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Abstract. 
Hydrogel is a new class of functional polymer materials with a promising potential in the biomedical field. The purpose of this article is to review recent advancements in several types of biomedical hydrogels, including conductive hydrogels, injectable hydrogels, double network hydrogels, responsive hydrogels, nanocomposite hydrogels, and sliding hydrogels. In comparison with traditional hydrogels, these advanced hydrogels exhibit significant advantages in structure, mechanical properties, and applications. The article focuses on different methods used to prepare advanced biomedical hydrogels and their diversified applications as drug delivery systems, wound dressings, biosensors, contact lenses, and tissue replacement. These advances are rapidly overcoming current limitations of hydrogels, and we anticipate that further research will lead to the development of advanced hydrogels with ubiquitous roles in biomedicine and tissue replacement and regeneration.

1. Introduction
Hydrogels are a class of polymers having a three-dimensional network structure formed through physical and chemical cross-linking of monomers with a hydrophilic group [1]. Hydrogels swell when they absorb large volumes of water yet maintain their original structures without being dissolved [2, 3] (Figure 1). In the biomedical field, hydrogels are a new class of functional polymer materials with enormous potential in biotechnology. When the polymer network is encased in water, the material absorbs the water and adopts fluidic properties, which is very similar to what occurs with tissues in the human body [4, 5]. In the presence of water, the surfaces of the hydrogels become wet and malleable. And because of these properties, couple with the stable organization of the material significantly reduces irritation to the surrounding tissues and improves biocompatibility [6]. Additionally, hydrogels will not affect the metabolic processes of living organisms and metabolites can pass freely through the hydrogels. Hydrogels are also sensitive to small changes in external stimuli, such as temperature, pH, ionic strength, electric fields, and magnetic fields, and can respond to these stimuli through volume swelling or shrinking [7–11]. Therefore, hydrogels are more similar to living tissues, specifically the outer membrane of the cell matrix, than any other currently known synthetic biomaterials and these properties result in reducing friction and mechanical effects on the surrounding tissues, which significantly improves the biological properties of the material [12].




		Figure 1: The sketch map of the hydrogel network.


Hydrogels have been one of the greatest interests to biomaterial scientists since the pioneering work of Wichterle and Lim in 1960 on cross-linked HEMA (hydroxyethyl methacrylate) hydrogels, which has led to the development of materials with excellent water absorption, high water retention, good biocompatibility, biodegradability, limited or minimal toxicity, and simplified synthesis methods. These materials are now widely used in biomedicine, functioning as tissue fillers, drug delivery agents, contact lenses, and tissue engineering scaffold materials [12–14]. Because hydrogels produce huge economic and social benefits, the research, the development, the application, and the production of hydrogels represent an important area of the biomaterial field.
Traditional hydrogels are typically formed by chemical cross-linking. Nonuniform dispersion of a chemical cross-linking agent results in a nonuniform gel network, and the resulting gel is very weak and fragile, greatly limits its application [15]. To overcome mechanical limitations in traditional gels, four major types of novel network structures have been investigated, as follows: (i) the replacement of covalent cross-linking points by active cross-linking sites, which can reduce the stress concentration and the network structural damage caused by the uneven distribution of covalent bonds. Representative studies include “Slide-Ring” hydrogels, in which “8”-shaped polyrotaxane as a crosslinking point, polymer chains pass through the cross-linking agent from its upper and lower cavities [16]. The molecular chains distribute stress more uniformly across the gel network through positional adjustment in the external force. (ii) The introduction of a “sacrifice key” within the structure of certain hydrogels (e.g., double network hydrogels), which is a region designed to break and absorb energy that can improve the strength and resilience of the materials [17]. These hydrogels are mainly composed of two interpenetrating or semi-interpenetrating networks with different properties. Under stress, the first network absorbs energy to burst, endowing hydrogels with high strength and toughness, while the second network is loosely cross-linked and is more difficult to destroy, which maintains the integrity of hydrogels [3]. (iii) Nanoparticles as giant multifunctional cross-linking points, where polymer chains are cross-linked into a three-dimensional network by physical adsorption or chemical bonding [18]. The physical adsorption between the molecular chains and nanoparticles can dissipate energy to improve the mechanical properties of hydrogels, while conversely, the high specific surface area and high modulus of nanoparticles themselves strengthen the hydrogels [19]. (iv) Polymers constructed via noncovalent interactions and supramolecular self-assembling structures, producing hydrogels that are strong, resilient, and responsive to changing stimuli [20]. Consequently, the objective of this review is to evaluate recent research and progress aimed at developing novel high-performance, intelligent hydrogel materials for biomedical applications.
2. Main Types of Hydrogels
2.1. Conductive Hydrogels
Conductive hydrogel (CH) is a new effective material which has the similar unique properties to traditional hydrogels and an additional benefit in electrical conductivity [21–23]. It was first proposed by Gilmore et al. [24], and in recent years, more attention has been given in the exploitation and application of CHs. Depending on the different additives, the CHs are divided into two categories: (i) the CHs-based conducting polymers (CPs) and (ii) the CHs-based metallic nanoparticles. Mostly, the CH is defined as a hybrid network made by cross-linked soft hydrogels and CPs [25]. Although CP is not metallic, it has extraordinary electrical conductivity that can change the final hydrogels in structural and electrical properties to a considerable extent [26–31]. The use of CPs enables hydrogels to stimulate electricity locally and enhance the physical properties of hydrogels to accurately control the extent and duration of external stimulation [32, 33]. The microscopy allows the microstructure magnified, and it always be used to observe the microstructure of the hydrogel, such as atomic force microscopy, which can not only observe the microstructure of objects [34, 35] but also the conductivity of the conductive hydrogel that can be detected by conducting probe atomic force microscopy [36]. Nowadays, the most familiar CPs like polypyrrole (PPY), polythiophene (PT), poly(3,4-ethylene dioxythiophene) (PEDOT), and polyaniline (PAni) are widely used in biomedical science to promote cell growth and proliferation [37, 38]. Besides, the natural polymers such as alginate, starch, chitosan, and their derivatives also have been considered as CPs in different conditions and because of the characteristics of these natural polymers, the final hydrogels are extremely beneficial to biodegradable and biocompatible. Till now, the CPs has gained lots of scientific responsiveness and they have extensively applied in batteries, sensors, semiconductor devices, electronic and optoelectronic devices, and so on [39–43]. Similar to the CPs mentioned before, the metallic nanoparticles give the CH synergistic properties combined with the metal and hydrogel matrix [44, 45]. And since the performance of the hydrogels has improved the homogeneous distribution and long-term cytotoxicity of metallic nanoparticles, more applications of final hydrogels are being developed in the field of biomaterials.
A number of routes have explored to the preparation of CHs, but all of them can be summarized as two types: preparation of single component CHs and preparation of multicomponent CHs. Single-component CHs are defined as a stable conjugate-combined conductive polymer with small hydrophilic molecule through electrostatic interaction or cross-linked by substitutes of small molecular. According to the electrostatic interaction between the positive charges on PAni with the phosphate on phytic acid, the final hydrogel has better characteristics in capacitance (∼480 F·g−1), higher sensitivity (~16.7 μA·mM-1), and faster response time (~0.3 s) in the glucose sensing test [46]. The common methods to prepare multicomponent CHs are electrochemical polymerization and chemical oxidation polymerization; the latter usually includes one-step facile strategy and two-step sequential preparation method. The one-step facile strategy refers to the cross-linked hydrogels obtained by the chemical reaction of CPs and hydrophilic polymer mixture. PPY has poor water solubility, but the PPY/agarose CH can get by this route when PPY is added to aqueous solution of agarose and cupric chloride is added to the solution to oxidize PPY [47, 48]. The two-step sequential preparation method is more complex; the extra step is the monomers of CPs which permeate into hydrophilic polymer hydrogels. The preparation of PPY conductive hydrogel can also use the two-step method, incorporation of pyrrole monomer and silver nanoparticles first, and then oxidation of pyrrole with ferric ion, and it is surprising to find that the final CHs are beneficial to thermostability, uniform mesh structure, and mechanical property (storage modulus 10 kPa) [49]. Generally, because a one-step facile strategy has the advantages of simple operation, energy saving, and environmental protection while the two-step sequential preparation method needs the step of incorporation because the final hydrogels are not uniform, the former will be the main research direction of the CH preparation in the future.
2.2. Injectable Hydrogels
Injectable hydrogels are characterized by an intrinsic fluidity and can be applied by an injection method. In response to external stimuli (e.g., temperature or pH changes), injectable hydrogels exhibit sol-gel phase transitions [50]. Moreover, compared with conventional hydrogels, injectable hydrogels are more effective for minimally invasive applications. This not only expands the scope of its application in the biomedical field but also improves the comfort satisfaction of patients and reduces the cost of application to a certain extent [51, 52]. Based on the methods used for development, injectable hydrogels can be divided into two categories: light irradiation hydrogels and self-assembling hydrogels [53, 54]. Light irradiation hydrogels involve the formation of irreversible covalent bonds through the application of visible or ultraviolet light radiation, while self-assembling hydrogels are formed spontaneously or after directional initiation [52, 55].
Many injectable hydrogels with different properties have been prepared using the above two gelation methods. Injectable hydrogels made of dextran methacrylate (DEX-MA) and scleroglucan (Scl) can be formed by UV irradiation using a photoinitiator, and the resulting gels reportedly exhibited adequate mechanical properties, suitable for biomedical applications [56]. Novel injectable photochemical hydrogels are composed of gellan gum methacrylate (GG-MA) and polyethylene glycol dimethacrylate (PEG-DMA) and have also been synthesized by irradiation with a UV lamp for 30 min [57], and the resulting hydrogels exhibited better mechanical properties than those composed of GG-MA alone. Interestingly, the strength is significantly enhanced by the concentration and the molecular weight of PEG-DMA used to construct the new network [57]. The methods of self-assembling hydrogels include enzyme-induced gelation, chemical cross-linking with complementary groups, and ionic interactions. The injectable porous hydrogels have been widely used in biomedical applications due to their excellent permeability and ease of integration into sites of surgical intervention. For example, Yom-Tov et al. developed a method that enables the in situ formation of pores with tailored porosity and pore size, by encapsulating oil droplets in the hydrogel using an emulsion templating technique and then leaching the droplets out of the gel to create the porous structures [58]. The oil-to-water ratios and the surfactant concentrations were adjusted to vary pore size and porosity, and this method produced bioactive hydrogels exhibiting good mechanical strength, water absorbency, and diffusive properties, useful for biomedical applications [58].
2.3. Double Network Hydrogels
Double network (DN) hydrogels comprise two interpenetrating polymer networks; one of which is a highly cross-linked rigid polymer network, while the other is a lightly cross-linked flexible polymer network [59]. While this structure is connected through physical entanglement, no chemical cross-linking occurs between these two mutually independent cross-linked networks [60]. Hydrogels exhibit a certain viscous flow due to the loose cross-linking of the second network, which can effectively absorb the fracture energy through the network deformation and/or the slippage of physical entanglements along the polymer chain. This prevents cracks from propagating across the structure, so DN hydrogels have good mechanical strength [61]. In addition to greater mechanical strength, DN hydrogels have several other advantages over hydrogels with a single network structure, such as the degree of cross-linking is easier to control and increased drug loading capacity [62].
Early DN hydrogels were mainly composed of covalent bonds, but when covalent networks are destroyed by stress, hydrogels become increasingly elastic and will permanently lose their energy dissipation mechanisms [63]. In recent years, a series of DN hydrogels have been developed that introduce noncovalent (e.g., ions or hydrogen bonds) “sacrifice units” [64, 65] that exhibit high strength and durability [66, 67]. The noncovalent interactions are often dynamic and reversible. When they are introduced into the hydrogels, the noncovalent “sacrifice units” may be destroyed from energy dissipation due to stress [68], then reunited to rebuild the network structure once the stressor has been removed, thus restoring the original strength and toughness of the gel [65]. For example, a novel double network hydrogel (IPN hydrogels) was fabricated by combining cellulose and poly(N-isopropyl acrylamide), in which cellulose hydrogels were employed as the first network (Figure 2(a)), while the second network was comprised of monomeric N-isopropylacrylamide, N,N-methylene bis-acrylamide as a cross-linker, and ammonium persulfate as an initiator (Figure 2(b)) [69]. The two networks were subsequently integrated through a polymerization reaction at 35°C (Figure 2(c)), and the resulting DN hydrogel exhibited uniform porous structure, while its mechanical and swelling properties were strongly dependent on the weight ratio of two networks [69]. In a different study, an extremely stretchable and tough hydrogel was synthesized by mixing ionically cross-linked alginate and covalently cross-linked polyacrylamide [70]. The alginate chain was comprised of mannuronic acid (M unit) and guluronic acid (G unit) connected by glycosidic linkages. In an aqueous solution, the G blocks were able to chelate divalent cations (e.g., Ca2+) to form ionic cross-links. These initial Ca2+-cross-linked alginate hydrogels exhibited limited stretching capabilities and could rupture when stretched beyond 1.2 times its original length. However, subsequent research reported that in situ polymerization combining the Ca2+-cross-linked alginate hydrogel skeleton with an acrylamide monomer to form an interpenetrating network structure greatly improved the tensile toughness and strength of hydrogels, thus increasing its tensile breaking length up to 23 times the original length [70].




		
			
			
			
		
			
			
			
		
			
			
			
		Figure 2: Schematic illustration of the fabrication process of IPN hydrogels.


2.4. Responsive Hydrogels
Hydrogels with responsive performance have a broad range of potential applications in biological tissue engineering, including drug delivery and controlled release, artificial muscles, sensors, and enzyme catalysis [71–73]. When environmental changes (e.g., external temperature, pH, light, electric field, and salinity) occur, hydrogels can shrink or swell as needed due to the introduction of hydrogen bonds, ions, complexation, electrostatic interactions, and other noncovalent interactions [74]. These responsive “smart” or intelligent hydrogels were first developed by Katchalsky in 1949, by copolymerizing methacrylic acid with a low percentage of divinyl benzene, producing a gel capable of absorbing hundreds of times its own weight of water at higher pH values, then gradually shrinking with decreasing pH [75]. Significant progress has been made since then, and currently, responsive hydrogels can be classified (Table 1) based on responses to different stimuli as being temperature-sensitive, pH-sensitive, light-sensitive, or electricity-sensitive [76, 77].
Table 1: Stimulating and responsive factors of smart hydrogels.
	

	Type	Stimulating factors	Responsive group or substance
	

	Temperature-sensitive	Temperature	N-Isopropylacrylamide
	pH-sensitive	pH	-COOH, -HSO3, -NH2
	Light-sensitive	Light	Cinnamoyl-, azobenzene, O-nitrobenzyl alcohol
	Electricity-sensitive	Electricity	Carbonyl-, nitro-, alkyl group
	



The most common intelligent hydrogels are temperature-sensitive, particularly those comprised of N-isopropyl acrylamide [78], where interactions between hydrophilic amide groups and hydrophobic isopropyl groups can produce structural changes in the hydrogel [79]. A novel polymer network was obtained by the introduction of the extracellular glucan salecan into a poly(N-isopropylacrylamide) (PNIPAm) network, resulting in a thermosensitive hydrogel possessing good mechanical properties and high water absorption at room temperature [80]. Moreover, the salecan/PNIPAm hydrogels were nontoxic and exhibited good biocompatibility, making them suitable for biomedical applications [80]. N,N-Diethylacrylamide has also been found to exhibit temperature sensitivity [81]. Hoffman has synthesized a series of thermo- and pH-sensitive poly(vinyl alcohol)/poly(N,N-diethylacrylamide-co-itaconic acid) (PVA/P(DEA-co-IA)) semi-interpenetrating polymer network (semi-IPN) hydrogels by radical polymerization and semi-IPN technology [1]. The obtained semi-IPN hydrogels possessed unconventional thermosensitive properties, such as faster deswelling rates and slower swelling rates in response to an alternation of temperature, and outstanding mutative values in response to pH value change [1].
Smart hydrogels capable of responding to pH changes have also been developed by incorporating ionizable acidic or basic groups (e.g., carboxyl, sulfonic acid, or amino groups) in the preparation process [82–84]. Dissociation or association of these groups is affected by the pH value, which can alter either the internal network structure of the hydrogels or the affinity/hydrophobicity of the molecular chains, thereby altering the water absorption capacity of the gel [85]. A novel pH-sensitive hydrogel with excellent mechanical strength was prepared using oligomonomers of poly(ethylene glycol) methyl ether methacrylate (PEGMA) and poly(acrylic acid) (PAA) [86]. When immersed in solutions with a pH below ∼4, the hydrogels exhibited a low swelling ratio with a compression strength of ∼8 MPa, while in solutions with a , the hydrogels were transparent and exhibited a high swelling ratio with a compression strength of ∼1 MPa. The robust nature of these hydrogels over a wide pH range may be useful for applications such as artificial muscles and controlled release devices.
Moreover, dual or multiple smart hydrogels may be prepared by combining two or more responsive hydrogel types using interpenetrating network connection or a graft copolymerization method, among other approaches. For example, a new kind of multiple stimulus-responsive organic/inorganic hybrid hydrogel was successfully fabricated by combining a dual stimuli-responsive poly(2-(2-methoxyethoxy)ethyl methacrylate-co-oligo(ethylene glycol)methacrylate-co-acrylic acid) (PMOA) hydrogel with magnetic attapulgite/Fe3O4 (AT-Fe3O4) nanoparticles [87]. The resulting AT-Fe3O4/PMOA hydrogels presented temperature/pH sensitivity, good mechanical properties, and magnetic functionality, allowing them to continue to swell under an alternating magnetic field following equilibrium swelling in deionized water [87].
2.5. Nanocomposite Hydrogels
The nanoscale dispersion of different materials in the polymeric matrix form nanocomposite hydrogels, with particle sizes ranging from 1 to 1000 nm, and the molecular chain structure consists of branched polymers and cross-linked network polymers [21]. This uniform dispersion of inorganic components can greatly improve the strength of hydrogels [19]. Nanocomposite hydrogels are also known as hybrid hydrogels, which are formed by physical or chemical covalent cross-linking of the polymer network with raw material particles, including carbon-based nanoparticles, polymeric nanoparticles, inorganic/ceramic nanoparticles, or metal/metal oxides [19, 21, 88–90].
Yadollahi et al. reported the synthesis of carboxymethyl cellulose/ZnO nanocomposite hydrogels by in situ formation of ZnO nanoparticles within swollen carboxymethyl cellulose hydrogels [91]. The resulting nanocomposite hydrogels exhibited both pH- and salt-sensitive swelling behaviors. In addition, they exhibited increased swelling in different aqueous solutions compared with neat hydrogels. The presence of the inorganic salt can weaken hydrogen bonding between the polymer chains and water, resulting in a localized dehydration of the polyphosphate ester and thus increasing aggregation. Based on this approach, a novel biodegradable nanoscopic hydrogel was synthesized by photocross-linking salt-induced polymer assemblies [92]. This method was based on the integration of block copolymers containing polyphosphoester (poly(ethyl ethylene phosphate) (PEEP)), which could undergo a salt-induced hydrophobic-to-hydrophilic transition. A triblock copolymer of poly(ethylene glycol) (PEG) combined with PEEP was synthesized, and its end groups were then functionalized with acryloyl chloride to produce an acrylate block copolymer (Acr-PEEP-PEG-PEEP-Acr). Subsequently, a diblock copolymer of PEG and PEEP (Acr-PEEP-PEG-Lac) containing heteroacrylate and lactosyl end functional groups was also synthesized to incorporate targeting moieties into the nanogel. These block copolymers were found to be soluble in water but self-assembled into core-shell structural nanoparticles following the addition of salt. The resulting nanoparticles could become totally hydrophilic after UV cross-linking to anchor the structure and dialysis to remove salt, generating nanogel particles with an inner reservoir for water-soluble drugs. This synthesis method is both facile and biocompatible, which could waive the inconvenient purification requirements typically required following nanogel generation [92].
2.6. Sliding Hydrogels
Sliding hydrogels contain topologically interlocked noncovalent cross-links that can slide along a threaded polymer backbone [93]. A novel sliding hydrogel, pseudopolyrotaxanes of monothiolated beta-cyclodextrin threaded on poly(allyl glycidyl ether)-block-poly(ethylene glycol)-block-poly(allyl glycidyl ether), was previously prepared in water by sonication and subsequently photocross-linked by UV irradiation, resulting in a sliding hydrogel with elasticity comparable to other hydrogels, increased stretchability, and tunable degradability under acidic conditions [16]. The benefit of these hydrogels lies in their more stable mechanical properties, as common hydrogels exhibit greater volatility under a smaller strain range. Research suggests that the mechanical strength of sliding hydrogels can adapt to the strength of mammal skin, blood vessels, and tissues; therefore, the sliding hydrogels could be used as a substitute for a variety of biological materials. Additionally, the stimulation sensitivity of sliding hydrogels may be improved by modifying cyclodextrin rings with the addition of sensitive groups [94, 95]. For example, a novel photosensitive sliding hydrogel was prepared by adding azobenzene units to the mobile α-cyclodextrin units of a poly(ethylene oxide)-based polyrotaxane and its photoresponsive behavior was attributed to the dynamic nature of the cross-linkers [96].
In summary, there are three primary factors that determine the performance of sliding hydrogels: the number of rings on each polymer chain, cross-linking density, and swelling properties of the hydrogels in solvents [97]. In conventional gels, the chain length between cross-linking points is uneven and the shorter chains may break more readily due to unequal chain tension under external force (Figure 3(a)). Conversely, in sliding gels, the chain length between cross-linking points is relatively uniform due to free slide of cross-linked rings under external force, so these hydrogels exhibit higher mechanical strength than conventional gels (Figure 3(b)).




		(a) General chemistry hydrogel




		(b) Sliding hydrogel
Figure 3: General chemistry hydrogel and sliding hydrogel.


2.7. Other Novel Hydrogels
In addition to the five biomedical hydrogels cited above, research has led to the development of a number of other novel hydrogels, including DNA-enabled hydrogels, and magnetic hyaluronate hydrogels [98, 99]. DNA-enabled hydrogels have been synthesized through the reaction of dibenzocyclooctyne-functionalized multiarm poly(ethylene glycol) with azide-functionalized single-stranded DNA in aqueous solutions by copper-free click chemistry (Figure 4) [98]. Besides, the hydrogel contained with the adipose-derived stem cells has been reported that can augment diabetic wound healing [100]. These gels can be degraded by nucleases and may be modified for use in a variety of applications, such as drug delivery and wound healing systems. These research efforts will continue to drive the development of novel hydrogels with increased sensitivity to the area of changing environmental conditions, improving strength, elasticity, and capability of novel hydrogels; all of which can further enhance their critical roles in biomedicine.




		
			
				
				
				
			
		
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
		
			
			
		
			
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		Figure 4: Hydrogel network formation via copper-free click chemistry, followed by hydrogel swelling when immersed in nuclease-free buffer or biodegradation when incubated in the presence of nucleases.


3. Applications of Hydrogels
3.1. Applications in Drug Delivery Systems
In recent years, drug delivery systems capable of controlled dosage delivery for extended periods in the affected area have been vigorously developed all over the world [101]. An effective drug delivery system has three critical requirements of the structure: a region for drug storage, a controlled release rate, and a release drive [102]. Hydrogels exhibit these three functions. Moreover, hydrogels can mask the bitter taste and odor of pharmaceuticals. Thus, hydrogels have a great potential for application via oral, nasal, buccal, rectal, vaginal, eye, injection, and other administration routes. When the hydrogel is injected or transplanted into an organism, it can maintain the effective and controlled release of an embedded drug into body fluids [103]. The therapeutic effects of many lipophilic drugs are limited due to a variety of problems including poor solubility, poor dispersion, lack of uniformity, poor dissolution, low bioavailability, and lack of in vivo stability. However, when these drugs are uploaded to a hydrogel system, the above defects can be improved to some extent, resulting in solubilization, sustained release or controlled release effects, and enhanced stability and bioactivity. Conversely, small molecule drugs that are highly soluble exhibit more advantages, including improved absorption and high bioavailability, but these properties are incompatible with sustained drug delivery effects. To exploit these more desirable properties, a novel interpenetrating polymer network was synthesized through the modification of silicone elastomers with a poly(2-hydroxyethyl methacrylate) (PHEMA)-based hydrogel characterized by a surface-connected hydrophilic carrier network inside the silicone [104]. These structures were then loaded with the antibiotic ciprofloxacin, and the resulting drug release inhibited bacterial growth when placed on agar, suggesting that these hydrogels have potential for future applications in drug-releasing medical devices [104]. Additionally, floating hydrogels synthesized from kappa carrageenan containing either CaCO3 or NaHCO3 as pore forming agents have been evaluated with amoxicillin trihydrate as a model drug [105]. The hydrogels incorporating CaCO3 exhibited higher drug entrapment efficiency and longer sustained drug release than NaHCO3, indicating that CaCO3 is a viable pore-forming agent for the development of an effective floating drug delivery system [105]. Interestingly, because of the distinctive conductivity of the conducting hydrogel, they are also electrostimulated drug release devices and these devices have great advantages in low-voltage drive and high load capacity [106]. Based on the conductive polymer poly(3-methoxydiphenylamine) and pectin hydrogels, Mongkolkitikul et al. synthesize a drug delivery system to transport ibuprofen. And the study showed that under applied electric potential, the diffusion coefficient of a drug is much higher than those without electric potential due to the mesh size expansion [107].
Hydrogels can also be used as a carrier for biological macromolecular drugs, mainly due to the controlled release behavior of protein drugs in polymer systems. For example, hydrophilic and hydrolytically degradable poly(ethylene glycol) (PEG) hydrogels were prepared via Michael-type addition, which were employed for sustained delivery of a monoclonal antibody against the protective antigen of anthrax. Burst release of the antibody from the matrix was avoided due to the PEG-induced precipitation. These hydrogels were able to release active antibodies in a controlled manner, for up to 56 days in vitro, by varying the polymer architectures and molecular weights of the precursors. Analyses of the secondary and tertiary protein structures and the in vitro activity of the released antibody indicated that the encapsulation and release of the drug did not affect the protein conformation or functionality, which suggested that this is a promising approach for developing PEG-based carriers capable of sustained release of therapeutic antibodies against toxins in various applications [108]. Similarly, novel disc-shaped hydrogel nanoparticles have been prepared by fragmentation of stearoyl macrogol-32 glycerides (Gelucire 50/13) hydrogels, and the resulting nanoparticles exhibited good physical stability due to their outer coating of PEG [109]. Moreover, these nanoparticles exhibited good loading capacity for hydrophilic macromolecules (such as lysozyme) mainly via surface adsorption, indicating their potential as effective nanocarriers for drug delivery (Figure 5).




		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 5: Schematic illustration of the fabrication process of lysozyme-loaded disc-shaped gel nanoparticles.


In addition, several studies have reported the use of hydrogels as carriers for polysaccharide substances and genes. A novel high-strength photosensitive hydrogel was formed by the photoinitiated copolymerization of hydrophilic hydrogen bonding monomer (acrylamide (AAm)), hydrophobic hydrogen bonding monomer (2-vinyl-4,6-diamino-1,3,5-triazine (VDT)), and a spiropyran-containing monomer, in the presence of the cross-linker poly(ethylene glycol) diacrylate. Reverse gene transfection was then successfully accomplished by anchoring the PVDT/pDNA complex nanoparticles on the gel surface through hydrogen bonding between diaminotriazine motifs prior to cell seeding [110]. Interestingly, the gene transfection level could be further increased by fibronectin modification combined with the supplementation of PVDT/pDNA complex nanoparticles after the first cycle of reverse gene transfection (i.e., sandwich gene transfection) [110].
3.2. Applications in Wound Dressings
Hydrogel materials have been used directly in contact with human tissues, absorbing exudate to form a gel, which effectively prevents the loss of body fluids and is not subject to adhesion on the wound after absorption of exudate [111]. Hydrogels can also deliver oxygen to the wound to accelerate the growth of epithelial cells and proliferation of new capillaries [112, 113] and can protect the wound from bacterial violations, inhibiting bacterial growth and thus promoting wound healing in general [114]. There is an unmet clinical need for wound dressings, and currently, hydrogel materials for wound dressings have entered the commercial market. These hydrogel materials can be made of spray, emulsion, or paste, with embedded anti-inflammatory drugs that can be slowly released through the gel to the injured area, which can accelerate wound healing. A class of “smart” peptide hydrogels was prepared by self-assembling of ultrashort aliphatic peptides into helical fibers, and these nanofibrous hydrogels reportedly accelerated wound closure in a rat model for partial thickness burns [115]. The regenerative properties could be further enhanced by incorporation of bioactive moieties such as growth factors and cytokines. Singh et al. reported the development of a novel hydrogel combining silver nanoparticles and polyvinyl pyrrolidone (PVP) blended with carrageenan via gamma irradiation, which could be used as wound dressings to control infection and facilitate the healing process for burns and other skin injuries [116].
3.3. Applications in Biosensors
The biosensor is a fast, accurate, and real-time detection means. Biomolecules generally are fixed either on the surface or the interior of hydrogels, connecting to the physical elements of the biosensors. The hydrogel film is the hub connecting the biomolecules and physical components. Hydrogels prepared for sensors are typically comprised of alginate, alginic acid in complex with chitosan, acrylamide, or N-isopropyl acrylamide [117–121]. A nonenzymatic electrochemical H2O2 sensor was prepared by in situ fabrication of biocompatible chitosan hydrogels containing a specific recognition molecule for H2O2, and this sensor exhibited a fast amperometric response to H2O2 within 7 s. The remarkable analytical performance of the nonenzymatic electrochemical sensor represents a promising model for durable monitoring of H2O2 in rat brain microdialysates, which will improve our ability to understand the biological effects of H2O2 on pathological and physiological processes [122]. Similarly, Devadhasan and Kim introduced a new method to quantify various pH solutions with a complementary metal oxide semiconductor image sensor, which produced high-accuracy analyses based on pH measurement [123]. In this approach, a thin film was fabricated by merging a pH indicator with the hydrogel matrix and the modified gel exhibited color change development across the full spectrum of pH (pH 1–14).The complementary metal oxide semiconductor image sensor then absorbed the color intensity of the hydrogel film, and the hue value was converted into digital data with the help of an analog-to-digital converter to determine the pH ranges of solutions [123]. This gel may be useful for in situ pH sensing in the presence of toxic chemicals and chemical vapors.
3.4. Applications in Contact Lenses
Contact lenses are delicate ophthalmic medical tools for correcting vision or changing eye color for aesthetic effects, and their permeability and biocompatibility are key properties to be considered during design. Hydrogel contact lenses must be comfortable to wear, have good oxygen permeability, and potentially have the capacity to assist in the treatment of eye diseases, which is the reason why hydrogels represent important manufacturing materials for contact lenses [124]. The majority of soft contact lenses are comprised of poly(2-hydroxyethyl methacrylate) hydrogels cross-linked with ethylene glycol dimethacrylate or silicone [125]. Poly(2-hydroxyethyl methacrylate) hydrogels have several advantages: relatively high water content, thermal and chemical stability, tunable mechanical properties, and oxygen permeability, which are very important for safe daily wear [126]. Poly(2-hydroxyethyl methacrylate) (p(HEMA)) soft contact lenses have been prepared by thermal or photopolymerization of HEMA solutions containing ethylene glycol dimethacrylate as the cross-linker and different proportions of N-vinyl-2-pyrrolidone or methacrylic acid as comonomers [127]. The drug loading capacity and release properties of p(HEMA)-based soft contact lenses were improved based on the optimization of the hydrogel composition and microstructural modifications using water during the polymerization process [127].
3.5. Applications in Tissue Engineering
The objective of tissue engineering research and development is to produce biological alternatives to restore, maintain, or improve the morphology and function of damaged tissues and organs, thereby achieving reconstruction by applying principles and methods from both cell biology and engineering [128]. Tissue engineering has also been defined as “regenerative medicine.” Specifically, donor cells, after amplification in vitro, are seeded for growth onto a biodegradable three-dimensional scaffold. The resulting complex can then be implanted into the body or at targeted sites, where the implanted cells continue to proliferate and secrete an extracellular matrix [129]. As the scaffold degrades, new tissues or organs will form bearing the same shape and function as the damaged tissues or organs. Tissue engineering represents an extraordinarily important, emerging area of research with enormous scientific value and broad application prospects and will be a major focus of life science researches in the 21st century. Organ transplantation will be replaced by the development and manufacturing of synthetic tissues and organs. One of the key technologies of tissue engineering is the preparation of a biocompatible and biodegradable cell scaffold, and hydrogels represent a large class of materials that can function as tissue engineering scaffolds [130]. Hydrogels are a type of three-dimensional scaffolds with chemical or physical cross-linking structures, which can absorb and retain large amounts of water, yet remain insoluble in water. Hydrogels have been widely used as scaffold materials in tissue engineering for several reasons. First, hydrogels are soft and flexible, similar to soft tissues in vivo. Second, hydrogels in the liquid state can be implanted in the body by injection, where they can quickly fill tissue defects by forming irregular nonflowing semisolids [52]. This method is simple and also circumvents risks associated with trauma, infection, and scar formation by surgical implantation. Third, the three-dimensional network structure of a hydrogel is similar to a natural extracellular matrix, which will eventually promote cell engraftment, adhesion, and growth by adjusting the porosity and pore size and increasing the internal surface area [131]. Fourth, hydrogels are rich in water (up to 99%), which is beneficial for the transportation of oxygen, nutrients, and cellular metabolites, in addition to reducing friction and mechanical stimulation of the surrounding tissues. Additionally, the inclusion of cells prior to gelation results in a more uniform distribution of cells throughout the scaffold, thus increasing plating efficiency [132].
A variety of potential medical hydrogels have been investigated in recent years, such as poly(lactic-co-glycolic acid) scaffolds and polylactic acid scaffolds combined with osteoblasts in bone tissue engineering, filamentous collagen materials in neural tissue engineering, and cellulose acetate scaffolds combined with chondrocytes in cartilage tissue engineering [133–135]. Vo et al. reported the osteogenic potential of injectable, dual thermally and chemically gelable composite hydrogels for mesenchymal stem cell delivery in vitro and in vivo [136]. A novel composite hydrogel containing copolymer macromers of N-isopropylacrylamide was prepared by the incorporation of gelatin microparticles as enzymatically digestible porogens and sites for cellular attachment. Results indicated that these injectable, dual-gelling cell-laden composite hydrogels could facilitate bone ingrowth and integration, ensuring further research for bone tissue engineering [136]. Also, a novel injectable hydrogel based on a glycopolypeptide was prepared by an enzymatic cross-linking reaction in the presence of horseradish peroxidase and hydrogen peroxide, in which the glycopolypeptide was synthesized through conjugation of poly(γ-propargyl-L-glutamate) with azido-modified mannose and 3-(4-hydroxyphenyl) propanamide via click chemistry [137]. The resulting hydrogels displayed good cytocompatibility in vitro and were rapidly formed in situ after subcutaneous injection into rats, exhibiting acceptable biocompatibility desirable biodegradation in vivo. Interestingly, the glycopolypeptide hydrogels containing chondrocytes in the subcutaneous model of nude mice were observed to maintain the chondrocyte phenotype and produce the cartilaginous specific matrix, indicating that the biomimetic glycopolypeptide-based hydrogels represent potential three-dimensional scaffolds for cartilage tissue engineering [137]. Due to additional benefit in electrical conductivity, conductive hydrogels play the tremendous role in tissue engineering. Homogenously electrical double network based on conducting polymer poly(3-thiophene acetic acid) (PTAA) has been reported to be used in myocardial tissue engineering. It can support BADSC adhesion, and reduce inflammation in vivo, and the PTAA in this hydrogel can significantly enhance the differentiation potency of BADSCs to cardiomyocytes, increase the expression of myocardial specific proteins cTnT and α-actinin, promote intercellular communication ability, and increase the expression of connexin 43. More importantly, electrical stimulation can enhance the effect of PTAA [138].
4. Conclusions and Future Perspectives
Hydrogels are new functional polymer materials experiencing rapid development. New biomedical hydrogels have been observed to exhibit improved degradation and mechanical properties, thereby overcoming deficiencies found in traditional hydrogels and expanding the potential roles of hydrogels in the field of biomedical applications. However, for applications based on particular tissues or organs, much research remains to develop hydrogels capable of functioning as replacements for real tissues. Future studies into biomedical hydrogels will be needed to address the following: (i) the swelling rate of hydrogels should be controlled while improving their mechanical properties, meeting the size requirements of tissues and organs; (ii) their biocompatibility should be enhanced to achieve simulation of the extracellular matrix structure and functions; (iii) the degradation rate of hydrogels should be controllable, conforming to tissue-specific mechanical properties and regeneration needs; and (iv) hydrogels should be combined with other materials to achieve the complex structural and functional components necessary to act as replacements for specific organs. In summary, while technical problems associated with the synthesis and application of hydrogel materials remain to be resolved, it is clear that continuing research will eventually overcome these problems, leading to a revolutionary new model for bioengineering and advances in tissue replacement and regeneration.
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