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Periodontitis is an inflammation-related condition, caused by an infectious microbiome and host defense that causes damage to periodontium. The natural processes of the mouth, like saliva production and eating, significantly diminish therapeutic medication residency in the region of periodontal disease. Furthermore, the complexity and diversity of pathological mechanisms make successful periodontitis treatment challenging. As a result, developing enhanced local drug delivery technologies and logical therapy procedures provides the foundation for effective periodontitis treatment. Being biocompatible, biodegradable, and easily administered to the periodontal tissues, hydrogels have sparked substantial an intense curiosity in the discipline of periodontal therapy. The primary objective of hydrogel research has changed in recent years to intelligent thermosensitive hydrogels, that involve local adjustable sol-gel transformations and regulate medication release in reaction to temperature, we present a thorough introduction to the creation and efficient construction of new intelligent thermosensitive hydrogels for periodontal regeneration. We also address cutting-edge smart hydrogel treatment options based on periodontitis pathophysiology. Furthermore, the problems and prospective study objectives are reviewed, with a focus on establishing effective hydrogel delivery methods and prospective clinical applications.
Keywords: biomaterials, biopolymers, hydrogels, drug delivery, periodontitis, tissue engineering
1 INTRODUCTION
Periodontitis is a persistent inflammation that negatively impacts tissues that support the teeth, resulting in periodontal tissue damage and potentially tooth loss. The clinical appearance ranges from traditional symptoms of inflammatory including pain, edema, and impairment of functionality, to total tooth loss. The teeth loosened at first, and tooth loss could take place later on. Periodontitis is caused by a disturbance in the oral microbiota’s equilibrium and host defenses (dysbiosis), which has been connected to a variety of systemic illnesses. In adults, dysbiosis could be the reason for periodontitis, which might result in inflammatory alterations in the bone and connective tissue (Jensen et al., 2018). Periodontitis is among the most significant chronic illnesses in the world, impacting more than 11% of people around the globe. It has been estimated that between 800 million and 1.4 billion individuals worldwide are affected by severe periodontitis. The fundamental etiology of periodontitis is bacterial plaque imbalances and host immunological reactions which cause the early inflammation (Könönen et al., 2019b).
To lower the pathogenic risk of periodontitis, first-line therapy should be performed. Furthermore, clinical therapy of periodontitis necessitates the use of adjuvant medications to inhibit the proliferation of harmful bacteria, as well as decrease the inflammatory conditions. Metronidazole, penicillin, minocycline, doxycycline, and other antibiotics are used to treat periodontitis. Reaching therapeutic efficacy of drugs requires accumulation in periodontal tissues, on the contrary, needs an increased level of systemic administration of antibiotics, which could end up in bacterial imbalances. Resistance to medication, and a likelihood of liver/kidney damage (Prakasam et al., 2012; Toledano et al., 2021).
Injectable thermos-responsive hydrogels have gained popularity as potential biomaterials for usage in tissue engineering during the last decade because they are typically cytocompatible, biodegradable, and may resemble the architecture of the extracellular matrix (ECM). With the growing rise of cell-based treatments, there is an increasing desire to produce injectable hydrogels as cellular transporters, eliminating open surgery and pushing the utilization of less hazardous materials and cellular transportation methods. The injectable hydrogels are naturally flexible, allowing them to fill lesions of varying sizes, and a minimally invasive method aids in the administration of biologically active substances and cells (Chen et al., 2023; Hasanzadeh et al., 2023).
2 CATEGORIZATION OF HYDROGELS
Hydrogels are categorized into numerous types according to the polymeric, and polyelectrolytic frameworks that are employed. They are classed as homo-, co-, or interpenetrating polymeric hydrogels based on the manufacturing technique. They might be intelligent or ordinary hydrogels based on their chemical makeup. It is feasible to differentiate between organic, semi-synthetic, and artificial hydrogel forms (Atia et al., 2023a). Nonionic, anionic, cationic, and ampholytic hydrogels may additionally be classed according to their charges. According to their biological decomposition, they are classed as biodegradable or non-biodegradable. They are characterized as physical, biological, or chemical hydrogels according to the kind of cross linker used.
Environmental variables can cause physical hydrogels to transform from solution to gel form. Chemical hydrogels are covalently bonded polymers that exceed other materials in terms of physical durability and ability to withstand deterioration. Biological substances such as amino acids, enzymes, and so on are employed in the gelation process of biochemical hydrogels (Atia et al., 2023b).
2.1 Based on the source
They are categorized as organic, artificial, or semi-synthetic based on their sources (Figure 1). Most artificial hydrogels are produced via the conventional polymerization of vinyl or vinyl-activated monomers. The ideal expansion characteristics of these artificial hydrogels depend on the monomer hydrophilic characteristics and the degree of cross-linking. A monomer with double functionalities is routinely used to carry out the local crosslinking process. Natural hydrogels are made up of polymers found in nature (Atia et al., 2023a).
[image: Figure 1]FIGURE 1 | Classification of hydrogels according to origin.
2.2 Based on the durability of hydrogels
Hydrogels can be either durable or biodegradable depending on the way they respond in physiological settings. A large body of recent studies have concentrated on the advancement and practical usage of new biodegradable hydrogels. They are now engaged in numerous distinct industries, including biological applications (Alkhursani et al., 2022a). The chain scission of the degradable components inside the hydrogel matrix produces minimal molecular mass oligomers. The oligomers formed are then either removed by the body or further degraded.
2.3 Based on interaction with environmental stimuli
Over the last few years, major advancement was achieved in the synthesis and investigation of a novel class of hydrogels known as “smart hydrogels.” Despite similarities in preparation methods and methods of characterization for traditional forms, intelligent hydrogels may display uncommon variations in swelling patterns, framework architecture, and/or physical features as they react to several external factors like pH, temperature, or electricity (Atia et al., 2022a). The alterations that occur in intelligent hydrogels when exposed to any of these external factors generally evaporate when the stimulus is removed, and the hydrogels revert to their earlier state, and so on in a process that can be reversed (Figure 2).
[image: Figure 2]FIGURE 2 | Stimuli-responsive hydrogels.
2.4 Cross-linking techniques of hydrogels
Crosslinks, are required to prevent hydrophilic polymer chains/segments from dissolving in the aqueous phase. Rheology is another approach for describing hydrogels. Water-based solutions of hydrophilic polymers at mild or intermediate levels, with no significant chain entanglement, typically exhibit Newtonian behavior (Klouda, 2015). When crosslinks between polymer chains develop, the resulting networks exhibit viscoelastic and, in certain cases, pure elastic behavior. Considering their water-absorbing capacity, hydrogels are not only being studied by investigators who are studying the basic properties of swollen polymerized systems, but they also have discovered popular uses in numerous fields. As previously stated, crosslinks are required in a hydrogel to keep the hydrophilic polymers from dissolving in aqueous conditions (Huang et al., 2019). Hydrogels have been prepared using an extensive range of crosslinking processes. Labile bonds are routinely added into hydrogels because their biodegradability is helpful for numerous purposes. These linkages can be found in either the core of the polymer or the crosslinks employed to form the gel (Tanga et al., 2023). According to the specified architecture and the desired use, hydrogels could be physically, or chemically cross linked (Table 1).
TABLE 1 | Difference between physical and chemical hydrogel.
[image: Table 1]2.4.1 Chemical crosslinking
Among the most widely used methods for creating hydrogels is the chemical crosslinking of hydrophilic polymers. In this method, a bi-functional crosslinker is incorporated into a diluted solution of a hydrophilic polymer, and the polymer requires an appropriate function to interact with the crosslinker. This approach may be engaged in developing hydrogels from both organic and manufactured hydrophilic polymers (Yamada et al., 1997).
Chemical cross-linked hydrogels are hydrogels that might be covalently bonded from fluid to solid state. This approach is also applied in situ hydrogel platforms. This approach uses a variety of processes to produce hydrogels, including optical polymerization, enzymatic processes, and click reactions (Xue et al., 2022). Chemically crosslinked hydrogels have been investigated due to their high durability (Ullah and Lim, 2022).
2.4.1.1 Enzymatic reactions
Enzymatic reactions occur in an abundance of enzymes in an ecological setting. As a result, this approach has received a great deal of interest for cellular technologies. Enzymatic reactions necessitate appropriate cross-linking circumstances, which include physiological pH, biological surroundings, and temperature (Badali et al., 2021). A key benefit of this technology for hydrogel creation is the unique enzyme substrate, which possesses the capacity to inhibit the penetration of harmful chemicals induced by adverse responses. Horseradish peroxidase (HPR), modified glutamines, and tyrosinases are some of the enzymatic accelerators utilized to create hydrogel systems for tissue engineering. HPR is one of the enzymes utilized to generate hydrogels in this process because of its great mechanical stability and simplicity of filtration (Bae et al., 2015). As a result, it is employed in a variety of health-related purposes including the release of medications, rehabilitation and regeneration, and tissue engineering. The HPR-H2O2 enzyme water system is commonly used to produce natural hydrogels from chitosan, hyaluronic acid, dextran, and gelatin. In a study by Kurosawa et al. It was produced by enzymatic processes and utilized for releasing therapeutic proteins. In this investigation, hyaluronic acid has been modified with tyramine and labelled with the fluorescent marker amino fluorescein. The subcutaneous gelling time was shortened, indicating that the utilization of enzymatic processes to generate cross-linking is an appropriate approach for hydrogel creation owing to its versatility and cell friendliness (Kurisawa et al., 2005).
2.4.1.2 Click reaction
Sharples et al. describe click chemistry as “specific forms of processes with the inclusion of an initiator that exhibit superior rapidity and efficacy, outstanding physiological characteristics, and favorable reactions parameters” (Nguyen et al., 2015; Guaresti et al., 2018). It performs a substantial part in polymer production and triggering, and it is an efficient and versatile approach for functionalizing compounds. Because of the advantages of click chemistry, it is utilized to produce hydrogels, nanogels, and microgels. It has been served as a foundation for tissue engineering and medication delivery. Click chemistry is seen as a promising platform for dynamic chemically cross-linked polysaccharide-based. Click reactions typically encompass an extensive number of processes, such as: copper (I) interactions (catalyzed by alkyne azide sequestered), catalytic reactions of free pairs of alkyne azides, silicosterone reaction with disaccharide (DA), among which the intergroup reactions Alkynes, and azides are the most prominent instances of click chemistry because of their benefits, including outstanding effectiveness in physiological settings and good specificity (Nguyen et al., 2015). In the lack of thermally reversible byproducts which enable the level of interaction to be regulated, the reaction occurs without a catalyst or primer, preserving the material’s biocompatibility (Guaresti, García–Astrain, Aguirresarobe, Eceiza and Gabilondo, 2018). Starch-based hydrogels were created via a click reactions between the thiol and allyl groups of starch for biomedical and tissue engineering purposes. The resultant hydrogel demonstrated remarkable swelling and biological degradation (Samadian et al., 2020).
2.4.2 Physical crosslinking
Physical crosslinking interactions include polyelectrolyte complexation, hydrogen bonding, and hydrophobic association, and the hydrogels produced by this approach are typically synthesized under moderate circumstances.
A. Polyelectrolyte complexation (Ionic interactions): It involves the establishment of linkages between pairings of chargeable locations along the polymeric skeletons. The stabilities of the generated electrolytic linkages vary depending on the pH of the media (Anal and Stevens, 2005).
B. Hydrogen bonding: It can also play a role in hydrogel generation (Mozafari, 2007). A hydrogen bond is generated by combining an electron-deficient hydrogen atom with an electron-rich functioning group.
C. Hydrophobic interaction: Hydrophobic interactions are another approach for producing Hydrogels (Nakashima et al., 1977). Because of the low interfacial adhesion, the mechanical properties of these hydrophobically mixed polymers are often poor. However, this method of hydrogel synthesis offers several advantages, such as a cheap system cost.
3 INJECTABLE THERMOSENSITIVE HYDROGELS
Injectable hydrogels are potential tissue engineering platforms, thanks to their elevated number of water-like tissues, capacity to uniformly encapsulate cells, effective transport of mass, readily modified physical characteristics, and less invasive distribution (Sun et al., 2020). The injectable architecture of the hydrogels gives the appealing characteristic of easy and homogeneous cell dispersion prior to gelation within any defect size or form.
Thermo-responsive polymers are instances of “intelligent polymeric platforms” that respond to variations in temperature (Alkhursani et al., 2022b). Their temperature responsiveness has been used in a variety of biological applications. They often have a lower critical solution temperature (LCST) and may produce a gel reversibly when temperatures rise (Cook et al., 2021). Some have an upper critical solution temperature (UCST) above which they become soluble and form gels at lower temperatures (Aguilar and San Román, 2019). The source of thermresponsive polymers might be either natural or manufactured (Chatterjee et al., 2018). Thermo-sensitive hydrogels have become popular because of the controlled dissolution of temperature-sensitive bioactive compounds. Thermo-responsive hydrogels have various benefits as a means of transportation method. The hydrogel’s dependent upon temperature characteristics makes it different from conventional hydrogels, which require surgical implantation., permitting local administration and avoidance of first-pass metabolism.
The temperatures-thermo-responsive gel reacts to temperature since no denaturing cross-linking agent is used, and the temperature-triggered sol-gel transformation is less harmful and more appropriate to be injected. Encapsulation in a streaming state ensures that medicinal materials are distributed uniformly in hydrogels, whereas fast sol-to-gel transformation at physiologic temperature minimizes the premature bursting discharge of pharmaceuticals, instead enabling sustained release behavior. Ultimately, the flowable delivery state allows the hydrogel shape to be controlled.
4 REQUIREMENTS OF INJECTABLE THERMOSENSITIVE HYDROGELS FOR PERIODONTAL REGENERATION
The architectural specifications should also incorporate traditional biomechanical metrics (like being biodegradable, porous, and has adequate surface chemistry), as well as biological efficiency measures (including being biocompatible and enabling cellular attachment), as well as evidence of improved angiogenesis (Figure 3). Furthermore, while creating hydrogel scaffolds for tissue engineering, availability as well as economic viability should be considered.
[image: Figure 3]FIGURE 3 | Design criteria of injectable thermos-sensitive hydrogels.
A solution that flows easily at standard ambient temperature and gels following injection into the body is the ideal option (Madan et al., 2009) The molecular makeup of thermos-responsive polymers is characterized by a balanced arrangement of hydrophobic and hydrophilic links. To maintain this condition of equilibrium, even little temperature changes in the watery polymer solution may result in a recalculation of the hydrophobic and hydrophilic relationships between the polymeric subunits and aqueous particles (Matanović et al., 2014). When the concentration rises, the transition temperature falls, and the curve shifts to the left once more (Ahmed, 2015). Many techniques, including spectrometry, differential scanning calorimetry, and rheology, can be utilized to evaluate the thermos-responsiveness of hydrogels.
4.1 Mechanisms of gelation
Hydrophobic groups like methyl, ethyl, and propyl are frequent properties of thermosensitive hydrophilic homopolymers (Haq et al., 2017). Inter-polymer, polymer-water, and water-water interactions occur in an aqueous polymer solution (Rivas et al., 2003). As previously stated, polymers are soluble below the LCST and eventually become non-polar above the LCST, culminating in the hydrogel. Because of polymer chain breakage and aggregation, light dispersion in solution increases with LCST. As a result, at the cloud point, two phases emerge: collapsed gel and water ejected from the gel. Temperature-dependent hydrogen (water-water) and hydrophobic reactions control the sol-gel transformation (Kitazawa et al., 2018). The solvated polymers rapidly dehydrate and convert to a more hydro-phobic architecture at the sol-gel transition point.
4.2 Biodegradation
A major criterion of scaffoldings for tissue engineering is that they maintain the multiplication of cells and desirable cell dispersion during the scaffold’s expected life. In several circumstances, the scaffolding`s life could be till full decay. As a result, the pace and amount of biodegradability are essential designation factors for tissue engineering hydrogels. Scaffolds that are semi-persistent or durable can be the best option for replacing the fundamental function of lost or injured tissue in various types of tissues. Degradable hydrogel scaffolds are frequently made by including cleavable bonds and/or cleavable components in the polymer skeleton. Physiological processes, notably enzyme metabolism, are used to degrade biodegradable hydrogel scaffolds (Ratner et al., 2004).
4.3 Biocompatibility
A material’s ability to comply with a suitable response from the host in any particular function is a crucial designing element in engineered tissue constructs,” according to the definition (Atia et al., 2022a). Some components utilized in hydrogel synthesis might be harmful if they seep into implanted cells or tissues. Irgacure, a routinely employed free radical photo-catalyst, has been shown to reduce cell survival even at low doses (Bryant et al., 2000). As a result, before usage, hydrogels generated for tissue engineering need normally be free of unprocessed toxic compounds. This purification can be achieved by using distinct approaches, such as dialysis and thorough solvent washing. Purification of hydrogel scaffolds can be difficult, if not impossible, in some situations, such as in the case of hydrogels generated using local gelation. As a result, while employing these gelation processes, special care should be taken to verify that all chemicals are non-toxic and sufficiently safe.
4.4 Pore dimensions and porosity distribution
A significant amount of linked porosity promotes cellular ingrowth, homogeneous cell distribution, and matrix neovascularization (y Leon, 1998). Not only is the level of permeability significant but so are numerous additional variables including porosity dimensions, volume, the distribution of pores, wall texture, and pore interconnection when developing a hydrogel scaffold for tissue engineering purposes. Pore interconnection, for example, is crucial for guaranteeing all cells are within 200 µm of the blood supply to be able to allow for the exchange of nutritional factors (Yang et al., 2001; Salgado et al., 2004).
Porosity dimensions are also a significant metric since pore blockage by cells would occur if the generated pores were too tiny, preventing Infiltration of cells, ECM synthesis, and neovascularization of the scaffold’s interior sections. Several new investigations have provided information on the influence the influence of scaffolding permeability on tissue regeneration, as well as the ideal hole sizes for various uses. For example, it has been established that the optimal pores dimension for neovascularity is 5 μm, and 200–350 µm for osteo-conductivity (Whang et al., 1999; El-Sherbiny and Yacoub, 2013).
4.5 Physical properties
The physical features of hydrogels as frameworks for tissue engineering might possess a crucial influence on linked or enclosed cells. After in situ gelation, hydrogels ought to exhibit sufficient mechanical strength to withstand biomechanical stress and provide short-term nourishment for cells (Hou, Paul, et al., 2004). Hydrogel stiffness, for example, has been discovered to influence stem cell growth. The crosslinking density is one of the main factors governing the mechanical conformance of hydrogel scaffolds; it can also have an impact on cells enclosed in hydrogel frameworks.
Compared to other scaffolds, injectable hydrogels are softer and more elastic because of their thermodynamic biocompatibility with water. Many parameters impact the durability of injectable hydrogels, including biomaterial nature, quantity, manufacturing technique, porosity, and crosslinking density. Physical hydrogels are often weaker than chemical ones. The inclusion of other groups into the polymeric framework enhances the mechanical features of injectable hydrogels (Chang et al., 2017; Atia et al., 2022a).
4.6 Persistence duration
A variety of parameters influence the duration or housing duration of thermos-responsive hydrogels, particularly the kind of arrangement of the monomer, the extent of polymer cross-linkage, the rate of polymer decomposition, and the strength of the thermal stimulation. It is crucial in determining the outcome of medication delivery.
Because plain thermosensitive polymers possess little durability, they may deteriorate in biological fluids, restricting the long-term release of encapsulated medicines. These polymers can be combined with strong mechanical properties polymers. As a result, the produced copolymers will possess a longer staying duration since their breakdown rates will be reduced, perhaps that results in an extended stay of the medication, eventually boosting effectiveness (Pardeshi et al., 2022).
4.7 Vascularity
Vascularization is required to offer an environment for the transfer of nutrients and the perfusion-based elimination of undesirable substances. Nevertheless, developing suitable scaffolds that enable and stimulate the growth of neovascularization is a challenging task (Mazloomnejad et al., 2023). Hydrogels have proven to be effective as vascularization promotion scaffolds in some tissue engineering applications. There are two basic techniques for encouraging the vascularization of a tissue-created scaffold (Wang et al., 2022). The first strategy incorporates growth factors into the hydrogel matrix to encourage angiogenesis from adjacent tissues to grow into the framework. The second method is to seed the framework with endothelial cells (ECs) (Shan and Wu, 2024).
Another strategy being researched for stimulating the vascularization of tissue engineering scaffolds is the recruitment of endothelial progenitor cells (EPCs). Yet, depending on EPCs and the natural adjacent vessels to penetrate the inserted platforms is a time-consuming procedure that needs considerable amounts of flowing EPCs (Peters, 2018). Because cells are not able to live more than a few hundred micrometers away from blood vessels, different kinds of cells inserted within the platform could succumb to necrosis while awaiting microvascular expansion. Furthermore, while EPCs constitute an infinite origin of cells for in vitro revascularization, their differentiation must be regulated (Gerecht et al., 2007).
4.8 Drug-delivery methods
It is mandatory to comprehend the transport approaches in the gelled matrix throughout the creation phase of a novel delivery system (Ćorković et al., 2021). A sustained release is envisaged if an injectable fluid containing a thermos-sensitive platform is injected into the body to alter its molecular makeup from sol to gel (Bellotti et al., 2021). Drug-release processes from hydrogels are categorized into four types: (1) diffusion, (2) erosion, (3) swelling, and (4) chemical control (Li and Mooney, 2016). Reservoir or matrix platforms are methods of drug administration with diffusion-controlled drug release (Qureshi et al., 2021). Drug diffusion out of a hydrogel is mostly determined by the Mesh dimensions inside the gel matrix, but it is also affected by the drug molecule’s hydrodynamic radius (Vigata et al., 2020).
Average mesh sizes described for swollen hydrogels vary from 5 to 100 nm, making them bigger than most small-molecule medicines (Atia et al., 2023a). As a result, tiny medications have a short duration of action, but macromolecules including oligonucleotides and protein drugs possess a longer duration of action (Agrahari et al., 2016). Erosion or swelling will be the primary mechanism for drug release when the hydrodynamic radius of the drug molecule is greater than the hydrogel pores. In erosion-controlled hydrogels, the release is governed by bulk or surface erosion.
4.9 Injectability
Injectable hydrogels, in particular, have the potential to improve non-invasive localised administration of medications, reliable and tailored placement, and specific administration to difficult-to-access tissue sites and interface tissues. The sol-gel state of transformation refers to the critical point at which a polymer solution transforms from liquid to solid. Injectable hydrogels, particularly in situ developing and shear-thinning hydrogels, experience a quick sol-gel phase shift, allowing the matrix to easily take on the form of the cavity, giving an ideal alignment and interface in tissues (Rizzo and Kehr, 2021). The main benefit of injectable scaffolds over pre-formed scaffolds is injectability, meaning that they can be injected with a syringe into the defect area and then hardened in place. They can fluidize under shear stress and then restore their mechanical characteristics, making them promising for uses in tissue regeneration. They can momentarily fluidize under shear stress before returning to their initial architecture and mechanical characteristics once the force is released. These injectable hydrogels can be utilized for locally targeted and prolonged pharmaceutical delivery, and their shear-thinning plug flow in syringes promotes the injection of live cells (Gaffey et al., 2015; Buwalda et al., 2017). Nevertheless, there is a growing desire for biomaterials that can briefly fluidize, i.e., have a shear-induced viscosity drop of the order of many years, accompanied by self-healing and restitution of their inherent mechanical characteristics (Guvendiren et al., 2012; Uman et al., 2020). The desire to distribute biomaterials in a non-invasive approach has fueled this research. When performing minimally invasive procedures, the injectability of a biomaterial is critical. Optimally, the material should be flowable before injection and quickly become immobile when it disperses throughout the deformity. The shift from solution to gel in hydrogels can satisfy that need. Temperature, pH, light, enzyme, or including a crosslinker can all trigger this transformation (Tahmasebi et al., 2023).
The injectability of a hydrogel is often connected to the rheological characteristics of the monomers or pre-polymers, and parameters including quantity, viscosity, gelation mechanism, and gelation pace all impact it. A pre-gelation solution’s concentration and viscosity should be suitable to minimize premature gelation while maintaining ease of operation (Hou, De Bank, et al., 2004). To retain maximum cell survival and molecular bioactivity while avoiding harm to adjacent tissues, a light gelation technique is preferred. A proper gelation rate is also critical; a quick pace may inhibit the spreading of the hydrogel and surgical operations, whilst a slower pace could compromise the hydrogel’s viability.
4.10 Adhesion
Mucoadhesion is typically defined as the adherence of two components, at least one of which has a mucosal surface. Over the last few decades, mucosal medication delivery has gotten a lot of interest. Mucoadhesive formulations may be engineered to allow for extended uptake at the location of administration, resulting in a regulated pace of drug dispersion and an enhanced therapeutic effect. This may be advantageous for pharmacological molecules that are not suitable to oral administration, including those that undergo acid degradation or substantial first-pass metabolism. The mucoadhesive capacity of a form of injection is determined by a number of parameters, notably the kind of mucosal tissue and the physicochemical qualities of the polymeric formulations (Vigani et al., 2023). Polymer adherence is a key feature that renders them more compatible with biological beings. It is determined by the inner composition and chemical interaction of the materials, whereas hydrogels have a considerable amount in the center, making them inferior when it comes to adhesiveness owing to hydrogen bonding (Bovone et al., 2021). Extensive retention of water in the hydrogel’s nucleus results in poor interaction with the substrate, leading to a space between the hydrogel’s actual surface and the substrate (Mortier et al., 2022). Additionally, water molecules establish hydrogen bonds with the hydrogels’ sticky regions, limiting the hydrogels’ interfacial contact with the desired substrate. Since most tissues are damp and delicate, using hydrogels in biomedical research exacerbates the issue (Yao et al., 2022). Bioadhesive injectable hydrogels have sparked a lot of significance lately owing to their extraordinary features. The various uses of these hydrogels, which range from wound recovery and reconstruction of tissues to attachment of cells and wearable sensors, are explored, highlighting their prospective significance in biomedicine and providing useful insights for future study (Xiong et al., 2021). Several research highlight the growing importance of bioadhesive injectable hydrogels in medicine. Investigators tried several approaches to solve these difficulties and took the intended texture into account before manufacturing the hydrogels (Bal-Ozturk et al., 2021). Since surface texture interaction with cells and tissues is required in practically all uses in medicine. Since thermo-polymers are intrinsically sticky, thermosensitive hydrogels displayed superior adhesion characteristics over regular hydrogels. So, as opposed to other standard materials, temperature-sensitive hydrogel might be regarded as a promising contender to address these stickiness concerns within conventional hydrogels (Klouda and Mikos, 2008).
5 BIOMATERIALS USED TO CONSTRUCT INJECTABLE THERMOSENSITIVE HYDROGELS
5.1 Natural polymers
Natural polymers formed from natural sources, such as polysaccharides and proteins, are biocompatible and biodegradable, rendering them an excellent alternative for the production of hydrogels. Polysaccharides utilized in hydrogel production include cellulose, chitosan, dextran, alginate, hyaluronic acid, and its derivatives. Polysaccharide chains contain several hydroxyl groups and/or other functional groups (amino, carboxyl groups, and so on), providing diverse potential for the creation of polymer-based hydrogels via chemical or physical cross-linking. Proteins include collagen, gelatin, and fibrin are essentially polymers of amino acids. It is believed that proteins may establish scaffolds through intermolecular and/or intramolecular stresses (including hydrogen bonds, electrostatic forces, and hydrophobic impacts) as well as constitute three-dimensional hydrogels via self-organized processes and wrapping under suitable circumstances (Ahn et al., 2021). Hydrogels made of natural polymers come from renewable sources. Natural polymers are remarkably biocompatible and biodegradable. Their hydrophilicity facilitates cell adhesion, proliferation, and differentiation. Natural polymers do not have the same mechanical durability and resilience as artificial hydrogels, which could restrict their applicability (de Santana and de Santana, 2015; Holiel et al., 2021).
5.1.1 Polysaccharides
Polysaccharides are the most prevalent naturally generated macromolecular polymers derived from organic origins including algae, plants, and microbial chosen strain cultures. They are frequently employed as medicinal product carriers and tissue scaffolds because of their exceptional biocompatibility and biodegradability (producing body-favorable metabolites during disintegration). Furthermore, they have significant benefits regarding a similarity to biological macromolecules that can be identified by cellular ligands and improve cell adherence, propagation, and multiplication in regenerative applications (Atia et al., 2023b).
5.1.1.1 Chitosan
Among them, natural polymers such as chitosan have been extensively used to construct several types of mucoadhesive drug delivery systems with successful treatments. Chitosan is a naturally existing biopolysaccharide that has been utilized in mucoadhesive devices owing to its strong adhesion properties. Chitosan’s mucoadhesivity could be described by the electrostatic contact between its positively charged cationic molecules and the negatively charged mucin (Hasnain and Nayak, 2022). However, chitosan’s insufficient aqueous solubility at both basic and neutral pHs is one of the most significant limitations to its application as a biopolymer in mucoadhesive networks. To address this issue, various chemical alterations to chitosan have been researched and effectively implemented (Atia et al., 2022a). CS’s inherent characteristics (molecular mass, extent of deacetylation) determine how it will be used. Peng et al. employed N-acetylation to create an acetylated carboxymethyl CS for inclusion into an intelligent hydrogel for periodontal therapy. His research revealed that by varying the level of acetylation of the carboxymethyl CS hydrogels, the gelation temperature could be adjusted (Peng et al., 2023). The gel formation temperature was 36.9°C when the extent of acetylation was 63.9%, and 33.2°C when the percentage of acetylation was 85.3%.
It has just been discovered that introducing hydroxyl-containing polymers including β-GP may end up in thermo-sensitive CS-based hydrogels. The hydrogel formed by mixing CS and -GP is frequently employed in the medical area, and this approach has been extensively utilized after Chenite originally described it. (Chenite et al., 2000). Since the hydrophobic and hydrogen linking forces surpass the electrostatic repulsive power, certain portions between the CS chains develop physical bonding when the hydrogel reaches gelation temperature (Molinaro et al., 2002).
Shen et al. encapsulated dental pulp stem cell-derived exosomes in a CS and -GP crosslinked hydrogel to treat periodontitis (DPSC-Exos/CS) (Shen et al., 2020). This hydrogel solidified at 37°C, and the bulk of the packed exosomes were ejected from DPSC-Exos/CS within 7 days in PBS at 37°C, with an exosome loading efficiency of around 80%. RNA sequencing investigation of periodontitis model mice subjected to DPSC-Exos/CS and CS indicated that genes linked with chemotactic processes, inflammatory reactions, and immunological reactions were decreased in periodontitis mice treated with DPSC-Exo/CS.
In comparison to the traditional gelation approach, the introduction of gelatin (Gel) enables the cross-linking of CS and β-GP via cation-anion electrostatic forces, reducing gelation time (Tóth et al., 2021). Xu et al. developed an injectable thermo-sensitive hydrogel containing CS, β-GP, and Gel loaded with aspirin, and erythropoietin for periodontal regeneration by regulating the inflammation-producing milieu and stimulating tissue regeneration. This hydrogel demonstrated prolonged aspirin and erythropoietin releasing (Xu et al., 2019). In vitro release tests verified these features, with aspirin and erythropoietin release rates of 86.6% and 69.4%, respectively, during the first 3 days. It maintained aspirin discharge at its initial stage, creating a regional milieu free of inflammation and boosting erythropoietin’s pharmacological action.
Zhang et al. incorporated HA into a CS/β-glycerophosphate sodium system (Zhang et al., 2018). The addition of HA alters the structural characteristics of the hydrogel and could minimize pore dimensions, which could be used to modulate the pharmaceutical distribution speed. Because HA molecules possess a substantial amount of hydroxyl, carboxyl, and amino groups, they may engage more strongly with CS, increasing its durability.
The architectural impact of β-GP during warming enhances hydrophobic contacts and connection between the CS and HA chains, and the solution transforms into a hydrogel because of the synergistic impact of these ionic reactions. Furthermore, the inclusion of HA has been shown to enhance the hydrogel formed in situ’s adhesion (Deng et al., 2017).
5.1.1.2 Curdlan
Curdlan is a polysaccharide derived from microbes that comprises 300–500 glucose units connected by −1,3-glycosidic bonds (Zhang and Edgar, 2014). Without the addition of crosslinking substances, curdlan may undergo physical gelation by warming to generate a high-set thermally irreversible gel (80°C) and low-set thermally bidirectional gel (55°C). Curdlan, as a result, holds enormous potential for application in periodontal regeneration. Tong et al. employed photothermal treatment to obtain regulated and proper discharge of antimicrobial medicines following near-infrared (NIR) light stimulation (Tong et al., 2020). They mixed the antibacterial agent chlorhexidine acetate and the photothermal agent polydopamine (PDA) with curdlan. After 50 s of radiation, the hydrogel’s temperature increased to about 58°C, allowing it to eradicate 74.4% of the total bacteria (Staphylococcus aureus) in three light cycles with just minor tissue damage.
Compound hydrogels have been shown to have stronger retaining capabilities, a smaller swelling volume, and improved stability. Human periodontal ligament cells are also biocompatible with compound hydrogel. Furthermore, the photothermal agent’s cumulative and locally induced release improves the bactericidal action. This combinatorial antibacterial technique expands curdlan’s capabilities, enabling it to effectively combat periodontitis with more complicated treatments that concentrate and react to outside factors or its regional environment.
5.1.1.3 Cellulose
Cellulose is the most common carbohydrate found in nature (Seddiqi et al., 2021). It garnered substantial interest as a desirable replacement material, because of its beneficial features, including being harmless, biodegradable and biocompatible, chemical durability, low prices, and significant hydrophilic nature, which makes it an ideal solution for the production of biologically compatible hydrogels (Ciolacu and Suflet, 2018). Venkatesh et al. used Pluronic F-127 and hydroxyethyl cellulose as the hydrogel matrix to create a thermo-responsive hydrogel preloaded with azithromycin to facilitate the cure of periodontitis (Venkatesh et al., 2013). The polyoxyvinyl chains of Pluronic F-127 interact with hydroxyethyl cellulose to promote dehydration, improve tangling with surrounding molecules, and significantly increase hydrogen bonds between molecules. As a result, it may be possible to lower the gelation temperature and use a hydrogel to treat periodontitis more effectively. Rheological investigations indicate that this hydrogel’s density increases with temperature, reaching a notable peak at 37°C.
This hydrogel also features a quick gelation time and an excellent gelation temperature. This hydrogel’s gelation temperature is lower than body temperature (29.8°C–33.1°C), and the time necessary for the hydrogel to attain the gelation temperature is between 33 and 42 s.
5.1.1.4 Xyloglucan
Xyloglucan is a carbohydrate present in higher plant cell walls along with numerous seeds. It is of the highest quality biocompatible material that is readily available and biodegradable. When contrasted to other hydrogels, it has been extensively explored because of its higher capability for taking in and keeping water, as well as its superior biocompatibility. It has piqued research curiosity in the creation of hydrogels for biological purposes (Kulkarni et al., 2017). It was also lately tested as a potential cell transport vehicle via the addition of poly-D-lysine, which under physiological conditions caused a sol-gel transformation (Simi and Abraham, 2010). Cell confinement in regenerative medicine purposes requires the existence of microporous, three-dimensional structures that have connections (Silva et al., 2013; Ajovalasit et al., 2018).
5.1.1.5 Agarose
Agarose is a seaweed-derived carbohydrate (Chudasama et al., 2021). This polysaccharide’s molecular arrangement is left-handed triple-double helices, which allows it to produce highly durable gels even at small amounts (Utech and Boccaccini, 2016). Agarose has a fascinating thermosensitivity: depending on the type of agarose, its polymer chains can display a random coil structure at high temperatures (N65C-95C), and they can also form double helical aggregates at around 35°C (Zeng et al., 2015). It is water soluble at different temperatures and is extensively used as a cell immobilization matrix, pharmaceutical carrier, and cellular incorporation. These hydrogels’ interconnecting porosity morphologies, excellent mechanical strength with moderate biodegradation, extraordinary tissue adhesiveness, and self-healing potential render them attractive options for long-lasting wound dressings (Zeng et al., 2015).
5.1.1.6 Hyaluronic acid
Hyaluronic acid (HA) is an organic polymer. The physiological effects of HA can be divided into two categories: signaling molecules and passive architectural molecules. As an extracellular substance, HA stabilizes the space by forming a hydrated and organized system while also changing tissue hydration and osmotic equilibrium. It can, on the other hand, function as a signaling molecule, interacting with binding proteins. By being highly biocompatible, biodegradable, and mechanically viscoelastic, HA-based hydrogel not only retains the biological capabilities of HA but also endows the hydrogel with skeletal functioning. In order to boost the efficacy of BMP-2 in bone therapy, injectable substances that are safe and break down in a controlled way, including HA, with increased vehicle qualities were created (Patterson et al., 2010). HA was chosen as a sample of mucoadhesive compounds. This choice is significant because, in some ways, HA represents the worst-case scenario for mucoadhesive polymers. In fact, HA has been regarded a borderline material that may have particular reactions with cellular elements when delivered through routes other than mucosal regions (Vasvani et al., 2020).
5.1.1.7 Starch
Starch is a plant-derived material that is frequently engaged in bone tissue engineering and medicine delivery. Swelling capabilities, rheological features, enzymatic digestion, shape, and solubility are some of its major characteristics that increase its application in drug delivery studies. As a result of differing manufacturing processes, starch may associate into an array of semi-crystalline forms and construct numerous hydrogel formulations. Native starch granules absorb water and expand when heated in excess water. Following the permanent loss of granule structural and crystalline order, amylose leaches into the surrounding media, a method known as starch gelatinization (Nikolenko et al., 2023).
Starch has considerable potential for the creation of “green” hydrogel-based products since it is an accessible, sustainable, and ecologically friendly substance with a diverse spectrum of rheological, chemical, physical, and biochemical characteristics (Bertoft, 2017). For hemostatic usage, a new Kappa carrageenan (CA)-coated Starch/cellulose nanofiber (CNF) with customizable biomechanical characteristics. The durability of CA-coated Starch/CNF hydrogels was greatly increased (up to 2 times) when compared to Starch/CNF hydrogels, depending on the CA concentration.
Because of the collaborative impacts. of starch/CNF hydrogel and CA coating, remarkable features like improved mechanical capabilities, tunable rates of decomposition, and blood coagulation capacity were obtained, making CA-coated starch/CNF hydrogel a suitable choice for hemostasis (Tavakoli et al., 2021). Starch/Chitosan Gelation duration and compressive modulus studies revealed that the particles had a substantial impact on the mix network density and hydrogel mechanical characteristics (Baniani et al., 2017). The freeze-thaw process was used to create antibacterial starch-citrate hydrogels. This hydrogel showed remarkable antibacterial action against Gram-negative bacteria strains such as E. coli, Staphylococcus pyogenes, Salmonella thypimurium, and S. aureus. As a result, the potential utilization as both an antibacterial agent and a drug delivery carrier is predicted (Chin et al., 2019). Cardoso et al. (de Oliveira Cardoso et al., 2017) created hydrogels from gellan gum and starch retrograded combinations for pharmaceutical delivery purposes by adjusting polymer and cross-linker proportions. Structural changes to the retrograded starch mix hydrogels were achieved through isothermal cycles at 4°C or alternate thermal cycles. Under chilling temperatures (4°C/8 days), hydrogels developed a more organized and resilient architectural system, resulting in a tougher and more cohesive substance. Under cycled temperatures (4°C and 30°C/16 days), hydrogels formed a looser network with more mobility and increased adhesiveness. Furthermore, Cardoso et al. (de Oliveira Cardoso, Cury, Evangelista and Gremião, 2017) showed that these hydrogels may be tailored to have appropriate adhesiveness, durability, and flexibility, making them suitable compounds for mucoadhesive devices for drug delivery. Dong et al. (Dong et al., 2019) also created a starch-based thermosensitive hydrogel that exhibits reversible swelling and deswelling as the temperature varies. They found that combining hydroxybutyl starch and PEG resulted in more porous architectures and enhanced the swelling ratio. Furthermore, these hydrogels displayed recurrent swelling at 25°C and deswelling at 45°C.
5.1.1.8 Alginate
Alginate (AG) is an organically existing anionic polymer composed of 1,4-linked-D-mannuronic acid and -L-guluronic acid that generally comes from brown seaweed. It has been deeply studied and utilized in numerous fields of medicine due to its biocompatibility, low toxicological profile, affordable price, and straightforward gelation ability via the introduction of divalent cations like calcium (Ca2+) (Chan and Neufeld, 2010; Alkhursani et al., 2023). ALG is classed as an anionic mucoadhesive polymer because it has carboxyl groups that may interact with the hydroxyl groups of mucin glycoproteins. Furthermore, ALG has gelling characteristics. Despite the numerous benefits of ALG, ALG-based drug delivery devices have disadvantages such as poor flexibility, inadequate mechanical characteristics, and brittleness. As a result, novel strategies to improve the properties of ALG preparations are required (Szekalska et al., 2016; Kruk and Winnicka, 2022). COL and AG can operate together to bring together their beneficial attributes and overcome the limitations associated with every substance.
The key barriers limiting their wide range of applicability are the poor mechanical characteristics of COL and the intrinsic absence of cell-binding motifs within AG, which may be solved by combining them with increased cell-binding motifs and boosted durability. Furthermore, the simplicity with which these composite gels under moderate circumstances allows for the preservation of bioactive substances and improves cell encapsulation (Hu and Lo, 2021). Nerve growth factors (NGF) are significant in bone healing (Yada et al., 1994). Human NGF’s quick removal from the body via enzymatic breakdown is one of its limitations. To address this issue, NGF was added into a COL/nHAp/AG hydrogel and tested for bone formation potential in a rabbit mandibular distraction osteogenesis model (0.75 mm/12 h for 6 days). The results demonstrated the hydrogel system’s osteoconductive ability and that human NGF might maintain its biological functions for an extended amount of time after being released from the NPs/hydrogel combination (Cao et al., 2012).
5.1.1.9 Gellan gum
Given its biological compatibility and breakdown, gellan gum (GG), a polysaccharide substance, is utilized to make injectable hydrogels (Ahmed, 2015). GG is a thermally responsive biomaterial with a UCST (ultimate critical solution temperature). The GG solution turns into the gel at temperatures lower than this. Additionally, the elevated carboxyl groups in GG particles have the potential to react with ambient calcium ions and trap local Ca ion levels, which is advantageous for bone regeneration. Injectable thermosensitive hydrogel based on gellan gum and cross-linked with 2-methacrylamidoethyl dihydrogen phosphate (MDP) enhanced the survival of the preosteoblast MC3T3-E1 cell line and elevated the amount and rate of hydroxyapatite production (Li A et al., 2020).
5.1.2 Natural proteins
5.1.2.1 Albumin
Albumin is a well-known macro-molecule carrier that may be found in numerous foods. It facilitates in the delivery of nutrients to cells, in addition to the regulation of osmotic pressure (Loureiro et al., 2016). Nontoxicity, biodegradability, ease of manufacturing, no immunogenicity, with clearly established dimensions make albumin carriers widely implemented in tissue engineering Nontoxicity, biodegradability, ease of manufacturing, non-immunogenicity, with clearly established dimensions make albumin carriers are widely implemented in tissue engineering (Belinskaia et al., 2021).
5.1.2.2 Gliadin
Gliadin is a Gluten protein obtained from wheat. Gliadin’s capacity to adhere to the mucus barrier makes it a popular ingredient in mucoadhesive treatments. Its exceptional features, which include being biodegradable material, its organic prevalence, safety, and reliability, render it an ideal choice for drug delivery systems. They can safeguard the loaded medicine for controlled and prolonged release due to their hydrophobic nature and solubility (Voci et al., 2021).
5.1.2.3 Zein
Zein is a prolamine-rich protein that includes hydrophobic amino acids, proline, and glutamine. Zein has been authorized by the FDA for human consumption. Several medications and bioactive compounds have been encased in zein protein nanoparticles (Corradini et al., 2014).
5.1.2.4 Fibrin/fibrinogen
Fibrin, a biodegradable and biocompatible protein, is generated by the polymerization of the enzyme fibrinogen. Fibrin is an excellent bone-healing agent (Riedelová-Reicheltová et al., 2016). Fibrinogen is a glycoprotein present in the blood that is composed of three pairs of non-identical polypeptide chains. After arterial damage, thrombin cleaves fibrinogen to create fibrin, the most prevalent constituent of blood clots. When blood coagulates because of an injury, fibrin gel can develop in a matter of seconds. Fibrinogen may react with cells via integrin receptors, which include two RGD sequences as well as non-RGD sequence integrin binding sites and non-integrin receptors (Joo et al., 2015), and this provides the fibrinogen hydrogel with great bio compatibility.
At biological conditions, fibrin gel forms easily and is suited for local administration via direct injection to the target location (Lei et al., 2009). Because fibrin may be derived from a patient’s plasma, immunological rejection is avoided. The fibrinogen cleavage byproducts and fibrin degradation substances are non-toxic and have diverse regulating impacts on cell division and development. They specifically increase angiogenetic and vasoactive activity, as well as the accumulation of collagen, during tissue healing (Herrick et al., 1999). Because of these benefits, fibrin is often utilized as a platform in tissue engineering.
Fibrinogen can operate as a repository for growth mediators, proteases, and protease suppressors by attachment to other ECM components. This interaction not only improves enzymatic attachment to the framework and cellular-mediated fibrinogen cleavage, but it also allows for the release of bioactive compounds in the immediate microenvironment (Karamanos et al., 2018). As a result, fibrinogen hydrogel may be employed as a bioactive carrier.
Fibrinogen hydrogel has limitations as a biological biomaterial, including weak mechanical properties and less predictable degradation. Copolymerization with artificial biomaterials allows for a certain degree of control over the fibrinogen hydrogel’s architectural features and biodegradation while preserving its intrinsic biocompatibility (Almany and Seliktar, 2005).
5.1.2.5 Sericin
Sericin, a water-soluble and hydrophilic protein acts as a glue and accounts for 20%–30% of the cocoon’s mass. With the inclusion of sulphate, it has intrinsic capabilities such as anti-cancer, antioxidant, and coagulation inhibition as a sericin nanoparticle (Nayak and Kundu, 2016). Sericin is also non-toxic to fibroblast cells. The existence of cysteine and methionine amino acids promotes cell development (Cao and Zhang, 2016). Water-soluble silk sericin has little immunogenicity. Sericin demonstrates easy wound healing without the inflammatory process (Cao and Zhang, 2016).
5.1.2.6 Keratin
Keratin, a structural protein that’s high in the amino acid cysteine, proclaims the greatest mechanical capacity. Keratin nanosuspension is employed as a coating to examine cellular multiplication, and it is a less expensive alternative to fibronectin or collagen. Furthermore, keratin hydrogels are employed in tissue engineering (Chen et al., 2022).
5.1.2.7 Soy protein
The most plentiful plant-based protein resource is soybean (glycine max). Its isolates are an enhanced type of soy protein that has been shown to have excellent nutritional values and ingredient functions. Glycinin and conglycinin are significant components of soy protein isolate (Qin et al., 2022). Soy protein isolate aggregates when crosslinking chemicals are added, and at specific temperatures, microspheres, hydrogels, and polymer mixes develop.
5.1.2.8 Casein
Casein is plentiful in milk and dairy products and is considered. Its nature enhances particle development, and crosslinking may be used to boost the resilience of their frameworks and their practical usefulness (Liu S et al., 2018).
5.1.2.9 Silk fibroin
Silk Fibroin (SF) is an easy material to deal with, and its outstanding mechanical properties and controlled biodegradation render it an outstanding option for bone regeneration scaffolds (Saleem et al., 2020). The SF is composed of two components known as sericin and fibroin, and fibroin was employed to reduce inflammatory and allergic reactions following surgical procedures (Sun et al., 2021). SF scaffolds were previously adjusted with a range of osteogenic bioactive sources such as natural-derived materials, bone growth agents, and chemicals (Celikkin et al., 2017).
5.1.2.10 Elastin
Elastin is a protein present in connective tissues that offers elasticity and toughness to tissues that need to be extensible and rebound. It is formed of hydrophobic domains containing residuals of glycine, valine, and proline, in addition to crosslinking domains including lysine and alanine (Wang et al., 2021). Natural elastin received fewer considerations for biomaterial applications than collagen due to the challenges in isolating it and the high chance of calcification upon transplantation (MacEwan and Chilkoti, 2010).
A temperature rise, for example, leads soluble protein to separate from the solvent and form an aggregated phase, whereas a fall in temperature increases the possibility of the protein self-aggregating (Costa et al., 2009). Elastin-like proteins (ELPs), which may be useful in tissue engineering and cancer therapeutics, have been recombinantly generated as oligomeric repeats of the pentapeptide sequence VPGXG, where X indicates an amino acid other than proline (Despanie et al., 2016). They are soluble below 35°C and form a gel-like matrix above body temperature (37°C) after injection. Consequently, ELP enables the integration of cells and other therapeutic agents into its solution state at room temperature, as well as the formation of a gel-like matrix at normal temperatures that can contain them for tissue engineering, cell therapy, and therapeutic purposes (Varanko et al., 2020).
5.1.2.11 Collagen
In the ECM and mammals, collagen is the most abundant protein. Collagen may be derived from a wide range of mammals and tissues, therefore being extensively accessible for research and treatment. To minimize batch-to-batch variances and possible sensitization of animal-originated collagen, recombinant collagen has been examined as a replacement to resemble human collagen (Rezvani Ghomi et al., 2021). Collagen gels were initially employed as a means of skin regeneration before being extensively utilized for other regenerative purposes (Zhang et al., 2023). Furthermore, injectable collagen gels have been demonstrated to stimulate stem cell adipogenesis and osteogenesis (Hao et al., 2008). Collagen-based hydrogels have been created by either letting collagen fibrils self-assemble or employing chemical crosslinking reagents.
Rebuilding of the periodontal attachment apparatus was shown to be facilitated by implanting a three-dimensional scaffold composed of collagen hydrogel and shaped like a sponge, as shown by studies by Kosen et al. (Kosen et al., 2012), and Kato et al. (Kato et al., 2015). Adverse periodontal reactions, including as ankylosis and root resorption, were consistently absent when collagen hydrogel was used. Conversely, the amount of periodontal tissue that was growing was about half that of the experimental deficit. To induce periodontal rebuilding, an integrated strategy for tissue engineering is required.
5.1.2.12 Gelatin
Gelatin is a possible naturally formed polymer for the development of hydrogels due to its non-antigenicity, nontoxicity, biodegradability, biocompatibility, and low cost (Amadori et al., 2015). Despite this, gelatin loses physical durability and flexibility in vivo due to continual water imbibition (Wisotzki et al., 2014). Consequently, unexpected waves of hydrogels occur. Additionally, gelatin’s heat stability is restricted, with the sol-gel transition happening at body temperature (37°C), constraining its practical application (Biswal et al., 2016). These problems can be solved by using strengthening agents and cross-linking procedures (Skopinska-Wisniewska et al., 2021). Attempts in the past to cross-link gelatin with glutaraldehyde have led to toxicological challenges. Genipin, a natural crosslinking agent, can be used as an ecologically benign alternative to glutaraldehyde; however, due to its high cost, its applicability is (Serpico et al., 2023).
Radiation-induced cross-linking, on the other hand, is a relatively simple and low-cost strategy that employs non-chemical substances and permits concurrent sterilization of the crosslinked polymer (Hafeez et al., 2018; Zainal et al., 2021). Gelatin’s chemical backbone produced a three-dimensional architecture by producing gamma rays via cross-linking (Wan Ishak et al., 2018). A multifunctional hydrogel constructed from homologous injectable platelet-rich fibrin (iPRF) and Gel NPs was established to boost its durability and delay decomposition while slowly discharging iPRF-entrapped growth factors (Mu et al., 2020). This organic copolymer has a DN framework, which increases mechanical properties including injectability, durability levels, and number of deformations. Sinus chambers injected with Gel NPs-iPRF hydrogels revealed considerably greater fresh bone development following four and 8 weeks of application in a sinus augmentation paradigm, histologically and radiologically than Gel NP gels and the untreated control, with a greater extent of angiogenesis. After 8 weeks, the newly produced bone developed and remodeled into lamellar bones (Mu, Chen, Yuan, Li, Huang, Wang, Zhang, Liu, Luo and Liang, 2020). As a result, it serves as a carrier for the prolonged liberation of bioactive ingredients from iPRF.
5.2 Composites
Composite biomaterials frequently exhibit an outstanding mix of strength and toughness, as well as increased properties when compared to their separate components (Solangi et al., 2023). The biomechanical responsiveness of the framework is affected by parameters like as its composition and ratio, porosity, and the addition of bioactive substances (El Sayed, 2023).
6 PATHOPHYSIOLOGY OF PERIODONTITIS
Periodontitis, as previously stated, is a multifaceted condition that results from subgingival colonization of pathogenic microorganisms (Figure 4). The condition is caused by an imbalance between pathogenic bacteria colonizing the subgingival area and the effectiveness of the host’s regional and systemic defenses (Könönen et al., 2019a). Variations in the periodontium are influenced by the host’s contact with the bacterial flora, which can result in a variety of clinical manifestations of periodontitis. Periodontitis is distinguished by the development of periodontal defects. They are caused by inflammatory and dystrophic mechanisms that degrade connective tissue. Consequently, the gingival tissues withdraw apically, and the teeth stay exposed, giving the impression that they are longer. Furthermore, regarding dysbiosis, the existence of local and generalized variables is vital for disease progression (Hajishengallis, 2015).
[image: Figure 4]FIGURE 4 | Figure 4 Immunological responses to periodontal inflammation.
Local variables include anatomical defects, dietary deficiency, inadequate sanitation, iatrogenic variables, and dental cavities, whereas general factors include blood illnesses, endocrine disorders, genetic factors, and aging. Furthermore, several risk factors, like smoking, diabetes, stress, drugs, food, hormonal variables, immunodeficient status, connective tissue disorders, and others, enhance the possibility of the onset and progression of periodontitis (Knight et al., 2016). The bacterial enzyme endotoxin allows germs to directly penetrate the gingiva, causing the pathogenic impact of the oral microbiome. Using enzymes, periodontal bacteria target intercellular spaces, followed by cells in the epithelium and connective tissue. It is believed that bacterial endotoxins are mostly to blame for the onset and development of periodontitis. Endotoxin induces proinflammatory chemicals, including prostaglandin E (PgE2), tumor necrosis factor-alpha (TNF-α), and interleukins (IL-1, IL-6, IL-8, and others), which compromise the immune system (Di Stefano et al., 2022).
Periodontitis often starts on the gingiva and progresses to the remainder of the periodontium. Gingival inflammation is a distinct condition that can extend throughout the remainder of the periodontium. There are four clinical phases: preliminary, early, developed, and advanced. In the advanced stage, the gingival lesion transforms into an alveolar bone lesion, resulting in the start of periodontitis (Martínez-García and Hernández-Lemus, 2021).
Interdental damages below the contact site cause the first lesion. An early lesion is associated with a rise in the quantity of pathogenic bacteria and a rise in the degree of inflammatory infiltration, that physiologically contributes to gingival expansion. At this point, the devastation begins. The formed lesion appears 2-3 w following the start of the buildup of the dental biofilm, at which point the clinical characteristic of moderate or severe inflammation begins. The loss of collagen is characterized by an upsurge in the number of cells. Owing to the higher quantity of collagenase in irritated gingival tissue, collagen degradation is higher. There is a lack of connective tissue connection along the root surface at the advanced lesion stage, as well as substantial apical migration of the junctional epithelium and the emergence of ulcerations (Visentin et al., 2023).
Periodontal pocket development happens clinically, and chronic periodontitis occurs. The emergence of periodontal pockets is the pathological and essential indication of chronic periodontitis. These are pathological structures generated by tissue degradation that deepen the gingival sulcus, and they only develop in people with periodontitis. Periodontitis can lead to tooth deterioration and tooth loss. It is feasible to manage periodontal disease by understanding its etiology and the clinical changes that follow it (Bosshardt, 2018).
7 CURRENTLY IMPLEMENTED PERIODONTAL THERAPEUTIC MODALITIES
Periodontal treatment is a lengthy and complex procedure. Its purpose is to avoid, manage, and eliminate periodontal diseases. The goal of contemporary periodontal therapy is to have total periodontium regeneration. Periodontal treatment is tailored to everyone. The treatment plan should contain all therapeutic methods that will aid in achieving the best morphological, and biological conditions in the mouth. The treatment approach must involve patient encouragement and compliance, in addition to recommendations on proper dental hygiene. It is also necessary to do preliminary treatment to eradicate acute or uncomfortable problems. Following the preparatory phase, the treatment is administered in the prescribed order. It is divided into four stages, beginning with causative therapy, moving on to surgery, and concluding with occlusal balance and surveillance of patients (Ivanovski, 2009).
7.1 Phase-I therapy
The initial step of conventional treatment is causal therapy. It entails the elimination of dysbiosis as well as the variables that speed up the formation and activity of the microbiome. The second component of the traditional treatment targets periodontal pockets using mechanical curettage of the pocket’s soft and hard walls. In addition to causative therapy, symptomatic therapy, which involves the removal of illness symptoms, is utilized. The current strategy also includes addressing risk factors (Kuraji et al., 2023).
7.2 Surgery
As the second stage of therapy, surgical therapy enables greater accessibility to the addressed soft, and hard tissues. The objective of surgery is to eradicate the origin of the illness, decrease periodontal pockets, and allow for optimum anatomical and functional tissue restoration. Surgical treatment is classified into several forms (Graziani et al., 2018).
7.2.1 Regenerative surgery
The goal of regenerative surgery is to reestablish damaged periodontium by promoting attachment. In clinical dentistry, the concepts of periodontal tissue regeneration depend on passive and active regeneration approaches. The most frequently employed techniques for the inert regeneration of intraosseous periodontal defects involve the incorporation of biological molecules, in addition to the utilization of biological membranes in guided tissue regeneration (Ramseier et al., 2012). Additionally, participative periodontium regeneration involves tissue engineering, which integrates stem cells and growth factors in a suitable matrix, and biologic mimicry, which imitates normal periodontal development processes using biomolecules like enamel growth protein. Substances used in regenerative periodontal surgery must be biocompatible, corrosion-resistant, and easy to handle, and should minimize operational and postoperative issues while providing reliable therapeutic results.
The word “regeneration” applies to the repair of damaged or wounded tissues in a manner that favors the production of fresh attachment, such as the development of a new periodontal ligament with its fibers inserted in freshly produced tissues (Siaili et al., 2018). Regenerative therapies, unlike traditional anti-inflammation periodontal therapy, attempt to replace damaged periodontal tissues making it a harder mission. Several approaches have been investigated in conjunction with regenerative biomaterials, including hard- and soft-tissue grafts or cell-occlusive barrier membranes (Siaili et al., 2018).
7.2.1.1 Implants and bone transplants
In order to preserve the surrounding tissue, preserve the shape of the defect, and reduce distortion of the adjacent tissue, the passive regeneration of periodontal tissues through the use of bone grafts and inserts is based on the architectural reinforcement of the affected area. Stem cells or progenitor cells with the potential to differentiate into osteoblasts are used in osteogenic bone grafts and implants. They could also be osteoinductive, meaning they supply substances that stimulate the differentiation of pluripotent stem cells, which in turn promotes the formation of new bone. In the most basic case, the implants might be osteoconductive, meaning that their chemical and biological properties promote the formation of new bone. Bone grafts and other bone replacements are categorized as autologous, allogeneic, xenogeneic, or alloplastic based on their biological makeup (Reynolds et al., 2010).
7.2.1.2 Autogenic grafts
Bone grafts that are autogenous, or self-generated, are taken from the patient and are believed to possess ideal osteogenesis, osteoinduction, and osteoconduction qualities. The extraoral or intraoral donor sites are the sources from which they can be received. Schallhorn et al. were the first to use the iliac crest as an extraoral bone transplant in periodontal regeneration surgery in the late 1960s. However, iliac bone marrow transplantations are no longer used because of the invasive extraction procedure (Sakkas et al., 2017).
7.2.1.3 Allogeneic grafts
Because allogeneic transplants are extracted from different humans, they offer some risks owing to the potential of antigenic properties (Sohn and Oh, 2019).
7.2.1.4 Xenogeneic grafts
They are natural materials derived from animals that have had their organic parts eliminated to retain the bone framework in its unaltered inorganic state. Antigenicity is a persistent concern in allogeneic transplants, as it is in allogeneic grafts.
7.2.1.5 Alloplastic implants
Alloplastic transplants are biocompatible artificial bone replacements with osteoconductive characteristics. These materials are classified as resorptive or non-resorptive based on their resorption (Eppley et al., 2005).
7.2.1.6 Guided tissue regeneration
Guided tissue regeneration is the second stage of treatment for mucogingival and periodontal disease. Restitution ad integration, or the complete structural, morphologic, and histologic regeneration of the injured periodontal tissues, is the aim of the treatment. In the early 1980s, the idea of selectively controlling the regeneration of periodontal tissues by the use of a membrane positioned between the gingiva and the tooth surfaced (Uskoković et al., 2022). The notion of directed tissue regeneration suggests that the apical growth of the epithelium is stopped or prevented, allowing room for regeneration. Periodontal ligament cells can develop into fibroblasts, cementoblasts, or osteoblasts, allowing them to establish new attachments.
For directed tissue regeneration, three kinds of membranes are employed: natural, which degrades naturally, resorptive artificial, and non-resorbable artificial. An ideal membrane should be safe, that is, biocompatible and solid, incapable of transferring illness or collapsing into a defect, yet able to distribute antimicrobials, bioactive molecules, and other additional agents (Naung et al., 2019).
8 TREATMENT OF PERIODONTITIS VIA EMPLOYING INJECTABLE THERMOS-RESPONSIVE HYDROGELS
The choice of the proper treatment material and method of delivery are critical in treating periodontitis. Regarding dose form, hydrogels are the best local delivery mechanism for periodontal locations.
8.1 Getting rid of pathogenic microbes
The deterioration of periodontal tissue begins with oral bacterial infection, and periodontitis develops as a consequence of an association between the microorganisms and the host (Bui et al., 2019). The greater part of plaques is made up of normal oral flora, with just a tiny percentage made up of highly aggressive pathogens causing direct or indirect tissue damage. Microbial antigens stimulate a variety of host defense cells, resulting in the production of several inflammatory substances and a regional immune reaction which causes secondary damage to periodontal tissues. With these plaque characteristics in consideration, current periodontal treatment focuses on balancing the microbiome and the harmful microbes, rendering antibacterial a valuable adjuvant in periodontal therapy (Bui, Almeida-da-Silva, Huynh, Trinh, Liu, Woodward, Asadi and Ojcius, 2019).
The draw backs of antibiotic therapy, on the other hand, are obvious: the incapability of a large amount of the drug to make its way more deeply into the periodontal pocket, a greater likelihood of side effects, a boost in infectious bacteria that develop resistance to drugs, and undetermined adherence among patients (Barca et al., 2015). According to existing studies, there are novel antimicrobial loaded injectable thermos-responsive hydrogels available for periodontitis, and are commonly used for these reasons since they have high antibacterial characteristics (Table 2). Popescu et al. (Popescu et al., 2022) used a twofold crosslinking technique including freeze-thaw cycles to create polyvinyl alcohol (PVA)/CS hydrogels incorporating silver nanoparticles. The most effective antimicrobial activity was identified towards S. aureus, and the blocking impact towards Pg enhanced as the proportion of silver nanoparticles in the hydrogel grew, suggesting that silver nanoparticle packed PVA/CS/OA might be utilized for managing periodontal disease.
TABLE 2 | Application of injectable thermosensitive hydrogels to deliver antimicrobial agents.
[image: Table 2]The next are some theories addressing how copper nanoparticles limit development in bacteria. For starters, the buildup, and the dissolution of copper nanoparticles in bacteria, result in the release of LPS, membrane proteins, and internal biological molecules, in addition to proton motive force generation at the plasma membrane. Nano copper is also ingested by cells, reducing internal ATP generation and halting replicating DNA (Wang et al., 2017). Gonz’alez et al. created an antibiotic release method for periodontal treatment using CS and copper nanoparticles and tested its antibacterial effectiveness against Aa in vitro (González and Cádiz, 2017). The copper nanoparticles/CS hydrogel showed a significant inhibitory halo against Aa.
Zinc (Zn) has been shown to impede microbiological activities (Pasquet et al., 2014). Electrospinning was used to create composite membranes of polycaprolactone, and Gel filled with ZnO nanoparticles. Antibacterial tests revealed that the existence of Zn nanoparticles considerably reduced the development of S. aureus. Human osteoblasts and HGF were also biocompatible with the Zn nanoparticles (Permyakova et al., 2022).
8.2 Periodontal inflammation environment regulation
Although infectious organisms are the origin of periodontitis, the inflammatory microenvironment has a significant impact on the disease’s progression. To remove bacteria, immunological cells (macrophages and T cells) in the periodontal milieu are activated and produce different cytokines (IL-1, IL-6, TNF-α) and ROS; Therefore, inflammation channels of communication are arbitrarily boosted and disturbed. This harms normal periodontium and encourages inflammation establishment, progression, and development (Han et al., 2023). That`s why injectable thermosensitive hydrogels loaded with anti-inflammatory agents, appear as promising candidates in non-surgical periodontal therapy (Table 3).
TABLE 3 | Application of injectable thermosensitive hydrogels to deliver anti-inflammatory agents.
[image: Table 3]8.2.1 Control of inflammation cells
Macrophages are the initial line of defense in the immune response and a critical type of cell during periodontitis (Yin et al., 2022). Meloxicam (Mex), a specific anti-cyclooxygenase 2, is a very effective nonsteroidal anti-inflammatory drug (NSAID). Mex, when injected subcutaneously, may reduce alveolar bone loss in rats with periodontitis (Bezerra et al., 2000).
Furthermore, Mex is a strong inhibitor of acute exudation in periodontal tissues as well as osseous degeneration. Chronic periodontitis can be greatly alleviated by mex-loaded temperature-sensitive gels (Rein et al., 2020). A month following therapy with Mex-loaded gels, the plaque index, gingival index, and probing depth all reduce dramatically (Rein et al., 2020). Ibuprofen/heparin/poly (N-isopropylacrylamide) injectable hydrogel was employed by Andrgie et al. to assist minimized discomfort and elevated inflammation during recovery. They employed the BALB/c mouse to assess its impact on inflammation resolution, and proinflammatory mediators production (Andrgie et al., 2020).
8.2.2 Management of proinflammation mediator’s oxidative species
Cytokines are important controllers of immunological responses, and their abnormalities can cause or worsen periodontitis. Periodontitis-induced inflammatory variables can promote systemic inflammatory processes, affecting blood glucose regulation and the onset and progression of diabetic problems (Ramadan et al., 2020).
IL-1 is a cytokine with multiple functions that have been linked to the etiology and progression of periodontitis and diabetes. Throughout the course of periodontitis, fibroblasts are stimulated by IL-1 to release collagenase, interstitial lytic enzyme, and gelatin-degrading enzyme, which leads to matrix degradation, connective tissue loss, and periodontal tissue death. Moreover, IL-1 can stimulate the differentiation of periodontal ligament mesenchymal stem cells towards osteoclasts and induce osteoblasts to secrete prostaglandin E2 and plasmin, which increases inflammation and bone absorption (Cheng et al., 2020).
IL-1ra can reduce the biological functions of IL-1 by binding with the IL-1 receptor, lowering the generation of inflammatory molecules which include IL-6 and TNF-α and suppressing the formation of osteoclasts (Dinarello, 2011).
Thus, a temperature-sensitive CS, β-GP, and gelatin (gel) hydrogel containing IL-1ra was created, examined, and its ability to reduce inflammation in high-sugar settings was established (Liu et al., 2022). The hydrogel gelled at 37°C for 5 min, with pore sizes ranging from 5 to 70 m. On the 21st day, the total amount of IL-1ra released was 83.23%. Real-time polymerase chain reaction (qRT-PCR) results showed that after treatment with IL-1ra-loaded thermosensitive hydrogel, the levels of inflammatory factors IL-1, IL-6, and TNF-α decreased. Additionally, in diabetic periodontitis rats, it decreased alveolar bone absorption and prevented periodontal inflammation (Liu, Liu, Wang, Zhang, Qu, Liang, Si and Wang, 2022). IL-12 promotes the development of human periodontal ligaments as well as the elevation of RANKL, which leads to alveolar bone loss. By controlling localized microbial elimination, IL-12, on the other hand, protects periodontal tissue (Issaranggun Na Ayuthaya et al., 2018). Consequently, controlling the number of cytokines during periodontitis progression is critical, and regulatory modulation via targeted therapy is a promising advancement in periodontal treatment. Hygor et al. discovered that cashew gum-containing Orabase hydrogels inhibited the synthesis of COX-2, NOS-2, INF-α, and MYD88. In rats with periodontitis, increased transcription of anti-inflammation genes (IL-10, IL-4, and TGF1) decreases inflammation (Ferreira-Fernandes et al., 2019).
Other biological products, including ROS, impact the emergence of periodontitis along with cytokines. As a result, regulating the number of cytokines during periodontitis progression is crucial, and regulation manipulation performed by targeted therapy is a prospective development in periodontal treatment (Ebersole et al., 2013). Yu et al. developed cerium oxide nanoparticles that could neutralize ROS inside the cells suppress the MAPK-NF-B signaling route, and lower proinflammatory mediator production. Additionally, in a rat periodontitis model, cerium oxide nanoparticles greatly decreased inflammation and lowered alveolar bone resorption, ultimately promoting tissue regeneration. Cerium oxide nanoparticles have shown promise in periodontal therapy and provided essential knowledge into the utilization of nanozymes in inflammatory diseases. Finally, by controlling cytokines, creative hydrogel delivery strategies can heal periodontitis (Yu et al., 2022).
Lately, Gopalakrishna and associates produced a locally delivered gel filled with piperine. To develop diverse gel compositions, the amount of deacylated gellan gum crosslinked with poloxamer-407 and sodium tripolyphosphate was changed. For 14 days, the ideal liquid was injected into human patients to evaluate its anti-inflammatory effectiveness. The hydrogel was able to develop under physiological settings, allowing for an efficient residence period of the hydrogel within the defect. Additionally, as compared to the control group, there was a substantial enhancement in clinical parameters (Gopalakrishna et al., 2023). CS thermo-responsive hydrogels loaded with antimicrobial peptides (Nal-P-113) and/or antioxidants (polydopamine nanoparticles, PDNPs) could act as a scavenger activity against DPPH was about 80% and perform antimicrobial activities against Staphylococcus gordonii, Fusobacterium nucleatum, and Porphyromonas gingivalis (Ma et al., 2022).
8.3 Wound antiinfection dressings
Bacterial pathogens are attracted readily to persistent injuries. This results in delayed healing. Controlling bacterial infection has traditionally been the emphasis of wound dressing and tissue restoration, limiting the probability of wound infection (Cao et al., 2019). Several antimicrobial agents have been widely used in clinical/preclinical trials for bacterial infection (Nainu et al., 2021). Zang et al., for example, loaded ornidazole into chitosan-based hydrogels, which might suppress P. gingivalis development and enhance periodontal wound healing of class III bifurcation defects (Zang et al., 2019). Furthermore, diabetic individuals with high blood glucose levels are prone to bacteria-related infections, which impair wound healing (Tao et al., 2015). By combining curcumin’s antibacterial and anti-inflammatory properties with alginate-based hydrogels, Shah et al. efficiently encouraged the healing and treatment of ulcers (Kumari et al., 2022). In a nutshell, limiting bacterial infection with polysaccharide-based hydrogels is the most prevalent technique for reducing the prevalence of wound infection in clinical/preclinical studies.
Numerous commercialized surgical dressings, spanning from organic substances to artificial ones in a range of morphological forms, have been manufactured at this point. Investigators were required to explore innovative wound dressings that utilized natural hydrogels with antimicrobial properties due to antibiotic resistance.
8.4 Promotion of periodontal regeneration
The primary reason for periodontal tissue loss, which eventually results in tooth loss, is a decrease in periodontal regeneration ability. The goal of treatment for periodontitis is to stop the deterioration of periodontium while encouraging regeneration and repair of periodontal tissues (Swanson et al., 2022). Finally, by speeding periodontal tissue regeneration, thermosensitive hydrogel delivery methods can successfully cure periodontitis (Li Y et al., 2023).
8.4.1 Gene delivery
Gene therapy, which is an approach for fixing faulty genes that cause certain genetic disorders, attempts to treat numerous genetic ailments. A critical stage in gene therapy is the introduction of a suitable therapeutic gene into the cells, which will replace, repair, or control the malfunctioning gene that triggers the disease. However, because DNA is a negatively charged, hydrophilic molecule, it cannot be transported to the nucleus, thus requiring it to travel across the cell’s outer layer, which is both negatively charged and hydrophobic. As a result, genetic transporters (also known as vectors or vehicles) have been produced (Pan et al., 2021). Viruses are the natural way of transporting genes and were the initial transporters used for the transfer of genes (Howarth et al., 2010).
Nevertheless, viruses have several drawbacks, the most serious of which is the immunological response they might elicit, which is why non-viral vehicles have been created (Ramamoorth and Narvekar, 2015). The majority are polymers since they are less costly and safer than viruses, and they are also simpler to adjust than transporters like liposomes. The four main stages of gene delivery when utilizing a polymer carrier are as follows: (1) DNA and polymer complexation; (2) incorporation of the DNA/polymer complex (sometimes called polyplex) onto cells for a duration commonly called transfection time; (3) complex removal from cells; and (4) incubation time, during which the cells are allowed to grow until results are observed (Figure 5). Whereas incubation and transfection are often carried out at 37 °C (the body temperature required for the cells to survive), complexation is typically carried out at room temperature. It is interesting to note that the temperature during complexation, incubation, and/or transfection has been changed using thermo-responsive polymers to boost transfection efficiency (Ward and Georgiou, 2011).
[image: Figure 5]FIGURE 5 | Delivery of genes by polymeric vehicles.
As a periodontium therapy, Li et al. created a composite made up of CS NPs loaded with BMP-2 plasmid DNA (pDNA-BMP2) in CS/β-GP hydrogel. CS NPs protected pDNA-BMP2 against nuclease degradation. Encapsulated CSNPs-pDNA-BMP2 was dispersed with 80% effectiveness throughout the scaffold’s interconnecting pores. It showed outstanding biocompatibility desired cellular development, and multiplication in human periodontal ligament cells, suggesting that it might be used in gene delivery and periodontal repair (Li et al., 2017). Lan et al. created an amalgamated hydrogel dressing capable of detecting and administering MMP-9 siRNA (siMMP-9). SiMMP-9 was mixed with Gly-TETA (GT), and the resulting framework was placed into a thermosensitive hydrogel composed of pluronic F-127 (PF) and methylcellulose (MC) (Lan et al., 2021). Considering its precise mechanism of activity and capacity to swiftly quiet specific expression of genes, siRNA has significant therapeutic promise. The hydrogel distributed GT/siMMP9 into the damaged tissue via temperature-dependent control for 7 days, offering regional and constant delivery, which ended in substantial suppression of MMP-9 and an enhancement in the healing process of injuries.
8.4.2 Cell-based therapy
Cell-based treatment and tissue engineering are the most appealing and frequently researched regenerative medicine options. The direct administration of cells leads to inadequate control, numerous cells lost owing to injection site reflux, and inadequate adhesion into host tissues (Mahla, 2016). Because of their advantages, injectable in situ forming thermos-responsive hydrogels are utilized as carriers and transient supportive platforms for cellular and fresh tissue ingrowth (Figure 6; Table 4) (Dimatteo et al., 2018).
[image: Figure 6]FIGURE 6 | In situ formation of a scaffold in tissue engineering.
TABLE 4 | Application of injectable thermosensitive hydrogels to deliver cells.
[image: Table 4]8.4.3 Growth factors delivery
Growth factors assisted delivery via utilization of injectable thermpsensitive natural polymeric hydrogels provide viable, economic, safe, and easy procedure for promotion of periodontal regeneration (Figure 7; Table 5). Periodontal problems were treated with human fibroblast growth factor 2 containing hydrogels. Following 1 year of therapy, the clinical markers of periodontal wound healing improved dramatically in 30 patients (Matsumoto, 2018). Tamura et al. investigated the therapeutic benefits of prolonged release of basic fibroblast growth factor (bFGF) from gelatin hydrogels in patients with periodontal disease and bone abnormalities in separate research (Matsumoto, 2018). Clinical metrics including probing pocket depth decrease, clinical attachment gain, and radiographic bone fill improved significantly 1 year following therapy. Furthermore, no negative consequences were found (Matsumoto, 2018). An injectable chitosan/gelatin thermoresponsive hydrogel loaded with BMP-2 as an osteoinductive biomolecule and T8IC nanoparticles as a photosensitizer was created to improve PDT and BMP-2 release. It demonstrated outstanding bactericidal activity, osteogenic induction, and biosafety in vitro and in vivo. Furthermore, immunohistochemical staining and micro-CT scans indicated that PTT and PDT might enhance bone repair by reducing inflammation (Wang et al., 2023).
[image: Figure 7]FIGURE 7 | Local application of growth factors via injectable thermosensitive hydrogels.
TABLE 5 | Application of injectable thermosensitive hydrogels to deliver growth factors.
[image: Table 5]8.4.4 Local drug delivery
As the name implies, drug delivery is the approach or procedure of giving a medication molecule (drug) to create a medicinal benefit. The delivery of the medicine to the appropriate place, at a suitable t time, and the effective concentration are critical. Nevertheless, there are several barriers to effective medication delivery. These challenges include the medications’ poor solubility, environmental or enzymatic degradation, rapid levels of excretion, general harmful effects, and difficulty in traversing biological barriers, to mention a few. To solve these challenges, drug delivery vehicles, the majority of which are founded on polymers, are being employed. Nonetheless, even when employing a carrier to transport the medicine, achieving the desired regulated release rate is challenging (Atia et al., 2022a).
The distribution of medicine is frequently troublesome since the level of the released drug at the target location is either excessively low or elevated, and it is not administered for the desired period. As a result, “smart” polymeric carriers are being employed to transport pharmaceuticals. By just dispensing the medication in response to stimulation from the outside, these delivery systems ensure that the medication gets delivered at an appropriate moment and in sufficient quantities (Table 6). For instance, as the temperature rises, the polymer chains of a vehicle could stretch, allowing the medicine to diffuse out and be liberated from the carrier (Alkhursani et al., 2022b).
TABLE 6 | Application of injectable thermosensitive hydrogels to deliver drugs.
[image: Table 6]Gad and coworkers developed solid lipid microparticle gels containing doxycycline hydrochloride and metronidazole and demonstrated their therapeutic usefulness in periodontitis (Gad et al., 2017). Meloxicam (Mex)-loaded-CD ISG and ISM were created by combining -CD in dimethyl sulphoxide (ISG) as the internal phase and camellia oil containing 5% glyceryl monostearate (ISM). A 24-gauge needle was used to conveniently inject Mex-loaded -CD systems with 40% CD. Following Fickian diffusion, the ISM system containing 40% -CD converted into microparticles and prolonged the drug release to 7 days with a reduced initial burst release.
Furthermore, the considerable weight loss indicated possible degradability. The sluggish diffusion rate of the solvent from the ISM system was triggered by a high maximum deformation force with a highly viscous nature. As a result, 40% CD ISM is a viable anti-inflammatory medication local Mex-controlled release mechanism for periodontitis therapy (Rein et al., 2020).
8.4.5 Delivery of other biological molecules
The injectable hydrogels are naturally adaptable, allowing them to fill irregular-sized lesions, and a minimally invasive method assists in the administration of bioactive substances and cells (Figure 8; Table 7) (Dhivya et al., 2015). β-TCP-loaded thermosensitive chitosan hydrogels showed biocompatibility with MC3T3-E1 and HGF cells. For 14 days (Tan et al., 2023). To be rigid enough for tissue regeneration, a biocompatible grafting polymer-based temperature-sensitive hybrid hydrogel (Chitosan-P123, CP) comprising gelatin and curcumin could sustainably release curcumin, as well as a superior biocompatibility scaffold (Pham et al., 2019). The potential of particularly generated pharmaceutical release at the wound bed was demonstrated by encapsulating curcumin nanoparticles with MMP9-responsive and thermos-sensitive gelatin hydrogel, which increased the efficiency in healing the standardized skin wounds in streptozotocin-induced diabetic mice (Liu J et al., 2018). Lszewska-Czyz and others revealed that using hyaluronic acid hydrogels as an addition to non-surgical periodontal treatment resulted in better clinical outcomes after 3 months (Olszewska-Czyz et al., 2021). Probing depth reduction was unaffected, however there was an increase in periodontal attachment (1 mm more than the control group) and a decrease in inflammation, as measured by bleeding on probing (6% less than the control group). Moreover, no adverse consequences have been documented (Olszewska-Czyzet al., 2021).
[image: Figure 8]FIGURE 8 | In situ formation of a scaffold in bone tissue engineering.
TABLE 7 | Application of injectable thermosensitive hydrogels to other biological molecules.
[image: Table 7]9 CONCLUDING REMARKS
The creation of innovative stimulus responses determined by sophisticated materials and preparation processes is critical to smart hydrogel design. Furthermore, ongoing in-depth research on the pathogenic process of periodontitis has yielded several possible therapy methods. Smart hydrogels have produced great therapeutic results to date. With the advancement of stimulus-reactive techniques and the development of stronger pathogenic mechanisms of periodontitis, there is still an enormous opportunity for the fabrication of innovative intelligent hydrogels for periodontal therapy. We expect that intelligent hydrogels will offer fresh options for periodontitis treatment in the coming years.
AUTHOR CONTRIBUTIONS
ME-N: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. FR: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. ET: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. GA: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing, Supervision. TF: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. NM: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. AA: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. MA: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Validation, Visualization, Writing–original draft, Writing–review and editing. IH: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. A-MI: Conceptualization, Data curation, Formal Analysis, Investigation, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. NT: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. AI: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. AMA: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. SI: Conceptualization, Data curation, Formal Analysis, Investigation, Software, Validation, Visualization, Writing–original draft, Writing–review and editing, Methodology. MR: Conceptualization, Data curation, Formal Analysis, Investigation, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. SD: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research is funded partially by Zarqa University-Jordan and the project 6PFE of the University of Life Sciences “King Mihai I” from Timisoara and Research Institute for Biosecurity and Bioengineering from Timisoara.
ACKNOWLEDGMENTS
This work is supported via Prince Sattam bin Abdulaziz University project number (PSAU/2023/R/1445), Al-Kharj, Saudi Arabia. The authors also extend their appreciation to Mutah University, Mutah, Al-Karak, Jordan for all offered support.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Agrahari, V., Agrahari, V., and Mitra, A. K. (2016). Nanocarrier fabrication and macromolecule drug delivery: challenges and opportunities. Ther. Deliv. 7, 257–278. Epub 2016/03/25. doi:10.4155/tde-2015-0012
 Aguilar, M. R., and San Román, J. (2019). Smart polymers and their applications. Woodhead publishing. 
 Ahmed, E. M. (2015). Hydrogel: preparation, characterization, and applications: a review. J. Adv. Res. 6, 105–121. doi:10.1016/j.jare.2013.07.006
 Ahn, W., Lee, J.-H., Kim, S. R., Lee, J., and Lee, E. J. (2021). Designed protein-and peptide-based hydrogels for biomedical sciences. J. Mater. Chem. B 9, 1919–1940. doi:10.1039/d0tb02604b
 Ajovalasit, A., Sabatino, M. A., Todaro, S., Alessi, S., Giacomazza, D., Picone, P., et al. (2018). Xyloglucan-based hydrogel films for wound dressing: structure-property relationships. Carbohydr. Polym. 179, 262–272. doi:10.1016/j.carbpol.2017.09.092
 Alkhursani, S. A., Barai, H. R., Alshangiti, D. M., Al-Gahtany, S. A., Ghobashy, M. M., Atia, G. A. N., et al. (2023). pH-sensitive hydrogel membrane-based sodium alginate/poly(vinyl alcohol) cross-linked by freeze–thawing cycles for dye water purification. ACS ES&T Water 4, 509–519. doi:10.1021/acsestwater.3c00567
 Alkhursani, S. A., Ghobashy, M. M., Al-Gahtany, S. A., Meganid, A. S., Abd El-Halim, S. M., Ahmad, Z., et al. (2022a). Application of nano-inspired scaffolds-based biopolymer hydrogel for bone and periodontal tissue regeneration. Journal 14, 3791. doi:10.3390/polym14183791
 Alkhursani, S. A., Ghobashy, M. M., Al-Gahtany, S. A., Meganid, A. S., Abd El-Halim, S. M., Ahmad, Z., et al. (2022b). Application of nano-inspired scaffolds-based biopolymer hydrogel for bone and periodontal tissue regeneration. Polymers 14, 3791. doi:10.3390/polym14183791
 Almany, L., and Seliktar, D. (2005). Biosynthetic hydrogel scaffolds made from fibrinogen and polyethylene glycol for 3D cell cultures. Biomaterials 26, 2467–2477. doi:10.1016/j.biomaterials.2004.06.047
 Amadori, S., Torricelli, P., Rubini, K., Fini, M., Panzavolta, S., and Bigi, A. (2015). Effect of sterilization and crosslinking on gelatin films. J. Mater. Sci. Mater. Med. 26, 69–9. doi:10.1007/s10856-015-5396-4
 Anal, A. K., and Stevens, W. F. (2005). Chitosan–alginate multilayer beads for controlled release of ampicillin. Int. J. Pharm. 290, 45–54. doi:10.1016/j.ijpharm.2004.11.015
 Andrgie, A. T., Darge, H. F., Mekonnen, T. W., Birhan, Y. S., Hanurry, E. Y., Chou, H. Y., et al. (2020). Ibuprofen-loaded heparin modified thermosensitive hydrogel for inhibiting excessive inflammation and promoting wound healing. Polym. (Basel) 6, 2619. Epub 2020/11/12. doi:10.3390/polym12112619
 Atia, G. A., Shalaby, H. K., Ali, N. G., Morsy, S. M., Ghobashy, M. M., Attia, H. A., et al. (2023a). New challenges and prospective applications of three-dimensional bioactive polymeric hydrogels in oral and craniofacial tissue engineering: a narrative review. Journal 16, 702. doi:10.3390/ph16050702
 Atia, G. A., Shalaby, H. K., Roomi, A. B., Ghobashy, M. M., Attia, H. A., Mohamed, S. Z., et al. (2023b). Macro, micro, and nano-inspired bioactive polymeric biomaterials in therapeutic, and regenerative orofacial applications. Drug Des. Dev. Ther. 17, 2985–3021. doi:10.2147/dddt.s419361
 Atia, G. A., Barai, H. R., Shalaby, H. K., Ali, N. G., Morsy, S. M., Ghobashy, M. M., et al. (2022). Baghdadite: a novel and promising calcium silicate in regenerative dentistry and medicine. ACS omega 7, 44532–44541. doi:10.1021/acsomega.2c05596
 Atia, G. A., Shalaby, H. K., Zehravi, M., Ghobashy, M. M., Attia, H. A. N., Ahmad, Z., et al. (2022a). Drug-loaded chitosan scaffolds for periodontal tissue regeneration. Polymers 14, 3192. doi:10.3390/polym14153192
 Atia, G., Shalaby, H. K., Zehravi, M., Ghobashy, M. M., Ahmad, Z., Khan, F. S., et al. (2022b). Locally applied repositioned hormones for oral bone and periodontal tissue engineering: a narrative review. Polymers 14, 2964. doi:10.3390/polym14142964
 Badali, E., Hosseini, M., Mohajer, M., Hassanzadeh, S., Saghati, S., Hilborn, J., et al. (2021). Enzymatic crosslinked hydrogels for biomedical application. Polym. Sci. Ser. A 63, S1–S22. doi:10.1134/s0965545x22030026
 Bae, J. W., Choi, J. H., Lee, Y., and Park, K. D. (2015). Horseradish peroxidase-catalysed in situ-forming hydrogels for tissue-engineering applications. J. tissue Eng. Regen. Med. 9, 1225–1232. doi:10.1002/term.1917
 Bal-Ozturk, A., Cecen, B., Avci-Adali, M., Topkaya, S. N., Alarcin, E., Yasayan, G., et al. (2021). Tissue adhesives: from research to clinical translation. Nano Today 36, 101049. Epub 2021/01/12. doi:10.1016/j.nantod.2020.101049
 Baniani, D. D., Bagheri, R., and Solouk, A. (2017). Preparation and characterization of a composite biomaterial including starch micro/nano particles loaded chitosan gel. Carbohydr. Polym. 174, 633–645. doi:10.1016/j.carbpol.2017.06.095
 Barca, E., Cifcibasi, E., and Cintan, S. (2015). Adjunctive use of antibiotics in periodontal therapy. J. Istanbul Univ. Fac. Dent. 49, 55–62. Epub 2015/01/12. doi:10.17096/jiufd.90144
 Belinskaia, D. A., Voronina, P. A., and Goncharov, N. V. (2021). Integrative role of albumin: evolutionary, biochemical and pathophysiological aspects. J. Evol. Biochem. Physiology 57, 1419–1448. doi:10.1134/s002209302106020x
 Bellotti, E., Schilling, A. L., Little, S. R., and Decuzzi, P. (2021). Injectable thermoresponsive hydrogels as drug delivery system for the treatment of central nervous system disorders: a review. J. Control. Release 329, 16–35. doi:10.1016/j.jconrel.2020.11.049
 Bertoft, E. (2017). Understanding starch structure: recent progress. Agronomy 7, 56. doi:10.3390/agronomy7030056
 Bezerra, M. M., Lima, V., Alencar, V. B. M., Vieira, I. B., Brito, G. A. C., Ribeiro, R. A., et al. (2000). Selective cyclooxygenase-2 inhibition prevents alveolar bone loss in experimental periodontitis in rats. J. Periodontol. 71 (6), 1009–1014. doi:10.1902/jop.2000.71.6.1009
 Biswal, D., Anupriya, B., Uvanesh, K., Anis, A., Banerjee, I., and Pal, K. (2016). Effect of mechanical and electrical behavior of gelatin hydrogels on drug release and cell proliferation. J. Mech. Behav. Biomed. Mater. 53, 174–186. doi:10.1016/j.jmbbm.2015.08.017
 Bosshardt, D. D. (2018). The periodontal pocket: pathogenesis, histopathology and consequences. Periodontol. 2000 76, 43–50. Epub 2017/12/02. doi:10.1111/prd.12153
 Bovone, G., Dudaryeva, O. Y., Marco-Dufort, B., and Tibbitt, M. W. (2021). Engineering hydrogel adhesion for biomedical applications via chemical design of the junction. ACS Biomaterials Sci. Eng. 7, 4048–4076. doi:10.1021/acsbiomaterials.0c01677
 Bryant, S. J., Nuttelman, C. R., and Anseth, K. S. (2000). Cytocompatibility of UV and visible light photoinitiating systems on cultured NIH/3T3 fibroblasts in vitro. J. Biomaterials Sci. 11, 439–457. doi:10.1163/156856200743805
 Bui, F. Q., Almeida-da-Silva, C. L. C., Huynh, B., Trinh, A., Liu, J., Woodward, J., et al. (2019). Association between periodontal pathogens and systemic disease. Biomed. J. 42, 27–35. doi:10.1016/j.bj.2018.12.001
 Bustamante-Torres, M., Romero-Fierro, D., Arcentales-Vera, B., Palomino, K., Magaña, H., and Bucio, E. (2021). Hydrogels classification according to the physical or chemical interactions and as stimuli-sensitive materials. Gels 7, 182. doi:10.3390/gels7040182
 Buwalda, S. J., Vermonden, T., and Hennink, W. E. (2017). Hydrogels for therapeutic delivery: current developments and future directions. Biomacromolecules 18, 316–330. doi:10.1021/acs.biomac.6b01604
 Cancian, G., Tozzi, G., Hussain, A. A. B., De Mori, A., and Roldo, M. (2016). Carbon nanotubes play an important role in the spatial arrangement of calcium deposits in hydrogels for bone regeneration. J. Mater. Sci. Mater. Med. 27, 126–210. doi:10.1007/s10856-016-5740-3
 Cao, J., Wang, L., Lei, D.-L., Liu, Y.-P., Du, Z.-J., and Cui, F.-Z. (2012). Local injection of nerve growth factor via a hydrogel enhances bone formation during mandibular distraction osteogenesis. Oral Surg. oral Med. oral pathology oral radiology 113, 48–53. doi:10.1016/j.tripleo.2011.01.021
 Cao, J., Xiao, L., and Shi, X. (2019). Injectable drug-loaded polysaccharide hybrid hydrogels for hemostasis. RSC Adv. 9, 36858–36866. doi:10.1039/c9ra07116d
 Cao, T.-T., and Zhang, Y.-Q. (2016). Processing and characterization of silk sericin from Bombyx mori and its application in biomaterials and biomedicines. Mater. Sci. Eng. C 61, 940–952. doi:10.1016/j.msec.2015.12.082
 Celikkin, N., Rinoldi, C., Costantini, M., Trombetta, M., Rainer, A., and Święszkowski, W. (2017). Naturally derived proteins and glycosaminoglycan scaffolds for tissue engineering applications. Mater. Sci. Eng. C 78, 1277–1299. doi:10.1016/j.msec.2017.04.016
 Chan, A. W., and Neufeld, R. J. (2010). Tuneable semi-synthetic network alginate for absorptive encapsulation and controlled release of protein therapeutics. Biomaterials 31, 9040–9047. doi:10.1016/j.biomaterials.2010.07.111
 Chanaj-Kaczmarek, J., Osmałek, T., Szymańska, E., Winnicka, K., Karpiński, T. M., Dyba, M., et al. (2021). Development and evaluation of thermosensitive hydrogels with binary mixture of scutellariae baicalensis radix extract and chitosan for periodontal diseases treatment. Int. J. Mol. Sci. 22, 11319. doi:10.3390/ijms222111319
 Chang, B., Ahuja, N., Ma, C., and Liu, X. (2017). Injectable scaffolds: preparation and application in dental and craniofacial regeneration. Mater. Sci. Eng. R Rep. 111, 1–26. doi:10.1016/j.mser.2016.11.001
 Chatterjee, S., Hui, P. C.-L., and Kan, C.-W. (2018). Thermoresponsive hydrogels and their biomedical applications: special insight into their applications in textile based transdermal therapy. Polymers 10, 480. doi:10.3390/polym10050480
 Chen, A., Deng, S., Lai, J., Li, J., Chen, W., Varma, S. N., et al. (2023). Hydrogels for oral tissue engineering: challenges and opportunities. Molecules 28, 3946. doi:10.3390/molecules28093946
 Chen, J.-P., Tsai, M.-J., and Liao, H.-T. (2013). Incorporation of biphasic calcium phosphate microparticles in injectable thermoresponsive hydrogel modulates bone cell proliferation and differentiation. Colloids Surfaces B Biointerfaces 110, 120–129. doi:10.1016/j.colsurfb.2013.04.028
 Chen, L., Meng, R., Qing, R., Li, W., Wang, Z., Hou, Y., et al. (2022). Bioinspired robust keratin hydrogels for biomedical applications. Nano Lett. 22, 8835–8844. doi:10.1021/acs.nanolett.2c02530
 Chen, Y., Zhang, F., Fu, Q., Liu, Y., Wang, Z., and Qi, N. (2016). In vitro proliferation and osteogenic differentiation of human dental pulp stem cells in injectable thermo-sensitive chitosan/β-glycerophosphate/hydroxyapatite hydrogel. J. biomaterials Appl. 31, 317–327. doi:10.1177/0885328216661566
 Cheng, R., Wu, Z., Li, M., Shao, M., and Hu, T. (2020). Interleukin-1β is a potential therapeutic target for periodontitis: a narrative review. Int. J. Oral Sci. 12, 2. Epub 2020/01/05. doi:10.1038/s41368-019-0068-8
 Chenite, A., Chaput, C., Wang, D., Combes, C., Buschmann, M. D., Hoemann, C. D., et al. (2000). Novel injectable neutral solutions of chitosan form biodegradable gels in situ. Biomaterials 21, 2155–2161. Epub 2000/09/14. doi:10.1016/s0142-9612(00)00116-2
 Chew, J. R. J., Chuah, S. J., Teo, K. Y. W., Zhang, S., Lai, R. C., Fu, J. H., et al. (2019). Mesenchymal stem cell exosomes enhance periodontal ligament cell functions and promote periodontal regeneration. Acta Biomater. 15 (89), 252–264. Epub 2019/03/18. doi:10.1016/j.actbio.2019.03.021
 Chien, K.-H., Chang, Y.-L., Wang, M.-L., Chuang, J.-H., Yang, Y.-C., Tai, M.-C., et al. (2018). Promoting induced pluripotent stem cell-driven biomineralization and periodontal regeneration in rats with maxillary-molar defects using injectable BMP-6 hydrogel. Sci. Rep. 8, 114. doi:10.1038/s41598-017-18415-6
 Chin, S. F., Romainor, A. N. B., Pang, S. C., and Lihan, S. (2019). Antimicrobial starch-citrate hydrogel for potential applications as drug delivery carriers. J. Drug Deliv. Sci. Technol. 54, 101239. doi:10.1016/j.jddst.2019.101239
 Chudasama, N. A., Sequeira, R. A., Moradiya, K., and Prasad, K. (2021). Seaweed polysaccharide based products and materials: an assessment on their production from a sustainability point of view. Molecules 26, 2608. doi:10.3390/molecules26092608
 Ciolacu, D. E., and Suflet, D. M. (2018). “Cellulose-based hydrogels for medical/pharmaceutical applications,” in Biomass as renewable raw material to obtain bioproducts of high-tech value ( Elsevier), 401–439.
 Cook, M. T., Haddow, P., Kirton, S. B., and McAuley, W. J. (2021). Polymers exhibiting lower critical solution temperatures as a route to thermoreversible gelators for healthcare. Adv. Funct. Mater. 31, 2008123. doi:10.1002/adfm.202008123
 Ćorković, I., Pichler, A., Šimunović, J., and Kopjar, M. (2021). Hydrogels: characteristics and application as delivery systems of phenolic and aroma compounds. Journal 10, 1252. doi:10.3390/foods10061252
 Corradini, E., Curti, P. S., Meniqueti, A. B., Martins, A. F., Rubira, A. F., and Muniz, E. C. (2014). Recent advances in food-packing, pharmaceutical and biomedical applications of zein and zein-based materials. Int. J. Mol. Sci. 15, 22438–22470. doi:10.3390/ijms151222438
 Costa, R. R., Custódio, C. A., Testera, A. M., Arias, F. J., Rodríguez-Cabello, J. C., Alves, N. M., et al. (2009). Stimuli-responsive thin coatings using elastin-like polymers for biomedical applications. Adv. Funct. Mater. 19, 3210–3218. doi:10.1002/adfm.200900568
 Couto, D. S., Hong, Z., and Mano, J. F. (2009). Development of bioactive and biodegradable chitosan-based injectable systems containing bioactive glass nanoparticles. Acta biomater. 5, 115–123. Epub 2008/10/07. doi:10.1016/j.actbio.2008.08.006
 Dang, Q., Liu, K., Zhang, Z., Liu, C., Liu, X., Xin, Y., et al. (2017). Fabrication and evaluation of thermosensitive chitosan/collagen/α, β-glycerophosphate hydrogels for tissue regeneration. Carbohydr. Polym. 167, 145–157. Epub 2017/04/24. doi:10.1016/j.carbpol.2017.03.053
 Deng, A., Kang, X., Zhang, J., Yang, Y., and Yang, S. (2017). Enhanced gelation of chitosan/β-sodium glycerophosphate thermosensitive hydrogel with sodium bicarbonate and biocompatibility evaluated. Mater. Sci. Eng. C, Mater. Biol. Appl. 78, 1147–1154. Epub 2017/06/04. doi:10.1016/j.msec.2017.04.109
 de Oliveira Cardoso, V. M., Cury, B. S. F., Evangelista, R. C., and Gremião, M. P. D. (2017). Development and characterization of cross-linked gellan gum and retrograded starch blend hydrogels for drug delivery applications. J. Mech. Behav. Biomed. Mater. 65, 317–333. doi:10.1016/j.jmbbm.2016.08.005
 de Santana, R. B., and de Santana, C. M. M. (2015). Human intrabony defect regeneration with rh FGF-2 and hyaluronic acid–a randomized controlled clinical trial. J. Clin. periodontology 42, 658–665. doi:10.1111/jcpe.12406
 Despanie, J., Dhandhukia, J. P., Hamm-Alvarez, S. F., and MacKay, J. A. (2016). Elastin-like polypeptides: therapeutic applications for an emerging class of nanomedicines. J. Control. release official J. Control. Release Soc. 240, 93–108. Epub 2015/11/19. doi:10.1016/j.jconrel.2015.11.010
 Dhivya, S., Saravanan, S., Sastry, T. P., and Selvamurugan, N. (2015). Nanohydroxyapatite-reinforced chitosan composite hydrogel for bone tissue repair in vitro and in vivo. J. nanobiotechnology 13 (2015/06/12), 40. doi:10.1186/s12951-015-0099-z
 Dimatteo, R., Darling, N. J., and Segura, T. (2018). In situ forming injectable hydrogels for drug delivery and wound repair. Adv. Drug Deliv. Rev. 127, 167–184. Epub 2018/03/24. doi:10.1016/j.addr.2018.03.007
 Dinarello, C. A. (2011). Interleukin-1 in the pathogenesis and treatment of inflammatory diseases. Blood 117, 3720–3732. Epub 2011/02/10. doi:10.1182/blood-2010-07-273417
 Di Stefano, M., Polizzi, A., Santonocito, S., Romano, A., Lombardi, T., and Isola, G. (2022). Impact of oral microbiome in periodontal health and periodontitis: a critical review on prevention and treatment. Int. J. Mol. Sci. 5, 23. Epub 2022/05/15. doi:10.3390/ijms23095142
 Dong, S., Li, S., Hao, Y., and Gao, Q. (2019). Hydroxybutyl starch-based thermosensitive hydrogel for protein separation. Int. J. Biol. Macromol. 134, 165–171. doi:10.1016/j.ijbiomac.2019.04.206
 Ebersole, J. L., Dawson, D. R., Morford, L. A., Peyyala, R., Miller, C. S., and Gonzaléz, O. A. (2013). Periodontal disease immunology: 'double indemnity' in protecting the host. Periodontol. 2000 62, 163–202. Epub 2013/04/12. doi:10.1111/prd.12005
 El Sayed, M. M. (2023). Production of polymer hydrogel composites and their applications. J. Polym. Environ. 31, 2855–2879. doi:10.1007/s10924-023-02796-z
 El-Sherbiny, I. M., and Yacoub, M. H. (2013). Hydrogel scaffolds for tissue engineering: progress and challenges. Glob. Cardiol. Sci. Pract. 2013, 38. doi:10.5339/gcsp.2013.38
 Eppley, B. L., Pietrzak, W. S., and Blanton, M. W. (2005). Allograft and alloplastic bone substitutes: a review of science and technology for the craniomaxillofacial surgeon. J. Craniofacial Surg. 16, 981–989. doi:10.1097/01.scs.0000179662.38172.dd
 Ferreira-Fernandes, H., Barros, M. A. L., Souza Filho, M. D., Medeiros, J. V. R., Vasconcelos, D. F. P., Silva, D. A. D., et al. (2019). Topical application of cashew gum or chlorhexidine gel reduces overexpression of proinflammatory genes in experimental periodontitis. Int. J. Biol. Macromol. 128, 934–940. doi:10.1016/j.ijbiomac.2019.02.002
 Gad, H. A., Kamel, A. O., Ezzat, O. M., El Dessouky, H. F., and Sammour, O. A. (2017). Doxycycline hydrochloride-metronidazole solid lipid microparticles gels for treatment of periodontitis: development, in-vitro and in-vivo clinical evaluation. Expert Opin. Drug Deliv. 14, 1241–1251. Epub 2017/05/10. doi:10.1080/17425247.2017.1329297
 Gaffey, A. C., Chen, M. H., Venkataraman, C. M., Trubelja, A., Rodell, C. B., Dinh, P. V., et al. (2015). Injectable shear-thinning hydrogels used to deliver endothelial progenitor cells, enhance cell engraftment, and improve ischemic myocardium. J. Thorac. Cardiovasc. Surg. 150, 1268–1277. doi:10.1016/j.jtcvs.2015.07.035
 Gerecht, S., Burdick, J. A., Ferreira, L. S., Townsend, S. A., Langer, R., and Vunjak-Novakovic, G. (2007). Hyaluronic acid hydrogel for controlled self-renewal and differentiation of human embryonic stem cells. Proc. Natl. Acad. Sci. 104, 11298–11303. doi:10.1073/pnas.0703723104
 González, J., and Cádiz, C. (2017). Design of antimicrobial release systems based on chitosan and copper nanoparticles for localized periodontal therapy. 
 Gopalakrishna, P. K., Jayaramu, R. A., Boregowda, S. S., Eshwar, S., Suresh, N. V., Abu Lila, A. S., et al. (2023). Piperine-loaded in situ gel: formulation, in vitro characterization, and clinical evaluation against periodontitis. Gels 9, 577. doi:10.3390/gels9070577
 Graziani, F., Karapetsa, D., Mardas, N., Leow, N., and Donos, N. (2018). Surgical treatment of the residual periodontal pocket. Periodontol. 2000 76, 150–163. Epub 2017/12/02. doi:10.1111/prd.12156
 Guaresti, O., García–Astrain, C., Aguirresarobe, R. H., Eceiza, A., and Gabilondo, N. (2018). Synthesis of stimuli–responsive chitosan–based hydrogels by Diels–Alder cross–linking `click´ reaction as potential carriers for drug administration. Carbohydr. Polym. 183, 278–286. doi:10.1016/j.carbpol.2017.12.034
 Guvendiren, M., Lu, H. D., and Burdick, J. A. (2012). Shear-thinning hydrogels for biomedical applications. Soft matter 8, 260–272. doi:10.1039/c1sm06513k
 Hafeez, S., Islam, A., Gull, N., Ali, A., Khan, S. M., Zia, S., et al. (2018). γ-Irradiated chitosan based injectable hydrogels for controlled release of drug (Montelukast sodium). Int. J. Biol. Macromol. 114, 890–897. doi:10.1016/j.ijbiomac.2018.02.107
 Hajishengallis, G. (2015). Periodontitis: from microbial immune subversion to systemic inflammation. Nat. Rev. Immunol. 15, 30–44. Epub 2014/12/24. doi:10.1038/nri3785
 Han, N., Liu, Y., Du, J., Xu, J., Guo, L., and Liu, Y. (2023). Regulation of the host immune microenvironment in periodontitis and periodontal bone remodeling. Int. J. Mol. Sci. 5, 24. Epub 2023/02/26. doi:10.3390/ijms24043158
 Hao, W., Hu, Y.-Y., Wei, Y.-Y., Pang, L., Lv, R., Bai, J.-P., et al. (2008). Collagen I gel can facilitate homogenous bone formation of adipose-derived stem cells in PLGA-β-TCP scaffold. Cells Tissues Organs 187, 89–102. doi:10.1159/000109946
 Haq, M. A., Su, Y., and Wang, D. (2017). Mechanical properties of PNIPAM based hydrogels: a review. Mater. Sci. Eng. C 70, 842–855. doi:10.1016/j.msec.2016.09.081
 Hasanzadeh, E., Seifalian, A., Mellati, A., Saremi, J., Asadpour, S., Enderami, S. E., et al. (2023). Injectable hydrogels in central nervous system: unique and novel platforms for promoting extracellular matrix remodeling and tissue engineering. Mater. Today Bio 20, 100614. doi:10.1016/j.mtbio.2023.100614
 Hasnain, M. S., and Nayak, A. K. (2022). “Chitosan as mucoadhesive polymer in drug delivery,” in Chitosan in drug delivery ( Elsevier), 225–246.
 Herrick, S., Blanc-Brude, O., Gray, A., and Laurent, G. (1999). Fibrinogen. Int. J. Biochem. Cell Biol. 31, 741–746. doi:10.1016/s1357-2725(99)00032-1
 Holiel, A. A., Mahmoud, E. M., and Abdel-Fattah, W. M. (2021). Tomographic evaluation of direct pulp capping using a novel injectable treated dentin matrix hydrogel: a 2-year randomized controlled clinical trial. Clin. oral Investig. 25, 4621–4634. doi:10.1007/s00784-021-03775-1
 Hou, Q., De Bank, P. A., and Shakesheff, K. M. (2004). Injectable scaffolds for tissue regeneration. J. Mater. Chem. 14, 1915–1923. doi:10.1039/b401791a
 Howarth, J. L., Lee, Y. B., and Uney, J. B. (2010). Using viral vectors as gene transfer tools (Cell Biology and Toxicology Special Issue: ETCS-UK 1 day meeting on genetic manipulation of cells). Cell Biol. Toxicol. 26, 1–20. Epub 2009/10/16. doi:10.1007/s10565-009-9139-5
 Hu, T., and Lo, A. C. Y. (2021). Collagen-alginate composite hydrogel: application in tissue engineering and biomedical sciences. Polym. (Basel) 2, 13. Epub 2021/07/03. doi:10.3390/polym13111852
 Huang, H., Qi, X., Chen, Y., and Wu, Z. (2019). Thermo-sensitive hydrogels for delivering biotherapeutic molecules: a review. Saudi Pharm. J. 27, 990–999. doi:10.1016/j.jsps.2019.08.001
 Huang, P., Su, W., Han, R., Lin, H., Yang, J., Xu, L., et al. (2022). Physicochemical, antibacterial properties, and compatibility of ZnO-NP/chitosan/β-glycerophosphate composite hydrogels. 
 Huang, Z., Li, X., Feng, Q., Rong, Z., and Yu, B. (2011). Influence of mineralized collagen fibrils on the thermo-sensitivity of an injectable scaffold for bone regeneration. Int. J. Mater. Res. 102, 1384–1390. doi:10.3139/146.110594
 Huang, Z., Tian, J., Yu, B., Xu, Y., and Feng, Q. (2009). A bone-like nano-hydroxyapatite/collagen loaded injectable scaffold. Biomed. Mater. (Bristol, Engl.) 4, 055005. Epub 2009/09/25. doi:10.1088/1748-6041/4/5/055005
 Issaranggun Na Ayuthaya, B., Everts, V., and Pavasant, P. (2018). The immunopathogenic and immunomodulatory effects of interleukin-12 in periodontal disease. Eur. J. Oral Sci. 126, 75–83. doi:10.1111/eos.12405
 Ivanovski, S. (2009). Periodontal regeneration. Aust. Dent. J. 54 (Suppl. 1), S118–S128. Epub 2009/09/10. doi:10.1111/j.1834-7819.2009.01150.x
 Jensen, A., Ladegaard Grønkjær, L., Holmstrup, P., Vilstrup, H., and Kilian, M. (2018). Unique subgingival microbiota associated with periodontitis in cirrhosis patients. Sci. Rep. 8, 10718. doi:10.1038/s41598-018-28905-w
 Ji, Q. X., Chen, X. G., Zhao, Q. S., Liu, C. S., Cheng, X. J., and Wang, L. C. (2009). Injectable thermosensitive hydrogel based on chitosan and quaternized chitosan and the biomedical properties. J. Mater. Sci. Mater. Med. 20, 1603–1610. doi:10.1007/s10856-009-3729-x
 Ji, Q. X., Deng, J., Xing, X. M., Yuan, C. Q., Yu, X. B., Xu, Q. C., et al. (2010). Biocompatibility of a chitosan-based injectable thermosensitive hydrogel and its effects on dog periodontal tissue regeneration. Carbohydr. Polym. 82, 1153–1160. doi:10.1016/j.carbpol.2010.06.045
 Joo, J. Y., Amin, M. L., Rajangam, T., and An, S. S. A. (2015). Fibrinogen as a promising material for various biomedical applications. Mol. Cell. Toxicol. 11, 1–9. doi:10.1007/s13273-015-0001-y
 Kaczmarek, B., Nadolna, K., and Owczarek, A. (2020). The physical and chemical properties of hydrogels based on natural polymers. Hydrogels based Nat. Polym. , 151–172. doi:10.1016/b978-0-12-816421-1.00006-9
 Karamanos, N. K., Piperigkou, Z., Theocharis, A. D., Watanabe, H., Franchi, M., Baud, S., et al. (2018). Proteoglycan chemical diversity drives multifunctional cell regulation and therapeutics. Chem. Rev. 118, 9152–9232. doi:10.1021/acs.chemrev.8b00354
 Kato, A., Miyaji, H., Ishizuka, R., Tokunaga, K., Inoue, K., Kosen, Y., et al. (2015). Combination of root surface modification with BMP-2 and collagen hydrogel scaffold implantation for periodontal healing in beagle dogs. open Dent. J. 9, 52–59. doi:10.2174/1874210601509010052
 Kaur, K., Sa'Paiva, S., Caffrey, D., Cavanagh, B. L., and Murphy, C. M. (2021). Injectable chitosan/collagen hydrogels nano-engineered with functionalized single wall carbon nanotubes for minimally invasive applications in bone. Mater. Sci. Eng. C 128, 112340. doi:10.1016/j.msec.2021.112340
 Kitazawa, Y., Ueno, K., and Watanabe, M. (2018). Advanced materials based on polymers and ionic liquids. Chem. Rec. 18, 391–409. doi:10.1002/tcr.201700041
 Klouda, L. (2015). Thermoresponsive hydrogels in biomedical applications: a seven-year update. Eur. J. Pharm. Biopharm. 97, 338–349. doi:10.1016/j.ejpb.2015.05.017
 Klouda, L., and Mikos, A. G. (2008). Thermoresponsive hydrogels in biomedical applications. Eur. J. Pharm. Biopharm. 68, 34–45. doi:10.1016/j.ejpb.2007.02.025
 Knight, E. T., Liu, J., Seymour, G. J., Faggion, C. M., and Cullinan, M. P. (2016). Risk factors that may modify the innate and adaptive immune responses in periodontal diseases. Periodontol. 2000 71, 22–51. doi:10.1111/prd.12110
 Könönen, E., Gursoy, M., and Gursoy, U. K. (2019a). Periodontitis: a multifaceted disease of tooth-supporting tissues. J. Clin. Med. 8, 1135. Epub 2019/08/03. doi:10.3390/jcm8081135
 Könönen, E., Gursoy, M., and Gursoy, U. K. (2019b). Periodontitis: a multifaceted disease of tooth-supporting tissues. J. Clin. Med. 8, 1135. doi:10.3390/jcm8081135
 Kosen, Y., Miyaji, H., Kato, A., Sugaya, T., and Kawanami, M. (2012). Application of collagen hydrogel/sponge scaffold facilitates periodontal wound healing in class II furcation defects in beagle dogs. J. periodontal Res. 47, 626–634. doi:10.1111/j.1600-0765.2012.01475.x
 Kruk, K., and Winnicka, K. (2022). Alginates combined with natural polymers as valuable drug delivery platforms. Mar. Drugs 21, 11. doi:10.3390/md21010011
 Kulkarni, A. D., Joshi, A. A., Patil, C. L., Amale, P. D., Patel, H. M., Surana, S. J., et al. (2017). Xyloglucan: a functional biomacromolecule for drug delivery applications. Int. J. Biol. Macromol. 104, 799–812. doi:10.1016/j.ijbiomac.2017.06.088
 Kumari, A., Raina, N., Wahi, A., Goh, K. W., Sharma, P., Nagpal, R., et al. (2022). Wound-healing effects of curcumin and its nanoformulations: a comprehensive review. Pharmaceutics 25, 14. Epub 2022/11/12. doi:10.3390/pharmaceutics14112288
 Kuraji, R., Shiba, T., Dong, T. S., Numabe, Y., and Kapila, Y. L. (2023). Periodontal treatment and microbiome-targeted therapy in management of periodontitis-related nonalcoholic fatty liver disease with oral and gut dysbiosis. World J. gastroenterology 29, 967–996. Epub 2023/02/28. doi:10.3748/wjg.v29.i6.967
 Kurisawa, M., Chung, J. E., Yang, Y. Y., Gao, S. J., and Uyama, H. (2005). Injectable biodegradable hydrogels composed of hyaluronic acid–tyramine conjugates for drug delivery and tissue engineering. Chem. Commun. , 4312–4314. doi:10.1039/b506989k
 Lan, B., Zhang, L., Yang, L., Wu, J., Li, N., Pan, C., et al. (2021). Sustained delivery of MMP-9 siRNA via thermosensitive hydrogel accelerates diabetic wound healing. J. nanobiotechnology 19, 130. doi:10.1186/s12951-021-00869-6
 Lei, P., Padmashali, R. M., and Andreadis, S. T. (2009). Cell-controlled and spatially arrayed gene delivery from fibrin hydrogels. Biomaterials 30, 3790–3799. doi:10.1016/j.biomaterials.2009.03.049
 Li, A., Xu, H., Yu, P., Xing, J., Ding, C., Yan, X., et al. (2020). Injectable hydrogels based on gellan gum promotes in situ mineralization and potential osteogenesis. Eur. Polym. J. 141, 110091. doi:10.1016/j.eurpolymj.2020.110091
 Li, D., Zhao, L., Cong, M., Liu, L., Yan, G., Li, Z., et al. (2020). Injectable thermosensitive chitosan/gelatin-based hydrogel carried erythropoietin to effectively enhance maxillary sinus floor augmentation in vivo. Dent. Mater. 36, e229–e240. doi:10.1016/j.dental.2020.04.016
 Li, F., Liu, Y., Ding, Y., and Xie, Q. (2014). A new injectable in situ forming hydroxyapatite and thermosensitive chitosan gel promoted by Na2CO3. Soft Matter 10, 2292–2303. doi:10.1039/c3sm52508b
 Li, H., Ji, Q., Chen, X., Sun, Y., Xu, Q., Deng, P., et al. (2017). Accelerated bony defect healing based on chitosan thermosensitive hydrogel scaffolds embedded with chitosan nanoparticles for the delivery of BMP2 plasmid DNA. J. Biomed. Mater. Res. Part A 105, 265–273. Epub 2016/10/26. doi:10.1002/jbm.a.35900
 Li, J., and Mooney, D. J. (2016). Designing hydrogels for controlled drug delivery. Nat. Rev. Mater. 1, 16071. Epub 2016/12/01. doi:10.1038/natrevmats.2016.71
 Li, Y., Li, G., Sha, X., Li, L., Zhang, K., Liu, D., et al. (2020). An intelligent vancomycin release system for preventing surgical site infections of bone tissues. Biomaterials Sci. 8, 3202–3211. doi:10.1039/d0bm00255k
 Li, Y., Peng, H., Tang, W., Gu, D., Ren, S., Yu, Y., et al. (2023). Accelerating periodontal regeneration through injectable hydrogel-enabled sequential delivery of nanoceria and erythropoietin. Mater. Des. 225, 111540. doi:10.1016/j.matdes.2022.111540
 Lima, CSAD, Balogh, T. S., Varca, JPRO, Varca, G. H. C., Lugão, A. B., Camacho-Cruz L, A., et al. (2020). An updated review of macro, micro, and nanostructured hydrogels for biomedical and pharmaceutical applications. Pharmaceutics 12, 970. doi:10.3390/pharmaceutics12100970
 Liu, J., Chen, Z., Wang, J., Li, R., Li, T., Chang, M., et al. (2018). Encapsulation of curcumin nanoparticles with MMP9-responsive and thermos-sensitive hydrogel improves diabetic wound healing. ACS Appl. Mater Interfaces 10, 16315–16326. Epub 2018/04/25. doi:10.1021/acsami.8b03868
 Liu, S., Yu, H., and Huang, K. (2018). Structural characteristics and biocompatibility of a casein-based nanocomposite for potential biomedical applications. J. Mater. Sci. 53, 3959–3971. doi:10.1007/s10853-017-1860-5
 Liu, Y., Liu, C., Wang, C., Zhang, Q., Qu, X., Liang, C., et al. (2022). Treatment of periodontal inflammation in diabetic rats with IL-1ra thermosensitive hydrogel. Int. J. Mol. Sci. 11, 23. Epub 2022/11/27. doi:10.3390/ijms232213939
 Li W, W., Wu, Z., Zhao, J., Jiang, M., Yuan, L., Guo, Y., et al. (2023). Fabrication of dual physically cross-linked polyvinyl alcohol/agar hydrogels with mechanical stability and antibacterial activity for wound healing. Int. J. Biol. Macromol. 247, 125652. doi:10.1016/j.ijbiomac.2023.125652
 Loureiro, A., G Azoia, N., C Gomes, A., and Cavaco-Paulo, A. (2016). Albumin-based nanodevices as drug carriers. Curr. Pharm. Des. 22, 1371–1390. doi:10.2174/1381612822666160125114900
 Ma, S., Lu, X., Yu, X., Du, Y., Xu, S., Li, M., et al. (2022). An injectable multifunctional thermo-sensitive chitosan-based hydrogel for periodontitis therapy. Biomater. Adv. 142, 213158. doi:10.1016/j.bioadv.2022.213158
 Ma, Z. W., Wang, R., Wu, Z. F., Chen, D., Zhang, B. L., He, W., et al. (2007). Preparation of functional chitosan thermosensitive hydrogel for slow release both rhBMP-2 and chlorhexidine. Sheng wu gong cheng xue bao = Chin. J. Biotechnol. 23, 1049–1054. Epub 2008/02/09.
 MacEwan, S. R., and Chilkoti, A. (2010). Elastin-like polypeptides: biomedical applications of tunable biopolymers. Peptide Sci. Orig. Res. Biomol. 94, 60–77. doi:10.1002/bip.21327
 Madan, M., Bajaj, A., Lewis, S., Udupa, N., and Baig, J. A. (2009). In situ forming polymeric drug delivery systems. Indian J. Pharm. Sci. 71, 242. doi:10.4103/0250-474x.56015
 Mahla, R. S. (2016). Stem cells applications in regenerative medicine and disease therapeutics. Int. J. Cell Biol. 2016, 1–24. Epub 2016/08/16. doi:10.1155/2016/6940283
 Martínez-García, M., and Hernández-Lemus, E. (2021). Periodontal inflammation and systemic diseases: an overview. Front. physiology 12, 709438. Epub 2021/11/16. doi:10.3389/fphys.2021.709438
 Martínez-Sanz, E., Varghese, O. P., Kisiel, M., Engstrand, T., Reich, K. M., Bohner, M., et al. (2012). Minimally invasive mandibular bone augmentation using injectable hydrogels. J. tissue Eng. Regen. Med. 6, s15–s23. doi:10.1002/term.1593
 Matanović, M. R., Kristl, J., and Grabnar, P. A. (2014). Thermoresponsive polymers: insights into decisive hydrogel characteristics, mechanisms of gelation, and promising biomedical applications. Int. J. Pharm. 472, 262–275. doi:10.1016/j.ijpharm.2014.06.029
 Matsumoto, G. (2018). Periodontal regeneration using gelatin hydrogels incorporating basic fibroblast growth factor. Biomed. J. Sci. Tech. Res. 4. doi:10.26717/bjstr.2018.04.001025
 Mazloomnejad, R., Babajani, A., Kasravi, M., Ahmadi, A., Shariatzadeh, S., Bahrami, S., et al. (2023). Angiogenesis and Re-endothelialization in decellularized scaffolds: recent advances and current challenges in tissue engineering. Front. Bioeng. Biotechnol. 11, 1103727. doi:10.3389/fbioe.2023.1103727
 Mi, L., Liu, H., Gao, Y., Miao, H., and Ruan, J. (2017). Injectable nanoparticles/hydrogels composite as sustained release system with stromal cell-derived factor-1α for calvarial bone regeneration. Int. J. Biol. Macromol. 101, 341–347. doi:10.1016/j.ijbiomac.2017.03.098
 Min, Q., Liu, J., Yu, X., Zhang, Y., Wu, J., and Wan, Y. (2019a). Sequential delivery of dual growth factors from injectable chitosan-based composite hydrogels. Mar. drugs 17, 365. doi:10.3390/md17060365
 Min, Q., Liu, J., Yu, X., Zhang, Y., Wu, J., and Wan, Y. (2019b). Sequential delivery of dual growth factors from injectable chitosan-based composite hydrogels. Mar. drugs 20, 365. Epub 2019/06/23. doi:10.3390/md17060365
 Molinaro, G., Leroux, J. C., Damas, J., and Adam, A. (2002). Biocompatibility of thermosensitive chitosan-based hydrogels: an in vivo experimental approach to injectable biomaterials. Biomaterials 23, 2717–2722. Epub 2002/06/13. doi:10.1016/s0142-9612(02)00004-2
 Mortier, C., Costa, D. C. S., Oliveira, M. B., Haugen, H. J., Lyngstadaas, S. P., Blaker, J. J., et al. (2022). Advanced hydrogels based on natural macromolecules: chemical routes to achieve mechanical versatility. Mater. Today Chem. 26, 101222. doi:10.1016/j.mtchem.2022.101222
 Mozafari, M. R. (2007). Nanomaterials and nanosystems for biomedical applications. Springer. 
 Mu, Z., Chen, K., Yuan, S., Li, Y., Huang, Y., Wang, C., et al. (2020). Gelatin nanoparticle-injectable platelet-rich fibrin double network hydrogels with local adaptability and bioactivity for enhanced osteogenesis. Adv. Healthc. Mater. 9, 1901469. doi:10.1002/adhm.201901469
 Nainu, F., Permana, A. D., Djide, N. J. N., Anjani, Q. K., Utami, R. N., Rumata, N. R., et al. (2021). Pharmaceutical approaches on antimicrobial resistance: prospects and challenges. Antibiot. (Basel, Switz.) 14, 10. Epub 2021/08/28. doi:10.3390/antibiotics10080981
 Nakashima, T., Takakura, K., and Komoto, Y. (1977). Thromboresistance of graft-type copolymers with hydrophilic-hydrophobic microphase-separated structure. J. Biomed. Mater. Res. 11, 787–798. doi:10.1002/jbm.820110512
 Naung, N. Y., Shehata, E., and Van Sickels, J. E. (2019). Resorbable versus nonresorbable membranes: when and why?Dent. Clin. N. Am. 63, 419–431. Epub 2019/05/18. doi:10.1016/j.cden.2019.02.008
 Nayak, S., and Kundu, S. C. (2016). Silk protein sericin: promising biopolymer for biological and biomedical applications. Biomaterials Nat. Adv. Devices Ther. , 142–158. doi:10.1002/9781119126218.ch9
 Nguyen, Q. V., Park, J. H., and Lee, D. S. (2015). Injectable polymeric hydrogels for the delivery of therapeutic agents: a review. Eur. Polym. J. 72, 602–619. doi:10.1016/j.eurpolymj.2015.03.016
 Nikolenko, M. V., Myrhorodska-Terentieva, V. D., Sakhno, Y., Jaisi, D. P., Likozar, B., and Kostyniuk, A. (2023). Hydrothermal leaching of amylose from native, oxidized and heat-treated starches. Processes 11, 1464. doi:10.3390/pr11051464
 Obaidat, A. A., Altamimi, R. M., and Hammad, M. M. (2010). Formulation and release of doxycycline HCL from an ion activated in situ gelling delivery system for the treatment of periodontal disease. J. Appl. Polym. Sci. 115, 811–816. doi:10.1002/app.31204
 Olszewska-Czyz, I., Kralik, K., and Prpic, J. (2021). Biomolecules in dental applications: randomized, controlled clinical trial evaluating the influence of hyaluronic acid adjunctive therapy on clinical parameters of moderate periodontitis. Biomolecules 9, 11. Epub 2021/10/24. doi:10.3390/biom11101491
 Öz, U. C., Toptaş, M., Küçüktürkmen, B., Devrim, B., Saka, O. M., Deveci, M. S., et al. (2020). Guided bone regeneration by the development of alendronate sodium loaded in-situ gel and membrane formulations. Eur. J. Pharm. Sci. 155, 105561. doi:10.1016/j.ejps.2020.105561
 Paiva, M. T. P., Kishima, J. O. F., Silva, JBMD, Mantovan, J., Colodi, F. G., and Mali, S. (2024). Crosslinking methods in polysaccharide-based hydrogels for drug delivery systems. Biomed. Mater. Devices 2, 288–306. doi:10.1007/s44174-023-00118-4
 Pakzad, Y., and Ganji, F. (2016). Thermosensitive hydrogel for periodontal application: in vitro drug release, antibacterial activity and toxicity evaluation. J. biomaterials Appl. 30, 919–929. Epub 2015/12/22. doi:10.1177/0885328215614191
 Pan, X., Veroniaina, H., Su, N., Sha, K., Jiang, F., Wu, Z., et al. (2021). Applications and developments of gene therapy drug delivery systems for genetic diseases. Asian J. Pharm. Sci. 16, 687–703. Epub 2022/01/15. doi:10.1016/j.ajps.2021.05.003
 Pan, Y., Zhao, Y., Kuang, R., Liu, H., Sun, D., Mao, T., et al. (2020). Injectable hydrogel-loaded nano-hydroxyapatite that improves bone regeneration and alveolar ridge promotion. Mater. Sci. Eng. C 116, 111158. doi:10.1016/j.msec.2020.111158
 Pardeshi, S., Damiri, F., Zehravi, M., Joshi, R., Kapare, H., Prajapati, M. K., et al. (2022). Functional thermoresponsive hydrogel molecule to material design for biomedical applications. Polymers 14, 3126. doi:10.3390/polym14153126
 Pasquet, J., Chevalier, Y., Pelletier, J., Couval, E., Bouvier, D., and Bolzinger, M.-A. (2014). The contribution of zinc ions to the antimicrobial activity of zinc oxide. Colloids Surfaces A Physicochem. Eng. Aspects 457, 263–274. doi:10.1016/j.colsurfa.2014.05.057
 Patterson, J., Siew, R., Herring, S. W., Lin, A. S. P., Guldberg, R., and Stayton, P. S. (2010). Hyaluronic acid hydrogels with controlled degradation properties for oriented bone regeneration. Biomaterials 31, 6772–6781. doi:10.1016/j.biomaterials.2010.05.047
 Peng, C., Wang, G., Wang, Y., Tang, M., Ma, X., Chang, X., et al. (2023). Thermosensitive acetylated carboxymethyl chitosan gel depot systems sustained release caffeic acid phenethyl ester for periodontitis treatment. Polym. Adv. Technol. 34, 155–165. doi:10.1002/pat.5874
 Permyakova, E. S., Manakhov, A. M., Kiryukhantsev-Korneev, P. V., Leybo, D. V., Konopatsky, A. S., Makarets, Y. A., et al. (2022). Electrospun polycaprolactone/ZnO nanocomposite membranes with high antipathogen activity. Polym. (Basel) 8, 14. Epub 2022/12/24. doi:10.3390/polym14245364
 Peters, E. B. (2018). Endothelial progenitor cells for the vascularization of engineered tissues. Tissue Eng. Part B Rev. 24, 1–24. doi:10.1089/ten.teb.2017.0127
 Petit, C., Batool, F., Stutz, C., Anton, N., Klymchenko, A., Vandamme, T., et al. (2020). Development of a thermosensitive statin loaded chitosan-based hydrogel promoting bone healing. Int. J. Pharm. 586, 119534. doi:10.1016/j.ijpharm.2020.119534
 Pham, L., Dang, L. H., Truong, M. D., Nguyen, T. H., Le, L., Le, V. T., et al. (2019). A dual synergistic of curcumin and gelatin on thermal-responsive hydrogel based on Chitosan-P123 in wound healing application. Biomed. Pharmacother. = Biomedecine Pharmacother. 117, 109183. Epub 2019/07/02. doi:10.1016/j.biopha.2019.109183
 Pichayakorn, W., and Boonme, P. (2013). Evaluation of cross-linked chitosan microparticles containing metronidazole for periodontitis treatment. Mater. Sci. Eng. C 33, 1197–1202. doi:10.1016/j.msec.2012.12.010
 Popescu, I., Constantin, M., Pelin, I. M., Suflet, D. M., Ichim, D. L., Daraba, O. M., et al. (2022). Eco-friendly synthesized PVA/Chitosan/Oxalic acid nanocomposite hydrogels embedding silver nanoparticles as antibacterial materials. Journal 8, 268. doi:10.3390/gels8050268
 Prakasam, A., Elavarasu, S. S., and Natarajan, R. K. (2012). Antibiotics in the management of aggressive periodontitis. J. Pharm. bioallied Sci. 4, S252. doi:10.4103/0975-7406.100226
 Qin, P., Wang, T., and Luo, Y. (2022). A review on plant-based proteins from soybean: health benefits and soy product development. J. Agric. Food Res. 7, 100265. doi:10.1016/j.jafr.2021.100265
 Qureshi, D., Nayak, A. K., Kim, D., Maji, S., Anis, A., Mohanty, B., et al. (2021). “Chapter 10 - polysaccharide-based polymeric gels as drug delivery vehicles,” in Advances and challenges in pharmaceutical technology ( Academic Press), 283–325.
 Ramadan, D. E., Hariyani, N., Indrawati, R., Ridwan, R. D., and Diyatri, I. (2020). Cytokines and chemokines in periodontitis. Eur. J. Dent. 14, 483–495. Epub 2020/06/24. doi:10.1055/s-0040-1712718
 Ramamoorth, M., and Narvekar, A. (2015). Non viral vectors in gene therapy-an overview. J. Clin. diagnostic Res. 9, GE01–GE06. Epub 2015/03/05. doi:10.7860/jcdr/2015/10443.5394
 Ramseier, C. A., Rasperini, G., Batia, S., and Giannobile, W. V. (2012). Advanced reconstructive technologies for periodontal tissue repair. Periodontol. 2000 59, 185–202. doi:10.1111/j.1600-0757.2011.00432.x
 Ratner, B. D., Hoffman, A. S., Schoen, F. J., and Lemons, J. E. (2004). Biomaterials science: an introduction to materials in medicine. Elsevier. 
 Rein, S. M. T., Lwin, W. W., Tuntarawongsa, S., and Phaechamud, T. (2020). Meloxicam-loaded solvent exchange-induced in situ forming beta-cyclodextrin gel and microparticle for periodontal pocket delivery. Mater. Sci. Eng. C 117, 111275. doi:10.1016/j.msec.2020.111275
 Reynolds, M. A., Aichelmann-Reidy, M. E., and Branch-Mays, G. L. (2010). Regeneration of periodontal tissue: bone replacement grafts. Dent. Clin. N. Am. 54, 55–71. Epub 2010/01/28. doi:10.1016/j.cden.2009.09.003
 Rezvani Ghomi, E., Nourbakhsh, N., Akbari Kenari, M., Zare, M., and Ramakrishna, S. (2021). Collagen-based biomaterials for biomedical applications. J. Biomed. Mater. Res. Part B Appl. Biomaterials 109, 1986–1999. doi:10.1002/jbm.b.34881
 Riedelová-Reicheltová, Z., Brynda, E., and Riedel, T. (2016). Fibrin nanostructures for biomedical applications. Physiological Res. 65, S263–S272. doi:10.33549/physiolres.933428
 Rivas, B. L., Pereira, E. D., and Moreno-Villoslada, I. (2003). Water-soluble polymer–metal ion interactions. Prog. Polym. Sci. 28, 173–208. doi:10.1016/s0079-6700(02)00028-x
 Rizzo, F., and Kehr, N. S. (2021). Recent advances in injectable hydrogels for controlled and local drug delivery. Adv. Healthc. Mater. 10, 2001341. doi:10.1002/adhm.202001341
 Sakkas, A., Wilde, F., Heufelder, M., Winter, K., and Schramm, A. (2017). Autogenous bone grafts in oral implantology-is it still a "gold standard"? A consecutive review of 279 patients with 456 clinical procedures. Int. J. implant Dent. 3, 23. Epub 2017/06/03. doi:10.1186/s40729-017-0084-4
 Saleem, M., Rasheed, S., and Yougen, C. (2020). Silk fibroin/hydroxyapatite scaffold: a highly compatible material for bone regeneration. Sci. Technol. Adv. Mater. 21, 242–266. doi:10.1080/14686996.2020.1748520
 Salgado, A. J., Coutinho, O. P., and Reis, R. L. (2004). Bone tissue engineering: state of the art and future trends. Macromol. Biosci. 4, 743–765. doi:10.1002/mabi.200400026
 Sallam, A.-S., Hamudi, F. F., and Khalil, E. A. (2015). Effect of ethylcellulose and propylene glycol on the controlled-release performance of glyceryl monooleate–mertronidazole periodontal gel. Pharm. Dev. Technol. 20, 159–168. doi:10.3109/10837450.2013.852573
 Samadian, H., Maleki, H., Allahyari, Z., and Jaymand, M. (2020). Natural polymers-based light-induced hydrogels: promising biomaterials for biomedical applications. Coord. Chem. Rev. 420, 213432. doi:10.1016/j.ccr.2020.213432
 Seddiqi, H., Oliaei, E., Honarkar, H., Jin, J., Geonzon, L. C., Bacabac, R. G., et al. (2021). Cellulose and its derivatives: towards biomedical applications. Cellulose 28, 1893–1931. doi:10.1007/s10570-020-03674-w
 Serpico, L., Dello Iacono, S., Cammarano, A., and De Stefano, L. (2023). Recent advances in stimuli-responsive hydrogel-based wound dressing. Gels 9, 451. doi:10.3390/gels9060451
 Shan, B. H., and Wu, F. G. (2024). Hydrogel-based growth factor delivery platforms: strategies and recent advances. Adv. Mater. 36, 2210707. doi:10.1002/adma.202210707
 Shen, Z., Kuang, S., Zhang, Y., Yang, M., Qin, W., Shi, X., et al. (2020). Chitosan hydrogel incorporated with dental pulp stem cell-derived exosomes alleviates periodontitis in mice via a macrophage-dependent mechanism. Bioact. Mater. 5, 1113–1126. doi:10.1016/j.bioactmat.2020.07.002
 Sheshala, R., Quah, S. Y., Tan, G. C., Meka, V. S., Jnanendrappa, N., and Sahu, P. S. (2019). Investigation on solution-to-gel characteristic of thermosensitive and mucoadhesive biopolymers for the development of moxifloxacin-loaded sustained release periodontal in situ gels. Drug Deliv. Transl. Res. 9, 434–443. doi:10.1007/s13346-018-0488-6
 Siaili, M., Chatzopoulou, D., and Gillam, D. G. (2018). An overview of periodontal regenerative procedures for the general dental practitioner. Saudi Dent. J. 30, 26–37. doi:10.1016/j.sdentj.2017.11.001
 Silva, A. K. A., Richard, C., Ducouret, G., Bessodes, M., Scherman, D., and Merten, O.-W. (2013). Xyloglucan-derivatized films for the culture of adherent cells and their thermocontrolled detachment: a promising alternative to cells sensitive to protease treatment. Biomacromolecules 14, 512–519. doi:10.1021/bm3017737
 Simi, C. K., and Abraham, T. E. (2010). Transparent xyloglucan–chitosan complex hydrogels for different applications. Food Hydrocoll. 24, 72–80. doi:10.1016/j.foodhyd.2009.08.007
 Skopinska-Wisniewska, J., Tuszynska, M., and Olewnik-Kruszkowska, E. (2021). Comparative study of gelatin hydrogels modified by various cross-linking agents. Materials. 14, 396. doi:10.3390/ma14020396
 Sohn, H. S., and Oh, J. K. (2019). Review of bone graft and bone substitutes with an emphasis on fracture surgeries. Biomater. Res. 23, 9. Epub 2019/03/28. doi:10.1186/s40824-019-0157-y
 Solangi, N. H., Karri, R. R., Mubarak, N. M., and Mazari, S. A. (2023). Mechanism of polymer composite-based nanomaterial for biomedical applications. Adv. Industrial Eng. Polym. Res . doi:10.1016/j.aiepr.2023.09.002
 Suflet, D. M., Popescu, I., Pelin, I. M., Ichim, D. L., Daraba, O. M., Constantin, M., et al. (2021). Dual cross-linked chitosan/PVA hydrogels containing silver nanoparticles with antimicrobial properties. Pharmaceutics 13, 1461. doi:10.3390/pharmaceutics13091461
 Summonte, S., Racaniello, G. F., Lopedota, A., Denora, N., and Bernkop-Schnürch, A. (2021). Thiolated polymeric hydrogels for biomedical application: cross-linking mechanisms. J. Control. Release 330, 470–482. doi:10.1016/j.jconrel.2020.12.037
 Sun, B., Ma, W., Su, F., Wang, Y., Liu, J., Wang, D., et al. (2011). The osteogenic differentiation of dog bone marrow mesenchymal stem cells in a thermo-sensitive injectable chitosan/collagen/β-glycerophosphate hydrogel: in vitro and in vivo. J. Mater. Sci. Mater. Med. 22, 2111–2118. Epub 2011/07/12. doi:10.1007/s10856-011-4386-4
 Sun, W., Gregory, D. A., Tomeh, M. A., and Zhao, X. (2021). Silk fibroin as a functional biomaterial for tissue engineering. Int. J. Mol. Sci. 22, 1499. doi:10.3390/ijms22031499
 Sun, Y., Nan, D., Jin, H., and Qu, X. (2020). Recent advances of injectable hydrogels for drug delivery and tissue engineering applications. Polym. Test. 81, 106283. doi:10.1016/j.polymertesting.2019.106283
 Swanson, W. B., Yao, Y., and Mishina, Y. (2022). Novel approaches for periodontal tissue engineering. genesis 60, e23499. doi:10.1002/dvg.23499
 Szekalska, M., Puciłowska, A., Szymańska, E., Ciosek, P., and Winnicka, K. (2016). Alginate: current use and future perspectives in pharmaceutical and biomedical applications. Int. J. Polym. Sci. 2016, 1–17. doi:10.1155/2016/7697031
 Tahmasebi, E., Mohammadi, M., Alam, M., Abbasi, K., Gharibian Bajestani, S., Khanmohammad, R., et al. (2023). The current regenerative medicine approaches of craniofacial diseases: a narrative review. Front. Cell Dev. Biol. 11, 1112378. doi:10.3389/fcell.2023.1112378
 Tan, N., Sabalic-Schoener, M., Nguyen, L., and D’Aiuto, F. (2023). β-Tricalcium phosphate-loaded chitosan-based thermosensitive hydrogel for periodontal regeneration. Journal 15, 4146. doi:10.3390/polym15204146
 Tanga, S., Aucamp, M., and Ramburrun, P. (2023). Injectable thermoresponsive hydrogels for cancer therapy: challenges and prospects. Gels 9, 418. doi:10.3390/gels9050418
 Tao, Z., Shi, A., and Zhao, J. (2015). Epidemiological perspectives of diabetes. Biophysics 73, 181–185. doi:10.1007/s12013-015-0598-4
 Tavakoli, S., Kharaziha, M., Nemati, S., and Kalateh, A. (2021). Nanocomposite hydrogel based on carrageenan-coated starch/cellulose nanofibers as a hemorrhage control material. Carbohydr. Polym. 251, 117013. doi:10.1016/j.carbpol.2020.117013
 Toledano, M., Osorio, M. T., Vallecillo-Rivas, M., Toledano-Osorio, M., Rodríguez-Archilla, A., Toledano, R., et al. (2021). Efficacy of local antibiotic therapy in the treatment of peri-implantitis: a systematic review and meta-analysis. J. Dent. 113, 103790. doi:10.1016/j.jdent.2021.103790
 Tong, X., Qi, X., Mao, R., Pan, W., Zhang, M., Wu, X., et al. (2020). Construction of functional curdlan hydrogels with bio-inspired polydopamine for synergistic periodontal antibacterial therapeutics. Carbohydr. Polym. 245, 116585. doi:10.1016/j.carbpol.2020.116585
 Tóth, F., Tőzsér, J., and Hegedűs, C. (2021). Effect of inducible BMP-7 expression on the osteogenic differentiation of human dental pulp stem cells. Int. J. Mol. Sci. 8, 22. Epub 2021/07/03. doi:10.3390/ijms22126182
 Ullah, A., and Lim, S. I. (2022). Bioinspired tunable hydrogels: an update on methods of preparation, classification, and biomedical and therapeutic applications. Int. J. Pharm. 612, 121368. doi:10.1016/j.ijpharm.2021.121368
 Uman, S., Dhand, A., and Burdick, J. A. (2020). Recent advances in shear-thinning and self-healing hydrogels for biomedical applications. J. Appl. Polym. Sci. 137, 48668. doi:10.1002/app.48668
 Uskoković, V., Pejčić, A., Koliqi, R., and Anđelković, Z. (2022). Polymeric nanotechnologies for the treatment of periodontitis: a chronological review. Int. J. Pharm. 625, 122065. doi:10.1016/j.ijpharm.2022.122065
 Utech, S., and Boccaccini, A. R. (2016). A review of hydrogel-based composites for biomedical applications: enhancement of hydrogel properties by addition of rigid inorganic fillers. J. Mater. Sci. 51, 271–310. doi:10.1007/s10853-015-9382-5
 Varanko, A. K., Su, J. C., and Chilkoti, A. (2020). Elastin-like polypeptides for biomedical applications. Annu. Rev. Biomed. Eng. 22, 343–369. doi:10.1146/annurev-bioeng-092419-061127
 Vasvani, S., Kulkarni, P., and Rawtani, D. (2020). Hyaluronic acid: a review on its biology, aspects of drug delivery, route of administrations and a special emphasis on its approved marketed products and recent clinical studies. Int. J. Biol. Macromol. 151, 1012–1029. doi:10.1016/j.ijbiomac.2019.11.066
 Venkatesh, M. P., Kumar, P., Avinash, B. S., and Sheela Kumar, G. (2013). Development, in vitro and in vivo evaluation of novel injectable smart gels of azithromycin for chronic periodontitis. Curr. drug Deliv. 10, 188–197. doi:10.2174/1567201811310020005
 Vieira, J. N., Posada, J. J., Rezende, R. A., and Sabino, M. A. (2014). Starch and chitosan oligosaccharides as interpenetrating phases in poly (N-isopropylacrylamide) injectable gels. Mater. Sci. Eng. C 37, 20–27. doi:10.1016/j.msec.2013.12.005
 Vigani, B., Rossi, S., Sandri, G., Bonferoni, M. C., and Caramella, C. M. (2023). Mucoadhesive polymers in substance-based medical devices: functional ingredients or what else?Front. Drug Saf. Regul. 3, 1227763. doi:10.3389/fdsfr.2023.1227763
 Vigata, M., Meinert, C., Hutmacher, D. W., and Bock, N. (2020). Hydrogels as drug delivery systems: a review of current characterization and evaluation techniques. Journal 12, 1188. doi:10.3390/pharmaceutics12121188
 Visentin, D., Gobin, I., and Maglica, Ž. (2023). Periodontal pathogens and their links to neuroinflammation and neurodegeneration. Journal 11, 1832. doi:10.3390/microorganisms11071832
 Voci, S., Fresta, M., and Cosco, D. (2021). Gliadins as versatile biomaterials for drug delivery applications. J. Control. Release 329, 385–400. doi:10.1016/j.jconrel.2020.11.048
 Wang, K., Meng, X., and Guo, Z. (2021). Elastin structure, synthesis, regulatory mechanism and relationship with cardiovascular diseases. Front. Cell Dev. Biol. 9, 596702. doi:10.3389/fcell.2021.596702
 Wang, L., Hu, C., and Shao, L. (2017). The antimicrobial activity of nanoparticles: present situation and prospects for the future. Int. J. nanomedicine 12, 1227–1249. doi:10.2147/ijn.s121956
 Wang, W., Zhang, G., Wang, Y., Ran, J., Chen, L., Wei, Z., et al. (2023). An injectable and thermosensitive hydrogel with nano-aided NIR-II phototherapeutic and chemical effects for periodontal antibacteria and bone regeneration. J. nanobiotechnology 21, 367. doi:10.1186/s12951-023-02124-6
 Wang, Y., Kankala, R. K., Ou, C., Chen, A., and Yang, Z. (2022). Advances in hydrogel-based vascularized tissues for tissue repair and drug screening. Bioact. Mater. 9, 198–220. doi:10.1016/j.bioactmat.2021.07.005
 Wan Ishak, W. H., Ahmad, I., Ramli, S., and Mohd Amin, M. C. I. (2018). Gamma irradiation-assisted synthesis of cellulose nanocrystal-reinforced gelatin hydrogels. Nanomaterials 8, 749. doi:10.3390/nano8100749
 Ward, M. A., and Georgiou, T. K. (2011). Thermoresponsive polymers for biomedical applications. Journal 3, 1215–1242. doi:10.3390/polym3031215
 Whang, K., Healy, K. E., Elenz, D. R., Nam, E. K., Tsai, D. C., Thomas, C. H., et al. (1999). Engineering bone regeneration with bioabsorbable scaffolds with novel microarchitecture. Tissue Eng. 5, 35–51. doi:10.1089/ten.1999.5.35
 Wisotzki, E. I., Hennes, M., Schuldt, C., Engert, F., Knolle, W., Decker, U., et al. (2014). Tailoring the material properties of gelatin hydrogels by high energy electron irradiation. J. Mater. Chem. B 2, 4297–4309. doi:10.1039/c4tb00429a
 Wu, J., Liu, J., Shi, Y., and Wan, Y. (2016). Rheological, mechanical and degradable properties of injectable chitosan/silk fibroin/hydroxyapatite/glycerophosphate hydrogels. J. Mech. Behav. Biomed. Mater. 64, 161–172. doi:10.1016/j.jmbbm.2016.07.007
 Wu, S.-W., Liu, X., Miller, Ii A. L., Cheng, Y.-S., Yeh, M.-L., and Lu, L. (2018). Strengthening injectable thermo-sensitive NIPAAm-g-chitosan hydrogels using chemical cross-linking of disulfide bonds as scaffolds for tissue engineering. Carbohydr. Polym. 192, 308–316. doi:10.1016/j.carbpol.2018.03.047
 Xiong, Y., Zhang, X., Ma, X., Wang, W., Yan, F., Zhao, X., et al. (2021). A review of the properties and applications of bioadhesive hydrogels. Polym. Chem. 12, 3721–3739. doi:10.1039/d1py00282a
 Xu, X., Gu, Z., Chen, X., Shi, C., Liu, C., Liu, M., et al. (2019). An injectable and thermosensitive hydrogel: promoting periodontal regeneration by controlled-release of aspirin and erythropoietin. Acta biomater. 86, 235–246. doi:10.1016/j.actbio.2019.01.001
 Xue, X., Hu, Y., Wang, S., Chen, X., Jiang, Y., and Su, J. (2022). Fabrication of physical and chemical crosslinked hydrogels for bone tissue engineering. Bioact. Mater. 12, 327–339. doi:10.1016/j.bioactmat.2021.10.029
 Yada, M., Yamaguchi, K., and Tsuji, T. (1994). NGF stimulates differentiation of osteoblastic MC3T3-E1 cells. Biochem. Biophys. Res. Commun. 205, 1187–1193. Epub 1994/12/15. doi:10.1006/bbrc.1994.2791
 Yadav, S. K., Khan, G., Bansal, M., Thokala, S., Bonde, G. V., Upadhyay, M., et al. (2018). Multiparticulate based thermosensitive intra-pocket forming implants for better treatment of bacterial infections in periodontitis. Int. J. Biol. Macromol. 116, 394–408. doi:10.1016/j.ijbiomac.2018.04.179
 Yamada, K., Tabata, Y., Yamamoto, K., Miyamoto, S., Nagata, I., Kikuchi, H., et al. (1997). Potential efficacy of basic fibroblast growth factor incorporated in biodegradable hydrogels for skull bone regeneration. J. Neurosurg. 86, 871–875. doi:10.3171/jns.1997.86.5.0871
 Yang, D. (2022). Recent advances in hydrogels. ACS Publications, 1987–1989.
 Yang, S., Leong, K.-F., Du, Z., and Chua, C.-K. (2001). The design of scaffolds for use in tissue engineering. Part I. Traditional factors. Tissue Eng. 7, 679–689. doi:10.1089/107632701753337645
 Yao, H., Wu, M., Lin, L., Wu, Z., Bae, M., Park, S., et al. (2022). Design strategies for adhesive hydrogels with natural antibacterial agents as wound dressings: status and trends. Mater. Today Bio 16, 100429. doi:10.1016/j.mtbio.2022.100429
 Yin, L., Li, X., and Hou, J. (2022). Macrophages in periodontitis: a dynamic shift between tissue destruction and repair. Jpn. Dent. Sci. Rev. 58, 336–347. Epub 2022/11/08. doi:10.1016/j.jdsr.2022.10.002
 y Leon, C. A. L. (1998). New perspectives in mercury porosimetry. Adv. colloid interface Sci. 76, 341–372. doi:10.1016/s0001-8686(98)00052-9
 Yu, Y., Zhao, S., Gu, D., Zhu, B., Liu, H., Wu, W., et al. (2022). Cerium oxide nanozyme attenuates periodontal bone destruction by inhibiting the ROS-NFκB pathway. 
 Zainal, S. H., Mohd, N. H., Suhaili, N., Anuar, F. H., Lazim, A. M., and Othaman, R. (2021). Preparation of cellulose-based hydrogel: a review. J. Mater. Res. Technol. 10, 935–952. doi:10.1016/j.jmrt.2020.12.012
 Zang, S., Dong, G., Peng, B., Xu, J., Ma, Z., Wang, X., et al. (2014). A comparison of physicochemical properties of sterilized chitosan hydrogel and its applicability in a canine model of periodontal regeneration. Carbohydr. Polym. 113, 240–248. doi:10.1016/j.carbpol.2014.07.018
 Zang, S., Mu, R., Chen, F., Wei, X., Zhu, L., Han, B., et al. (2019). Injectable chitosan/β-glycerophosphate hydrogels with sustained release of BMP-7 and ornidazole in periodontal wound healing of class III furcation defects. Mater. Sci. Eng. C 99, 919–928. doi:10.1016/j.msec.2019.02.024
 Zeng, Q., Han, Y., Li, H., and Chang, J. (2015). Design of a thermosensitive bioglass/agarose–alginate composite hydrogel for chronic wound healing. J. Mater. Chem. B 3, 8856–8864. doi:10.1039/c5tb01758k
 Zhang, R., and Edgar, K. J. (2014). Properties, chemistry, and applications of the bioactive polysaccharide curdlan. Biomacromolecules 15, 1079–1096. Epub 2014/02/21. doi:10.1021/bm500038g
 Zhang, W., Jin, X., Li, H., Zhang, R. R., and Wu, C. W. (2018). Injectable and body temperature sensitive hydrogels based on chitosan and hyaluronic acid for pH sensitive drug release. Carbohydr. Polym. 186, 82–90. Epub 2018/02/20. doi:10.1016/j.carbpol.2018.01.008
 Zhang, Y., Wang, Y., Li, Y., Yang, Y., Jin, M., Lin, X., et al. (2023). Application of collagen-based hydrogel in skin wound healing. Gels 27, 9. Epub 2023/03/29. doi:10.3390/gels9030185
 Zhou, D., Cheng, L., Xu, D., Xu, Z., Sun, M., Chen, L., et al. (2022). Formulation and performance of bioactive hydrogel scaffold carrying chlorhexidine and bone morphogenetic protein. Mater. Lett. 313, 131788. doi:10.1016/j.matlet.2022.131788
 Zussman, M., and Zilberman, M. (2022). Injectable metronidazole-eluting gelatin-alginate hydrogels for local treatment of periodontitis. J. biomaterials Appl. 37, 166–179. doi:10.1177/08853282221079458
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 El-Nablaway, Rashed, Taher, Atia, Foda, Mohammed, Abdeen, Abdo, Hînda, Imbrea, Taymour, Ibrahim, Atwa, Ibrahim, Ramadan and Dinu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-12-1384326-t005.jpg
Model Outcomes References

ogel Bioactive ag

SDE-1/chitosan/carboxy methyl- stromal cell-derived factor-1 | rat calvaria defects Cumulative release of SDF-1 was only | Mi et al. (2017)

chitosan nanoparticles (SDE-1/CS/ 40%. Stimulate new bone formation

CMCS NPs)

Chitosan/gelatin-based hydrogel erythropoietin ‘maxillary sinus floor defect in  EPO significantly boosts BMSC LiD et al. (2020)
rabbit proliferation

Collagen/Alginate nHAP, hNGEp Rabbit mandibular distraction  HNGE was safe and able to continue | Cao et al. (2012)
osteogenesis its biological activity

Following 14 days, ANGE in COL/
nHAP/AG hydrogel improved the
reconstruction of bones

Cs/gelatin/glycerol phosphate BMP-6 In vitro, enhance bone formation, and | Chien et al. (2018)
hydrogel the transformation of PDL

development and creation of new

connective tissue. In vivo: significant

mineralization Improved bone

quantity, trabecula numbers, and

trabecular width, reduced levels of

inflammatory cytokines

CS/thioglycolic acid/Ti6AMV rhBMP-2 Enhance bone regeneration Chew et al. (2019)
Gel iPRF In vitro In vivo GeINPs worked as carriers for Mu et al. (2020)
continuous discharge of growth
HUVECs | Rabbit sinus factors from iPRF GelNPs-iPRF
augmentation mixture improved the reconstruction

of bones following 8 weeks

PGDE-BB/BMP- 2/CS/BGP PGDE-BB BMP-2 Prolonged discharge of PGDF-BBand | Min et al. (2019)
BMP-2
CHX/-CD/CS/BMP-2/alginate chlorhexidine thBMP-2 Sustained liberation of CHX and Ma et al. (2007)
thBMP-2
HA nHAp, BMP-2 Subperiosteal injection in Bmp-2 levels were shown to be closely ~ Martinez-Sanz et al.
mandibular rat diastema connected to bone formation, and (2012)

revascularization. nHAP, and BMP-2
worked together to boost hydrogel
bone forming potential. Following

8 weeks, HA-based hydrogels
incorporating nHAP, and BMP-2
augmented mandibular bone

Chitosan/-glycerophosphate Bone morphogenetic protein  Furcation defects in dogs Enhanced periodontium Zang et al. (2019)
7/omidazole regeneration. Inhibited
Porphyromonas gingivalis growth

Stromal cell-derived factor-1(SDF-1), chitosan (CS), carboxymeymethy-chitosan nanoparticles (CMCS NPs), PCL, BMP-2 BMSCs, Fmoc-Phe3 hydrogel (FPH), Reactive oxygen species (ROS),
bone morphogenic protein-6 (BMP-6), Recombinant bone morphogenic protein-2 (thBMP-2), Chlorhexidine (CHX), Beta cyclodextrin (-CD), Poly (N-isopropylacrylamide) (PNIPAMOS),
platelet rich plasma (PRP), infrapatellar fat pad stem cells (IFPSC), glycosaminglycan (GAGs), Alkaline phosphatase (ALP), Beta tricalcium phosphate (BCP), rat adipose stem cells (rADSC),
human nerve growth factor beta-hNGFB), nanohydroxyapatite: nHAP.






OPS/xhtml/nav.xhtml
Contents

		Cover

		Bioactive injectable mucoadhesive thermosensitive natural polymeric hydrogels for oral bone and periodontal regeneration		1 Introduction

		2 Categorization of hydrogels		2.1 Based on the source

		2.2 Based on the durability of hydrogels

		2.3 Based on interaction with environmental stimuli

		2.4 Cross-linking techniques of hydrogels





		3 Injectable thermosensitive hydrogels

		4 Requirements of injectable thermosensitive hydrogels for periodontal regeneration		4.1 Mechanisms of gelation

		4.2 Biodegradation

		4.3 Biocompatibility

		4.4 Pore dimensions and porosity distribution

		4.5 Physical properties

		4.6 Persistence duration

		4.7 Vascularity

		4.8 Drug-delivery methods

		4.9 Injectability

		4.10 Adhesion





		5 Biomaterials used to construct injectable thermosensitive hydrogels		5.1 Natural polymers

		5.2 Composites





		6 Pathophysiology of periodontitis

		7 Currently implemented periodontal therapeutic modalities		7.1 Phase-I therapy

		7.2 Surgery





		8 Treatment of periodontitis via employing injectable thermos-responsive hydrogels		8.1 Getting rid of pathogenic microbes

		8.2 Periodontal inflammation environment regulation

		8.3 Wound antiinfection dressings

		8.4 Promotion of periodontal regeneration





		9 Concluding remarks

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/fbioe-12-1384326-t004.jpg
Hydrogel Delivered cells Outcome: References
Cs/p-GP Dental pulp stem cell-derived Encouraging macrophage transformation from a pro-inflammatory to an anti-  Shen et al. (2020)
exosomes inflammation behavior
CS/collagen/BGP dog-BMSCs Osteogenesis, and osteoinduction Sun et al. (2011)
PGDF-BB/BMP- 2/CS/BGP PGDF-BB Continuous discharge of PGDF-BB and BMP-2 Min et al. (2019b)
BMP-2
CS/BGP/HAP DPSCs Increased osteogenic activity Chen etal. (2016)
CS/nano-HAP/Na2CO3 rat BMSCs Improved angiogenesis and osteoinduction Liet al. (2014)
CS-HTCC/BGP HPDLCs Enhanced cellular viability, and regeneration capacity Ji et al. (2010)
CS-PA/BGP Improve periodontal tissue regeneration Zang etal. (2014)
CS/acid-soluble collagen/a- | 1929 cells Offered microenvironment for tissue engineering Dangetal. (2017)
GP/BGP

Bone marrow stem cells (BMSCs), platelet-derived growth factor-BB (PGDE-BB), bone morphogenic protein-2, (BMP-2), chitosan (CS), hyaluronic acid (HA), poly (N-isopropylacrylamide)
(PNIPAm), beta-glycerophosphate (BGP), hydroxyapatite (HAP), dental pulp stem cells (DPSCs), Na2CO3, N-hydroxypropyl-3-trimethylammonium chloride chitosan (HTCC), human
denital ol swgiis culls- ADPSCS), pliytic acid (Pa); Buman ostoossrconni cells (MG-68), svoial (G0






OPS/images/fbioe-12-1384326-t007.jpg
Hydrogel Bioactive ag Model Outcomes References
Zinc-doped CS/nano-HAP/BGP nano-HAP MSC multiplication Bone repair via | Dhivya et al.
collagen and apatite accumulation (2015)
Cssilk fibroin/hydroxyapatite/GP | hydroxyapatite Desirable degradation pattern Wu et al. (2016)
hydrogels
CS-PA/BGP Enhanced periodontium regeneration | Zang et al. (2014)
CS/HA nHAp Invitro | In vivo ‘The hydrogel offered a 3D platform | Pan et al. (2020)
for stem cell development, division,
and transformation
ME3T3 | Rat alveolar bone defect ‘The breakdown of loaded nHAp
(tooth extraction) created an elevated level of calcium
and phosphorus, which encouraged
stem cell osteogenic development.
Following 4 weeks, the hydrogel-
nHAp composite scaffold revealed
faster alveolar ridge preservation
CS/BGP/nanoHAP/collagen nano-HAP Growing MSCs Huanget al. (2009)
PNIPAM/Starch/CS Enhance the cytocompatibility and | Vieira et al. (2014)
degradation of the scaffolding
CS/N-acetylcysteine/PNIPAM There is no toxicity to fibroblasts, W et al. (2018)
MSCs, or osteoblasts
HA/CS/PNIPAM/BCP BCP Encourage bone formation Chen et al. (2013)
Osteoblastic genetic transcription
nano-HAP/CS/CNTs BSA and OVA BSA and OVA were released gradually | Cancian et al.
(2016)
Zinc-doped CS/nano-HAP/BGP nano-HAP MSC multiplication Bone repair via | Dhivya et al.
collagen and apatite buildup (2015)

CS/collagen

BGNPs encapsulated in CS-BGP/
BGNPs/CS/collagen

CS/collagen/carbon nanotubes
(COOH-SWCNTs)

Mineralized collagen

Bioactive glass nanoparticles
(BGNPs)

carbon nanotubes (COOH-
SWCNTs)

Tissue engineering

Increased production of bone-like
apatite

Enhanced porous structure
Enhanced bioactivity

Boosted osteoblasts division, and
quick deposition of hydroxyapatite

Huangetal. (2011)

Couto et al. (2009)

Kaur et al. (2021)

BGP, Phytic acid (PA), collagen, Poly (N-isopropylacrylamide) (PNIPAM), beta tricalcium phosphate (BCP), nanohydroxyapatite (nano-HAP), carbon nanotubes (CNTS), bovine serum
albumin (BSA), ovalbumin (OVA), bioactive glass nanoparticles (BGNPs).





OPS/images/fbioe-12-1384326-t006.jpg
Hydrogel

Sodium alginate/methylcellulose/
poloxamer 407

‘Thermosensitive and mucoadhesive
chitosan in situ gels

‘Thermoresponsive alendronate
sodium/PLGA nanoparticles hydrogel

S films, and microparticles

‘Thermoresponsive Pluronic® F-127
(PF-127)/Hydroxy Ethyl Cellulose
(HEC) hydrogel

Injectable gelatin alginate hydrogels

Alginate-based in situ gels

Mucoadhesive cellulose gel

Chitosan/sodium
B-glycerophosphate/gelatin

Bioactive aget

Dried Scutellaria
baicalensis extract/CS

Moxifloxacin

Alendronate sodium

Metronidazole

Adithromycin
dihydrate

Metronidazole

Doxycycline HCl

Metronidazole

Aspirin/erythropoietin

Model

In vitro

05 x 0.5 cm critical size defect in
tibia of New Zealand female
rabbits

Rat

Outcomes

Improved drug bioactivity, and
antimicrobial capacity

‘The hydrogel released moxifloxacin for
8 and had a remarkable antibacterial

activity against Streptococcus mutans, and
Aggregatibacter Actinomycetemcomitans

Enhanced fibroblasts formation

Enhanced bone formation

Cs microparticles including hydrogels
outperformed the films in terms of their
therapeutic profiles

Hydrogels dramatically influenced
regulated azithromycin release in vitro

Considerable enhancement in
periodontitis clinical variables

The metronidazole-laden hydrogels
demonstrated long-lasting dissolution,
with the majority of the loaded
‘metronidazole eluting within 24 h.
Following 24 and 48 h, in vitro fibroblast
vitality was at least 75% (when tested
using human fibroblasts), showing good
biocompatibility

Sodium alginate and hydroxypropyl
methylcellulose were used to make this
product. A continuous doxycycline
delivery rhythm lasting more than

12 days

Metronidazole extended continuous
release in vitro

Sustained drugs release

Anti-inflammation, and periodontal
regeneration

Polycaprolactone nanoparticles (PCL NPs), chitosan (CS), silk fibroin (SF), poly (N-isopropylacrylamide) (PNIPAM), oligoproline (PRO).

References

Chanaj-Kaczmarek et al.
(2021)

Sheshala et al. (2019)

Oz et al. (2020)
Pichayakorn and

Boonme, (2013)

Venkatesh et al. (2013)

Zussman and
Zilberman, (2022)

Obaidat et al. (2010)

Sallam et al. (2015)

Xu et al. (2019)





OPS/images/fbioe-12-1384326-t003.jpg
Hydrogel Bioactive agen Model tcomes
Thermally responsive statins (atorvastatin and In vitro, and in vivo In vitro, cytocompatibility, biodegradable,
chitosan lovastatin) nano emulsions reduced production of pro-inflammatory
markers (TNF-a and IL- 1)
In vivo, increased neo bone formation
Acetylated carboxymethyl Caffeic acid phenethyl ester Human periodontal ligament | Block TNF-a, IL-1, IL-6, and IL-17
chitosan stem cells (hPDLSC) production during inflammation
Boost osteoblastic differentiation in
human periodontal ligament stem cells
Sodium alginate/ Dried Scutellaria baicalensis Intelligent hydrogels improve
‘methylcellulose/ extract/Cs hyaluronidase resistance, metals
poloxamer 407 removing, and antimicrobial action
CS/p-GP hydrogel Interleukin-1p (IL-1p) is a crucial | periodontal Inflammation in  Inhibited periodontal inflammation and
pre-inflammatory factor Diabetic Rats reduce alveolar bone absorption

References

Petit et al. (2020)

Peng et al. (2023)

Chanaj-Kaczmarek et al.
(2021)

Liu et al. (2022)

Tumor necrosis factor (TNF-a), interleukin (IL), interleukin-1p (IL-1B), reactive oxygen species (ROS), doxycycline (DOX) and/or lipoxin Ad (LXA4), polyisocyanopeptide (PIC), chitosan (CS)

Betaglycerophosphate (B-GP).






OPS/images/fbioe-12-1384326-t002.jpg
Hydrogel
Curdlan/polydopamie

ZnO-NP/Chitosan/p-
Glycerophosphate

CHX/B-CD/CS/BMP-2/
alginate

Chitosan/gelatin/-
gycerophosphate

Chitosan/vanillin

VH-HA-CS/BGP/TCP
Chitosan/quaternized
chitosan/a-

glycerophosphate

Chitosan

Main polymer Bioactive agent

Chlorhexidine

p-cprcs/ Chlorhexidine rhBMP-2

chitosan Metronidazole, and
vancomycin
hydrochloride

ornidazole and
doxycycline hyclate

Vancomycin TCP

Ornidazole

antimicrobial peptides (Nal-P-
113) and/or antioxidants
(polydopamine nanoparticles,
PDNPs)

Model

In vitro

In vitro

Ligature-induced
periodontal rat
model

col

S

Bactericidal activity

‘Temperature sensitivity and
bacteriostatic

CHX and rhBMP-2 are released
in a controlled manner

Thermosensitive at 370C.

Burst release of vancomycin
hydrochloride, sustained release
of metronidazole

Antimicrobial activity is
biocompatible and biodegradable

Antibacterial characteristics

Antibacterial activity

Sustained drug release for
13 days. Bactericidal activity

Reference:

Tong et al. (2020)

Huang et al. (2022)

Zhou et al. (2022)

Pakzad and Ganji,
(2016)

Yadav et al. (2018)

Li Y et al. (2020)

Ji et al. (2009)

Ma et al. (2022)

Biogenic silver nanoparticles (Bio-AgNP), Zinc oxide nanoparticles (ZnO-NP), microspheres loaded in situ gel (MLIG), Vancomycin hydrochloride/Hydroxyapatite/chitosan/Beta

alycerophosphate/”

cium phosphate (VH-HA-CS/BGP/TCP), Egg yolk immunoglobulin (IgY), human antimicrobial peptide LL-37, a modified antimicrobial peptide (Nal-P-113).









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





OPS/images/fbioe-12-1384326-g005.gif





OPS/images/fbioe-12-1384326-g006.gif
S g0 T

‘E®~“®





OPS/images/fbioe-12-1384326-g003.gif
Tunable
porosity

Injectable
thermosensitive
natural hydrogel






OPS/images/fbioe-12-1384326-g004.gif





OPS/images/fbioe-12-1384326-t001.jpg
Point of
comparison

Physical hydrogel

Chemical hydrogel

References

Bonding type

Bonding nature

Cross linking

Physical properties

Degradation
Form

Networks

Mechanical properties

Pharmaceuticals
loading

Tonic, H-bonding, or hydrophobic interactions, as well as
molecular interactions

Physical hydrogels are regarded as reversed gls since the
above linkages are weaker

These are made without the utilization of chemical
modifications or cross-linkers

It exhibits uneven outcomes in vivo because it is rigid
concerning parameters like gelation duration, gel pore

dimensions, chemical customization, and breakdown or
solubility

They are less resistant to deterioration
These are uniform

The polymer framework of physical hydrogels has both
hydrophilic and hydrophobic areas

Due to the reversible physical bonds, these hydrogels have

weak mechanical characteristics

These gels have significant promise for the inclusion of
bioactive compounds

Covalent interaction creates chemical hydrogels

As a result of the power of covalent bonding, these are
referred to as persistent or unchangeable

‘These are generated via chemical alteration or cross-
linking substances

In terms of gelation time, porosity dimensions, chemical
functionality, and breakdown or disintegration, it exhibits
flexibility

They are particularly resilient to degradation

‘These lack homogeneity

Chemical hydrogels have zones with a higher cross-linking
intensity than ordinary hydrogels

Compared to hydrogels that have been physically cross-
linked, these hydrogels possess superior mechanical
properties

‘These could be engaged in distinct applications like
pharmaceuticals, agricultural, food, and cosmetics
industries

Suflet et al. (2021); Li W
et al. (2023)

Bustamante-Torres et al.
(2021)

Yang, (2022)

Kaczmarek et al. (2020)

Xue et al. (2022)
Ahn et al. (2021)

Yang, (2022)

Summonte et al. (2021)

Lima et al. (2020); Paiva
et al. (2024)






OPS/images/fbioe-12-1384326-g007.gif
njectable Targetels Targoted actons.

ot [ ma, |
o
=
-~ | ® @
gament cell Cellmority
N ki
aa -
aa -
- *
. ® @
nm Cell mustphcation
[
“growth tactor T
o

[ 4
(1]

et he growtn factor

(34
(24

Pltlt drved rowth factrs

‘s

[ —

Motix synesis:





OPS/images/fbioe-12-1384326-g008.gif
njection to the defectsite

i






OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-12-1384326-g001.gif





OPS/images/fbioe-12-1384326-g002.gif
Ineligent Hydrogels
4 \

GRS ST

{ o
1+ pressre i

2 Taerare alos bt

| 3.Light 3.0NA

| 4 Bl feia o

| 5 Prointiaton |





