages of elastomer–hydrogel systems, the disadvantages of those systems still remain. The main disadvantages of elastomer–hydrogel systems are the weak adhesion between elastomer and hydrogel due to their nature (elastomers are hydrophobic, whereas hydrogels are hydrophilic), and increased water loss. However, those challenges can be overcome by using a nanocomposite and/or double-network hydrogel systems to improve the strength and toughness of hydrogels and thus providing better integrity of the system. In addition, the improvement of the adhesion between the components is a key question to be answered. Even though some progress has been made in the fabrication of elastomer–hydrogel systems to increase interfacial adhesion by using covalent bonding, noncovalent mechanisms and topological adhesion, further investigation in this field is needed to promote their practical applications.



Clearly, future efforts should concentrate on a better understanding of the interactions of those materials with each other and with natural body tissues, thus opening new chapters in bio-inspired materials science and engineering. Finally, such advanced bio-inspired elastomer–hydrogel systems may lead to the production of a novel class of materials on a commercial scale that are easily processable, highly biofunctional and easily applied/administrated.







Author Contributions


G.D. conceptualization, writing—original draft preparation and editing; M.J.N. and N.K.-M. writing and editing; M.E.F. conceptualization, revision and supervision. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Science Center (Poland) grant number UMO-2019/33/B/ST5/01445.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This work has been financially supported by Polish National Science Center (Grant number: UMO-2019/33/B/ST5/01445).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Vijayavenkataraman, S.; Yan, W.C.; Lu, W.F.; Wang, C.H.; Fuh, J.Y.H. 3D Bioprinting of Tissues and Organs for Regenerative Medicine. Adv. Drug Deliv. Rev. 2018, 132, 296–332. [Google Scholar] [CrossRef] [PubMed]

	



Teramura, Y.; Ekdahl, K.N.; Barbu, A. A Hybrid of Cells and Pancreatic Islets toward a New Bioartificial Pancreas. Regen. Ther. 2016, 3, 68–74. [Google Scholar] [CrossRef] [PubMed]

	



Abbott, R.D.; Kaplan, D.L. Engineering Biomaterials for Enhanced Tissue Regeneration. Curr. Stem Cell Rep. 2016, 2, 140–146. [Google Scholar] [CrossRef]

	



Luo, Z.; Weiss, D.E.; Liu, Q.; Tian, B. Biomimetic Approaches toward Smart Bio-Hybrid Systems. Nano Res. 2018, 11, 3009–3030. [Google Scholar] [CrossRef]

	



Walia, R.; Akhavan, B.; Kosobrodova, E.; Kondyurin, A.; Oveissi, F.; Naficy, S.; Yeo, G.C.; Hawker, M.; Kaplan, D.L.; Dehghani, F.; et al. Hydrogel−Solid Hybrid Materials for Biomedical Applications Enabled by Surface-Embedded Radicals. Adv. Funct. Mater. 2020, 30, 2004599. [Google Scholar] [CrossRef]

	



Ozdil, D.; Aydin, H.M. Polymers for Medical and Tissue Engineering Applications. J. Chem. Technol. Biotechnol. 2014, 89, 1793–1810. [Google Scholar] [CrossRef]

	



Li, J.; Osada, Y.; Cooper-White, J. (Eds.) Functional Hydrogels as Biomaterials; Springer Series in Biomaterials Science and Engineering; Springer: Berlin/Heidelberg, Germany, 2018; Volume 12, ISBN 978-3-662-57509-3. [Google Scholar]

	



Król, P. Synthesis Methods, Chemical Structures and Phase Structures of Linear Polyurethanes. Properties and Applications of Linear Polyurethanes in Polyurethane Elastomers, Copolymers and Ionomers. Prog. Mater. Sci. 2007, 52, 915–1015. [Google Scholar] [CrossRef]

	



Amsden, B. Curable, Biodegradable Elastomers: Emerging Biomaterials for Drug Delivery and Tissue Engineering. Soft Matter 2007, 3, 1335–1348. [Google Scholar] [CrossRef]

	



Hassouna, Y.M.; Zamani, S.; Kafienah, W.; Younes, H.M. Synthesis, Characterization & Cytocompatibility of Poly (Diol-Co-Tricarballylate) Based Thermally Crosslinked Elastomers for Drug Delivery & Tissue Engineering Applications. Mater. Sci. Eng. C 2018, 93, 254–264. [Google Scholar] [CrossRef]

	



Opris, D.M. Polar Elastomers as Novel Materials for Electromechanical Actuator Applications. Adv. Mater. 2018, 30, 1–23. [Google Scholar] [CrossRef]

	



Xu, C.; Huang, Y.; Yepez, G.; Wei, Z.; Liu, F.; Bugarin, A.; Tang, L.; Hong, Y. Development of Dopant-Free Conductive Bioelastomers. Sci. Rep. 2016, 6, 34451. [Google Scholar] [CrossRef] [PubMed]

	



Mirfakhrai, T.; Madden, J.D.W.; Baughman, R.H. Polymer Artificial Muscles. Mater. Today 2007, 10, 30–38. [Google Scholar] [CrossRef]

	



Jeong, K.H.; Kim, J.; Lee, L.P. Biologically Inspired Artificial Compound Eyes. Science 2006, 312, 557–561. [Google Scholar] [CrossRef] [PubMed]

	



Wen, Q.; Mithieux, S.M.; Weiss, A.S. Elastin Biomaterials in Dermal Repair. Trends Biotechnol. 2020, 38, 280–291. [Google Scholar] [CrossRef]

	



Christman, K.L.; Vardanian, A.J.; Fang, Q.; Sievers, R.E.; Fok, H.H.; Lee, R.J. Injectable Fibrin Scaffold Improves Cell Transplant Survival, Reduces Infarct Expansion, and Induces Neovasculature Formation in Ischemic Myocardium. J. Am. Coll. Cardiol. 2004, 44, 654–660. [Google Scholar] [CrossRef]

	



Chen, Q.Z.; Harding, S.E.; Ali, N.N.; Lyon, A.R.; Boccaccini, A.R. Biomaterials in Cardiac Tissue Engineering: Ten Years of Research Survey. Mater. Sci. Eng. R Rep. 2008, 59, 1–37. [Google Scholar] [CrossRef]

	



Zeimaran, E.; Pourshahrestani, S.; Djordjevic, I.; Pingguan-Murphy, B.; Kadri, N.A.; Towler, M.R. Bioactive Glass Reinforced Elastomer Composites for Skeletal Regeneration: A Review. Mater. Sci. Eng. C 2015, 53, 175–188. [Google Scholar] [CrossRef]

	



Chen, Q.; Liang, S.; Thouas, G.A. Elastomeric Biomaterials for Tissue Engineering. Prog. Polym. Sci. 2013, 38, 584–671. [Google Scholar] [CrossRef]

	



Tian, Y.; Liang, K.; Wang, X.; Ji, Y. Fabrication of Nanocomposite Bioelastomer Porous Scaffold Based on Chitin Nanocrystal Supported Emulsion-Freeze-Casting. ACS Sustain. Chem. Eng. 2017, 5, 3305–3313. [Google Scholar] [CrossRef]

	



Hunt, J.A.; Chen, R.; van Veen, T.; Bryan, N. Hydrogels for Tissue Engineering and Regenerative Medicine. J. Mater. Chem. B 2014, 2, 5319–5338. [Google Scholar] [CrossRef]

	



Ahadian, S.; Sadeghian, R.B.; Salehi, S.; Ostrovidov, S.; Bae, H.; Ramalingam, M.; Khademhosseini, A. Bioconjugated Hydrogels for Tissue Engineering and Regenerative Medicine. Bioconjug. Chem. 2015, 26, 1984–2001. [Google Scholar] [CrossRef] [PubMed]

	



Lutolf, M.P.; Hubbell, J.A. Synthetic Biomaterials as Instructive Extracellular Microenvironments for Morphogenesis in Tissue Engineering. Nat. Biotechnol. 2005, 23, 47–55. [Google Scholar] [CrossRef] [PubMed]

	



Sahoo, S.; Chung, C.; Khetan, S.; Burdick, J.A. Hydrolytically Degradable Hyaluronic Acid Hydrogels with Controlled Temporal Structures. Biomacromolecules 2008, 9, 1088–1092. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Q.; Chen, H.; Zhu, L.; Zheng, J. Fundamentals of Double Network Hydrogels. J. Mater. Chem. B 2015, 3, 3654–3676. [Google Scholar] [CrossRef]

	



Xu, C.; Okpokwasili, C.; Huang, Y.; Shi, X.; Wu, J.; Liao, J.; Tang, L.; Hong, Y. Optimizing Anisotropic Polyurethane Scaffolds to Mechanically Match with Native Myocardium. ACS Biomater. Sci. Eng. 2020, 6, 2757–2769. [Google Scholar] [CrossRef]

	



Richbourg, N.R.; Peppas, N.A.; Sikavitsas, V.I. Tuning the Biomimetic Behavior of Scaffolds for Regenerative Medicine through Surface Modifications. J. Tissue Eng. Regen. Med. 2019, 13, 1275–1293. [Google Scholar] [CrossRef]

	



Olbrich, J.M.; Tate, P.L.; Corbett, J.T.; Lindsey, J.M.; Nagatomi, S.D.; Shalaby, W.S.W.; Shalaby, S.W. Injectable in Situ Forming Controlled Release Implant Composed of a Poly-Ether-Ester-Carbonate and Applications in the Field of Chemotherapy. J. Biomed. Mater. Res. Part A 2012, 100, 2365–2372. [Google Scholar] [CrossRef]

	



Manavitehrani, I.; Fathi, A.; Badr, H.; Daly, S.; Shirazi, A.N.; Dehghani, F. Biomedical Applications of Biodegradable Polyesters. Polymers 2016, 8, 20. [Google Scholar] [CrossRef]

	



Ovcharenko, E.; Rezvova, M.; Nikishau, P.; Kostjuk, S.; Glushkova, T.; Antonova, L.; Trebushat, D.; Akentieva, T.; Shishkova, D.; Krivikina, E.; et al. Polyisobutylene-Based Thermoplastic Elastomers for Manufacturing Polymeric Heart Valve Leaflets: In Vitro and In Vivo Results. Appl. Sci. 2019, 9, 4773. [Google Scholar] [CrossRef]

	



Del Bakhshayesh, A.R.; Asadi, N.; Alihemmati, A.; Tayefi Nasrabadi, H.; Montaseri, A.; Davaran, S.; Saghati, S.; Akbarzadeh, A.; Abedelahi, A. An Overview of Advanced Biocompatible and Biomimetic Materials for Creation of Replacement Structures in the Musculoskeletal Systems: Focusing on Cartilage Tissue Engineering. J. Biol. Eng. 2019, 13, 85. [Google Scholar] [CrossRef]

	



Zhang, W.; Zhang, Y.S.; Bakht, S.M.; Aleman, J.; Shin, S.R.; Yue, K.; Sica, M.; Ribas, J.; Duchamp, M.; Ju, J.; et al. Elastomeric Free-Form Blood Vessels for Interconnecting Organs on Chip Systems. Lab Chip 2016, 16, 1579–1586. [Google Scholar] [CrossRef] [PubMed]

	



Cheung, M.E.; Mellert, L.T.; Firstenberg, M.S. Bedside Procedure: Retained Central Venous Catheter. In Vignettes in Patient Safety; InTech: London, UK, 2018; Volume 2. [Google Scholar]

	



Li, M.; Chen, J.; Shi, M.; Zhang, H.; Ma, P.X.; Guo, B. Electroactive Anti-Oxidant Polyurethane Elastomers with Shape Memory Property as Non-Adherent Wound Dressing to Enhance Wound Healing. Chem. Eng. J. 2019, 375, 121999. [Google Scholar] [CrossRef]

	



Sanchez, C.; Julián, B.; Belleville, P.; Popall, M. Applications of Hybrid Organic-Inorganic Nanocomposites. J. Mater. Chem. 2005, 15, 3559–3592. [Google Scholar] [CrossRef]

	



Shi, R.; Chen, D.; Liu, Q.; Wu, Y.; Xu, X.; Zhang, L.; Tian, W. Recent Advances in Synthetic Bioelastomers. Int. J. Mol. Sci. 2009, 10, 4223–4256. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Thakur, V.K.; Li, Y.; Garrison, T.F.; Gao, Z.; Gu, J.; Kessler, M.R. Soybean-Oil-Based Thermosetting Resins with Methacrylated Vanillyl Alcohol as Bio-Based, Low-Viscosity Comonomer. Macromol. Mater. Eng. 2018, 303, 1700278. [Google Scholar] [CrossRef]

	



Jia, X.; Kiick, K.L. Hybrid Multicomponent Hydrogels for Tissue Engineering. Macromol. Biosci. 2009, 9, 140–156. [Google Scholar] [CrossRef]

	



Liu, Q.; Nian, G.; Yang, C.; Qu, S.; Suo, Z. Bonding Dissimilar Polymer Networks in Various Manufacturing Processes. Nat. Commun. 2018, 9, 846. [Google Scholar] [CrossRef]

	



Wirthl, D.; Pichler, R.; Drack, M.; Kettlguber, G.; Moser, R.; Gerstmayr, R.; Hartmann, F.; Bradt, E.; Kaltseis, R.; Siket, C.M.; et al. Instant Tough Bonding of Hydrogels for Soft Machines and Electronics. Sci. Adv. 2017, 3, 1700053. [Google Scholar] [CrossRef]

	



Yuk, H.; Zhang, T.; Parada, G.A.; Liu, X.; Zhao, X. Skin-Inspired Hydrogel–Elastomer Hybrids with Robust Interfaces and Functional Microstructures. Nat. Commun. 2016, 7, 12028. [Google Scholar] [CrossRef]

	



North, M.A.; Del Grosso, C.A.; Wilker, J.J. High Strength Underwater Bonding with Polymer Mimics of Mussel Adhesive Proteins. ACS Appl. Mater. Interfaces 2017, 9, 7866–7872. [Google Scholar] [CrossRef]

	



Nishida, J.; Higaki, Y.; Takahara, A. Synthesis and Characterization of Barnacle Adhesive Mimetic towards Underwater Adhesion. Chem. Lett. 2015, 44, 1047–1049. [Google Scholar] [CrossRef]

	



Glass, P.; Chung, H.; Washburn, N.R.; Sitti, M. Enhanced Reversible Adhesion of Dopamine Methacrylamide-Coated Elastomer Microfibrillar Structures under Wet Conditions. Langmuir 2009, 25, 6607–6612. [Google Scholar] [CrossRef] [PubMed]

	



So, C.R.; Fears, K.P.; Leary, D.H.; Scancella, J.M.; Wang, Z.; Liu, J.L.; Orihuela, B.; Rittschof, D.; Spillmann, C.M.; Wahl, K.J. Sequence Basis of Barnacle Cement Nanostructure Is Defined by Proteins with Silk Homology. Sci. Rep. 2016, 6, 36219. [Google Scholar] [CrossRef] [PubMed]

	



Waite, J.H.; Tanzer, M.L. Polyphenolic Substance of Mytilus Edulis: Novel Adhesive Containing L-Dopa and Hydroxyproline. Science 1981, 212, 1038–1040. [Google Scholar] [CrossRef]

	



Krogsgaard, M.; Nue, V.; Birkedal, H. Mussel-Inspired Materials: Self-Healing through Coordination Chemistry. Chem. Eur. J. 2016, 22, 844–857. [Google Scholar] [CrossRef]

	



Hoang Thi, T.T.; Lee, Y.; Le Thi, P.; Park, K.D. Engineered Horseradish Peroxidase-Catalyzed Hydrogels with High Tissue Adhesiveness for Biomedical Applications. J. Ind. Eng. Chem. 2019, 78, 34–52. [Google Scholar] [CrossRef]

	



Lee, H.; Lee, B.P.; Messersmith, P.B. A Reversible Wet/Dry Adhesive Inspired by Mussels and Geckos. Nature 2007, 448, 338–341. [Google Scholar] [CrossRef]

	



Mahdavi, A.; Ferreira, L.; Sundback, C.; Nichol, J.W.; Chan, E.P.; Carter, D.J.D.; Bettinger, C.J.; Patanavanich, S.; Chignozha, L.; Ben-Joseph, E.; et al. A Biodegradable and Biocompatible Gecko-Inspired Tissue Adhesive. Proc. Natl. Acad. Sci. USA 2008, 105, 2307–2312. [Google Scholar] [CrossRef]

	



Aghaei-Ghareh-Bolagh, B.; Mithieux, S.M.; Weiss, A.S. Elastic Proteins and Elastomeric Protein Alloys. Curr. Opin. Biotechnol. 2016, 39, 56–60. [Google Scholar] [CrossRef]

	



Li, L.; Mahara, A.; Tong, Z.; Levenson, E.A.; Mcgann, C.L.; Jia, X.; Yamaoka, T.; Kiick, K.L. Recombinant Resilin-Based Bioelastomers for Regenerative Medicine Applications. Adv. Healthc. Mater. 2016, 5, 266–275. [Google Scholar] [CrossRef]

	



Chen, P.Y.; McKittrick, J.; Meyers, M.A. Biological Materials: Functional Adaptations and Bioinspired Designs. Prog. Mater. Sci. 2012, 57, 1492–1704. [Google Scholar] [CrossRef]

	



Litvinov, R.I.; Weisel, J.W. Fibrin Mechanical Properties and Their Structural Origins. Matrix Biol. 2017, 60, 110–123. [Google Scholar] [CrossRef] [PubMed]

	



Zhmurov, A.; Brown, A.E.X.; Litvinov, R.I.; Dima, R.I.; Weisel, J.W.; Barsegov, V. Mechanism of Fibrin(Ogen) Forced Unfolding. Structure 2011, 19, 1615–1624. [Google Scholar] [CrossRef] [PubMed]

	



Khodabandeh, Z.; Tanideh, N.; Aslani, F.S.; Jamhiri, I.; Zare, S.; Alizadeh, N.; Safari, A.; Farshidfar, N.; Dara, M.; Zarei, M. A Comparative in Vitro and in Vivo Study on Bone Tissue Engineering Potential of the Collagen/Nano-Hydroxyapatite Scaffolds Loaded with Ginger Extract and Curcumin. Mater. Today Commun. 2022, 31, 103339. [Google Scholar] [CrossRef]

	



Li, L.; Charati, M.B.; Kiick, K.L. Elastomeric Polypeptide-Based Biomaterials. Polym. Chem. 2010, 1, 1160–1170. [Google Scholar] [CrossRef]

	



Jennewein, C.; Tran, N.; Paulus, P.; Ellinghaus, P.; Eble, J.A.; Zacharowski, K. Novel Aspects of Fibrin(Ogen) Fragments during Inflammation. Mol. Med. 2011, 17, 568–573. [Google Scholar] [CrossRef]

	



Hejbøl, E.K.; Sellathurai, J.; Nair, P.D.; Schrøder, H.D. Injectable Scaffold Materials Differ in Their Cell Instructive Effects on Primary Human Myoblasts. J. Tissue Eng. 2017, 8, 2041731417717677. [Google Scholar] [CrossRef]

	



Vendamme, R.; Eevers, W. Sticky Degradable Bioelastomers. Chem. Mater. 2017, 29, 5353–5363. [Google Scholar] [CrossRef]

	



Puskas, J.E.; Chen, Y. Biomedical Application of Commercial Polymyers and Novel Polyisobutylene-Based Thermoplastic Elastomers for Soft Tissue Replacement. Biomacromolecules 2004, 5, 1141–1154. [Google Scholar] [CrossRef]

	



Vogt, L.; Rivera, L.R.; Liverani, L.; Piegat, A.; El Fray, M.; Boccaccini, A.R. Poly(ε-Caprolactone)/Poly(Glycerol Sebacate) Electrospun Scaffolds for Cardiac Tissue Engineering Using Benign Solvents. Mater. Sci. Eng. C 2019, 103, 109712. [Google Scholar] [CrossRef]

	



Izraylit, V.; Gould, O.E.C.; Rudolph, T.; Kratz, K.; Lendlein, A. Controlling Actuation Performance in Physically Cross-Linked Polylactone Blends Using Polylactide Stereocomplexation. Biomacromolecules 2020, 21, 338–348. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Wang, J.; Li, X.; Wang, Y.; Fan, L.J.; Yang, S.; Guo, M.; Li, X.; Tu, Y. Supramolecular and Physically Double-Cross-Linked Network Strategy toward Strong and Tough Elastic Fibers. ACS Macro Lett. 2020, 9, 1655–1661. [Google Scholar] [CrossRef]

	



Martinez, H.; Hillmyer, M.A. Carboxy-Telechelic Polyolefins in Cross-Linked Elastomers. Macromolecules 2014, 47, 479–485. [Google Scholar] [CrossRef]

	



Amsden, B.; Wang, S.; Wyss, U. Synthesis and Characterization of Thermoset Biodegradable Elastomers Based on Star-Poly (ε-Caprolactone-Co-D,L-Lactide). Biomacromolecules 2004, 5, 1399–1403. [Google Scholar] [CrossRef]

	



Puskas, J.E.; Foreman-Orlowski, E.A.; Lim, G.T.; Porosky, S.E.; Evancho-Chapman, M.M.; Schmidt, S.P.; El Fray, M.; Piatek, M.; Prowans, P.; Lovejoy, K. A Nanostructured Carbon-Reinforced Polyisobutylene-Based Thermoplastic Elastomer. Biomaterials 2010, 31, 2477–2488. [Google Scholar] [CrossRef]

	



Hodge, P.; O’Dell, R.; Lee, M.S.K.; Ebdon, J.R. Synthesis of Polyesters by Reaction of Carboxylic Acid Quaternary Ammonium Salts with Alkyl Halides or Alkyl Tosylates. Polymer 1996, 37, 1267–1271. [Google Scholar] [CrossRef]

	



Wcislek, A.; Olalla, A.S.; McClain, A.; Piegat, A.; Sobolewski, P.; Puskas, J.; El Fray, M. Enzymatic Degradation of Poly(Butylene Succinate) Copolyesters Synthesized with the Use of Candida Antarctica Lipase B. Polymers 2018, 10, 688. [Google Scholar] [CrossRef]

	



Liverani, L.; Piegat, A.; Niemczyk, A.; El Fray, M.; Boccaccini, A.R. Electrospun Fibers of Poly(Butylene Succinate–Co–Dilinoleic Succinate) and Its Blend with Poly(Glycerol Sebacate) for Soft Tissue Engineering Applications. Eur. Polym. J. 2016, 81, 295–306. [Google Scholar] [CrossRef]

	



Sonseca, A.; Sahay, R.; Stepien, K.; Bukala, J.; Wcislek, A.; McClain, A.; Sobolewski, P.; Sui, X.; Puskas, J.E.; Kohn, J.; et al. Architectured Helically Coiled Scaffolds from Elastomeric Poly(Butylene Succinate) (PBS) Copolyester via Wet Electrospinning. Mater. Sci. Eng. C 2020, 108, 110505. [Google Scholar] [CrossRef]

	



Zhou, Y.; Zhou, X.; Liang, K.; Ji, Y. Degradable Bioelastomers Prepared by a Facile Melt Polycondensation of Citric Acid and Polycaprolactone-Diol. J. Macromol. Sci. Part B Phys. 2018, 57, 679–690. [Google Scholar] [CrossRef]

	



Guo, J.; Nguyen, D.Y.; Tran, R.T.; Xie, Z.; Bai, X.; Yang, J. Design Strategies and Applications of Citrate-Based Biodegradable Elastomeric Polymers. Nat. Synth. Biomed. Polym. 2014, 1, 259–285. [Google Scholar] [CrossRef]

	



Nijst, C.L.E.; Bruggeman, J.P.; Karp, J.M.; Ferreira, L.; Zumbuehl, A.; Bettinger, C.J.; Langer, R. Synthesis and Characterization of Photocurable Elastomers from Poly(Glycerol-Co-Sebacate). Biomacromolecules 2007, 8, 3067–3073. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Kim, Y.M.; Langer, R. In Vivo Degradation Characteristics of Poly(Glycerol Sebacate). J. Biomed. Mater. Res. Part A 2003, 66, 192–197. [Google Scholar] [CrossRef] [PubMed]

	



Vogt, L.; Liverani, L.; Roether, J.A.; Boccaccini, A.R. Electrospun Zein Fibers Incorporating Poly(Glycerol Sebacate) for Soft Tissue Engineering. Nanomaterials 2018, 8, 150. [Google Scholar] [CrossRef]

	



Mitsak, A.G.; Dunn, A.M.; Hollister, S.J. Mechanical Characterization and Non-Linear Elastic Modeling of Poly(Glycerol Sebacate) for Soft Tissue Engineering. J. Mech. Behav. Biomed. Mater. 2012, 11, 3–15. [Google Scholar] [CrossRef]

	



Dippold, D.; Tallawi, M.; Tansaz, S.; Roether, J.A.; Boccaccini, A.R. Novel Electrospun Poly(Glycerol Sebacate)-Zein Fiber Mats as Candidate Materials for Cardiac Tissue Engineering. Eur. Polym. J. 2016, 75, 504–513. [Google Scholar] [CrossRef]

	



Tallá Ferrer, C.; Vilariño-Feltrer, G.; Rizk, M.; Sydow, H.G.; Vallés-Lluch, A. Nanocomposites Based on Poly(Glycerol Sebacate) with Silica Nanoparticles with Potential Application in Dental Tissue Engineering. Int. J. Polym. Mater. Polym. Biomater. 2020, 69, 761–772. [Google Scholar] [CrossRef]

	



Bazgir, M.; Zhang, W.; Zhang, X.; Elies, J.; Saeinasab, M.; Coates, P.; Youseffi, M.; Sefat, F. Degradation and Characterisation of Electrospun Polycaprolactone (PCL) and Poly(lactic-co-glycolic acid) (PLGA) Scaffolds for Vascular Tissue Engineering. Materials 2021, 14, 4773. [Google Scholar] [CrossRef]

	



Kanemura, C.; Nakashima, S.; Hotta, A. Mechanical Properties and Chemical Structures of Biodegradable Poly(Butylene-Succinate) for Material Reprocessing. Polym. Degrad. Stab. 2012, 97, 972–980. [Google Scholar] [CrossRef]

	



Hassan, E.; Wei, Y.; Jiao, H.; Muhuo, Y. Dynamic Mechanical Properties and Thermal Stability of Poly(Lactic Acid) and Poly(Butylene Succinate) Blends Composites. J. Fiber Bioeng. Inform. 2013, 6, 85–94. [Google Scholar] [CrossRef]

	



Liu, L.; Yu, J.; Cheng, L.; Qu, W. Mechanical Properties of Poly(Butylene Succinate) (PBS) Biocomposites Reinforced with Surface Modified Jute Fibre. Compos. Part A Appl. Sci. Manuf. 2009, 40, 669–674. [Google Scholar] [CrossRef]

	



Gowman, A.; Wang, T.; Rodriguez-Uribe, A.; Mohanty, A.K.; Misra, M. Bio-Poly(Butylene Succinate) and Its Composites with Grape Pomace: Mechanical Performance and Thermal Properties. ACS Omega 2018, 3, 15205–15216. [Google Scholar] [CrossRef] [PubMed]

	



Arun, Y.; Ghosh, R.; Domb, A.J. Biodegradable Hydrophobic Injectable Polymers for Drug Delivery and Regenerative Medicine. Adv. Funct. Mater. 2021, 31, 2010284. [Google Scholar] [CrossRef]

	



Ickowicz, D.E.; Haim-Zada, M.; Abbas, R.; Touitou, D.; Nyska, A.; Golovanevski, L.; Weiniger, C.F.; Katzhendler, J.; Domb, A.J. Castor Oil-Citric Acid Copolyester for Tissue Augmentation. Polym. Adv. Technol. 2014, 25, 1323–1328. [Google Scholar] [CrossRef]

	



Singhvi, M.S.; Zinjarde, S.S.; Gokhale, D.V. Polylactic Acid: Synthesis and Biomedical Applications. J. Appl. Microbiol. 2019, 127, 1612–1626. [Google Scholar] [CrossRef]

	



Shin, M.; Ishii, O.; Sueda, T.; Vacanti, J.P. Contractile Cardiac Grafts Using a Novel Nanofibrous Mesh. Biomaterials 2004, 25, 3717–3723. [Google Scholar] [CrossRef]

	



Tateishi, T.; Chen, G.P. Biodegradable Polymer Scaffold for Tissue Engineering. Key Eng. Mater. 2005, 288–289, 59–62. [Google Scholar] [CrossRef]

	



Huang, A.; Peng, X.; Geng, L.; Zhang, L.; Huang, K.; Chen, B.; Gu, Z.; Kuang, T. Electrospun Poly(Butylene Succinate)/Cellulose Nanocrystals Bio-Nanocomposite Scaffolds for Tissue Engineering: Preparation, Characterization and In Vitro Evaluation. Polym. Test. 2018, 71, 101–109. [Google Scholar] [CrossRef]

	



Sabbagh, F.; Muhamad, I.I.; Niazmand, R.; Dikshit, P.K.; Kim, B.S. Recent Progress in Polymeric Non-Invasive Insulin Delivery. Int. J. Biol. Macromol. 2022, 203, 222–243. [Google Scholar] [CrossRef]

	



Wu, C.; Long, L.; Zhang, Y.; Xu, Y.; Lu, Y.; Yang, Z.; Guo, Y.; Zhang, J.; Hu, X.; Wang, Y. Injectable Conductive and Angiogenic Hydrogels for Chronic Diabetic Wound Treatment. J. Control. Release 2022, 344, 249–260. [Google Scholar] [CrossRef]

	



Wei, C.; Jin, X.; Wu, C.; Zhang, W. Injectable Composite Hydrogel Based on Carbon Particles for Photothermal Therapy of Bone Tumor and Bone Regeneration. J. Mater. Sci. Technol. 2022, 118, 64–72. [Google Scholar] [CrossRef]

	



Sun, D.; Wang, H.; Liu, J.; Wang, X.; Guo, H.; Xue, L.; Li, L.; Li, J.; Zhang, B.; Xue, Y.; et al. An Enzyme Cross-Linked Hydrogel as a Minimally Invasive Arterial Tissue Sealing and Anti-Adhesion Barrier. Nano Today 2022, 44, 101467. [Google Scholar] [CrossRef]

	



Hoffman, A.S. Hydrogels for Biomedical Applications. Adv. Drug Deliv. Rev. 2012, 64, 18–23. [Google Scholar] [CrossRef]

	



Ullah, F.; Othman, M.B.H.; Javed, F.; Ahmad, Z.; Akil, H.M. Classification, Processing and Application of Hydrogels: A Review. Mater. Sci. Eng. C 2015, 57, 414–433. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Yu, F.; Zheng, L.; Wang, R.; Yan, W.; Wang, Z.; Xu, J.; Wu, J.; Shi, D.; Zhu, L.; et al. Natural Hydrogels for Cartilage Regeneration: Modification, Preparation and Application. J. Orthop. Transl. 2019, 17, 26–41. [Google Scholar] [CrossRef]

	



Zhao, W.; Jin, X.; Cong, Y.; Liu, Y.; Fu, J. Degradable Natural Polymer Hydrogels for Articular Cartilage Tissue Engineering. J. Chem. Technol. Biotechnol. 2013, 88, 327–339. [Google Scholar] [CrossRef]

	



Ta, H.T.; Dass, C.R.; Dunstan, D.E. Injectable Chitosan Hydrogels for Localised Cancer Therapy. J. Control. Release 2008, 126, 205–216. [Google Scholar] [CrossRef]

	



Liu, J.; Li, J.; Yu, F.; Zhao, Y.; Mo, X.; Pan, J. In Situ Forming Hydrogel of Natural Polysaccharides through Schiff Base Reaction for Soft Tissue Adhesive and Hemostasis. Int. J. Biol. Macromol. 2020, 147, 653–666. [Google Scholar] [CrossRef]

	



Gholamali, I. Stimuli-Responsive Polysaccharide Hydrogels for Biomedical Applications: A Review. Regen. Eng. Transl. Med. 2019, 7, 91–114. [Google Scholar] [CrossRef]

	



Gun’ko, V.; Savina, I.; Mikhalovsky, S. Properties of Water Bound in Hydrogels. Gels 2017, 3, 37. [Google Scholar] [CrossRef]

	



Park, S.H.; Seo, J.Y.; Park, J.Y.; Ji, Y.B.; Kim, K.; Choi, H.S.; Choi, S.; Kim, J.H.; Min, B.H.; Kim, M.S. An Injectable, Click-Crosslinked, Cytomodulin-Modified Hyaluronic Acid Hydrogel for Cartilage Tissue Engineering. NPG Asia Mater. 2019, 11, 30. [Google Scholar] [CrossRef]

	



He, W.; Reaume, M.; Hennenfent, M.; Lee, B.P.; Rajachar, R. Biomimetic Hydrogels with Spatial- and Temporal-Controlled Chemical Cues for Tissue Engineering. Biomater. Sci. 2020, 8, 3248–3269. [Google Scholar] [CrossRef] [PubMed]

	



Tan, H.; Marra, K.G. Injectable, Biodegradable Hydrogels for Tissue Engineering Applications. Materials 2010, 3, 1746–1767. [Google Scholar] [CrossRef]

	



Van Bochove, B.; Grijpma, D.W. Photo-Crosslinked Synthetic Biodegradable Polymer Networks for Biomedical Applications. J. Biomater. Sci. Polym. Ed. 2019, 30, 77–106. [Google Scholar] [CrossRef]

	



Mirtaghavi, A.; Baldwin, A.; Tanideh, N.; Zarei, M.; Muthuraj, R.; Cao, Y.; Zhao, G.; Geng, J.; Jin, H.; Luo, J. Crosslinked Porous Three-Dimensional Cellulose Nanofibers-Gelatine Biocomposite Scaffolds for Tissue Regeneration. Int. J. Biol. Macromol. 2020, 164, 1949–1959. [Google Scholar] [CrossRef] [PubMed]

	



Zant, E.; Grijpma, D.W. Synthetic Biodegradable Hydrogels with Excellent Mechanical Properties and Good Cell Adhesion Characteristics Obtained by the Combinatorial Synthesis of Photo-Cross-Linked Networks. Biomacromolecules 2016, 17, 1582–1592. [Google Scholar] [CrossRef]

	



Sabbagh, F.; Muhamad, I.I. Physical and Chemical Characterisation of Acrylamide-Based Hydrogels, Aam, Aam/NaCMC and Aam/NaCMC/MgO. J. Inorg. Organomet. Polym. Mater. 2017, 27, 1439–1449. [Google Scholar] [CrossRef]

	



Sabbagh, F.; Muhamad, I.I.; Nazari, Z.; Mobini, P.; Mahmoudi Khatir, N. Investigation of Acyclovir-Loaded, Acrylamide-Based Hydrogels for Potential Use as Vaginal Ring. Mater. Today Commun. 2018, 16, 274–280. [Google Scholar] [CrossRef]

	



Lee, J.; Silberstein, M.N.; Abdeen, A.A.; Kim, S.Y.; Kilian, K.A. Mechanochemical Functionalization of Disulfide Linked Hydrogels. Mater. Horizons 2016, 3, 447–451. [Google Scholar] [CrossRef]

	



Islam, A.; Yasin, T.; Gull, N.; Khan, S.M.; Munawar, M.A.; Shafiq, M.; Sabir, A.; Jamil, T. Evaluation of Selected Properties of Biocompatible Chitosan/Poly(Vinyl Alcohol) Blends. Int. J. Biol. Macromol. 2016, 82, 551–556. [Google Scholar] [CrossRef]

	



Hu, D.; Cui, Y.; Mo, K.; Wang, J.; Huang, Y.; Miao, X.; Lin, J.; Chang, C. Ultrahigh Strength Nanocomposite Hydrogels Designed by Locking Oriented Tunicate Cellulose Nanocrystals in Polymeric Networks. Compos. Part B Eng. 2020, 197, 108118. [Google Scholar] [CrossRef]

	



Zhu, L.; Qiu, J.; Sakai, E. A High Modulus Hydrogel Obtained from Hydrogen Bond Reconstruction and Its Application in Vibration Damper. RSC Adv. 2017, 7, 43755–43763. [Google Scholar] [CrossRef]

	



Zhu, L.; Qiu, J.; Sakai, E.; Zang, L.; Yu, Y.; Ito, K.; Liu, P.; Kang, F. Design of a Rubbery Carboxymethyl Cellulose/Polyacrylic Acid Hydrogel via Visible-Light-Triggered Polymerization. Macromol. Mater. Eng. 2017, 302, 1–9. [Google Scholar] [CrossRef]

	



Przeradzka, M.A.; van Bochove, B.; Bor, T.C.; Grijpma, D.W. Phase-Separated Mixed-Macromer Hydrogel Networks and Scaffolds Prepared by Stereolithography. Polym. Adv. Technol. 2017, 28, 1212–1218. [Google Scholar] [CrossRef]

	



Reece, T.B.; Maxey, T.S.; Kron, I.L. A Prospectus on Tissue Adhesives. Am. J. Surg. 2001, 182, S40–S44. [Google Scholar] [CrossRef]

	



Chen, Y.M.; Ogawa, R.; Kakugo, A.; Osada, Y.; Gong, J.P. Dynamic Cell Behavior on Synthetic Hydrogels with Different Charge Densities. Soft Matter 2009, 5, 1804. [Google Scholar] [CrossRef]

	



Berkovitch, Y.; Seliktar, D. Semi-Synthetic Hydrogel Composition and Stiffness Regulate Neuronal Morphogenesis. Int. J. Pharm. 2017, 523, 545–555. [Google Scholar] [CrossRef] [PubMed]

	



Scognamiglio, F.; Travan, A.; Rustighi, I.; Tarchi, P.; Palmisano, S.; Marsich, E.; Borgogna, M.; Donati, I.; De Manzini, N.; Paoletti, S. Adhesive and Sealant Interfaces for General Surgery Applications. J. Biomed. Mater. Res.-Part B Appl. Biomater. 2016, 104, 626–639. [Google Scholar] [CrossRef]

	



Mehdizadeh, M.; Yang, J. Design Strategies and Applications of Tissue Bioadhesives. Macromol. Biosci. 2013, 13, 271–288. [Google Scholar] [CrossRef]

	



Du, X.; Wu, L.; Yan, H.; Qu, L.; Wang, L.; Wang, X.; Ren, S.; Kong, D.; Wang, L. Multifunctional Hydrogel Patch with Toughness, Tissue Adhesiveness, and Antibacterial Activity for Sutureless Wound Closure. ACS Biomater. Sci. Eng. 2019, 5, 2610–2620. [Google Scholar] [CrossRef]

	



Quintanar-Guerrero, D.; Villalobos-García, R.; Alvarez-Colín, E.; Cornejo-Bravo, J.M. In Vitro Evaluation of the Bioadhesive Properties of Hydrophobic Polybasic Gels Containing N,N-Dimethylaminoethyl Methacrylate-Co-Methyl Methacrylate. Biomaterials 2001, 22, 957–961. [Google Scholar] [CrossRef]

	



Walker, B.W.; Lara, R.P.; Yu, C.H.; Sani, E.S.; Kimball, W.; Joyce, S.; Annabi, N. Engineering a Naturally-Derived Adhesive and Conductive Cardiopatch. Biomaterials 2019, 207, 89–101. [Google Scholar] [CrossRef]

	



Shin, M.; Kim, K.; Shim, W.; Yang, J.W.; Lee, H. Tannic Acid as a Degradable Mucoadhesive Compound. ACS Biomater. Sci. Eng. 2016, 2, 687–696. [Google Scholar] [CrossRef]

	



Bouten, P.J.M.; Zonjee, M.; Bender, J.; Yauw, S.T.K.; Van Goor, H.; Van Hest, J.C.M.; Hoogenboom, R. The Chemistry of Tissue Adhesive Materials. Prog. Polym. Sci. 2014, 39, 1375–1405. [Google Scholar] [CrossRef]

	



Tian, K.; Bae, J.; Suo, Z.; Vlassak, J.J. Adhesion between Hydrophobic Elastomer and Hydrogel through Hydrophilic Modification and Interfacial Segregation. ACS Appl. Mater. Interfaces 2018, 10, 43252–43261. [Google Scholar] [CrossRef]

	



Yang, J.; Bai, R.; Chen, B.; Suo, Z. Hydrogel Adhesion: A Supramolecular Synergy of Chemistry, Topology, and Mechanics. Adv. Funct. Mater. 2020, 30, 1901693. [Google Scholar] [CrossRef]

	



Yang, H.; Li, C.; Yang, M.; Pan, Y.; Yin, Q.; Tang, J.; Qi, H.J.; Suo, Z. Printing Hydrogels and Elastomers in Arbitrary Sequence with Strong Adhesion. Adv. Funct. Mater. 2019, 29, 1901721. [Google Scholar] [CrossRef]

	



Silverman, H.G.; Roberto, F.F. Understanding Marine Mussel Adhesion. Mar. Biotechnol. 2007, 9, 661–681. [Google Scholar] [CrossRef]

	



Waite, J.H. Adhesion a La Moule. Biochemistry 2002, 1180, 1172–1180. [Google Scholar] [CrossRef]

	



Lee, H.; Scherer, N.F.; Messersmith, P.B. Single-Molecule Mechanics of Mussel Adhesion. Proc. Natl. Acad. Sci. USA 2006, 103, 12999–13003. [Google Scholar] [CrossRef]

	



Ye, N.; Neumeyer, J.L.; Baldessarini, R.J.; Zhen, X.; Zhang, A. Update 1 of: Recent Progress in Development of Dopamine Receptor Subtype-Selective Agents: Potential Therapeutics for Neurological and Psychiatric Disorders. Chem. Rev. 2013, 113, 274–302. [Google Scholar] [CrossRef] [PubMed]

	



Ye, Q.; Zhou, F.; Liu, W. Bioinspired Catecholic Chemistry for Surface Modification. Chem. Soc. Rev. 2011, 40, 4244–4258. [Google Scholar] [CrossRef] [PubMed]

	



Puertas-Bartolomé, M.; Vázquez-Lasa, B.; San Román, J. Bioactive and Bioadhesive Catechol Conjugated Polymers for Tissue Regeneration. Polymers 2018, 10, 768. [Google Scholar] [CrossRef]

	



Su, J.; Chen, F.; Cryns, V.L.; Messersmith, P.B. Catechol Polymers for PH-Responsive, Targeted Drug Delivery to Cancer Cells. J. Am. Chem. Soc. 2011, 133, 11850–11853. [Google Scholar] [CrossRef]

	



Patenaude, M.; Smeets, N.M.B.; Hoare, T. Designing Injectable, Covalently Cross-Linked Hydrogels for Biomedical Applications. Macromol. Rapid Commun. 2014, 35, 598–617. [Google Scholar] [CrossRef]

	



Sivashanmugam, A.; Arun Kumar, R.; Vishnu Priya, M.; Nair, S.V.; Jayakumar, R. An Overview of Injectable Polymeric Hydrogels for Tissue Engineering. Eur. Polym. J. 2015, 72, 543–565. [Google Scholar] [CrossRef]

	



Li, C.; Huang, Z.; Gao, N.; Zheng, J.; Guan, J. Injectable, Thermosensitive, Fast Gelation, Bioeliminable, and Oxygen Sensitive Hydrogels. Mater. Sci. Eng. C 2019, 99, 1191–1198. [Google Scholar] [CrossRef]

	



Vo, T.N.; Shah, S.R.; Lu, S.; Tatara, A.M.; Lee, E.J.; Roh, T.T.; Tabata, Y.; Mikos, A.G. Injectable Dual-Gelling Cell-Laden Composite Hydrogels for Bone Tissue Engineering. Biomaterials 2016, 83, 1–11. [Google Scholar] [CrossRef]

	



Yuan, L.; Wu, Y.; Gu, Q.-S.; El-Hamshary, H.; El-Newehy, M.; Mo, X. Injectable Photo Crosslinked Enhanced Double-Network Hydrogels from Modified Sodium Alginate and Gelatin. Int. J. Biol. Macromol. 2017, 96, 569–577. [Google Scholar] [CrossRef]

	



Xu, Q.; Sigen, A.; Gao, Y.; Guo, L.; Creagh-Flynn, J.; Zhou, D.; Greiser, U.; Dong, Y.; Wang, F.; Tai, H.; et al. A Hybrid Injectable Hydrogel from Hyperbranched PEG Macromer as a Stem Cell Delivery and Retention Platform for Diabetic Wound Healing. Acta Biomater. 2018, 75, 63–74. [Google Scholar] [CrossRef]

	



Skrobot, J.; Zair, L.; Ostrowski, M.; El Fray, M. New Injectable Elastomeric Biomaterials for Hernia Repair and Their Biocompatibility. Biomaterials 2016, 75, 182–192. [Google Scholar] [CrossRef]

	



Ulery, B.D.; Nair, L.S.; Laurencin, C.T. Biomedical Applications of Biodegradable Polymers. J. Polym. Sci. Part B Polym. Phys. 2011, 49, 832–864. [Google Scholar] [CrossRef]

	



Nair, L.S.; Laurencin, C.T. Biodegradable Polymers as Biomaterials. Prog. Polym. Sci. 2007, 32, 762–798. [Google Scholar] [CrossRef]

	



Liu, Q.; Jiang, L.; Shi, R.; Zhang, L. Synthesis, Preparation, In Vitro Degradation, and Application of Novel Degradable Bioelastomers—A Review. Prog. Polym. Sci. 2012, 37, 715–765. [Google Scholar] [CrossRef]

	



Gigli, M.; Fabbri, M.; Lotti, N.; Gamberini, R.; Rimini, B.; Munari, A. Poly(Butylene Succinate)-Based Polyesters for Biomedical Applications: A Review in Memory of Our Beloved Colleague and Friend Dr. Lara Finelli. Eur. Polym. J. 2016, 75, 431–460. [Google Scholar] [CrossRef]

	



Piarali, S.; Marlinghaus, L.; Viebahn, R.; Lewis, H.; Ryadnov, M.G.; Groll, J.; Salber, J.; Roy, I. Activated Polyhydroxyalkanoate Meshes Prevent Bacterial Adhesion and Biofilm Development in Regenerative Medicine Applications. Front. Bioeng. Biotechnol. 2020, 8, 442. [Google Scholar] [CrossRef]

	



Skrobot, J.; Ignaczak, W.; El Fray, M. Hydrolytic and Enzymatic Degradation of Fl Exible Polymer Networks Comprising Fatty Acid Derivatives. Polym. Degrad. Stab. 2015, 120, 368–376. [Google Scholar] [CrossRef]

	



Banerjee, A.; Chatterjee, K.; Madras, G. Enzymatic Degradation of Polymers: A Brief Review. Mater. Sci. Technol. 2014, 30, 567–573. [Google Scholar] [CrossRef]

	



Santerre, J.P.; Labow, R.S.; Duguay, D.G.; Erfle, D.; Adams, G.A. Biodegradation Evaluation of Polyether and Polyester-Urethanes with Oxidative and Hydrolytic Enzymes. J. Biomed. Mater. Res. 1994, 28, 1187–1199. [Google Scholar] [CrossRef]

	



Eskandarinia, A.; Kefayat, A.; Agheb, M.; Rafienia, M.; Amini Baghbadorani, M.; Navid, S.; Ebrahimpour, K.; Khodabakhshi, D.; Ghahremani, F. A Novel Bilayer Wound Dressing Composed of a Dense Polyurethane/Propolis Membrane and a Biodegradable Polycaprolactone/Gelatin Nanofibrous Scaffold. Sci. Rep. 2020, 10, 3063. [Google Scholar] [CrossRef]

	



Peppas, N.A.; Hilt, J.Z.; Khademhosseini, A.; Langer, R. Hydrogels in Biology and Medicine: From Molecular Principles to Bionanotechnology. Adv. Mater. 2006, 18, 1345–1360. [Google Scholar] [CrossRef]

	



Nichol, J.W.; Khademhosseini, A. Modular Tissue Engineering: Engineering Biological Tissues from the Bottom Up. Soft Matter 2009, 5, 1312–1319. [Google Scholar] [CrossRef] [PubMed]

	



Mandal, B.B.; Kundu, S.C. Cell Proliferation and Migration in Silk Fibroin 3D Scaffolds. Biomaterials 2009, 30, 2956–2965. [Google Scholar] [CrossRef] [PubMed]

	



Lien, S.M.; Ko, L.Y.; Huang, T.J. Effect of Pore Size on ECM Secretion and Cell Growth in Gelatin Scaffold for Articular Cartilage Tissue Engineering. Acta Biomater. 2009, 5, 670–679. [Google Scholar] [CrossRef]

	



Griffon, D.J.; Sedighi, M.R.; Schaeffer, D.V.; Eurell, J.A.; Johnson, A.L. Chitosan Scaffolds: Interconnective Pore Size and Cartilage Engineering. Acta Biomater. 2006, 2, 313–320. [Google Scholar] [CrossRef]

	



Kim, H.J.; Kim, U.J.; Vunjak-Novakovic, G.; Min, B.H.; Kaplan, D.L. Influence of Macroporous Protein Scaffolds on Bone Tissue Engineering from Bone Marrow Stem Cells. Biomaterials 2005, 26, 4442–4452. [Google Scholar] [CrossRef]

	



Dutta Roy, T.; Simon, J.L.; Ricci, J.L.; Rekow, E.D.; Thompson, V.P.; Parsons, J.R. Performance of Degradable Composite Bone Repair Products Made via Three-Dimensional Fabrication Techniques. J. Biomed. Mater. Res. Part A 2003, 66, 283–291. [Google Scholar] [CrossRef]

	



Kanimozhi, K.; Basha, S.K.; Kumari, V.S.; Kaviyarasu, K. Development of Biomimetic Hybrid Porous Scaffold of Chitosan/Polyvinyl Alcohol/Carboxymethyl Cellulose by Freeze-Dried and Salt Leached Technique. J. Nanosci. Nanotechnol. 2017, 18, 4916–4922. [Google Scholar] [CrossRef]

	



Morris, V.B.; Nimbalkar, S.; Younesi, M.; McClellan, P.; Akkus, O. Mechanical Properties, Cytocompatibility and Manufacturability of Chitosan:PEGDA Hybrid-Gel Scaffolds by Stereolithography. Ann. Biomed. Eng. 2017, 45, 286–296. [Google Scholar] [CrossRef]

	



Muzammil, K.M.; Mukherjee, D.; Azamthulla, M.; Teja, B.V.; Kaamnoore, D.; Anbu, J.; Srinivasan, B.; Jeevan Kasture, G. Castor Oil Reinforced Polymer Hybrids for Skin Tissue Augmentation. Int. J. Polym. Mater. Polym. Biomater. 2020, 70, 530–544. [Google Scholar] [CrossRef]

	



Yousefzade, O.; Katsarava, R.; Puiggalí, J. Biomimetic Hybrid Systems for Tissue Engineering. Biomimetics 2020, 5, 49. [Google Scholar] [CrossRef] [PubMed]

	



Allison, S.; Ahumada, M.; Andronic, C.; McNeill, B.; Variola, F.; Griffith, M.; Ruel, M.; Hamel, V.; Liang, W.; Suuronen, E.J.; et al. Electroconductive Nanoengineered Biomimetic Hybrid Fibers for Cardiac Tissue Engineering. J. Mater. Chem. B 2017, 5, 2402–2406. [Google Scholar] [CrossRef] [PubMed]

	



Setayeshmehr, M.; Esfandiari, E.; Rafieinia, M.; Hashemibeni, B.; Taheri-Kafrani, A.; Samadikuchaksaraei, A.; Kaplan, D.L.; Moroni, L.; Joghataei, M.T. Hybrid and Composite Scaffolds Based on Extracellular Matrices for Cartilage Tissue Engineering. Tissue Eng. Part B Rev. 2019, 25, 202–224. [Google Scholar] [CrossRef] [PubMed]

	



Neves, S.C.; Moroni, L.; Barrias, C.C.; Granja, P.L. Leveling Up Hydrogels: Hybrid Systems in Tissue Engineering. Trends Biotechnol. 2020, 38, 292–315. [Google Scholar] [CrossRef]

	



Fischenich, K.M.; Lewis, J.T.; Bailey, T.S.; Haut Donahue, T.L. Mechanical Viability of a Thermoplastic Elastomer Hydrogel as a Soft Tissue Replacement Material. J. Mech. Behav. Biomed. Mater. 2018, 79, 341–347. [Google Scholar] [CrossRef]

	



Lewis, J.T.; Fischenich, K.M.; Haut Donahue, T.L.; Bailey, T.S. Nanostructure-Driven Replication of Soft Tissue Biomechanics in a Thermoplastic Elastomer Hydrogel. ACS Biomater. Sci. Eng. 2018, 4, 3854–3863. [Google Scholar] [CrossRef]

	



Remya, K.R.; Chandran, S.; Mani, S.; John, A.; Ramesh, P. Hybrid Polycaprolactone/Polyethylene Oxide Scaffolds with Tunable Fiber Surface Morphology, Improved Hydrophilicity and Biodegradability for Bone Tissue Engineering Applications. J. Biomater. Sci. Polym. Ed. 2018, 29, 1444–1462. [Google Scholar] [CrossRef]








[image: Polymers 14 01822 g001 550] 





Figure 1. Schematic representation of elastomer–hydrogel systems. Hyphen (-) signs represent free electron pairs. 
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Figure 2. An elastomer and a hydrogel forming covalent bonds after a manufacturing process. (a) Silane coupling agents are mixed into the precursors of a hydrogel and an elastomer separately. (b) During the formation of the two networks, the coupling agents are covalently incorporated into the networks, but do not condensate. (c) After a manufacturing process, the coupling agents condensate, add crosslinks in the individual networks, and form bonds between the networks. A surfactant may further promote adhesion. (d) Silane coupling agents hydrolyze and form (e) silanol groups, which condensate to form (f) siloxane bond. Reproduced from [39] with permission. Copyright 2018 Qihan Liu et al. 
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Figure 3. (A) Blue mussel attached to a solid substrate (another mussel shell) using its byssal threads. Photo credit MSc Simon Frølich (Aarhus University). (B) Biodistribution of mussel foot proteins (mfps) in the byssal thread and pad. (C) Primary amino acid sequence of mfp-1, mfp-3 and mfp-5 (Y: DOPA, K: lysine). (D) Scheme showing examples of the adhesive and cohesive properties of catechol-containing proteins, R represents the remainder of the mfps. (E) Time-lapse photography showing the molding of a byssal thread (molding time ≈ 5 min). Reproduced from [47] with permission. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 4. Natural and synthetic precursors of elastomers and hydrogels by their origin, reaction type and crosslinking method. 
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Figure 5. Schematic structure of chemically crosslinked (a) and physically crosslinked (b) elastomers. 
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Figure 6. Functions and performance of elastomer–hydrogel systems. 
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Figure 7. Development strategy of in situ forming horseradish peroxidase (HRP) catalyzed hydrogels with significantly enhanced adhesiveness through polymer choices and additional crosslinking. Reproduced from [48] with permission. Copyright 2019 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved. 
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Figure 8. Schematic presentation of encapsulated adipose-derived stem cells (ADSCs) by an injectable hybrid hydrogel. Reproduced from [143] with permission. Copyright 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Figure 9. Schematic of injectable photocurable elastomer patch for small hernia repair. 
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Figure 10. Hydrolytic degradation of (1) ester, (2) urethane, (3) anhydride groups occurring in elastomers. 
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Figure 11. Main conductive materials, scaffold forms, and applications in muscle tissue engineering. Reproduced from [164] with permission. Copyright 2020 Omid Yousefzade et al. 
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Figure 12. Mechanical viability of a thermoplastic elastomer hydrogel as a soft tissue replacement material. Reproduced from [168] with permission. Copyright 2018 Elsevier Ltd. All rights reserved. 
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Table 1. Mechanical properties of selected proteins.






Table 1. Mechanical properties of selected proteins.





	Proteins
	Dominant Amino Acids
	Distribution
	Young Modulus [Mpa]
	Tensile Strength [Mpa]
	Elongation [%]
	References





	Collagen
	35% Glycine, 12% Proline
	Bone, teeth, vasculature, organs
	100–2900
	5–500
	5–50
	[53]



	Elastin
	32% Glycine, 21% Alanine
	Skin, lungs, vasculature
	0.3–0.6
	0.36–4.4
	100–220
	[15]



	Fibrin
	45% Glycine, 30% Alanine
	Blood
	1.7–14.5
	0.01–0.02
	100
	[54,55]
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Table 2. Mechanical properties of selected synthetic elastomers.
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	Material
	Crosslinking Type
	Young Modulus [Mpa]
	Tensile Strength [Mpa]
	Elongation [%]
	References





	Poly(diol citrate) (PCC)
	chemical
	140–1737 *
	171–977 *
	70–260
	[72]



	Poly(glycerol sebacate) (PGS)
	chemical
	0.056–1.5
	0.5
	40–450
	[77]



	Dopant-free conductive polyurethane elastomer (DCPU)
	chemical
	0.5–3.8
	9.6–20.3
	170–190
	[26]



	Poly(glycerol sebacate-co-acrylate) (PGSA)
	chemical
	0.05–1.38
	0.05–0.5
	42–189
	[74]



	Poly(caprolactone) (PCL)
	physical
	210–340
	10.0–60.0
	300–1200
	[80,81,82]



	Poly(butylene succinate) (PBS)
	physical
	550
	20.0–40.7
	100–224
	[83,84,85]



	Poly(glycolic acid) (PGA)
	physical
	6900
	68.9
	15–20
	[80]







* depending on analysis conditions (temperature, strain rate, etc.).
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Table 3. Advantages and disadvantages of selected natural and synthetic elastomers.
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	Elastomer
	Advantages
	Disadvantages
	References





	Collagen
	Wide range of elasticity depending on the origin of protein, can be prepared by crosslinking, show low antigenicity
	hard to control degradability
	[57]



	Elastin
	Rubber-like properties
	demanding purification process, high propensity to calcification
	[15,31]



	Fibrin
	Bioactivity (mitogenic, chemotactic and proangiogenic activities), degradation products (coagulation and fibrinolysis) are activators of wound repair
	rapid

degradation
	[54]



	Poly(lactic acid) (PLA)
	Easy to print (low melting point), highly biocompatible and biodegradable
	the lack of cell-recognition

signals
	[88]



	Poly(glycerol sebacate) (PGS)
	Can mimic mechanical properties of collagen and elastin, degradation product are a natural metabolic compound
	the lack of cell-recognition

signals
	[74,77]



	Poly(ε-caprolactone) (PCL)
	Highly elastic, slow degradation time (1–2 years)
	the lack of cell-recognition

signals
	[89,90]



	Poly(butylene succinate) (PBS)
	Controlled biodegradability,
	the lack of cell-recognition

signals
	[91]
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Table 4. Mechanical properties of commonly used hydrogels.
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	Synthetic HGs
	Crosslinking Type
	Young Modulus [Mpa]
	Tensile Strength [Mpa]
	Elongation [%]
	References





	Poly(ethylene glycol) (PEG)/polydimethylsiloxane (PDMS) hydrogel
	chemical
	0.006–0.36
	0.02–0.42
	30
	[112]



	Chitosan (CS) and poly(vinyl alcohol) (PVA) (CS/PVA)
	chemical
	2.3–2.5
	6.0–9.70
	16.3–28.1
	[113]



	Tunicate cellulose nanocrystals (TCNCs) aligned (anisotropic d-Gel)
	physical
	152.1
	13.7–56.2
	1400
	[114]



	Aluminum ion cross-linked hydrogel (Gel) high-modulus hydrogels (HM-Gel)
	physical
	0.59–1.94
	1.26–1.74
	550–650
	[115]



	Carboxymethyl cellulose/polyacrylic acid hydrogel (CMC/PAA)
	physical
	0.065–0.18
	0.40–0.85
	350–700
	[116]



	PDLLA-dMA-PCL-dMA-PEG-dMA hydrogel
	physical
	1.4 ± 0.2
	0.47 ± 0.06
	84 ± 22
	[117]



	Poly(trimethylene carbonate dimethacrylate) hydrogel (PTMC-dame)
	physical
	1.04 ± 0.04
	0.46 ± 0.07
	159 ± 43
	[118]
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