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Periodontal disease is one of the most common oral diseases with the highest incidence world-wide. In particular, the treatment of periodontal bone defects caused by periodontitis has attracted extensive attention. Guided bone regeneration (GBR) has been recognized as advanced treatment techniques for periodontal bone defects. GBR technique relies on the application of barrier membranes to protect the bone defects. The commonly used GBR membranes are resorbable and non-resorbable. Resorbable GBR membranes are divided into natural polymer resorbable membranes and synthetic polymer resorbable membranes. Each has its advantages and disadvantages. The current research focuses on exploring and improving its preparation and application. This review summarizes the recent literature on the application of GBR membranes to promote the regeneration of periodontal bone defects, elaborates on GBR development strategies, specific applications, and the progress of inducing periodontal bone regeneration to provide a theoretical basis and ideas for the future application of GBR membranes to promote the repair of periodontal bone defects.
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1 INTRODUCTION
As one of the most prevalent and high-incident oral diseases globally, periodontal disease involves the deterioration of tooth-supporting structures and is considered the main cause of tooth loss among adults (Kocher et al., 2018). According to the latest report related to prevalence of periodontitis in the U.S. from the Centers for Disease Control and Prevention (CDC), 47.2% of adults aged 30 years and older have some form of periodontal disease. Periodontal disease increases with age, 70.1% of adults 65 years and older have periodontal disease. Periodontitis is an inflammatory disease characterized by the destruction of the alveolar bone, periodontal ligament (PDL), cementum, and gingiva as a response to insults elicited by microbial accumulations (Jensen et al., 2018). Periodontitis leads to the inflammation of soft tissue and progressive and irreversible bone resorption, which can cause tooth loss and the failure of implants around bone defects (Kavarthapu and Gurumoorthy, 2021) (Figures 1A–C). In conventional conservative and surgical therapy, the activated adjacent tissues proliferate into the defect site before the migration of osteoblasts, which constrains the regeneration of the bone and the periodontal ligament, leading to undesirable clinical results such as non-union or implant encapsulation. This has also become a major obstacle to traditional treatment strategies (Graziani et al., 2017). Therefore, clinical studies suggest that to achieve successful periodontal treatment; we should focus on two aspects: 1) to completely regenerate the supporting bone of the tooth and 2) to eliminate the interference of non-osteogenic tissue on bone regeneration (Sowmya et al., 2013). Presently, guided tissue regeneration (GTR) and guided bone regeneration (GBR) are two common periodontal regeneration treatments aimed at rebuilding damaged periodontal tissue and bone caused by periodontitis. Periodontal regeneration, often referred to as GTR, is a process in which all deep periodontal tissues (alveolar bone, periodontal ligament, and cementum) need to be regenerated. GBR is a regenerative surgery for the purpose of bone regeneration and is often used in the field of dental implants. It is considered to be one of the most successful methods for the reconstruction of alveolar bone and the treatment of bone defects around implants (Benic and Hämmerle, 2014).
[image: Figure 1]FIGURE 1 | Schematic of GBR application through the use of bone filler and a barrier membranes (A–E) and the mechanism of therapying periodontal bone defects with GBR membranes (F).
The GBR procedure creates and maintains a space for bone regeneration by placing the material as a barrier and filler for defects to achieve lateral and longitudinal bone expansion (Figures 1D, E). As a temporary matrix for cell proliferation, extracellular matrix differentiation, and mineralization, the biomaterial’s characteristics determine the technology’s therapeutic effect. For this purpose, researchers have developed various forms of biomaterials, including membranes, sponges, hydrogel composites, glass ceramic scaffolds, or bovine xenograft materials (Mellonig et al., 1998). In the above materials, the membranes can prevent epithelial and connective tissue cells from growing and proliferating into the defects, thus avoiding inadequate bone formation. Membrane treatment has become the first choice for repairing periodontal bone defects (Gruber et al., 2017; Shahdad et al., 2020). As a barrier, the GBR membrane covers the periodontal defect around the tooth root, isolates the periodontal bone defect from the gingival connective tissue, prevents the rapid growth of epithelial cells, fibers and gingival tissue from growing into the defect, ensures the stability of blood clots, and promotes bone regeneration through cell rejection, thus realizing periodontal regeneration (Villar and Cochran, 2010). At present, given to the differences in the degradability and absorbability of the materials used to prepare GBR membrane, they can be divided into two categories: non-degradable absorption membranes and degradable absorption membranes (Ul Hassan et al., 2021). Non-biodegradable membranes need to be removed by supplementary surgery and can lead to inflammation at the surgical site (Shahdad et al., 2020). Therefore, various biodegradable polymer membranes have been developed to eradicate the need for follow-up surgery (Gao et al., 2022). However, the degradable resorbable membranes often have defects such as insufficient mechanical properties and a fast degradation rate, which often lead to the failure of the control of non-osteogenic tissue invasion in the clinical application process, and ultimately lead to the failure of surgery and the incapacity to attain effective periodontal bone regeneration (Sun et al., 2018). Many studies have shown that the GBR membranes applied in the regeneration of periodontal bone defects should have adequate mechanical and physical stability, biocompatibility, cell occlusion, and can prevent the invasion of soft tissue to the defects before bone regeneration without causing the intervention of bacteria and microorganisms (Almeida et al., 2019; Gao et al., 2022).
To solve these problems, researchers have prepared a variety of new GBR membranes by modifying GBR membranes and combining them with other small molecules, which have improved the properties of GBR membranes and further enhanced their functions of isolating soft tissue and inducing bone and vascular regeneration. In addition to the improvement of the preparation strategy, many studies have also explored the application of GBR membranes, mainly including its promotion of bone regeneration, angiogenesis and antibacterial ability. However, the current research on GBR membrane is still not mature enough. In addition, the latest preparation strategies to improve the performance and the GBR membrane’s specific application and progress of the GBR membranes in the induction of periodontal bone defects are not completely clear.
Herein we reviewed the relevant literature on the application of GBR membranes to promote the regeneration of periodontal bone defects in recent years. This paper mainly describes the preparation of commonly used natural and synthetic resorbable membranes, as well as the latest preparation strategies of new hybrid membranes. In addition, the specific application and progress of inducing periodontal bone regeneration were described in detail, so as to provide theoretical basis and ideas for further application of GBR membrane to promote periodontal bone defect repair in the future.
2 OVERVIEW OF GBR MEMBRANES
In 1982, Nyman et al. (1982) formed a new attachment to the tooth in humans by directing periodontal tissue regeneration using a barrier membrane. Subsequently, the study of dental regeneration has attracted attention. Surgical protocols such as GBR have been widely accepted for the management of periodontal regeneration (An et al., 2022).
The principle of GBR is based on the shielding function of the membrane, which maintains space for tissue regeneration and selectively guides periodontal ligament-derived cells or bone formation cells into the defect area (Ahn et al., 2020). GBR membranes can hinder epithelial and connective cells into bone defect areas to increase the ability of damaged periodontal tissue to regenerate, with new bone, periodontal ligament, and cementum formation (Zhou et al., 2021). It has been reported that periodontal tissue regeneration requires continuous membrane shielding for 4–6 weeks, while bone regeneration enhancement requires continuous membrane shielding for 16–24 weeks (Hoornaert et al., 2016; Caballé-Serrano et al., 2017). As a result, GBR membrane needs to remain between the gum and alveolar bone longer. In addition, an ideal GBR membrane should have the following characteristics: biocompatibility (prevent adverse reactions with the surrounding tissue and with the organism; prompts the membrane to integrate into the tissue without triggering an inflammatory response); dimensional stability (positioning and shape of the membranes should remain unaltered till degradation); tissue integration (favor the embedding in the surrounding tissue and allow a progressive integration of collagen fibers); handling (the membranes should be managed and easily placed over the defect); selective permeability (membranes should be able to exclude unwanted epithelial cells while allowing osteogenic cells to proliferate); space-forming function (to provide space for a stable blood clot, to allow bone regeneration) (Calciolari et al., 2018).
In the clinical treatment of periodontal bone defects, a non-resorbable membrane is the earliest barrier membrane used in GBR. Its excellent biological characteristics can provide a durable barrier effect (Zelikman et al., 2022). The first non-resorbable membrane made of polytetrafluoroethylene (PTFE) for clinical application has been shown to have excellent mechanical strength, good biocompatibility, significant chemical and thermal stability, and low surface friction, which can effectively induce periodontal bone regeneration (Xie et al., 2020). However, non-resorbable membranes require a second surgical removal at a later stage of injury healing, which is more invasive for the patient (Lin and Chiu, 2021). In addition, the non-resorbable membranes cannot be exposed to the oral environment. If the membranes accidently exposed early, it may lead to more bacterial contamination and a greater incidence of dehiscence, compromising the regeneration outcome and increasing the technical difficulty of its application during surgery (Di Raimondo et al., 2021). Researchers introduced resorbable barrier membranes to overcome the limitation of non-resorbable membranes made from degradable materials. Most resorbable membranes are made of collagen, and collagen membrane (CM) is degraded into carbon dioxide and water by endogenous collagenase in the body (Bunyaratavej and Wang, 2001). Apart from the unnecessary second surgical intervention to eliminate the membrane, bioresorbable membranes present added advantages: improved soft tissue healing, the integration of the membranes by the host tissues (subject to material properties), and quick resorption in case of exposure, thus eliminating open microstructures prone to bacterial contamination and self-limiting infection (Ul Hassan et al., 2021). Turri et al. (2016) have shown that CMs act as bioactive compartments rather than passive barriers. They attract cells into the bone defect area, which secrete signals for bone regeneration and remodeling, and promote the expression of chemotactic factors, thus modulating the overall osteogenic process. Moreover, CM may adsorb mediators and growth factors released by bone and cells, thereby enhancing the effect of GBR. However, the main shortcomings of resorbable membranes are their fast degradation rate and poor mechanical properties (Di Raimondo et al., 2021). Studies in several animal models have shown that native CMs have markedly reduced their thickness between 2, 4 weeks after implantation and are completely absorbed between 4, 12 weeks, which may limit their barrier properties, especially in large bone defects (Schwarz et al., 2006; Schwarz et al., 2008). In addition, the poor mechanical properties of the resorbable membranes may fail to withstand the pressure of overhanging gingiva, resulting in plastic deformation to compress the space for bone regeneration and compromise the efficiency of bone regeneration (Meinig, 2010). Therefore, resorbable membranes are often combined with dental implants or bone graft materials in clinical applications. Resorbable membranes usually require a large amount of filling material to maintain space; they may even require micro-star screws to fix the membranes to the defect to reduce the risk of membrane collapse and improve its retention and stability (Masoudi Rad et al., 2017; Jabbari et al., 2019). However, the micro-star screws needs to be removed a second time and cannot be implanted minimally. So while this increases the success rate of treatment, it also increases the cost of surgery [7–9]. Additionally, most resorbable membranes used in clinical practice are of animal origin and therefore cannot completely eliminate the risk of infection by transmission of unknown animal diseases (Thieu et al., 2021; Zhang et al., 2021).
In recent years, to further improve the application of GBR membranes, a new generation of synthetic biodegradable polymer membrane has been developed in bone tissue engineering, aiming to expand the physical properties and biodegradation rate of the resorbable membrane. Synthetic biodegradable polymer membranes usually include polyester, polywater, polyurethanes, etc. This new class of GBR membrane has many advantages such as controlled biodegradation, adequate mechanical strength, low stiffness, manageability, processability, and drug encapsulation, and it has been widely used in GBR. However, pure polymers may have drawbacks such as hydrophobic properties or relatively low bioactivity in the application of GBR (Abdelaziz et al., 2021). Therefore, currently, developing novel GBR membranes with desirable properties by blending various polymers and/or combining them with other substances such as bioactive components has become a research hotspot in recent years (Aprile et al., 2020; Ward, 2022).
In summary, the GBR technique is the most commonly used method to guide periodontal bone tissue regeneration and shows an excellent therapeutic effect. This technique is based on the rejection of soft tissue by the GBR membranes to maintain an optimum spatial environment for bone regeneration. Currently, the commonly used GBR membranes include non-resorbable membranes and resorbable membranes. Among them, non-resorbable membranes need to be prevented from early exposure to the oral environment and require to be removed by a second operation later, increasing the difficulty of operation and the risk of complications such as infection. Therefore, the development of resorbable membranes has become the focus of the application of GBR technology. However, the resorbable membranes made from natural polymers have low mechanical properties and a fast degradation rate. While the resorbable membranes made from synthetic polymers have controllable degradation rates, mechanical properties, high processing flexibility, and drug embedding ability, so the synthetic biodegradable polymer membranes have been widely used. In addition, resorbable polymers are often used in combination with other bioactive components or inorganic substances to obtain a better ability to induce periodontal bone tissue regeneration.
3 PREPARATION OF GBR MEMBRANES FOR PERIODONTAL BONE DEFECT REGENERATION
In recent years, the research on the advantages and disadvantages of different GBR membranes and their performance optimization have attracted extensive attention (Abe et al., 2020; Guo et al., 2020). It is still a significant challenge to fabricate a GBR membrane with all the expected properties because the structure morphology and material composition are the key factors affecting the physicochemical and biological properties of the GBR membrane (Raina et al., 2019). Due to problems such as uncontrolled early exposure, bacterial contamination, and a higher incidence of dehiscence that may jeopardize regeneration outcomes in non-resorbable membranes, bio-resorbable membranes have emerged the first choice for GBR procedures (Abe et al., 2020). At present, researchers mainly focus on the development and the improvement of the application in periodontal bone defects of natural polymer membranes resorbable membranes, synthetic polymer membranes resorbable membranes, and novel GBR membranes, aiming to obtain an ideal GBR membrane that can effectively achieve barrier function and accelerate the reconstruction of periodontal bone defects.
3.1 Natural polymer resorbable membranes for periodontal bone defect regeneration
Resorbable membranes can be fabricated from natural polymers, including proteins (e.g., collagen, silk, fibrinogen, and elastin) and polysaccharides (e.g., cellulose, chitin, and glycosaminoglycans). Resorbable membranes can be prepared from natural polymers, including proteins (e.g., collagen, silk, fibrinogen, and elastin) and polysaccharides (e.g., cellulose, chitin, and glycosaminoglycans) (Mano et al., 2007). Collagen is the main organic component of natural bone, which has good biocompatibility and tissue repair ability. Collagen is an ideal material for preparing GBR membranes (Chu et al., 2017). The natural collagen membrane is the most popular choice amongst patients and dentists due to the ease of operation and the fact that it does not require follow-up surgery. This method is mainly used to correct a small range of bone defects, including fenestration and fracture (Chiapasco and Casentini, 2018; Neto et al., 2020). Natural polymers are generally considered safer, more biocompatible, and more biodegradable than synthetic polymers. They also can present receptor-binding ligands to cells in addition to susceptibility to cell-triggered proteolytic degradation and natural remodeling (Pişkin, 1995; Sbricoli et al., 2020). Recently, the most widely used CMs are those made of native porcine collagen, shown in both small and large animal models, good barrier capability with the concomitant promotion of cell migration and angiogenesis (Schwarz et al., 2008; Sanz et al., 2019). The success of GTR membranes depends on achieving the repair of the large area through osteoconductivity, mechanical stability, and equilibrium between the degradation rate of membranes and tissue regeneration to restrict epithelial cells’ ingrowth (Sheikh et al., 2016; Sun et al., 2017). Poor mechanical properties and fast degradation rate are the main reasons for the failure of natural polymer resorbable membranes. Therefore, the improvement methods have been explored and made effective progress in several studies (Luo et al., 2021; Chen et al., 2022).
3.1.1 Mechanical properties of natural resorbable membranes for periodontal bone defect regeneration
Regarding the effect of the type of additional fixation on the process of bone formation, it is known that intermediate tissues, such as fibrous tissue, cartilage, and woven bone, precede final bone formation, with the mechanical loading affecting the regeneration process and different stress distribution supporting or inhibiting differentiation of particular tissue phenotypes. During the repair and regeneration of periodontal bone defects, it is known that intermediate tissues, such as fibrous tissue, cartilage, and woven bone, precede final bone formation. GBR membranes not only need to withstand the forces generated during surgery but also need more time to cope with the stresses generated by tissue growth and physiological activities (Lacroix and Prendergast, 2002; Tejeda-Montes et al., 2014). In addition, it is necessary to cut and shape the membranes according to periodontal defects with different morphology during the placement of the membranes into the bone defect. At this stage, membrane hardness is of great importance (Rowe et al., 2016). Achieving a balance between stiffness and flexibility in membrane formulations developed for GBR is necessary and important for the success of the GBR procedure (Rowe et al., 2016). Appropriate mechanical strength makes GBR membranes not only prevent membranes collapse from maintaining tissue living space, give full play to its barrier role, but also easy to operate in vivo to avoid damage to surrounding tissues (Bottino et al., 2012). In addition, the mechanical stability of GBR membranes also plays an important role. Studies have shown that micromovements between bone and any implanted material prevent bone formation, resulting in the development of fibrous tissue (Ducheyne et al., 1977). Adequate stability and minimal stress are required to allow the early tissue infiltrating through the pores to differentiate into the bone by direct or appositional bone formation (Gutta et al., 2009). It has been observed that bone formation is significantly enhanced when the resorbable membrane is tightly attached and immobilized to the bone surface (Amano et al., 2004). To maximize membrane stability, the use of membrane-fixing pins has been suggested. However, the corresponding mechanical load on the process of bone formation is due to different additional fixation methods and then affects bone regeneration (Amano et al., 2004; Dimitriou et al., 2012). Studies have shown that high shear strain and fluid flow stimulate fibrous tissue formation, whereas lower levels stimulate cartilage formation, and even lower levels favor ossification (Stetzer et al., 2002). It has been demonstrated in vivo that there is more rapid and more organized new bone formation stimulated by appropriate mechanical load imposed by resorbable CM-covered plate bone internal fixation compared to non-rigidly fixed defects (Stetzer et al., 2002). In addition, the formation of the new vascular network necessary for bone regeneration is affected by mechanical loading, and appropriate stress stimulation promotes vascular remodeling (Boerckel et al., 2011). Many studies have shown that the success rate of GBR surgery in repairing periodontal bone defects is closely related to the membranes’ spatial maintenance ability and stability. Sufficient mechanical strength and stability are the key factors for the effective induction of bone regeneration by GBR membranes (Wessing et al., 2018; Shahdad et al., 2020). The evaluation of mechanical properties includes many aspects, and tensile tests are often used as the first method to obtain information about the mechanical properties of membranes (Zhou et al., 2021; Chen et al., 2022). The tensile strength of pure PCL membrane was 1.63 ± 0.67 MPa. The value of pure fish collagen was 6.72 ± 0.44 Mpa. The maximum tensile stress of common commercial membranes was also different: Bio-Gide (4.8 MPa), Collprotect (13.1 MPa)and Jason (13.0 MPa). GBR membranes that induce periodontal bone regeneration have been reported to have ultimate tensile strength values between 1 and 20 MPa (Ortolani et al., 2015; Moonesi Rad et al., 2019). In addition to evaluating the strength of the membrane, the strain capacity, elastic modulus, and elongation rate of the membrane are also commonly used to assist in the evaluation of mechanical properties. However, increasing the strength usually leads to a decrease in elongation. For example, the Elastic modulus of pure PCL membrane is 0.18 ± 0.04 MPa, and the failure strain is 106.14 ± 23.29. A new type of PCL membrane was prepared by adding Silica Gel to the PCL membrane. The results showed that the strength and elastic modulus of the hybrid membrane containing 40% silica Gel were 5 and 8 times higher than those of the pure PCL membrane, respectively. The failure strain was 28.92 ± 8.41 (Lee et al., 2016). In addition, studies have shown that the thickness of common commercial collagen membranes varies from 0.2 to 0.4 mm. The thickness of the membrane is closely related to the cell adhesion and swelling properties of the membrane, and it changes instably during tissue regeneration. The change of the thickness of the membrane will have a certain impact on the mechanical properties of the membrane. Therefore, relevant comparisons should be made as comprehensively as possible in the evaluation and reinforcement of membrane mechanical properties (Lee et al., 2016; Pouroutzidou et al., 2022).
Recent clinical studies have shown that the hybrid CMs prepared by blending multi-component natural substances can effectively strengthen the membrane’s mechanical properties and ensure its spatial maintenance ability (Luo et al., 2021). Luo et al. (2021) reported that a composite membrane with good mechanical properties was prepared by mixing Silk fibroin (SF) and collagen using green papermaking. Silk fibroin (SF) from Bombyx mori, a versatile natural fibrous protein, has been extensively used in bone tissue engineering applications owing to its low immunogenicity, slow degradability, and feasible mechanical properties (Melke et al., 2016). Studies have shown that a hybrid membrane consisting of a large amount of SF(75%) and a small amount of collagen (25%) can maintain long-term mechanical properties after implantation. SF provides a remarkable combination of strength and toughness to maintain enough stability (Wu et al., 2017). In addition, the collagen content blended with SF membranes can be selected depending on the level of mechanical property and biodegradation time required of the regenerating tissue, then GBR membranes with specific mechanical strength and stability are prepared (Luo et al., 2021). The good mechanical properties of the composite membranes can also be attributed to its new preparation method. Traditionally, the main and common methods such as electrospinning, rapid prototyping, particulate leaching, and solvent-casting have been applied to fabricate GBR membranes (Masoudi Rad et al., 2017; Jian et al., 2019). However, the protein conformation (composed mainly of β-sheet) and the parallel-fibrillar structure of SF fibers may be disrupted by directly solvent casting and electrospinning, resulting in the mechanical degradation of SF membranes (Keten et al., 2010). To overcome this limitation, tannic acid (TA), a low-cost natural polyphenolic compound extracted from plants, was used to modify electrospun SF nanofiber membranes. The large polyphenolic groups in TA were combined with SF protein to induce the conformation of SF molecule into a tight β sheet, and the mechanical properties of SF membranes were successfully improved (Luo et al., 2020; Zheng et al., 2020). In addition, recent studies have reported that there will be less damage to SF molecular structure and better mechanical properties of nanofibers if the nanofibers are extracted directly from SF by the physical shearing method (Ang et al., 2020; Li et al., 2021). Chen et al. (2022) also successfully obtained SF membranes with good mechanical properties through this method. However, collagen cross-linking is the most common way to improve the mechanical properties of the most widely used native CM (Khorsand et al., 2019; Liu et al., 2020). Ahn et al. (2020) directly used 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) with low cytotoxicity as a cross-linking agent and successfully obtained GBR membranes with good mechanical properties. Studies have shown that the interaction between collagen molecules and the structural integrity of collagen molecules have been improved, finally strengthening the mechanical properties of the membranes (Speer et al., 1980).
In summary, the success rate of GBR surgery is closely related to the mechanical properties of GBR membranes in repairing periodontal bone defects. Good mechanical strength and stability can prevent the collapse of GBR membranes to maintain the space for bone regeneration and give full play to the barrier function of membranes, effectively promoting bone formation. In current studies, the mechanical properties of GBR membranes can be effectively strengthened by blending multi-component natural materials, and even the customized mechanical strength and stability of GBR membranes can be obtained by adjusting the ratio of different components. In addition to changing the material formulations of GBR membranes, many studies have proved that the mechanical properties of natural resorbable membranes can also be effectively improved by modifying some compounds, such as TA. Many novel preparation methods, such as physical shear or EDC-collagen cross-linking, can enhance the mechanical properties of natural resorbable membranes. However, although several strategies effectively improve membrane mechanical properties, their clinical performance has not been systematically tested and compared, and further research and testing are still needed.
3.1.2 The degradation performance of natural resorbable membranes for periodontal bone defect regeneration
Similar to CM, most natural polymer-resorbable membranes have the advantage of having a small inflammatory response and no cytotoxicity. However, due to the macrophage and polymorpho-nuclear leukocyte-derived enzymatic activities, the degradation of the barrier membrane starts soon after implantation. The rapid degradation of the barrier membrane results in the inability to achieve its desired barrier effect, which ultimately leads to surgical failure (Mir-Mari et al., 2017; Meyer, 2019). Several studies have shown that membranes’ integrity was well maintained during the first 14 days. However, there is a significant reduction in membrane thickness from 14 to 30 days of healing and a significant reduction in the total amount of collagen. Nevertheless, bone formation was occurring incorporating fragments of the degraded collagen fibers at 30 days (Moses et al., 2008; Kozlovsky et al., 2009). It has been suggested that a 1-month barrier function time for each millimeter of bone regeneration is needed (Guarnieri et al., 2015). Depending on the size of the periodontal bone defects and the graft materials, the time required for bone regeneration and healing varies greatly. Generally, bone grafts in the mouth heal after 3–9 months, whereas larger alveolar bone defects require longer to regenerate and heal (Triplett and Schow, 1996; Laurencin et al., 2006). Ideally, the membranes’ biodegradation rate should match the new tissue formation rate with no residual materials left (Sbricoli et al., 2020). The regeneration rate of bone tissue is much slower than that of connective tissue in periodontal bone defects. Hence, the barrier membranes’ degradation rate should match the bone healing rate. In order to provide mechanical support during bone formation, the integrity and stability of membranes should be guaranteed in the range from 4 weeks, when the bone remodeling phase starts, up to several months (Sánchez-Fernández et al., 2021). The degradation time of natural resorbable membranes depends on the tissue origin and manufacture process. For example, Collatape, made of bovine collagen, presents a barrier effect of 1–2 weeks, whereas Botiss Jason, made of the porcine pericardium, and Copios Extend, made of the porcine dermis, present a barrier effect of 8–12 and 24–36 weeks, respectively (Sbricoli et al., 2020). To improve the degradation resistance and prolong the barrier effect of CM and other natural resorbable membranes, researchers have proposed various methods, such as cross-linking or larger and thicker membranes (Jiménez Garcia et al., 2017). Multiple studies have cross-linked existing collagen fibers based on physical (UV irradiation), chemical (glutaraldehyde, hexamethylene diisocyanate, diphenyl phosphoryl azide), and enzymatic (ribose) interactions produce resorbable cross-linked CM effectively improving CM persistence (Petite et al., 1994; Olde Damink et al., 1995; Weadock et al., 1995; Behring et al., 2008; Aprile et al., 2020). Moses et al. (2008) reported that the improvement of the persistence of cross-linked CM may be due to its resistance to enzymatic degradation during bone regeneration, and the persistence of CM is prolonged with the increase of cross-linking ratio. However, the enzyme activity in the tissue may increase under pathological conditions, affecting the regeneration of bonePLA, PCL tissue in the defect area and leading to accelerated CM degradation (Eliezer et al., 2022). Several studies have shown that compared with normal rats, the inflammatory infiltration in CM of diabetic rats is more obvious, and the number of macrophages and endothelial cells is significantly increased (Eliezer et al., 2013; Moses et al., 2016). These cells also can secrete the matrix metalloproteinase. While the activity of these proteinases likely contributes to both the host defence function of macrophages and normal tissue remodeling and repair (Campbell et al., 1991), various reports have shown that it is also the main reason for the accelerated degradation of CM (Moses et al., 2016). Eliezer et al. (2022) showed that compared with non-immersed CM, the degradation of CM could be delayed, which is immersed in cross-linked high molecular weight hyaluronic acid (CLHA) for type 1 diabetic rats. Hyaluronic acid is a natural glycosaminoglycan. It is an essential component of connective tissues and plays an important role during wound healing (Croce et al., 2001). CLHA can reduce the production of inflammatory cytokines such as interleukin (IL)-1β, showing anti-inflammatory effect (Mitsui et al., 2008). The reason for this is likely linked to a phenotypic switch macrophages undergo when they are in contact with Hyaluronic acid. M1 macrophages mainly play a role in pro-inflammatory and immune clearance by secreting pro-inflammatory factors, thereby killing pathogens and tumor cells. M2 macrophages are mainly involved in anti-inflammatory and wound healing by secreting anti-inflammatory and growth factors. Promoting phenotypic polarization of M2 macrophages can effectively promote angiogenesis and bone healing. Macrophage phenotypes depend on the molecular weight of HA. At LMW of HA, macrophages have pro-inflammatory response and at HMW of HA, macrophages have anti-inflammatory and pro-resolving responses. Therefore, the immersion of CM in CLHA before implantation may slow down the degradation of CM by reducing the number of infiltrating macrophages, thus prolonging the maintenance time of CM thickness and collagen density, then better preserving the barrier function of CM (Eliezer et al., 2022). In addition to reducing the release of enzymes directly by reducing the number of inflammatory factors such as macrophages by anti-inflammatory substances, reducing the susceptibility of native membranes to enzymatic degradation by macrophage-released lysozyme can also slow the rate of membrane degradation. Murali et al. (2021) prepared modified electrospun CM including acetic anhydride (AA) and hexanoic anhydride (HA) using electrospun chitosan membranes (ESCM) modified with short-chain fatty acids. Studies have shown that compared with HA membranes, AA membranes are more hydrophilic and able to absorb more fluid, leading to more cell infiltration and faster membrane degradation. HA membranes have a slower degradation rate which will lead to a better barrier effect. HA membranes are more suitable for the regeneration of large periodontal bone defects. This may be due to the increased hydrophobicity of the membranes with increasing length of short-chain fatty acids, which slows the hydrolysis of HA from the polymer chains thereby reducing their susceptibility to enzymatic degradation by macrophage-released lysozyme (Murali et al., 2021).
In summary, GBR membranes must have a degradation rate that matches bone tissue formation to achieve effective regeneration of periodontal bone defects. It is of great significance to select the appropriate material sources and preparation methods for applying GBR membranes to promote bone regeneration because the degradation rate of natural polymer absorbable membranes is affected by the origins and manufacturing process of the tissue. In addition, the material sources of the natural membrane itself, the natural structure and properties, and the properties of the surrounding environment have an important impact on membrane degradation. It is the most common and effective way to improve the degradation rate of natural polymer membranes by using different degrees of collagen cross-linking to enhance CM’s molecular structure and enzymatic degradation resistance. However, the internal environment of the tissue under pathological conditions causes many inflammatory cells to infiltrate into the implanted GBR membranes, leading to rapid membrane degradation. Studies have shown that improving the hydrophobicity of membranes by anti-inflammatory factor infiltration or short-chain fatty acid molecular modification can effectively reduce the release of inflammatory factors or improve their susceptibility to enzymatic degradation, ultimately achieving the improvement of membrane degradation rate. However, the clinical application of these membranes needs to be further evaluated, such as their potential to induce bone healing in the presence of graft materials or periodontal bone defects of different sizes.
3.2 Synthetic polymer resorbable membranes for periodontal bone defect regeneration
Synthetic absorbable barrier membranes can be made of aliphatic polyesters, e.g.,.poly (glycolic acid) (PGA), poly (lactic acid) (PLA), and their copolymer poly (lactide-coglycolide) (PLGA) (Van et al., 2022). Compared with CMs, studies have shown that synthetic polymers such as PLA have more advantages as membrane structures in terms of early volume changes of bone defect healing. In the middle of healing, a synthetic absorbable barrier membrane can produce an ideal isolation effect due to its slow degradation rate (Won et al., 2016). In the later stage, bone tissue repair may be derived from the physical and chemical properties of the material itself or the degradation products of the synthetic polymer resorbable membranes (Zhang et al., 2020). Studies have shown that the GBR membranes made of PLA or its copolymers have good biocompatibility, high mechanical strength, slow degradation rate, and no risk of animal-derived infection or cross-species immune response. It has a significant osteogenic effect when applied to periodontal bone and mandibular alveolar bone defects (He et al., 2019; Xia et al., 2019; Abdelaziz et al., 2021). In addition, the key reason that synthetic resorbable membranes could appear as an alternative to CMs and synthetic non-resorbable membranes is that their physicochemical properties can be regulated by synthetic materials and the preparation methods for effective control, including the size, shape, porosity, mechanical properties, degradability, depending on the nature of the application and the specific requirements (Zahid et al., 2019; Aprile et al., 2020). However, studies have shown that most synthetic polymers have high hydrophobicity, which leads to poor cell adhesion behaviors and limits bone tissue regeneration (Aprile et al., 2020; Abdelaziz et al., 2021). Although it has been studied that PLGA membranes modified with RGD adhesion peptide can effectively improve cell adhesion, most studies are still devoted to improving membrane hydrophobicity. In addition, studies have shown that the osteogenic activity of synthetic polymer membranes is often lower than that of native membranes, which also limits their clinical application (Tryba et al., 2022). Therefore, improving the hydrophobicity, cell adhesion, and osteogenic activity of synthetic polymer resorbable membranes is the main challenge for clinical development and application.
3.2.1 The hydrophobic of synthetic polymer resorbable membranes for periodontal bone defect regeneration
In contrast to the enzymatic degradation of native membranes, synthetic membranes are often reabsorbed by non-enzymatic (hydrolytic) cleavage to form pyruvate and lactate (Bottino et al., 2012). Thus, although synthetic polymers are biodegradable and non-cytotoxic, their rapid degradation may release acidic by-products and cause localized foreign body reactions, characterized by presence of macrophages and intracellular remnants of the polymer, which may cause an immune response (Liu and Kerns, 2014). However, too slow degradation of the synthetic polymer resorbable membranes is not conducive to realizing the GBR program due to the high hydrophobicity (Miroshnichenko et al., 2019). For example, PLA is more hydrophobic than PGA, and degradation time is much longer. In vivo degradation of PLA lasts more than 4 years, but copolymerization with PGA or PCL reduces resorption time to less than 1 year, which is better for GBR (Gentile et al., 2011). One should not confound resorption time and persistence of barrier effect, which is always at least 2 times shorter. Most membranes provide an effective barrier during at least 6 weeks and up to 24 weeks (Wang et al., 2016). In addition, the hydrophilicity and hydrophobicity of the membrane molecules and the wettability of the membrane surface affect the adsorption of extracellular matrix proteins, deposition of platelets, formation of blood clots, and adhesion and morphology of progenitor cells with osteogenic differentiation potential (Hunter and Ma, 2013; Wang et al., 2016). Higher hydrophobicity limits the interaction between polymer and cells, reducing the adhesion of the GBR membrane surface to osteoblasts and fibroblasts and hindering bone tissue regeneration (Hunter and Ma, 2013). The synthesized polymer membranes should have appropriate hydrophobicity and degradation rates to achieve membrane degradation that matches tissue healing. PCL is a semicrystalline hydrophobic biodegradable polyester with good mechanical and degradation properties and tunable microstructure. It is a widely used GBR membrane preparation material in clinical practice (Wissing et al., 2017). As with most synthetic polymers, the high hydrophobicity of PCL results in poor cell adhesion and other behaviors compared to native extracellular matrices (Croll et al., 2004). In order to improve the hydrophilicity of pure PCL membranes, Tais et al. (Costa Salles et al., 2020) modified the hydrophobic surface of PCL membranes using plant extracts Pterodon pubescens Benth (P. pubescens) and Arrabidaea chica Verlot (A. chica). Fibrous membranes associated with plant extracts P. Pubescens, and A. chica showed hydrophilic properties, higher wettability, and zero water contact angles compared with controls. Water contact angle measurement has been shown to provide information about hydrophilicity and hydrophobicity of the membrane surface. The lower the contact angle, the higher the surface hydrophilicity. When the contact angle was lower than 80, osteoblasts’ and fibroblast adhesion was maximum (Shah et al., 2019). Studies have shown that there are free hydroxyls (OH) in the A. chica extract, which leads to its being highly hydrophilic (Aro et al., 2013). When PCL was combined with P. Pubescens, the release of A. chica was increased, which positively affected the adhesion and proliferation of fibroblasts, proving the potential application value of these modified membranes in guiding the regeneration of periodontal bone tissue (Costa Salles et al., 2020). Not only by using plant extracts, hydrophilicity can also be improved by adding bioactive inorganic particles such as hydroxyapatite (HAp), tricalcium phosphate, and bioactive glass (BGs) (Jo et al., 2009; Zhang et al., 2009). Another fast degradable component with good biocompatibility and hydrophilicity can improve the biodegradability and hydrophobicity of the PCL matrix. However, Several synthetic bioresorbable polymers, such as PLA, PCL, and PLGA, have been used to balance resistance and stiffness. The addition of bioactive inorganic particles to these polymers leads to a significant increase in stiffness, and the resultant composites present high elastic module values (Castro et al., 2018; Zhang et al., 2020). The elastic modulus of Jason membrane is 178.9MPa, and its maximum tensile strain (%) is 17.9. In contrast, the Bio-Gide film has an elastic modulus of 15.7 MPa and a maximum tensile strain (%) of 46.8 (Zitzmann et al., 1997). High elastic module values may impair the handling, making their adaptation in different surgical site configurations difficult and may lead to clinical drawbacks like soft tissue dehiscence (Rakhmatia et al., 2013). Therefore, when combining with other hydrophilic substances to modify synthetic polymers, it is necessary to pay attention to the selection of materials and whether the modification destroys the original physical structure and chemical properties of synthetic materials. Studies have found that the polybutylene adipate terephthalate (PBAT), a biodegradable aliphatic-aromatic polyester composed of adipic acid, 1,4-butanediol, and terephthalic acid, is highly flexible compared with conventional synthetic polymers. PBAT allows the incorporation of inorganic particles into its structure without compromising its handling (Jones, 2015; Kashani Rahimi et al., 2017; Wang and Yeung, 2017). Gabriela et al. (Balbinot et al., 2021) successfully prepared a PBAT/BAGNb composite GBR membrane with tailored surface properties and osteogenic induction activity by adding niobium-containing bioactive glasses (BAGNb) to PBAT. The addition of BAGNb moderately strengthened the membrane’s stiffness, reduced the membrane’s water contact angle, and promoted higher interaction between the membrane, blood, and surrounding cells (Verné et al., 2009). Compared with traditional surface modification strategies, coating surface modification can significantly improve cells’ hydrophobicity and adhesion properties. The solid hydrophobic substrates allowed the silk proteins to form a coating of various thicknesses. Previous studies have successfully used recombinant spider silk proteins to coat hydrophobic polymers for biomedical applications and improved their wetting capacity (Harris et al., 2016; Tasiopoulos et al., 2020). The PTFE is a hydrophobic material described by low surface energy and high contact angle (>110°) to water-based compounds. The water contact angle further increases due to the porosity of extended PTFE and can reach up to 160°. Harsh as well as milder surfactants have also been used to improve the wetting and make PTFE substrates more favorable to protein-based solutions. In order to achieve a complete wetting of the porous PTFE membrane, a liquid that intrinsically has a low contact angle (<90°) on the material has to be utilized and then gradually being replaced by water, without introducing entrapped air. The lowest contact angle toward PTFE is reported to be possessed by nonpolar aprotic liquids. This result is because membranes modified with coatings such as natural polymers can better mimic the physiological conditions of the specific cell niche. However, it remains a significant challenge to precisely mimic the physiological state of the particular cell niche in clinical applications (Ejeian et al., 2020). Therefore, some studies use metal-organic framework materials (MOF), which have a wide range of physical and mechanical properties of MOF materials and structural flexibility, as a viable platform for multifactorial control of cell-substrate interaction. And they have achieved good application results (Ejeian et al., 2020). Fatemeh et al. (Ejeian et al., 2020) used the zeolitic imidazolate framework-8 (ZIF-8) commonly used in MOF to crystallize in situ on the polydopamine (PDA) modified membranes, which significantly improved the wettability of the substrate and increased the primary attachment of human dental pulp stem cells (hDPSCs). Previous studies demonstrated the physical properties of the ZIF-8 compact layer. The thickness of this compact layer is about 800 nm, and it has a significant adsorption capacity for silver particles. The polypropylene (PP) membranes modified by PDA/ZIF-8 showed a significant increase in surface hydrophilicity, which can effectively support the growth and proliferation of hDPSCs. In the same way, Julia et al. (Higuchi et al., 2019) used hydroxyapatite nanoparticles (HANPs) coating to modify poly (D, Polymer blends of Poly (D, L-lactic acid) (PDLLA)/PLGA electrospun membranes can effectively improve their hydrophilicity. Moreover, nHA may prevent the diffusion of intermediate degradation products out of the polymer, slowing down the pH drop (Cao et al., 2012). As a result, the acidic autocatalytic degradation of the polymer is slowed down, so that possible inflammation reactions could be avoided or be less severely present, and promoting the membranes to exhibit satisfactory mechanical properties. This study also compares the two methods:sonocoating and electrospraying of nHA suspensions. The results showed that sonocoating was more effective in improving osteocyte adhesion, structural stability, harmful pH changes, and wetting properties and may prolong membranes degradation time, which may be used in the treatment of periodontal bone defects (Higuchi et al., 2019).
In summary, the hydrophilicity/hydrophobicity of synthetic polymer resorbable membranes is of great significance in their preparation and application. Too hydrophilic or hydrophobic polymers may adversely affect the successful implementation of the GBR process since synthetic polymers need to be degraded by hydrolysis. Due to the high hydrophobicity of most synthetic polymers, which leads to poor cell adhesion and other behaviours, recent studies have paid increasing attention to reducing the hydrophobicity of the prepared membranes. In current studies, the degradation and hydrophobicity of synthetic polymer matrix can be effectively improved by copolymerizing a variety of polymers or adding other hydrophilic components. However, it is necessary to pay attention to avoid affecting the excellent mechanical properties and other chemical properties of the synthetic membrane itself when applied with other substances. In addition, many studies have shown that compared with other traditional methods, surface coating modification is a better way to improve the hydrophobicity of composite membranes. However, various methods to enhance the hydrophobicity of synthetic polymer membranes are still not widely used in practice. Therefore, further exploration and comparison are needed in the future to obtain more acceptable preparation or modification methods.
3.2.2 The biological activity of synthetic polymer resorbable membranes for periodontal bone defect regeneration
Ideally, GBR membranes require good mechanical properties in combination with space retention and handling capacity. In addition, biological activities should be combined in GBR membranes to promote cell activity and bone repair (Sbricoli et al., 2020). One of the critical factors for the success of GBR is that the membranes have good bone conductivity and osteoinductive properties. They can effectively promote bone growth while avoiding the migration of ectopic osteogenic epithelial cells. Studies have shown that although bone graft materials covered with PLA membrane can form mature bone similar to CM produced, the lack of bone conductivity of PLA membrane hinders its ability to promote bone regeneration, which is not conducive to the realization of GBR (Hwang et al., 2020). Studies have proved that most synthetic polymer materials do not show great biological activity to promote bone formation and lack adequate handling capacity. Therefore, these materials cannot meet the requirements of wide application in different clinical situations and need to be combined with granular bone grafts to enhance the bone bioactivity and bone repair of synthetic polymer membranes (Shankar et al., 2018). HAp is the main inorganic component of enamel, dentin, and bone. Synthetic HAp is widely used as a component of bone and tooth fillers due to its good biocompatibility, bioactivity, and bone conductivity. Adding HAp and other bioactive inorganic particles into the polymers can induce bone conduction properties and accelerate the healing process (Tsai et al., 2019). These bioactive materials can form an apatite-like layer at the interface in vivo by undergoing specific surface reactions, which leads to developing a strong adherent bond with the host hard/soft tissues. The apatite layer stimulates osteoblasts (bone-forming cells) and promotes new bone formation in situ (Hench, 2006). Some studies have shown that Strontium (Sr) is a divalent cation that can partially substitute Ca2+ in the crystal lattice of HAp. Zhang et al. (Shankar et al., 2018) reported that strontium-substituted hydroxyapatite (SrHAp) has a higher solubility than pure HAp due to a difference in ionic radius, which contributes to perturbations in the crystal lattice. Tsai et al. (2018) introduced SrHAp fiber fragments into PCL for the first time to prepare GBR composite membranes. The results proved that PCL-SrHANF composite membranes could produce higher bioactivity and osteogenic potential than PCL membranes alone. The above results may be due to the that the Sr2+ ions released from the PCL–SrHANF membranes enhance the expression and activity of osteogenesis-related genes and proteins through the interaction of calcium-sensing receptor (CaR) with cells to activate inositol-1,4,5-triphosphate production and mitogen-activated protein kinase signaling, which regulate osteogenic differentiation (Caverzasio, 2008). In addition to SrHAp, some studies have shown that octacalcium phosphate (OCP) can also produce better bone induction performance than HAp. OCP can serve as a inductive factor for initiating bone deposition and directing osteoblast differentiation by releasing inorganic phosphate (Pi) ions when hydrolysed (Ishiko-Uzuka et al., 2017; Sai et al., 2018). Wang et al. (2020) introduced OCP into poly (3-hydroxybutyrateco-4-hydroxybutyrate) (P (3HB-Co-4Hb) to formed P (3HB-Co-4Hb)/OCP nanofiber membrane through electrospinning for GBR, which significantly increased the osteogenic activity of P (3HB-Co-4Hb) membrane. Therefore, the introduction of OCP is expected to improve the osteogenic and bone conductivity of synthetic polymers for medical applications. However, with the development of MOF nanostructures, many recent approaches have utilized MOF nanoparticles for improving osteoconductivity/osteoinductivity of standard bone substituents, such as titanium, poly-l-lactic acid, and calcium phosphate (Ejeian et al., 2020). MOF is a porous structure whose favorable nanostructural properties can minimize the requirement for bioactive inducible molecules and provide an alternative to chemical-based cellular microenvironments (Min et al., 2019; Ejeian et al., 2020). Fatemeh et al. (Ejeian et al., 2020) prepared a PP membrane modified by PDA/ZIF-8 coating, which showed superior osteogenic biological activity and could effectively support the growth and proliferation of DPSCs. In addition, it has been reported that adding alginate, gelatin, growth factors, and other active factors can also improve the bone-inducing activity of synthetic polymer membranes (Fuji et al., 2009; Kurobane et al., 2019).
In summary, the low bone conductivity and osteogenic induction properties of synthetic polymer materials limit synthetic polymer resorbable membranes’ effective potential for realizing GBR programs. Researchers often introduce HAp, SrHAp, OCP, and other bioactive inorganic particles to improve these defects, showing superior application potential to improve osteogenic induction activity. In addition to osteogenic cations such as Sr2+, newly developed MOF nanoparticles and different bioactive compounds such as growth factors can also modify the membrane surface to improve its bioactivity. However, using bioactive inorganic particles widely may change other physical properties of the membranes. It is necessary further to explore the study of MOF and bioactive compounds.
3.3 New structure composite membranes/blend membranes for periodontal bone defect regeneration
In the resorbable GBR membranes, the natural polymer resorbable membranes have good cell adhesion and biodegradation, but their mechanical strength is low, and the degradation time is short. Synthetic polymer resorbable membranes have good biological compatibility, controllable biodegradability, and machinability. However, the hydrophobicity of synthetic polymer resorbable membranes often limits cell adhesion and proliferation, and their low electrical conductivity of bone leads to insufficient osteogenesis induction activity, leading to poor or slow bone regeneration. To combine the advantages of various polymers and overcome their limitations, blends of these polymers are commonly used in clinical practice rather than using a single polymer. Furthermore, by adding active substances such as bioactive inorganic particles, antibacterial or osteogenic drugs, and growth factors, then optimizing the ratio of components of the blends, customized GBR membranes with great mechanical and biological properties can be obtained. This is the best way to prepare novel ideal GBR membranes (Abdelaziz et al., 2021; Niu et al., 2021). For example, Dina et al. (Abdelaziz et al., 2021) prepared electrospun nanofiber membranes by combining PCL and PLA/cellulose acetate (CA) polymer. Furthermore, silver nanoparticles (AgNPs) and HANPs synthesized in green were added to improve the antibacterial activity, bone conductivity and bone binding ability, respectively, successfully preparing a promising GBR fiber membrane. In addition, there are also studies designing and preparing the bilayer structure of GBR membranes by blending multi-components, showing superior GBR ability. (Figure 1F). Niu et al. (2021) used electrospinning technology to prepare polyamide-6/PA6/CS nanofiber membranes with higher toughness and good mechanical properties. Provides enhanced mechanical properties of the composite membranes; then, they prepared porous HANPs/PA6 membranes by solvent casting and evaporation on the surface of electrospun PA6/CS nanofiber membranes, which have good biocompatibility and bone conductivity, improving the bioactivity of the composite membranes and promoting the regeneration of periodontal bone defects. There are molecular interactions among PA6, HANPs, and CS, which can maintain the connection between the bilayer structures (Niu et al., 2021). Studies have shown that more and more studies have begun to pay attention to the development of bilayer or multilayer asymmetric membranes with graded structure or composition. Such membranes with unique designs can promote bone regeneration while making GBR membrane play a barrier role, showing good GBR effect, and is considered a perfect strategy to promote bone healing in recent years (Yazdani et al., 2018). The novel asymmetric membranes generally consist of two layers with different surface properties. One part of these membranes facing the bone tissue is loose, which has the appropriate pore size and porosity, and the other one that meets the epithelial tissue is dense. The open layer facilitates osseointegration and blood clot stabilization, whereas the thick layer isolates the bone defect from infiltrating fibrous tissue and enables nutrient permeation (Ma et al., 2014). Reza et al. (Moonesi Rad et al., 2019) developed an asymmetric bilayer membrane composed of a smooth layer of non-porous CA and a rough, porous fiber layer composed of CA/Gel, adding 7% boron-modified bioactive glass (7B BG). The gradient bilayer membrane with a good barrier and the ability to promote osteogenic differentiation has been successfully prepared, which has excellent potential to induce regeneration of periodontal bone defects. Studies showed that adding 7B BG improved the surface wettability and biodegradability of the fiber membranes. And hDPSCs exhibited better attachment, diffusion, and proliferation on the bilayer membranes containing 7B BG. In addition to the asymmetric bilayer structure, a novel three-layer functionally graded shell GBR membrane with BG gradients (50%, 25%, and 0% wt) was also prepared by lyophilization (Shah et al., 2019). The intermediate layer is also intended to promote better bone tissue regeneration (after degradation of the lower layer) and contribute to the mechanical properties of the membranes, so it contains a low BG nanoparticle content (25 wt%) to make it flexible during surgical management and maintain mechanical properties. It is worth noting that the development of asymmetric GBR membranes requires strict control of polymer properties, concentrations, solvents, and reaction conditions to regulate membrane porosity and surface area to obtain ideal GBR membranes with physical and biological properties (Zahid et al., 2019). In addition, selecting suitable solvents or materials that can form molecular chemical bonds between each other to form a firm adhesion between the two layers and avoid the separation of the two membranes has an essential impact on the success of GBR.
In summary, blending natural and synthetic polymers can combine the advantages of natural and synthetic materials, overcome their application defects, and obtain an ideal GBR membrane with superior cell adhesion, biocompatibility, mechanical properties, and degradation properties. However, more and more studies believe that the GBR membranes with the dual role of barrier and promoting bone regeneration is ideal and efficient, so developing novel asymmetric GBR membranes has attracted more and more attention. Asymmetric bilayer or multilayer membranes mainly include dense and loose layers. The dense layer mainly plays a barrier role, and the loose layer can effectively promote osteogenic differentiation. In addition, the combination of asymmetric membranes and bioactive inorganic particles or other substances can achieve a better GBR effect. However, although many asymmetric bilayers show sound osteogenic effects in vitro, their structures have not been fully defined in vivo. In addition, specific experiments on animal models of alveolar bone defects are still lacking. Future studies should further test the application effect of the novel composite/blended GBR membranes in good vivo alveolar bone defect models. (Tables 1, 2).
TABLE 1 | Characteristics and improvement strategies of resorbable membranes.
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At present, the newly designed membranes can often be used as a carrier or combined with drugs, active molecules, and other substances in some ways in the clinical application of GBR membranes to obtain good activity in promoting bone, vascular tissue regeneration, and antibacterial activity, finally achieving the recovery of periodontal bone defects.
4.1 GBR membranes promote bone regeneration in periodontal bone defects
Studies have shown that an ideal barrier membrane design should incorporate the function of a delivery vehicle for transporting drugs and osteoinductive factors to where the body is under inflammation. It can actively induce osteogenic differentiation or inhibit osteoclast resorption while playing a barrier role, promoting bone defect tissue regeneration (Zhang et al., 2017). For example, Lin and Chiu (2021) used calcium-type poly-γ glutamic acid (γ-PGA) to blend with glycerol to form a new barrier membrane, which has excellent swelling performance and can carry many drugs needed for bone repair (Li and Mooney, 2016). In addition, the use of GBR to deliver drugs can achieve local specific drug delivery and avoid repeatedly used over a long period of global drugs cause many side effects such as the development of bacterial resistance and local inadequate drug concentrations in the periodontal tissue and gingival crevicular fluid, showing a broad application prospect (Lavie et al., 2017; Magierowski et al., 2018). Generally, directly combined drugs into the GBR membranes lead to the fast release of the drugs from the membranes, subsequent in a high burst release and short release period. It often results in high local drug concentrations that inhibit osteogenesis (Slots and Ting, 2002). Therefore, achieving a controlled and slow release of drugs from GBR membranes is an important challenge (Ghavimi et al., 2020). Studies are developing sustained and controlled drug delivery systems (DDS) for GBR applications through nanotechnology. For example, with targeted and controlled release, polymer-based and lipid-based nanoparticles can reduce drug delivery time and avoid toxicity to other organs (Li et al., 2015; Wang et al., 2017). Natural polymers have become the best materials for preparing nanoparticles to avoid drug-related complications due to their biodegradable properties (Kumari et al., 2010). Zhang et al. (2017) prepared an asymmetric membrane as the aspirin local drug delivery system through cross-linked collagen containing aspirin-loaded chitosan nanoparticles (ACS) as the loose layer and chitosan, which degraded slowly as the dense layer. The results showed that ACS had an ideal controlled-release mode and significantly promoted the formation of new bone when the membranes were applied in rat cranial defect models. In addition to developing a controlled drug delivery system to promote bone regeneration, the selection of drugs delivered by the GBR membrane is also of great significance for promoting the regeneration of periodontal bone defects (Ghavimi et al., 2020). Many studies showed that some non-steroidal anti-inflammatory drugs (NSAIDs) widely used in bone tissue repair have the potential to promote osteogenic differentiation. NSAIDs can control the balance between bone formation and resorption, preventing osteoclast differentiation and maturation, then accelerating bone repair (Tang et al., 2014; Lee et al., 2016). In addition, NSAIDs can prevent tissue invasion of bone defects during GBR surgery (Zhang et al., 2017). Studies have shown that NSAIDs can reduce the severity of tissue destruction and bone loss caused by periodontal disease (Shiloah et al., 2014). However, the dose of NSAIDs is a key factor in cell proliferation, differentiation, and migration, and excessive NSAIDs may adversely affect osteoblast proliferation (Pountos et al., 2012). In addition to delivering drugs with the potential to promote osteogenic differentiation through membranes, studies have also explored the application effect of drugs with the ability to inhibit osteoclast resorption from promoting bone regeneration (Küçüktürkmen et al., 2021). Berrin et al. (Küçüktürkmen et al., 2021) developed a membrane containing Zoledronic Acid (ZA) and the in situ gel formulation containing ZA-loaded nanoparticles, which showed that the simultaneous application of both could produce better osteogenic effects. ZA is often used in drug-induced osteoporosis and bone loss and shows its key effect by inhibiting the function of osteoclast cells that conduct bone resorption. Recently, several studies have shown that membranes can effectively promote bone tissue regeneration by delivering drugs and promote osteogenesis by delivering regenerative factors sustainably. The researchers evaluated the in vitro efficacy of a collagen membrane containing recombinant platelet derived growth factor-BB (PDGF-BB) in pre-osteoblastic (MC3T3-E1) cells. A sustained release pattern of the growth factor for up to 3 weeks was observed that significantly increased the alkaline phosphatase activity and expression of key osteogenic genes such as RUNX2 in MC3T3-E1 cells (Yamano et al., 2014). However, although the delivery of growth factors by GBR membranes is effective in promoting osteogenic differentiation, there are many defects such as the inherent instability of proteins in the tissue milieu, conformational changes, degradation and the lack of an optimal delivery system that releases these factors for an adequate period of time limiting their application (Ikada, 2006). To remedy these deficiencies, Khorsand et al. (2019) attempted to convey the plasmid DNA (pDNA) encoding bone morphogenetic protein-9 (BMP-9) or chemically modified RNA (cmRNA) by membranes, rather than its form of protein. The results showed that PCM-pDNA (BMP-9) and PCM-cmRNA (BMP-9) nanocomplexes could significantly promote osteogenic differentiation in vitro and in vivo, which proved that the use of GBR membranes to deliver protein factor encoding DNA or RNA could overcome the limitations of protein delivery methods and has a strong application potential.
In summary, GBR membranes can be carriers for local-specific drug delivery. And the precise and controlled release of local drug molecules can be effectively achieved by developing GBR membranes containing namic DDS. In clinical application, GBR membranes carrying appropriate concentrations of drugs with the potential to promote osteogenic differentiation or inhibit osteoclast resorption can effectively promote osteogenic differentiation and accelerate bone reconstruction. In addition, using GBR membranes to deliver regenerative factors and their coding proteins DNA or RNA can also effectively stimulate the expression of osteogenic genes and accelerate bone regeneration, which has a strong application potential. It is necessary to compare the limitations and practicability of GBR membranes to achieve more efficient bone tissue regeneration and promote the healing of periodontal bone defects.
4.2 GBR membranes promote vascular regeneration of periodontal bone defects
Angiogenesis is a required step for new bone formation, and the pore size of the GBR membranes is the key to facilitating angiogenesis (Liu and Kerns, 2014). The pores of 25–50 μm allow invasion of cells and vessels on the external surface, while larger pore sizes (50–100 and 100–150 μm) allow mature vascularized tissue formation through the material structure (Chiu et al., 2011). On the contrary, pore sizes of the barrier membranes should be small and occlusive to prevent the penetration of gingival tissue cells into the defect space and gain nutrients and blood supply from the host bone. The membrane consists of micropores (under 100 μm) that might occlude the cells and inhibit the penetration of fibroblasts and soft tissue from the mucoperiosteal flap into the defect during the bone regeneration period, promoting the GBR membrane to play its role (Song et al., 2020). In the semi-rigid barrier system, both shell and covering membranes are less than 40 μm, sufficient to perform barrier functions and suitable for angiogenesis and vascular penetration into the defect area. In comparison, the high-density PTFE (d-PTFE) has tiny porosity of 0.2 μm and causes avascular tissue underneath (Lee et al., 2018). Therefore, unlike the promotion of bone regeneration, the angiogenesis of periodontal bone defects by GBR membranes does not depend on the delivery of drugs, active molecules, and other substances but on the porous structure of the membrane itself and other physical properties. Xue et al. (2021) developed an electrospun asymmetric bilayer PCL/Col membrane modified with MOF crystals, which had a significant ability to promote angiogenesis. The high porosity of ZIF-8 crystals in the GBR asymmetric membrane developed in this study ensures adequate gas and nutrient exchange for angiogenesis (Simon-Yarza et al., 2018). In addition, MOF crystals can provide pH-responsive to store Zn2+ ions as a pool under neutral physiological conditions and release them under acidic conditions, stimulating and regulating stem cell proliferation and osteogenic differentiation and promoting endothelial cell angiogenesis in vitro. In another study, silica mesoporous nanoparticles were added to the fiber PLGA membrane. Increasing the polymer concentration yielded fibers with better dispersion of the silica-based mesoporous nanocarriers, combining increased porosity and large fiber diameter, promoting angiogenesis (Pouroutzidou et al., 2022). More attention has been paid to modifying GBR membranes to improve their function of blocking and osteogenesis. However, promoting angiogenesis by GBR membranes is often used for intensive treatment in pathological conditions. For example, tissue regeneration in patients with hyperglycemia’s periodontal bone defect area is obviously limited due to insufficient blood vessel formation and vascular network lesions (Liu et al., 2022). Some studies have developed a CaP/Gel bilayer asymmetric membrane to promote the expression of HIF-1α through calcium release and create a microenvironment for angiogenesis, which can significantly promote microvascular regeneration and new bone formation in the diabetic rat cranial critical defect model and overcome the limitations of bone tissue regeneration in the pathological environment (Njegic et al., 2021; Liu et al., 2022). It also shows the potential of the inorganic mineral-modified membrane to promote angiogenesis in the treatment of periodontal bone defects. In addition, due to the excellent properties of boosting the angiogenesis of inorganic bioactive substances such as BGs, adding them to modify GBR membranes to promote angiogenesis in periodontal bone defects also has good application prospects (Wu et al., 2011; Moonesi Rad et al., 2019).
In summary, angiogenesis is a crucial step in healing periodontal bone defects. Angiogenesis mainly depends on the pore size of the GBR membrane, and appropriate porosity can effectively promote angiogenesis. In recent studies, modified GBR membranes with MOF can significantly promote angiogenesis, which may be due to the influence of MOF crystal layer structure. Therefore, unlike bone regeneration, the ability of the GBR membranes to promote vascular regeneration mainly depends on the design of the GBR membrane itself. In addition, since chronic diseases such as diabetes often require intensive treatment to promote bone regeneration, enhancing the ability of GBR membranes to promote angiogenesis becomes particularly important in this pathological setting.
4.3 Antibacterial activity of GBR membranes in the application of periodontal bone defects
In recent years, researchers have paid more attention to the antibacterial properties of GBR membranes in treating periodontal bone defects. The reasons may include two aspects: 1) periodontitis is the most important factor causing periodontal bone defects, while the bacterial infection is the leading cause of periodontitis (Abdelaziz et al., 2021). 2) During treatment with GBR membranes, the environment provided by the mouth is highly exposed to infection, which can lead to the failure of the GBR procedures (Lian et al., 2019; Porrelli et al., 2021). Therefore, treating periodontal bone defects with antimicrobial therapy is necessary while inducing bone tissue regeneration. Antibiotics and other drugs are often added to the membranes to develop GBR membranes with antimicrobial activity through the delivery function of GBR membranes in many studies at present. These drugs can be dissolved in polymer solutions, grafted onto nanofibers, or loaded into nanoparticles for antimicrobial treatment (Xue et al., 2015; He et al., 2017; Shi et al., 2019). For example, Georgia et al. (Pouroutzidou et al., 2022) prepared a composite membrane by adding Moxifloxacin (MOX) loaded mesoporous nanocarriers to PLGA. MOX is the fourth generation of fluoroquinolone antibiotics and provides excellent antibacterial activity against a wide variety of putative periodontal pathogens, such as Porphyromonas gingivalis, Tannerella forsythia, Peptostreptococcus spp., etc. (Landersdorfer et al., 2009; Flemmig et al., 2011). The research shows that the composite membrane has a good application prospect because it can be used for extended controlled drug release (Pouroutzidou et al., 2022). Although antibiotics are the standard procedure for antimicrobial therapy, the application challenges of antibiotics delivery by GBR membranes continue to arise due to the development of multidrug-resistant bacteria (Liu et al., 2017; Lian et al., 2019). Therefore, broad-spectrum antimicrobial compounds and strategies have been developed to meet these challenges in recent years. Davide et al. (Porrelli et al., 2021) successfully obtained bioactive and antibacterial GBR membranes using lactose-modified chitosan and AgNPs to functionalize PCL electrospun membranes. AgNPs can interfere with cell membrane permeability and transport and even kill bacterial cells by interacting with molecules such as DNA and proteins that contain sulfur and phosphorus. AgNPs interfere with the cell membrane permeability and transport functions of the bacterial cells. They can also kill bacterial cells by interacting with sulfur and phosphorus-containing molecules such as DNA and proteins (Sambhy et al., 2006). Studies have shown that AgNPs are not toxic to the cells; on the other hand, they exert antibacterial activity without causing the development of resistant bacterial strains. In addition, AgNPs emerged as a valid strategy as they can be easily prepared and included in biomaterials. These conclusions suggest that AgNPs are a compelling new strategy for preparing GBR membranes with antimicrobial activity (Lansdown, 2010; Liu et al., 2017). In addition to improving the antimicrobial activity of GBR membranes by replacing antibiotics with compounds that do not produce resistant strains, studies have developed controlled “supply on demand” drug release systems to avoid the development of antimicrobial resistance caused by the overuse of antibiotics. For example, Sunil et al. (Boda et al., 2020) used chitosan, a naturally derived mucin-adhering PH-responsive polysaccharide, as the primary material of the membranes to prepare the GBR membranes for PH-controlled oral antimicrobial peptide delivery. It shows good antibacterial properties and application potential.
In summary, the antibacterial properties of GBR membranes were increasingly developed while improving their abilities to promote bone regeneration, which is vital for repairing periodontal bone defects in recent years. Although the GBR membrane can be used as a vehicle to deliver antibiotics and other drugs to achieve antimicrobial treatment, it has certain limitations due to the development of multidrug-resistant bacteria. Therefore, novel antimicrobial strategies need to be developed to overcome this defect. Several studies have shown that functionalizing GBR membranes with AgNPs that do not produce resistant strains is an effective and straightforward method. In addition, delivery of antimicrobial peptides and improvement of drug release using PH response to avoid antibiotic abuse are also valid strategies to improve the antimicrobial properties of GBR membranes.
5 CONCLUSIONS AND PERSPECTIVES
GBR is a standard method for the maintenance and repair of periodontal bone defects. This technique mainly relies on the application of GBR membranes to protect the bone defects and prevents the growth and proliferation of epithelial cells and connective tissue cells into the defects to damage the adequate new bone formation. The commonly used GBR membranes include degradable and non-degradable resorption, among which the degradable resorption membranes have become the first choice for the clinical application of GBR because they do not require a second surgical removal. Among the degradable membranes, using natural polymer resorbable membranes is often limited by the disadvantages of low mechanical strength and short degradation time. In contrast, synthetic polymer resorbable membranes are often limited by poor cell adhesion due to the high hydrophobicity and poor biological activities such as low bone conductivity. Therefore, in addition to studying various methods to improve the defects of the above two kinds of membranes, more attention is paid to preparing new composite membranes by blending the two types of membranes. The new membrane can combine the advantages of natural and synthetic membranes to achieve practical barrier function and accelerate bone reconstruction function. In addition, applying the GBR membrane as a carrier of drugs, active molecules, and other substances has become a research hotspot in regenerating periodontal bone defects. The application of GBR membranes in combination with various drugs, growth factors, and bioactive inorganic particles to promote bone regeneration, angiogenesis, and effective antibacterial properties is the central aspect of clinical application at present, and it varies according to the type of periodontal bone defects and environments (Figure 2).
[image: Figure 2]FIGURE 2 | The schematic of membranes and bone defect compartments showing potential stragies of improving the performances GBR membranes.
However, there are still many shortcomings in current studies, such as: 1) model questions: the choice of animal species, the size of the periodontal bone defect, and the time of implantation can also influence the effects of the barrier membrane in vivo. Bone defect models in rats and dogs are the most commonly used in the study of GBR membrane application. Because they are small and easy to operate. However, the main drawback of these animals is the low similarity to human bones, which can lead to limited relevance of studies. The selection of an animal model should be based on similarity to the intended clinical application. Therefore, future in vivo studies will have to consider more relevant large animal models of bone defects before clinical translation. Further studies are needed to better understand the exact mechanisms and adverse effects of GBR membrane application. 2) Selection criteria: GBR membranes for the treatment of periodontal bone defects have been extensively developed. Various types of membranes have different advantages and characteristics. The size, severity and etiology of periodontal bone defects vary greatly in clinical treatment. Due to these differences of membranes and bone defects, the clinical application of GBR membranes is also different. And most materials cannot meet the requirements of wide application in different clinical situations. Therefore, it is necessary to establish a more comprehensive evaluation and application plan. Further clinical tests will be conducted to generate the best recommended criteria for membrane application to ensure the safe and effective implementation of GBR technology. 3) Clinical application: most studies focus on the development and improvement of membranes with different properties, but less attention has been paid to the specific efficacy of membranes in clinical application. Therefore, more and more extensive research is needed to translate the potential clinical application of GBR membrane into its practical application. With the rapid development of artificial intelligence and other technologies in recent years, nano-dentistry is trying its best to apply new signs of progress in tissue engineering and dental practice in the feld of periodontal therapies. With the growth of advanced investigations and deeper understanding of electrospinning sets-ups, it is probable to attain future “smart bone healing devices” proficient in treating all features of bone defects for real clinical uses. In conclusion, future research is still needed to explore and solve related problems. In the context of the rapid development of science and technology, more in-depth research should be conducted to achieve more effective, safer and cheaper periodontal bone defect regeneration treatment. Therefore, the study of GBR membranes is a potentially hot issue in the future.
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