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Bio-glues are gaining ground in medical research to close wounds and fight infections. Among them, the most promising bio-glue is the one prepared from natural materials (fibrin, gelatin, polysaccharides, etc.). Most of these materials are components of the extracellular matrix (ECM) and possess excellent biocompatibility, biodegradability and mechanical strength, which facilitate wound repair. However, there are no studies that utilize the decellularized materials to prepare bio-glues. Outside the wound sealants, approaches that utilize the ECM scaffold to promote tissue repair show tremendous potential. Experimentally, it is unknown if ECM can be successfully transformed to the bio-glue, either alone or in combination with nature biomaterials. In this review, we outline the first attempts at the potential of using ECM to prepare bio-glue for wound repair during the surgery.
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1 INTRODUCTION
Skin wounds or late closure of postoperative wounds can cause severe complications. For instance, wound infections, electrolyte imbalances, inflammatory reactions, and scarring in the body which will place a huge burden on patients and society (Zhao et al., 2016; Dhaliwal and Lopez, 2018; Yang et al., 2020). The common interventions for wound closure are surgical sutures (Bush and Bayat, 2007; Prabha et al., 2021). Although surgical sutures have achieved satisfactory results in the wound repair process, they are increasingly unable to meet the needs of modern clinical practice with the development of medicine. For example, wounds cannot be closed immediately with traditional closure method, which may cause secondary injury to the wound and aggravate infection during the stitch removal. Additionally, those injuries in relatively hidden locations cannot be closed effectively, which highly requires the physician’s surgical skills. Different experimental treatment strategies are under investigation to promote recovery after trauma, with bio-glue as the most common approach (Suzuki et al., 2014; Wang et al., 2018; Pandey et al., 2020; Lu et al., 2021).
Biomedical materials are used in trauma approaches to replace or restore the anatomic structure and function of damaged or missing tissues following any injury or disease by combining the topographical cues of biomaterials with cells or bioactive molecules (Tan et al., 2021). Bio-glue intended for trauma repair are often derived from particular extracellular matrix (ECM) molecules [e.g., fibrin (Kalsi et al., 2017), collagen (Schiele et al., 1992), hyaluronic acid (Luo et al., 2020)], or other natural polymers [e.g., gelatin/alginate (Song et al., 2022), chitosan (Lu et al., 2018)] or synthetic polymers [e.g., cyanoacrylate (Carvalho et al., 2021), polyurethane (Zhao et al., 2021), polyethylene glycol (Privett et al., 2021)]. While both natural and synthetic polymers are widely utilized as tissue adhesives, the use of ECM bio-glue is rarely seen (Nishiguchi and Taguchi, 2021; Yazdanpanah et al., 2022). However, ECM materials used in tissue engineering [e.g., peripheral nerves (Kim et al., 2004), lung (Ohata and Ott, 2020), kidney (Sobreiro-Almeida et al., 2021), liver (Hussein et al., 2020), skin (Wolf et al., 2012)] have shown great prospect.
In this paper, we describe the developmental trends of some tissue adhesives in the medical field and focus on the adhesion mechanism of these tissue adhesives. At the same time, we discuss the feasibility to prepare bio-glue with ECM obtained by the process of decellularization and the possibility to promote wound repair.
2 CLASSIFICATION AND RESEARCH OUTCOMES OF BIO-GLUE
The ideal bio-glue is supposed to possess advantages of biocompatibility, biodegradability, fantastic mechanical strength, and adhesive strength (Peng and Shek, 2010). In recent years, researchers have developed several bio-glues using natural or synthetic materials such as fibrin adhesives, gelatin adhesives, polysaccharide adhesives, cyanoacrylate adhesives, polyethylene glycol adhesives, polyurethane adhesives and so on.
2.1 Natural tissue adhesives
2.1.1 Fibrin
Fibrin, as a soluble glycoprotein in plasma, has been extensively studied in surgical hemostatic agents (Mandell and Gibran, 2014), tissue engineering (Li et al., 2015; Noori et al., 2017), and drug delivery systems (Spicer and Mikos, 2010) due to its unique biological performance. The typical fibrin glue consists of fibrinogen, coagulation factor XIII, calcium-containing thrombin, and antifibrinolytic components (e.g., peptides). The principle of gelation simulates the final step in the clotting cascade (Mankad and odispoti, 2001; Mooney et al., 2009) and can be summarized as follows: in the presence of thrombin, fibrinogen is converted to fibrin, and coagulation factor XIII is converted to XIIIa. Lastly, the fibrin is cross-linked in the presence of coagulation factor XIIIa.
Fibrin sealants have been used for decades as tissue adhesives for hemostasis in surgery since the first purification and preparation in the 1940s. Currently, Food and Drug Administration (FDA) has license TISSEEL®, ARTISS®, EVARREST®, FloSeal® and TachoSiL® (Alston et al., 2008; Guzzo et al., 2009; Hester et al., 2013; Kuschel et al., 2013; DeAnglis et al., 2017). Those fibrin glues are often used in combination with traditional sutures to treat severe bleeding in cardiovascular, gynecologic, urological, and orthopedic operations. In general, these products are safe and effective, and few adverse effects have been reported.
Fibrin adhesives are widely used in clinical practice, but there are still some problems that need to be solved (Beudert et al., 2022). First, they are isolated from human plasma, which makes them more expensive than synthetic materials. Second, the potential spread of diseases associated with blood products may bring severe safety risks. Moreover, fibrin adhesives with poor adhesion and insufficient mechanical strength are only used in surface wound closure, rather than in the moist physiological environment filled with blood and tissue fluid. Therefore, fibrin adhesives can only be as an adjunct in traditional wound closure methods such as sutures or staples in many surgical procedures (Mandell and Gibran, 2014).
2.1.2 Gelatin
Gelatin, a kind of macromolecule hydrophilic colloid, is the product of partial hydrolysis of collagen (an important part of ECM). At present, it has been wildly applied in bio-glue (Thirupathi Kumara Raja et al., 2013), wound dressings (Gaspar-Pintiliescu et al., 2019), and tissue engineering (Agarwal et al., 2016) because of its good biocompatibility. When prepared as a biological glue, gelatin must form a network structure through cross-linking to keep stable in a physiological environment. For instance, after reacting with aldehydes, it turns to be more cohesive.
Gelatine-Resorcine-Formaline (GRF) is one of the medical tissue adhesives based on gelatin, which consists of two parts: 1) Gelatin/resorcinol mixture; 2) Formaldehyde or formaldehyde/glutaraldehyde mixture. It is formed by the condensation polymerization of the amino of gelatin chains and aldehyde groups on resorcinol. Meanwhile, the aldehyde group is chemically bonded to the tissue surface, forming a firm connection (Elvin et al., 2010). However, the toxicity of formaldehyde limits its clinical application (Fukunaga et al., 1999; Tanaka et al., 2017).
For above shortcomings, researchers have improved the biocompatibility of gelatin glue by photo-crosslinking (Shin et al., 2016). Gelatin methacryloyl (GelMA) hydrogels are prepared by modifying gelatin with methacryloyl groups, whose adhesion performance can be optimized by adjusting the degree of substitution, prepolymer concentration, photo-initiator concentration, which are superior to fibrin glue, polyethylene glycol glue (Assmann et al., 2017). Zhao et al. (Zhao et al., 2022) developed a photocurable bio-adhesive hydrogel which was composed of gelatin methacryloyl and oxidized dextran for suture-less keratoplasty. Seung Bae Ryue et al. (Ryu et al., 2022) investigated the effect of different concentrations of graphene oxide (GO) on the physicochemical properties of gelatin hydrogels, especially on the strength of tissue adhesion, by enzyme-catalyed cross-linking of gelatin-based hydrogels. Liwei Yan et al. (Yan et al., 2022) developed a mussel-inspired tough and viscous polydopamine/gelatin-polyacrylic acid (PDA/Gel-PAA) composite hydrogel for cartilage regeneration. The hydrogel obtained a high compressive strength of up to 0.67 MPa and a toughness of 420 J/m2 with good biofunctionality.
2.1.3 Polysaccharide
Polysaccharide is a class of carbohydrates whose molecules contain chains of monosaccharide molecules including chitosan, chondroitin sulfate, and hyaluronic acid (Francis Suh and Matthew, 2000). The main driving forces for the polysaccharide hydrogels gelation are the intermolecular hydrogen bond and intermolecular interactions. In the preparation of polysaccharide glue, researchers tend to modify the functional groups on the chain to increase the adhesion of hydrogels because their chemical structures determine their adhesive mechanisms.
Chitosan is insoluble in neutral, alkaline pH solutions and organic solvents. To improve solubility, the method is to chemically modify chitosan to obtain derivatives such as carboxymethyl chitosan, glycol chitosan, and chitosan ester. Chitosan and its derivatives have attracted extensive attention in the field of tissue adhesives because of their excellent antibacterial properties (Jayakumar et al., 2011; Amoozgar et al., 2012; Lima et al., 2018). Wahid et al. (Wahid et al., 2017) reported a metal ion crosslinked carboxymethyl chitosan supramolecular hydrogel with good antibacterial activity against Escherichia coli and Staphylococcus aureus. Moreover, Chitosan and its derivatives also promote tissue repair (Tao et al., 2013). Glycol chitosan is modified by 3-(4-hydroxyphenyl) propionic acid to form phenolic groups and is cross-linked by blue light irradiation under the catalysis of ruthenium (Ru) to form a gel, which has the characteristic of tissue adhesion and wound repair (Lu et al., 2018). Qingcong Wei et al. (Wei et al., 2022) designed and prepared a series of good performance photoinduced Schiff base cross-linked hydrogels by Diels–Alder (DA) reaction between functional group grafted carboxymethyl chitosan (CMCS) and photosensitive polyethylene glycol (PEG) cross-linker.
Chondroitin sulfate (CS) is a sulfated polysaccharide that is widely distributed in the extracellular matrix and cell surface of animal tissues. The main chains of CS have multiple reaction sites and can be chemically modified to introduce functional groups. Researchers have developed several medical tissue adhesives based on chondroitin sulfate (Strehin et al., 2010; Han et al., 2018; Shin et al., 2021). CS is the main component of the cartilage extracellular matrix, which can maintain the functions of chondrocytes and is therefore widely used in cartilage repair. Inspired by mussel chemistry, Han et al. (Han et al., 2018) designed a polydopamine-chondroitin sulfate-polyacrylamide (PDA-CS-PAM) hydrogel with tissue adhesiveness and superb mechanical properties for growth-factor-free cartilage regeneration. Han Fu et al. (Fu et al., 2021) described a simple double cross-linking strategy for the preparation of ECM mimetic hydrogels with good overall performance by reversible borate ester bonding based on chondroitin sulfate and gelatin as a single cross-linked hydrogel. Photopolymerization with thiol-containing polyethylene glycol (PEG) crosslinkers was further enhanced by Michael addition crosslinking reactions or visible light.
Hyaluronic acid (HA), the only non-sulfated polysaccharide, is an essential component of the ECM and plays an important role in wound healing, cell motility, angiogenesis, and cell signaling (Allison and Grande-Allen, 2006). As a biomaterial, it has been studied for several decades in hemostasis dressing and anti-Inflammatory dressing (Sakoda et al., 2018; Bao et al., 2020; Kim et al., 2020; Hu et al., 2021). In the application of hemostasis, Sakoda et al. (Sakoda et al., 2018) have developed a novel hydrogel hemostat conjugated with inorganic polyphosphate (PolyP). The HA-PolyP hemostatic hydrogel was formed rapidly by mixing aldehyde-modified HA and hydrazide-modified HA conjugated with PolyP. As for its anti-inflammatory feature, Kim et al. (Kim et al., 2020) reported a tissue adhesive and anti-inflammatory hydrogel formed by high-affinity enzymatic crosslinking by polyphenolic epigallocatechin gallates (EGCGs), which may provide a robust tissue adhesive platform for clinical applications. In particular, HA hydrogel successfully closed the skin wound and displayed insignificant host tissue responses. Furthermore, the HA hydrogel exhibited the highest tissue adhesiveness both in wet and dry conditions.
2.1.4 Silk fibroin
Silk fibroin (SF) is a natural polymeric fibrous protein extracted from silk, containing 18 kinds of amino acids, among which glycine (Gly), alanine (Ala) and serine (Ser) account for more than 80% of the total composition. Silk fibroin has good mechanical and physicochemical properties, such as good flexibility and tensile strength, permeability and moisture, slow release, etc., and different forms like fiber, solution, powder, film and gel can be obtained after didderent treatments (Zheng and Zuo, 2021). Silk proteins have been prepared as bio-glues for clinical applications. Rumeysa Tutar et al. (Tutar et al., 2022) synthesized a biocompatible and photocross-linked ocular tissue adhesive composite hydrogel from silk fibroin for corneal injury. Zichu Yin et al. (Yin et al., 2021) prepared a dopamine-modified SF-based bioadhesive using genipin as a cross-linking agent.
2.2 Synthetic tissue adhesives
2.2.1 Cyanoacrylate
Cyanoacrylate is a liquid tissue adhesive in surgery for over 60 years. It rapidly polymerizes to form sturdy chemical bonds in seconds when contacting with proteins (Bao et al., 2020). Its heat released during the polymerization process can easily cause secondary damage. Notably, the initial cyanoacrylates, mainly including methyl 2-cyanoacrylate and ethyl 2-cyanoacrylate, exhibit cytotoxicity while exhibiting strong tissue adhesion (Evans et al., 1999; Setlik et al., 2005; Sheikh, 2007; Cannata et al., 2009; Habib et al., 2013). To solve this problem, researchers improved the biocompatibility by optimizing cyanoacrylate so that it could be further used in clinical practice. At present, cyanoacrylate adhesives commonly used in clinics are octyl 2-cyanoacrylate and butyl 2-cyanoacrylate (García Cerdá et al., 2015; Lim and Kim, 2015; Kiaii et al., 2022).
2.2.2 Polyurethane
The synthesis of polyurethane (PU) adhesives is based on the unique chemical properties of isocyanates, featuring high elasticity and strong adhesion. Isocyanates form strong peptide bonds by reacting with amino groups of tissue proteins (Mehdizadeh and Yang, 2013). The polymerization of N, N′ carbonylbis (caprolactam) (CBC) and polyol are catalyzed by alcoholate to form cross-linked poly (ester-urea)s through ring-opening addition reaction. Mechanical properties, biocompatibility, and degradation behavior of the CBC/polyol-based polymers make them widely used in biomedical applications (Zimmermann et al., 2004; Lin et al., 2013). Zhou et al. (Zhou et al., 2015) developed a catechol-functional polyurethane copolymer (PEUs) for sturdy adhesion and biodegradability. When they performed lap shear tests after bonding aluminum materials together, they detected a bond strength close to 1 MPa. With further addition of oxidative crosslinker, the lap shear bond strength increases to 2.4 MPa. What’s more, they are non-toxic in vitro and in vivo (Stakleff et al., 2013). Zhao et al. (Zhao et al., 2021) prepared a rapid in situ gelling of mussel polyurethane adhesives (MPUAs) under mild conditions, which showed good biocompatibility and strong adhesion to complex wounds. Faxing Zou et al. (Zou et al., 2022) prepared a novel tissue adhesive composed of L-arginine, degradable polyurethane (DLPU) and GelMA for wound repair. As far as it goes, the first FDA-approved PU medical tissue adhesive TissuGlu® is prepared from trimethylolpropane and lysine ethyl diisocyanate, which has no toxic side effects and has been used in clinical practice (Gilbert et al., 2008).
2.2.3 Polyethylene glycol
PEG tissue adhesive has the advantages of fast curing, strong adhesion, and almost no inflammatory reaction (Li et al., 2014). However, the clinical applications of PEG bio-glue are greatly limited. On the one hand, due to the high equilibrium swelling rate, it tends to cause wound dehiscence. On the other hand, the anti-protein properties of PEG itself are not conducive to cell adhesion and thus hinder wound repair (Chahal et al., 2018).
Currently, PEG tissue adhesives consist of chemically modified linear or branched PEG molecules. Bu et al. (Bu et al., 2019), introduced cyclized succinate groups into PEG branches to control the swelling rate of PEG hydrogels, while also exhibiting rapid degradation and excellent biocompatibility. Apart from this, the hydrogel has fine hemostatic ability even under anticoagulant conditions. These results reveal that the optimized hydrogel may be a facile, effective, and safe sealant for hemorrhage control in vivo (Tan et al., 2011). Matthew N George et al. (George et al., 2022) developed hydrogels with tunable expansion rate, porosity and cross-linking density by cross-linking catechol functional groups and conjugation of the synthesized oligomer oligo [poly (ethylene glycol) fumarate] (OPF).
3 ADHESION MECHANISM OF BIO-GLUE
Tissue adhesives are usually a liquid or semi-liquid materials. When applied to a tissue surface, they form a strong interfacial interaction with the tissue, thereby tightly bonding two substrate surfaces together. To date, scientists have proposed several mechanisms to explain the adhesion process of tissue adhesives. The adhesion mechanism mainly includes the formation of chemical bonds, mechanical interlocking, Gecko-inspired adsorption, electrostatic interaction, and hydrogen bond. In the actual adhesion process, most tissue adhesives mainly rely on chemical cross-linking, supplemented by other adhesion mechanisms to facilitate wound healing.
3.1 Chemical force
The formation of chemical bonds is an important mechanism by which bio-glues adhere to tissues. There are a large number of amino acid residues (such as mercaptan and amino) on the surface of the tissues. Once the glue is injected onto the tissue surface, various chemical bonds (such as covalent bonds, ionic bonds, metallic bonds) are formed at the interface, thereby closing the wound. Common chemical reactions between tissue and glue include Schiff base reaction and active ester reaction.
3.1.1 Schiff base reaction
Schiff base reaction is a process in which an aldehyde group and an amino group react to form a dynamic bond (Figure 1). Researchers have designed several tissue adhesives for wound sealing by Schiff base reaction (Yang et al., 2016, 2017; Xu et al., 2018). Currently, bio-adhesives based on Schiff base reaction are usually composite bio-glue. Because composite bio-glue can compensate for the non-uniform distribution of the hydrogel network caused by Schiff base reaction.
[image: Figure 1]FIGURE 1 | Schiff base reaction of a schematic diagram of cross-linking mechanism. Reprinted with permission from Macromolecular Bioscience, Mohammadreza Mehdizadeh, Jian Yang, Design strategies and applications of tissue bioadhesives, Pages No. 271–288. Copyright (2013) John wiley and Sons.
Unal et al. (Unal et al., 2021) used elastic polypeptide (mELP) and methacryloyl gelatin (GelMA) to form a composite elastic tissue binder (Figures 2A,B). The Michael addition reaction between the methacryloyl olefin in the adhesive and the primary amine on the surface of the surrounding vascular tissue allow the hydrogel to adhere strongly to the skin surface (Figure 2C). The elastic GelMA/mELP composite glue attained desirable mechanical properties and adhesion to the blood vessel, while the pure GelMA glue exhibited superior adhesion at the cost of increased stiffness and reduced extensibility (Figures 2D,E). Pang et al. (Pang et al., 2020) combined chitin nanowhiskers (CtNWs) with carboxymethyl chitosan and dextran dialdehyde hydrogels by Schiff base reaction to design a mechanically enhanced tissue adhesive. What’s more, the addition of CtNWs significantly increased the tissue adhesion of the composite hydrogel.
[image: Figure 2]FIGURE 2 | Ex vivo endovascular anastomosis model and shear test. (A) Experimental setup. (B) 3D schematic of the proposed two glue-based systems. (C) Two carotid segments were glued together; the anastomosis procedure was complete, and a catheter was inserted (left). The glue sealed the area surrounding the anastomosis and prevented fluid leakage; the arteries could not be pulled apart with ease (center). Using this ex vivo anastomosis model, both arteries expanded up to four to six times in diameter before the glue system failed and burst (right). (D) Shear strength of the applied glues on porcine carotid arteries. (E) The maximal intra-arterial pressures were achieved with the ex vivo endovascular anastomosis model, in comparison to human systolic blood pressures at various stages. Reprinted with permission from Bioengineering & Translational Medicine, Gokberk Unal, Jesse Jones, Sevana Baghdasarian, Naoki Kaneko, Ehsan Shirzaei Sani, Sohyung Lee, Shima Gholizadeh, Satoshi Tateshima, Nasim Annabi, Engineering Elastic Sealants Based on Gelatin and Elastin-like Polypeptides for Endovascular Anastomosis. Copyright (2021) John wiley and Sons.
3.1.2 Active ester reaction
The active ester reaction refers to the carboxyl group on the side chain of the polymer, which reacts with the primary amine group on the tissue surface to form an amide bond after activated by N-hydroxysuccinimide (NHS) (Figure 3H).
[image: Figure 3]FIGURE 3 | CS-NHS reacts with primary amines of both PEG-(NH2)6 and proteins of tissue to form a covalently bound hydrogel to tissue. (A–D) Solutions of PEG-(NH2)6 (colored with blue dye) and CS-NHS (clear solution) are mixed to form a hydrogel. (E) The same hydrogel without dye (star) in a cartilage defect after 11 days of swelling in PBS. The NHS activated carboxyl groups of CS-NHS (F) react with the primary amines of PEG-(NH2)6 (G) and the primary amines of proteins in tissue (H, reactive groups circled). The new bonds that form are amide bonds. (H) The material in contact with tissue before (left) and after (right) it has reacted with primary amines. NHS = N-Hydroxysuccinimide; PEG = Poly (ethylene glycol); CS = Chondroitin Sulfate. Reprinted with permission from Biomaterials, Iossif Strehin, Zayna Nahas, Karun Arora, Thao Nguyen, Jennifer Elisseeff, A versatile pH sensitive chondroitin sulfate-PEG tissue adhesive and hydrogel, Pages No. 2788–2797. Copyright Elsevier.
Strehin et al. (Strehin et al., 2010) used NHS to activate the carboxyl group on the side chain of chondroitin sulfate (CS) to obtain CS-NHS. Then, using polyethylene glycol (PEG (NH2)6) as a cross-linking agent, a hydrogel adhesive (CS-PEG) covalently bound to proteins in tissues through amide bonds (Figures 3A–G). The adhesion strength of the material to cartilage tissue is about 10 times higher than that of fibrin adhesive and has many potential biomedical applications. Moreover, Sun et al. (Sun et al., 2020) designed a PEG/TA multifunctional adhesive that has the characteristics of injectability, instant self-healing, and durable strong adhesion, which is of great significance to wound healing.
3.2 Physical forces
Physical forces involve applying tissue glue to the surface of the tissues and then slowly immersing the polymer carrying water into the tissue of the object. When the macromolecules in the glue solidify, the tissues are tightly adhered together. This process can be roughly divided into three forces, van der Waals forces, hydrogen bonds, and electrostatic forces.
3.2.1 Mechanical interlocking
Mechanical interlocking means that the adhesive material penetrates through the surface and mechanically interlocks with the microscopic pores or irregularities on the substrate surface (Figure 4). Jeon et al. (Jeon et al., 2019) prepared a bilayer bonded microneedle (MN) patch in the form of a hydrogel, which consists of swollen mussel adhesion protein (MAP) and non-swollen silk fibronectin (Figure 4A). Microneedle technology can be used to fix tissues in a minimally invasive manner with a large contact area with the tissue (Figures 4D,E) (Yang et al., 2013; Ma and Wu, 2017). In experiments, smooth conical needles can be inserted into tissue in a dry (rigid) state to minimize the force required to penetrate tissues. After contacting with water, the tip expands, and the cross-sectional area increases rapidly, resulting in the mechanical interlocking and deformation of local tissue (Figures 4B,C). MN patches are adhesive to various moist tissues both in vitro and in vivo.
[image: Figure 4]FIGURE 4 | Fabrication of double-layered adhesive MN patches with different contents of swellable layer and tissue insertion capability. (A) Bright-field, fluorescence, and merged micrographs for various DL-MN patches that were fabricated by the double-casting method with different filling times for MAP/HA prehydrogel solution under the backside vacuum. To discriminate between the two layers, rhodamine B was loaded into the SF prehydrogel solution. Scale bar = 500 μm. (B) Compression force-displacement curves and fracture points (indicated by an arrow) for the MAP/HA SL-MN patch and 60% DL-MN patch. (C) Ultimate MN fracture forces of the MAP/HA SL-MN patch and 60% DL-MN patch obtained by the compression tests (n ≥ 5). (D) punctured rat skin after inserting the 60% DL-MN patch and exposing a red tissue-marking dye and (E) sharpness of MN tips of the 60% DL-MN patch. Scale bar = 1 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article). Reprinted with permission from Biomaterials, Eun Young Jeon, Jungho Lee, Bum Ju Kim, Kye Il Joo, Ki Hean Kim, Geunbae Lim, Hyung Joon Cha, Bio-inspired swellable hydrogel-forming double-layered adhesive microneedle protein patch for regenerative internal/external surgical closure. Copyright (2019) Elsevier.
3.2.2 Gecko-inspired adsorption
The gecko’s ability to quickly climb vertical surfaces inspired the researchers to uncover the underlying mechanisms behind its reversible adhesion. Experimental evidences confirm (Autumn et al., 2000; Kwak et al., 2011) that the gecko’s adhesion strategy relies on a footpad composed of setae and that the adhesion force generated by the contact between the footpad and the relative surface (caused by van der Waals forces) is sufficient for the gecko to adhere to a vertical or inverted surface. This adhesion is strong but temporary, so the gecko’s feet can quickly separate and adhere during movement. Lee et al. (Lee et al., 2007) created a hybrid tissue adhesive consisting of nanofabricated polymer arrays covered with a thin layer of synthetic polymer that mimics the mussel adhesion proteins. The adhesion of nanostructured polymer arrays can be increased nearly 15-fold in humid conditions. The system has maintained strong adhesion in the performance tests for more than 1000 contact cycles in both dry and wet conditions. It combines the characteristics of gecko and mussel adhesives for reversible adhesion to a variety of surfaces in any environment.
3.2.3 Electrostatic interaction
The molecular composition of biological tissue surfaces, with a large number of positively or negatively charges, polar or nonpolar groups is very complicated. Therefore, positively or negatively charged tissue surfaces tend to attract oppositely charged adhesives. Chitosan is a cationic polysaccharide that interacts with negatively charged tissue surfaces through electrostatic forces, but the force is very weak (Ryu et al., 2011). Based on this adhesion mechanism, scientists have improved its property by adding other polymers and then invented a composite adhesive based on chitosan.
Jung et al. (Jung et al., 2021) created chitosan/polyethylene glycol hydrogels with improved mechanical properties in situ using horseradish peroxidase (HRP) reaction. The effect of PEG on the physicochemical properties of chitosan hydrogels was revealed by different contents, molecular weights, and geometry (linear, four-armed) of PEG derivatives. Balakrishnan et al. (Balakrishnan et al., 2017) developed an in situ cured binder based on the bio-polymers chitosan and dextran. When blending the two components, the gel showed good adhesion and was non-cytotoxic. Zhou et al. (Zhou et al., 2016) used a hydrogel composed of chitosan and ε-poly-lysine to bind to neural tissues (Figures 5A,B). The hydrogel mimicked the polysaccharide/protein structure of the natural outer membrane matrix, thus enhancing compatibility with nerves (Figures 5C,D).
[image: Figure 5]FIGURE 5 | Schematic diagram. (A) Gelation Mechanism through Michael Addition. (B) Formation of Hydrogel Network. (C) Schematic of Interactions inside the Adhesives. (D) Schematic of Nerve Anastomosis Test. Reprinted with permission from Biomacromolecules, Yalin Zhou, Jin Zhao, Xiaolei Sun, Sidi Li, Xin Hou, Xubo Yuan, Xiaoyan Yuan, Rapid Gelling Chitosan/Polylysine Hydrogel with Enhanced Bulk Cohesive and Interfacial Adhesive Force: Mimicking Features of Epineurial Matrix for Peripheral Nerve Anastomosis, Pages No. 622–630. Copyright (2016) American Chemical Society.
3.2.4 Mussel-inspired adsorption
Marine mussels, such as purple mussel, thick shell mussel, and halcyon mussel, fix themselves to multiple solid surfaces. Their adhesive proteins secreted by byssus can form hydrophobic bonds to resist erosion brought by wind and waves. Adhesive proteins Mfp-3 and Mfp-5 are composed of 3, 4-dihydroxyphenylalanine (Dopa) (Cha et al., 2008; Maier et al., 2015; Han et al., 2017; Lo Presti et al., 2021). Dopa is considered to be a key factor for clipping adhesion. After understanding the underwater adhesion mechanism of mussels, the researchers introduced catechol groups into the polymer to prepare bio-glue (Mehdizadeh et al., 2012; Fan et al., 2016; Ji et al., 2016; Zhu et al., 2017). Lu et al. (Lu et al., 2020) designed a bio-glue composed of citric acid, PEG-PPG-PEG diol, and dopamine. Zeng et al. (Zeng et al., 2021) achieved skin wound healing effect by incorporating polydopamine nanoparticles (PDA) into xanthan gum and konjac glucomannan. However, when Dopa is exposed to oxidants such as O2, it inevitably oxidizes to quinones, resulting in loss of adhesion. Therefore, Xu et al. (Xu et al., 2020) designed a hydrogel based on thiourea-catechol reaction to protect catechol groups from oxidation through thiourea. Compared with traditional tissue adhesives, thiourea-catechol hydrogels have higher mechanical properties, shorter curing time, less environmental PH independence, and lower oxidation concentration in the treatment of gastric ulcers. At the same time, the application of hydrogel to the ulcer site increased the content of pro-regeneration growth factors, reduced the exposure to external catabolic factors, and contributed to the cure of gastric ulcers.
4 CURRENT CHALLENGES OF BIO-GLUE TO PROMOTE RECOVERY AFTER INJURY
The complexity of the wound and its response to injury dictates that the latest advances in bioengineering and biological materials have to be implemented in the design of bio-glue intended to promote wound tissue repair. Researchers have developed multi-therapeutic strategies, combining various elements to promote repair (Zhang et al., 2016; Gong et al., 2017; Hong et al., 2018; Saiz-Poseu et al., 2019). Bio-glue are well-positioned to deliver such combinatorial approaches for wound repair, the cell-active factor has been used in many of the strategies (Zhao et al., 2014; Guo et al., 2016; Liang et al., 2019a, 2019b; Han et al., 2019; Chen et al., 2020; Zhang et al., 2020). Biodegradability, mechanical strength, porosity, and capability of cell adhesion are some of the parameters that affect the regenerative capacity of a given design. Many issues need to be considered for the choice of biomaterial and the design of bio-glue, including:
1, Biocompatibility, minimizing adverse tissue reactions in vivo;
2, Biological function, promote wound healing in vivo;
3, Cytocompatibility, promote cell proliferation and adhesion in vivo;
4, Physical properties resemble those of the target tissues (e.g., elasticity, strength, tenacity);
5, Biodegradable and the degradation products have no cytotoxicity.
In conclusion, many tissue adhesives have been developed by researchers. Their advantages and disadvantages are summarized in Table 1.
TABLE 1 | Advantages and disadvantages of tissue adhesives.
[image: Table 1]One important point when designing bio-glue is that it is supposed to mimic the biological properties of host tissues. Soft hydrogels with high water content are becoming increasingly versatile as materials and significant in vivo data support their utilizations. For example, Hong et al. (Hong et al., 2019) laboratory developed a hydrogel with hybrid hyaluronic acid, gelatin, glycosaminoglycan to mimic a tissue ECM structure. This biomacromolecule-based matrix hydrogel can gel rapidly and adhere tightly to seal bleeding arteries and cardiac walls after UV light irradiation. These repairs can withstand up to 290 mmHg blood pressure, significantly higher than common blood pressures (systolic BP 60–160 mmHg).
Hence, the direct use of ECM by decellularization for the preparation of bio-glue may be a strategic option since the extracellular matrix is structurally similar to the tissues. It is a highly competitive bioactive material with a higher potential value than tissue adhesives of single protein or component. The ECM is mainly composed of two major groups of macromolecules: proteoglycans and fibrous proteins. The main fibrous ECM proteins are collagen, elastin, fibronectin, etc. Proteoglycans fill most of the extracellular space in the tissue in the form of hydration gel, mainly including hyaluronic acid, chondroitin sulfate, and dermal sulfate (Frantz et al., 2010). Collagen is the most abundant fibrous protein within the interstitial ECM and is most abundant in skin tissue (Kisling et al., 2019). Elastin is highly elastic and is found in connective tissues, allowing many tissues in the body to regain their original shape after stretching or contracting. It is particularly abundant in large elastic vessels such as the aorta (Kuzan et al., 2018). Hyaluronic acid is a glycosaminoglycan composed of the basic structure of disaccharides (D-glucuronic acid and N-acetylglucosamine). The molecular weight of hyaluronic acid ranges from 50 to 20 million daltons in the body. Hyaluronic acid is widely found in connective, epithelial and nervous tissues. With its unique molecular structure and physical and chemical properties, hyaluronic acid shows a variety of important physiological functions in the body, such as lubricating joints, regulating the permeability of blood vessel walls, regulating the diffusion and operation of proteins, water and electrolytes, and promoting wound healing. (Salwowska et al., 2016; Agarwal et al., 2020; Marinho et al., 2021). Chondroitin sulfate (CS) is a class of glycosaminoglycans that are covalently linked to proteins to form proteoglycans. The glycan chains are composed of alternating polymerization of glucuronic acid and N-acetylgalactosamine and are usually derived from animal cartilage (Valcarcel et al., 2017). Actually, there are many researchers on the preparation of bio-glues using ECM single components, but less reports on the preparation of bio-glues using composite ECM components. Yi Liu et al. (Liu et al., 2019) choose gelatin as the backbone of adhesive. Firstly, catechol-modified gelatin (Gel-Cat) and phenol-modified gelatin (Gel-Ph) were synthesized by conjugating dopamine and phloretic acid to the gelatin backbone via an EDC and NHS chemistry. This gelatin-based adhesives demonstrate great potential for wound closure and healing. In addition, a two-component tissue adhesive were prepared based on oxidized urethane dextran (Dex-U-AD) and gelatin by photo-crosslinking under UV irradiation (Wang et al., 2012). Hyaluronic acid and Chondroitin sulfate in extracellular matrix can also be reacted with catechol to prepare tissue glues (Zhou Y. et al., 2020; Shin et al., 2021; Zhang et al., 2021).
5 EXTRACELLULAR MATRIX AS BIO-GLUE FOR WOUND REPAIR
Bio-glue, derived from natural or synthetic materials, can be implanted into the injured tissue (Mankad M.B.B.S and odispoti, 2001; Carvalho et al., 2021; Song et al., 2022). Natural materials like fibrin, gelatin, and polysaccharides, most of which are polymers, are the main components of ECM (Frantz et al., 2010). However, there are no studies on preparation of bio-glue with ECM obtained by the process of decellularization. ECM materials that can treat wounds and promote regeneration are known as ECM-bio-glue. In this section, we will discuss the application of ECM materials to prepare glue for wound repair. So far, this natural biomaterial is of tremendous potential as a scaffold for cell growth, differentiation and tissue development, and has been applied to blood vessels (Conklin et al., 2002), skin (Chen et al., 2004), bone (Woods and Gratzer, 2005), cartilage (Cheng et al., 2009), kidney (Yi et al., 2017; Sobreiro-Almeida et al., 2021), lung (Cortiella et al., 2010), heart (Rieder et al., 2004), and peripheral nerves (Karabekmez et al., 2009) in research and industry.
Extracellular matrix is a fundamental structural support for cells, so derived or functionalized natural ECM plays a crucial role in regenerative medicine (Badylak et al., 2009). The ECM is not only a supporting material, but also a regulator of cellular behaviors such as cell survival, proliferation, morphogenesis, and differentiation (Giancotti and Ruoslahti, 1999; Nie and Wang, 2018; Urbanczyk et al., 2020). In addition, ECM can regulate signal transduction activated by a variety of biologically active molecules including growth factors and cytokines (Comoglio et al., 2003). ECM molecules and networks are able to change their compositions, structures, and biomechanical properties according to different tissues and organs (Rauch, 2007). Ideally, ECM materials for wound repair can not only provide the same or similar local microenvironment in vivo, but also recruit cells and even induce cell-directed differentiation. In the process of damage repair, ECM degradation should reach a balance with tissue regeneration.
Traditional bio-glues have been widely used, but they do not fully mimic ECM structures. In addition, the component of traditional glue is single, while the ECM is a combination of several proteins, growth factors, and other cytokines, with a wide range of biological functions. Therefore, ECM seems to have potential in the preparation of bio-glues.
According to some of the adhesion mechanisms mentioned in Part 3 (Schiff base reactions, active ester reactions, and hydrogen bonds), natural adhesives can chemically and physically interact with tissue surfaces to form tight bonds. Among these, the glycoproteins in the ECM are composed of core proteins and polysaccharide chains (glycosaminoglycans) (Frantz et al., 2010), which consist of a series of disaccharide repeating units (acetyl-galactosamine, glucuronic acid, iduronic acid, galactose, etc.). The disaccharide repeating units can be further divided into sulfates (chondroitin sulfate, heparin sulfate, and keratin sulfate) and hyaluronic acid. At present, researchers have prepared adhesive hydrogels by modified chitosan, hyaluronic acid, and other polysaccharides substances (Jayakumar et al., 2011; Lu et al., 2018; Kim et al., 2020). Hence, these polysaccharide chains can be chemically modified (Dopa, catechol group) to endow the ECM with adhesion function. In addition, elastin is abundant in tissues (e.g., blood vessel, lung, heart, skin, bladder) and can be chemically modified to give it adhesion properties. Brennan et al. (Brennan et al., 2017) designed an elastin bio-glue that was prokaryotically expressed from E. coli. The main ingredient, ELY16, can aggregate under the influence of environmental factors such as temperature, pH, and salinity. Besides, dopamine modifies collagen, endowing the decellularized extracellular matrix (dECM) hydrogel with adhesion function. Catia Correia et al. (Correia et al., 2022) described the development of a bio-adhesive membrane using a Marine renewable biomaterial, collagen extracted from fish skin. Collagen was functionalized with catechol group (Col-Cat), which made the membrane have good adhesion property in wet environment, and was mixed with chitosan, which improved the mechanical properties of the membrane.
By way of conclusion, the dECM can be chemically modified with catechol group/oxidized urethane dextran/lysine and imparted with adhesion properties (Matsumura et al., 2014; Ma et al., 2021). Hence, it is feasible to prepare ECM-bio-glue by chemically (Dopa, catechol group) modifying (Figures 6A,B). It also exhibits features such as antibacterial properties, high mechanical strength, and cytocompatibility, overall making it a very promising tissue adhesive. However, the ECM derived from a variety of tissue types is composed of multiple proteins, growth factors and cytokines (Frantz et al., 2010; Theocharis et al., 2016). The decellularization protocols lack specificity in view of the complexity of healing (Choudhury et al., 2020). It is difficult to remove growth-inhibiting molecules while retaining growth-promoting molecules. What’s more, it is very difficult to do the precise chemical modifications of ECM. These reasons above restrict the development of ECM-Bio-glue.
[image: Figure 6]FIGURE 6 | Model diagram of ECM preparation of biological glue. (A) ECM is chemically modified by DOPA. (B) ECM bio-glue is used for wound repair.
6 EXTRACELLULAR MATRIX-BIO-GLUE: THE DEVELOPMENTAL TREND FOR WOUND REPAIR
The ECM is composed of non-cellular components of tissue that provide a complex three-dimensional network environment for cell survival. Recent studies have shown that ECM also provides tissue-specific biochemical and biophysical cues that are required for tissue morphogenesis and homeostasis (Nelson and Bissell, 2006; Badylak et al., 2009; Karamanos, 2019). In the field of regenerative medicine, dECM matrices have played an important role as scaffolds for tissue engineering. The dECM scaffolds are obtained by treating tissues with detergents to removing cells and immunogenicity, subsequently refilling the dECM scaffold with host cells and allowing them to be transplanted into the host (Yi et al., 2017). For example (Tian et al., 2021), prepared porcine articular cartilage derived ECM, could achieve good cartilage regeneration in a rat knee osteochondral defect model. Biomaterials have played a key role in our current understanding of the contribution of matrix properties to cellular responses. Previous studies have focused on decellularized materials to promote wound repair. Interestingly, most researchers believe that maintaining a moist environment on the wound surface is crucial to promoting wound healing. And hydrogel, a highly hydrophilic material, is an ideal choice. Among different forms of biomaterials, beyond dECM scaffolds, the dECM hydrogels have been widely used, because they provide a highly hydrated, cytocompatible environment and superior printability (Sobreiro-Almeida et al., 2021). Currently, scientists are already trying to exploit this advantage by mimicking the structure of the ECM with natural materials. Many researchers have used natural substances (hyaluronic acid/gelatin/glycosaminoglycans) to simulate the structure/composition of the dECM to produce bio-glues or 3D-printed artificial tissues/organs, but this does not fully mimic the structure and composition of the dECM (Pati et al., 2014; Huang et al., 2016; Hong et al., 2019). dECM has a very powerful biological function and plays a positive role in wound repair. Its advantages are unquestionable. However, is dECM available for the preparation of bio-glue? The main components of ECM include collagen, hyaluronic acid, chondroitin sulfate and so on. These substances are the main components in the preparation of natural bio-glues, so the dECM is possible to be chemically modified to endow it an adhesive function. The scope of application of chemically modified dECM has been expanded. In the future, it is believed that ECM-bio-glue can show their favorable prospect. The finding that these ECM materials can be dissolved and subsequently form hydrogels expands their potential for use in vitro and in vivo. In addition to this, hydrogels are also beneficial to filling irregular shaped defects (Saldin et al., 2017).
ECM hydrogels are considered the most promising alternative materials due to their excellent swelling properties and similarity to soft tissues. Various strategies have been applied to synthesize bionic hydrogels whose biophysical and biochemical properties have been tuned to suit cell differentiation (Huang et al., 2017; Boso et al., 2020). Recently, a variety of polymers have been used alone or in combination to create hydrogels designed for biomedical applications in the treatment of wounds (Ge et al., 2020; Stoica et al., 2020). However, there is no research on using ECM to prepare bio-glue for damage repair. Present studies investigated the potential of ECM hydrogels (e.g., laminin, fibronectin, and collagen), which promote recovery after injury. However, all of these strategies are early attempts and only give a hint on the potential of ECM-bio-glue. If we can endow ECM hydrogels with adhesive properties, it will greatly expand the scope of applications of ECM, for example, artificial skin. At present, the materials commonly used in the preparation of artificial skin include gelatin (Wang et al., 2006), gelatin/chitosan (Chang et al., 2008), gelatin/alginate (Yan et al., 2005), gelatin/fibrinogen (Xu et al., 2007), alginate (Fedorovich et al., 2012). Fei-fei Zhou et al. (Zhou F. et al., 2020) developed a biomimetic bioink composed of GelMA and HA-NB with phenyl Li-2,4,6 trimethylbenzoyl phosphate (LAP) as polymerization initiator for DLP-based 3D printing. GelMA/HA-NB/LAP bioink was selected in part because of its rapid gelation properties and structural similarity to native ECM, which can provide a beneficial microenvironment for cell growth and tissue regeneration. In addition, GelMA/HA-NB/LAP hydrogel can also be used as an adhesive to “immobilize” living organs during living transplants, as it can bind tightly to tissues through the Schiff base reaction. However, there are some concerns about the results of these studies, such as the use of harsh cross-linking agents, like glutaraldehyde (Chang et al., 2008), which increase cytotoxicity. Furthermore, these materials do not fully mimic the complexity of native ECMs and are therefore insufficient to reconstruct the microenvironment of organization. As a result, the cells in these hydrogels cannot exhibit the morphology and function inherent to living tissues. Consequently, it is ideal to provide cells with a natural microenvironment similar to their natural tissues. dECM is the best choice to achieve this goal, as no natural or man-made material can reproduce all the features of a natural ECM. However, dECM materials also have disadvantages, such as inability to cure quickly/poor mechanical properties/lack of adhesion, which require chemical modification to compensate.
7 CONCLUSION
Compared with traditional wound treatment technology, medical tissue adhesives have many advantages, such as simple operation, non-invasive adhesion, rapid hemostasis, and effective shortening of surgery time. However, there are still many challenges to be overcome for the development of medical tissue adhesives. ECM is a complex three-dimensional network structure, which plays a vital role in the treatment of wound repair and provides new targets for clinical research. In the past decades, studies of ECM macromolecules and intertwined networks have made great progress. From a physiological and pathological perspective, ECM plays a regulatory role in tissue integrity, cell signal transduction, gene expression, and cell behavior. A number of ECM materials have been successfully commercialized for the treatment of various diseases.
In this review, we provide some clues whether ECM can be used to prepare bio-glue. It is believed that with the continuous development of materials science and the unremitting efforts of researchers, the future of medical tissue adhesives will be brighter. Research on novel ECM biomaterials deserves more attention.
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