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Abstract

:

This review discusses, in brief, the various synthetic methods of two widely-used nanofillers; phyllosilicate and graphene. Both are 2D fillers introduced into hydrogel matrices to achieve mechanical robustness and water uptake behavior. Both the fillers are inserted by physical and chemical gelation methods where most of the chemical gelation, i.e., covalent approaches, results in better physical properties compared to their physical gels. Physical gels occur due to supramolecular assembly, van der Waals interactions, electrostatic interactions, hydrophobic associations, and H-bonding. For chemical gelation, in situ radical triggered gelation mostly occurs.
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1. Introduction


Hydrogels are three-dimensional networks of hydrophilic polymers showing volume expansion against water molecules. Hydrogels can be prepared either by chemical crosslinking method or physical interactions [1]. When hydrogels are in contact with water molecules, water molecules imbibe the hydrogel matrix, which is called swelling of hydrogel [2,3]. Hydrogels are also stimuli-sensitive, and the sensitivity is seen generally in their volume expansion which is also known as actuation behavior of hydrogels [4]. Due to their high water content, hydrogels can be used in biomedical applications, agricultural applications, and absorption-based applications. The mechanical and thermal behaviors of any hydrogels can be tuned by incorporating fillers into the hydrogel matrix. Filler-incorporated hydrogels are called composite hydrogels [5]. When the filler dimension is a nanometer range, then the hydrogel is called a nanocomposite hydrogel. In addition to the mechanical and thermal properties of composite hydrogels, they also show optical, electrical, magnetic, and tribological properties [6].



Filler materials for any hydrogel can be categorized into various types. Fillers are particulate materials/additives introduced into polymer matrices to improve their properties and sometimes to reduce the cost of the end product [7]. The introduction of fillers into hydrogels was initially to bring them out to enhance their mechanical and thermal properties [8,9]. However, recently, lots of works have been performed where composite hydrogels are used for tissue engineering scaffolds [10,11,12,13,14], drug delivery devices [15,16], smart sensors [17,18,19,20], separation and purification devices [21,22,23,24], and artificial tissues and muscles [25,26,27,28]. As hydrogels accommodate water inside their pores, they show muscle mimetic behaviors. In artificial soft robotics and deformation, sensors are also developed by using hydrogel matrices [29]. Fillers of hydrogels can be isotropic or anisotropic in nature [30]. Isotropic fillers are normally spherical in shape, whereas anisotropic fillers possess specific shapes [31]. In most of the cases, anisotropic fillers are desirable fillers for hydrogel matrices to improve their mechanical properties and uniaxial stretching strength. In this review, the aim is to cover the potential and the mostly used fillers for hydrogels and the fabrication approaches of composite hydrogels.



In addition to this, we also discuss how the filler materials impact the mechanical properties of composite hydrogels. According to the synthesis procedures, composite hydrogels can be prepared either by in situ method or simple blending method. For preparing via in situ approach, surface property and the functional groups of filler materials play significant roles. The most common anisotropic filler is phyllosilicates. Phyllosilicate minerals were used in the early stages of polymer composite fabrication. Later, graphene, nanotubes, MXenes, and quantum dots drew attention for improving physical properties to a large extent. Among these aforementioned fillers, quantum dots are spherical in shape with sub-nanometer diameter. Herein, the hydrogel fabrication methods by using individual fillers are also discussed.




2. Fabrication of Composite Hydrogels


Nanocomposite hydrogels are prepared by introducing fillers into the polymer phase. The strategies are categorized into two sections. One is chemical crosslinking approach where the polymer phase is crosslinked by chemical crosslinker, and another one is pure the blending method.




3. Crosslinking Approach


Hydrogels are crosslinked network assembly. Composites hydrogels are prepared by incorporation of fillers into a polymer system. The system is either chemically crosslinked or physically. Fillers also take part in the gelation reaction. Generally, the most common approach is using vinylic monomers and dispersed fillers to intermix together followed by gelation. The gelation is performed by several approaches. Free-radical polymerization is the most common way for chemical hydrogel preparation. Depending on the microstructure and morphology, hydrogels are porous in nature. The porosity can be tuned by altering their monomer concentrations and other synthesis parameters. For the free-radical polymerization process, vinylic monomers are taken with association of divinylic crosslinker, leading eventually to a chemically crosslinked insoluble gel mass. When single monomer is used, then the hydrogel is called homopolymer gel, whereas for more than one monomer, the gel is named copolymer gel. Two polymer phases are also used to prepare an interpenetrating polymer network (IPN). IPNs are a special class of gel mass where at least two polymer chains are intertwined among them. If one phase of the IPN is crosslinked, then the system is called semi-IPN. In case of IPNs, both the polymeric networks are crosslinked. Figure 1 shows a typical example of IPN hydrogel which was prepared from gelatin derivative and alginate. In this article, the author used two types of crosslinking; one is chemical and another one is ionic [32]. Both types of hydrogels show high mechanical robustness and thermal stability. The diffusion behavior of the hydrogel is controlled over the internal morphology and porosity. When hydrogels are dipped into water, water molecules are imbibed into the gel matrices followed by volume expansion. Because of their high polarity, the gel system is very prone to water uptake. Poly(N-isopropyl acrylamide) (PNIPAAm) and its copolymers, for example, have received a lot of interest in numerous research on temperature-responsive polymers because of their capacity to reversibly swell in aqueous solutions [33]. Copolymerizing with hydrophobic or hydrophilic comonomers has been used to modulate LCST polymers [34]. Hydrophilic comonomers were added to the formulation to raise the LCST profile, but hydrophobic comonomers had the reverse effect [35]. These experiments validated the promise of polymers based on isopropyl acrylamide, although these systems have drawbacks due to their low biodegradability [36]. Other biodegradable monomers can be used to help overcome these constraints [37]. When combined with a thermosetting hydrogel such as PNIPAAm, the fundamental required monomers are biodegradable and nontoxic products [38]. This system’s properties make it an excellent option for an injectable matrix for in vivo applications requiring degradation [39]. The resulting hydrogel may be used for tissue engineering, cell sheet engineering, and drug administration over a long period, while the breakdown mechanism is more predictable [40]. In the wide literature survey, a few articles on bone tissue engineering methodologies have focused on PNIPAAm hydrogel scaffolds. Despite progress, creating a hydrogel tissue-engineering scaffold utilizing both hydrophilic and hydrophobic polymers remains a challenge. In this work, we built on our prior research into the design and construction of novel biodegradable scaffolds, as well as the evaluation of their impact on bone tissue engineering. The PNIPAAm sol–gel transition and the cyclodextrin (CD) and adamantane (Ad) host–guest interactions provide noncovalent crosslinking. Ad can be employed as guest molecules, as CD has an interior hydrophobic cavity. The host polymer CD-g-PNIPAAm was synthesized to create noncovalent crosslinked gel structures with lively and reversible phase-transition behavior in water [41]. Furthermore, ammonolysis of amantadine hydrochloride with generation 2.5 polyamidoamine dendrimer through its outer ester groups yielded the guest polymer G2.5 PAMAM-Ad. Their self-assembly might happen quickly. To make a DA crosslinked hydrogel, chondroitin sulfate (ChS) is commonly treated with furfurylamine. The PEG-AMI crosslinker was created by combining maleimido (AMI) with polyethylene glycol (PEG). The following chemical entities’ noncovalent crosslinking allowed for fast gelation after injectable distribution in vivo, exhibiting the jointly effected noncovalent contacts and chemical crosslinking activities. The water content of the dual crosslinking hydrogel may be measured up to 98 percent, indicating that the hydrogel is permeable and biocompatible, making it more suitable for biomedical applications. Ribeiro et al. published a study in 2017 that recommended employing electrochemical polymerization (ECP) to create a highly porous N-isopropylacrylamide (PNIPAAm) and hydroxyapatite (HAp) scaffold as a precursor for bone tissue regeneration [42]. The polymerization of acrylic monomers has received a lot of attention in the last decade due to the special benefits of the ECP method, such as flexibility in the creation of highly biocompatible electrode coatings used in medical devices.



Injectable, biodegradable, and chemically crosslinkable poly(N-isopropyl acrylamide)-based scaffolds for bone tissue engineering applications were prepared and characterized [43]. This review focuses on pH- and temperature-responsive injectable hydrogels, as well as their utility in the administration of long-acting medicines [44]. Different synthetic and natural parts have been presented as the basis for new goods [45]. The majority of researchers have focused on creating innovative polymerization processes that can create polymers with a variety of architectures while avoiding the use of large volumes of hazardous solvents. Main elements, such as hydrophilic/hydrophobic equilibrium in molecular structure, have been altered in order to build hydrogels with desired qualities [46]. With the continued efforts of researchers throughout the world, we believe that patients will benefit from pH- and temperature-responsive hydrogels in the near future.



For preparing composite hydrogels, filler materials are initially dispersed to disaggregate the filler lumps. Hydrophilic fillers are highly aggregated because of their surface energy. The dispersed fillers are taken in monomer solution followed by gelation. This approach is called in situ gelation technique. Figure 2 shows the in situ gelation technique, where natural clay is used as the filler material.




4. Blending Approach


In comparison to crosslinked hydrogel synthesis, the blending approach is a less costly and energy-intensive procedure. Fillers are not frequently functionalized in this manner. The fillers are simply combined with the polymer system and crosslinked in this scenario. Filler particles are evenly disseminated into a polymer solution in this process, and the entire solution is then crosslinked. To make composite hydrogel, a significant number of filler materials may be accommodated inside hydrogel matrices using this method. Poly(vinyl alcohol) (PVA) was gelled by borax to make a clay-based composite hydrogel, as previously reported [48]. Clay-based blend hydrogel with high adsorption capability was developed by a group of researchers, as depicted in Figure 3 [49]. In this hydrogel manufacturing, polymers that are crosslinked by tiny molecules are preferred [50]. PVA was also crosslinked with glutaraldehyde in another study to create natural fiber-based composite hydrogels [51]. Starch, alginate, carrageenan, albumin, and chitosan are some of the biopolymers employed in this method, and they are all easily crosslinked [52,53].




5. Clay-Based Hydrogels


Clays are the naturally occurring minerals containing aluminosilicates. In most of the cases, they are phyllosilicates having variable quantities of alkali metal cations. Naturally occurring clays consist of alternative silicate and aluminate layers in their crystal structures. Depending on their arrangement, they can be categorized into 1:1, 2:1, and 2:2 aluminosilicates [54]. Due to their abundance in nature, very low toxicity, and copiousness, they are an economically feasible and environmentally accepted material for several composite preparations [55]. Clay minerals are used as reinforcement for polymer matrices, with an important role played in enhancement of mechanical robustness and water uptake behavior in preparing composite hydrogels. Moreover, clay minerals are also very significant for adsorption capabilities. Very small amounts of clay minerals in hydrogel matrices do not interfere with their refractive indices drastically. Commonly, clay minerals are incorporated into hydrogels by using in situ polymerization techniques in solution phase. For fabrication of clay-based hydrogels, the process takes place in a single step. Initially, clay particles are dispersed into water followed by an addition of monomer, crosslinker, and initiator. After completion of the gelation reaction, the system turns into a gelled mass which is insoluble in water. The hydrophilic polymeric chains are susceptible to adhere to the clay surfaces because of their comparable surface energies. Phyllosilicates contain clay tactoids which have several hydrophilic functional groups. In general, hydrophilic polymer chains are physically adsorbed onto those clay tactoid surfaces. Several metal ions which are kept in the gallery gaps of phyllosilicate sheets can be removed by some organic treatment. These types of clays are called organically modified clays. Organically modified clays are easy to disperse in polymer matrices to add physical and mechanical characteristics to the final systems. Haraguchi et al. developed poly(N,N-dimethylacrylamide) and clay-modified composite hydrogel (Figure 4) and showed a reinforcement effect induced by the presence of filler particles [56]. The hydrogel showed ~1500% elongation at break in ambient conditions. Table 1 shows the different composite systems with the corresponding monomers, crosslinkers, and fillers used for fabrications. In another work, synthetic laponite clay was used as reinforcement for polyacrylamide (PAAm)-based composite hydrogel with high shear modulus [57]. Hydroxyethyl starch and 2-hydroxyethyl methacrylate (HEMA) were used as gel matrix where organically modified montmorillonite (MMT) showed excellent water uptake behavior in room temperature [58].




6. Graphene Oxide- and Graphene-Based Hydrogels


Graphene oxide (GO) sheets are single-layered graphene sheets having oxygenated polar groups such as hydroxyl, carboxyl, and epoxides. Due to their high surface energy and abundant functionalities, they are easily compatible with the hydrophilic polymers [93,94]. Hydrogels consist of hydrophilic polymer chains where GO nanosheets are incorporated by various approaches. The most common method to prepare GO- or graphene-based hydrogels is the in situ gelation technique [95]. In this technique, GO-derived fillers are dispersed into a monomer solution followed by the addition of hydrogelator and initiator. The whole dispersion normally turns to gel within a finite time. In this process, GO sheets are anchored to the hydrophilic polymer chains, enhancing mechanical properties of the composite hydrogel.




7. Radical Polymerization Method


Due to this favorable interaction with hydrophilic polymers, there are cases where GO platelets act as physical crosslinker inducing hydrogel formation. Recently, Adhikari et al. reported GO-based hybrid hydrogel via physical assembly approach [96]. In this study, they took polyamines with spermine and GO which became gel at room temperature. Polyamine physically adsorbed on the GO surface, and physical crosslinking was achieved. Self-assembly is a widely adopted strategy to prepare hybrids at macroscopic scale. The outcomes provide novel properties and physiological acceptance to be used as biomaterials. The formation mechanism follows the noncovalent pathways such as aromatic stacking, electrostatic attractions, hydrogen bonding, and van der Waals interactions. These in situ self-assembled gels are also called supramolecular gels, where the gelators are normally present as small molecular precursors. When GO is introduced, it forms π–π interactions between GO nanosheets that promote instant gelation. Shi et al. reported GO-based hydrogel by this method also by using GO and DNA [97]. Similarly, Zhang et al. developed self-assembled GO loaded hydrogel in presence of glucono-δ-lactone [98]. In another work, cyclodextrine was used in association with GO to prepare GO-based hydrogel [99]. Block copolymer was used with GO dispersion to prepare temperature responsive hydrogel via sol–gel reversion technique [100].



The covalent crosslinking method to prepare GO-based hydrogel is performed via the radical initiation method. In this method, GO dispersion is taken in monomer solution followed by the addition of free radical initiators, and the gel forms. Bardajee and Hooshyar developed thermoresponsive nanogels by using N-isopropylacrylamide (NIPAM) monomer and GO. In this work, they used divynilic crosslinker and thermal initiator for preparing hydrogels [101]. These hydrogels are desirable for holding small molecules, such as drugs, and they showed sustained release behavior. Similarly, GO was introduced as a building block for reinforcement action in hydrogel in the presence of acrylamide monomer solution [102]. These hydrogels are tough and are used as actuator-based applications. In a new material based on a mixture of GO and bacterial cellulose intended for tissue engineering, GO was excellently dispersed and attached onto polysaccharide component showing a substantial improvement of the scaffold: a tiny amount of GO of 0.48 wt% led to an increase in the Young’s modulus by 120% when compared to the material consisting of bacterial cellulose alone [103]. In another example of GO-PVA-based hydrogel, GO component was functionalized by using glutamic acid in order to improve gel biocompatibility [104]. Moreover, due to their carboxylic groups, the glutamic acid residues anchored onto GO sheets made crosslinking more effective in the system and enhanced dispersibility of GO into the gel matrix. Chen et al. reported a double-network hydrogel where GO was used to prepare a first variant form of hydrogel [105]. The final version of hydrogel was described as being useful as an anticancer drug delivery system. GO was functionalized with cyclodextrin by hydrothermal reaction followed by free-radical polymerization. Zhang et al. developed GO/polyacrylamide-based compressible hydrogel by free-radical initiation method [106]. Here, they used two polymers mingled together to form a GO-reinforced semi-interpenetrating network hydrogel. Polyacrylamides are prone to physically attach with GO basal groups, forming H-binding. These materials are tough and compressible because of their dual crosslinking inside a gel matrix. H-bonding between GO and polymer polar functionalities act as surplus crosslinking, which affects their delayed rupturing behavior.



Reduction of GO, i.e., reduced graphene oxide (RGO), is a potential verity among the 2D materials because of their high electrical conductivity, thermal conductivity, high strength to weight ratio, and fast stress-dissipation behaviors [107]. RGO-based hydrogels are already developed by several groups to promote high-strength electrically conductive scaffold-type material. RGO-based hydrogels are also prepared the similar processes to those adopted for GO-based hydrogels. The most common method is in situ free-radical gelation. Graphene sheets are difficult to disperse in aqueous medium compared to GO because of their low polarity. RGO-reinforced stretchable semi-IPN hydrogel was reported by using κ-carrageenan as biopolymer component (Figure 5) [108]. These hydrogels are tough and stretchable and showed biodegradability. Moreover, RGO content also affects their porosity, as determined by microcomputed tomography (μ-CT) technique, as shown in Figure 6. The porosity was assessed in various directions as layouts are seen in the respective image which corroborates uniformity of porosity throughout the whole composite hydrogel. Photopolymerization is also another way to prepare polymer composites [109]. Tang et al. reported photopolymerized bovine serum albumin crosslinked hydrogel which was used to adsorb GO followed by in situ reduction to transform into RGO [110]. These hydrogels are flexible in nature and showed compressive strength of ~160 kPa in wet condition. Jiao et al. reported noble metal-deposited RGO nanoparticles and prepared composite hydrogels with it [111]. These hydrogels showed potential catalysis behavior against organic pollutants in aqueous environments. Table 2 shows detailed information of various graphene-based composite hydrogels and their preparation approaches.




8. Synthesis Method by High-Energy Irradiations


GO, sodium acrylate (SA), and acrylic acid (AAc) were copolymerized and crosslinked using gamma irradiation to create a pH-responsive hydrogel [112]. Cefadroxil was employed as a model medication, and SA is a natural polymer. The synthesis of GO/(AAc-co-SA) hydrogels began with the manufacture of GO using a modified Hummers’ technique, followed by the mixing of AAc and SA in the GO solution, and finally the irradiation of 60Co gamma rays (20 kGy, 10.28 kGy/h) for 117 min. The manufacturing of GO in a GO/(AAc-co-SA) hydrogel matrix was studied, and swelling tests revealed that the presence of GO in the hydrogel increased and controlled swelling at various pH buffer solutions (pH 1 and 7). The GO/(AAc-co-SA) might be employed for the drug delivery system, according to the results of a profile analysis of drug release.




9. Enzyme-Driven Synthesis Method


Using β-glycerophosphate (GP) enzyme as a crosslinker and Tris(2,2bipyridyl)dichlororuthenium(II) as an anticancer agent, researchers created a unique low-temperature hydrogel of CS/GO [113]. The scaffold was made by combining GO, CS, and GP in various ratios, with the addition of acetic acid to improve CS solubility. GP has been found to have a unique feature in that it keeps the CS solution in a liquid form at physiological pH, but when heated to physiological temperature, it tends to gel. Studies on gelation duration and temperature revealed that increasing GP concentration decreased gelation temperature. Furthermore, increasing the GO concentration decreased the gelation temperature to 33 °C and the gelation period to 9 min. When compared to the control experiment CS hydrogels, the drug release profile of the scaffold demonstrated that it enhanced drug delivery. In another work, it was described that an injectable hydrogel was made by in situ enzymatic crosslinking of 4-arm polypropylene oxide (PPO)-polyethylene oxide (PEO)-tyramine (Tet-TA) with varying amounts of GO oxidation [114]. The increase in oxidation level and surface area of GO was observed using X-ray photoelectron spectroscopy (XPS) and FTIR characterizations. Tet-TA increased the dispersibility of the hydrogel, whereas GO improved its mechanical properties. This hybrid scaffold was shown to be biocompatible and nontoxic, implying that it might be employed as an injectable hydrogel for medication delivery and tissue engineering.




10. Functional Group-Induced Gelation


Composite GO hydrogel using carboxymethyl chitosan (CMCS), hyaluronic acid (HA), and fluorescein isothiocyanate to exhibit chemically crosslinked GO hydrogel via interaction with functional groups (FI) was reported [115]. This hydrogel was made in two steps: first, GO was modified with CMCS via an amide linkage between the –NH2 group of CMCS and the –COOH group of GO; then, the amino group in GO–CMCS was conjugated with carboxylic groups of HA and FI to produce the final scaffold (GO–CMCS–FI–HA). FTIR and transmission electron microscopy (TEM) were used to validate the hydrogel scaffold. DOX was employed as a model drug, with a drug-loading capacity of 95%. A study of drug release profiles revealed that the best drug release occurred at pH 5.8, not pH 7.4. The hydrogel cytotoxicity on HeLa cells was found to be nontoxic, indicating that this scaffold might be used as a nanocarrier for targeted anticancer drug delivery. Paclitaxel (PTX) anticancer medication delivery was described using GO–PEG nanocomposites [116]. This nanocomposite was made via an amide linkage technique with six armed PEG and then functionalized with amine groups in an aqueous solution at ambient temperature. GO–PEG particle sizes varied from 50 to 200 nm, according to AFM analysis. The biocompatibility and nontoxicity of GO–PEG in A549 and MCF-7 cell lines were demonstrated in a bioassay. The drug-loading capacity was 11.2 wt. percent after PTX was conjugated with GO–PEG through hydrophobic contacts and stacking. Biological testing on A549 and MCF-7 cells demonstrated that GOPEG/PTX nanocomposites are more cytotoxic than PTX alone, with better penetrability. Furthermore, the cytotoxicity of GO–PEG/PTX nanocomposites employing FI was validated by inverted fluorescein microscopy. Wu et al. used a click chemical procedure to create a covalently bound heparin–GO (Hep–GO) nanocarrier [117]. The azide group and propargylamine were used to functionalize GO and heparin polysaccharide, respectively. Model medications DOX and granulocyte colony-stimulating factor (G-CSF) were chosen. G-CSF was given either after the CT treatment to restore white blood cells or before the CT treatment to increase the generation of stem cells in the bone marrow. UV–Vis spectroscopy was used to investigate Hep–GO colloidal stability in aqueous solution. Hep–GO/DOX/G-CSF demonstrated great thermal stability in an in vitro study, and the drug was delivered over a lengthy period of time with low drug cytotoxicity. Overall, the findings suggest that Hep–GO might be used as a nanocarrier scaffold for many anticancer medicines.
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Table 2. Graphene-based hydrogels, their preparation methods, and reinforcement loading concentrations.
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	Hydrogel Matrix
	Fillers
	Loading (wt%)
	Mechanical Strength
	Ref.





	PAM
	GO
	0.03
	65.5 kPa
	[118]



	PAA
	GO
	0.5
	777.3 kPa
	[119]



	poly(AMPS-co-AM)
	RGO
	1.0
	~98 kPa
	[120]



	PAA
	Graphene
	3.0
	19.09 MPa
	[121]



	PAM
	Graphene
	3.0
	1.31 MPa
	[122]



	PAA
	Graphene
	0.5
	0.006 MPa
	[123]



	PAA
	GO
	0.073
	25 kPa
	[124]



	PAA-g-amylose
	GO
	3.0
	42.47 MPa
	[125]



	PAA
	Graphene
	2.0
	411.9 kPa
	[126]



	PAM/Fe3O4
	RGO
	0.15
	0.945 MPa
	[127]



	PVA/PEG
	GO
	1.5
	4.2 MPa
	[128]



	poly(AA-co-AMPS)/carrageenan
	RGO
	2.5
	488.5 kPa
	[108]



	PAA/gelatin
	GO
	0.3
	0.25 MPa
	[129]



	PAA
	GO
	0.1
	4 MPa
	[130]









11. Characterization Techniques


Soft materials are gaining popularity as a “transformable” useful class of materials due to their modest mobility and flexibility, which allows them to easily alter their bulk shape and qualities depending on the circumstances [131]. Gels are soft agglomerates with mechanical qualities that range from soft and weak to firm and robust [132]. In the steady state, gels are characterized as significantly dilute crosslinked systems with no flow [133]. Physical (physical gels) or chemical (chemical gels) linkages, as well as crystallites or other junctions that remain intact inside the stretching fluid, can all contribute to the internal network structure [134]. Most gels combine solvent molecules into a 3D entangled network of dimensionally regulated fibrils and tape-like ordered aggregates made up of gelators; thus far, the majority of functional gels have been synthesized and their physical characteristics examined using polymergelators [135]. Low-molecular-weight gelators (LMWGs) can self-assemble into nano- or microscale network structures, such as fibers, ribbons, sheets, and spheres, in an appropriate solvent, resulting in the formation of 3D networks [136,137,138,139,140,141,142,143,144,145], which are interconnected by multiple noncovalent interactions, such as hydrogen bonding, metal coordination, van der Waals interactions, π–π stacking interactions, and solvophobic forces (hydrophobic forces for hydrophobic interactions) [146,147,148,149].




12. Nuclear Magnetic Resonance (NMR) Spectroscopy


The capacity of nuclear magnetic resonance (NMR) spectroscopy to explore the surroundings of an individual atomic nucleus and report on the structures and dynamics of the generated networks makes it ideal for studying supramolecular gels [150]. NMR spectra can reveal structural features of components, aggregates formed as a result of interactions, and areas involved in interactions, all of which are important for the dynamic network’s stability [151]. The comparatively lengthy relaxation durations of the detected nuclei, on the other hand, make NMR a useful tool for characterization of supramolecular gels [152]. This is akin to having a long memory, as it allows nuclei to absorb knowledge from many locations visited via chemical interactions or molecular movements [153]. As a result, NMR is a useful tool for researching supramolecular gels at the molecular level and for obtaining a dynamic image of supramolecular gels [154,155]. In order to discover the structure and relationships of a substance’s molecules, 1H NMR probes hydrogen nuclei inside its molecules. Changes in chemical shift can be seen, as well as the creation of supramolecular gels fueled by noncovalent interactions. On the basis of benzo-21-crown-7 produced by orthogonal self-assembly, Huang and coworkers have established a multiresponsive, shape-persistent, and elastic supramolecular polymer network gel [156]. Temperature has an effect on the gel. Heating and chilling can be used to create a reversible gel–sol transition. To offer strong evidence for this gel–sol transition, temperature-dependent 1H NMR spectra were carried out. At a low temperature, the 1H NMR signals for the gelator nearly vanished, indicating substantial intermolecular aggregation. With increasing temperature, the gel eventually transformed into a sol, revealing the original well-dispersed signals.




13. Diffusion Ordered NMR Spectroscopy (DOSY)


The use of diffusion ordered NMR spectroscopy (DOSY) to study self-assembly processes from building blocks to the creation of functional nanomaterials is becoming increasingly relevant. DOSY demonstrates its advantage in the characterization of objects of intermediate dimensions ranging from a few Ǻngstroms to several hundred nanometers. DOSY may be used to calculate the translational self-diffusion coefficient (Dt), which is difficult to calculate using other methods as it does not need the separation of species mixtures [157,158]. In the absence of any chemical potential gradient, this accounts for the net consequence of thermal motion generated by random-walk processes experienced by particles or molecules in solution [159]. The Stokes–Einstein equation, as well as the thermodynamic parameters (equilibrium constant and ΔG0 of the aggregative process) of the self-assembly processes, may be used to obtain precise hydrodynamic dimensions (shape and size) of the aggregates based on the Dt values [160].




14. Water Uptake


Changes in the type and concentration of crosslinker, monomer, initiator, and reaction temperature can all affect the swelling capacity of a superabsorbent polymer [161]. The swelling/crosslinker concentration power-law behavior shows that the concentration of the crosslinker has the most dramatic influence among them [162]. In contrast to normal hydrogels, where the usage of a crosslinker is essential, a few studies on hydrogel nanocomposites revealed the opposite [163]. The clay (laponite) worked as a multifunctional crosslinker when it was evenly scattered [164]. The laponite was stated to have a functionality of 50 in Oppermann’s work, which was thought to bring large-scale structure [165]. Both chemical crosslinker and clay have been employed in most other experiments [166,167,168,169]. While chemically crosslinked hydrogels are brittle when wet, crosslinker-free systems have better bending and flexural capabilities. In general, when the clay concentration of a crosslinker-free hydrogel nanocomposite increases, its swelling capacity decreases [163]. The monomer concentration can also influence the clay content–swelling relationship. Although most superabsorbent composites are made with a low monomer concentration, a larger monomer concentration can result in a higher swelling capacity when the clay loading is significant [170,171]. A crosslinker-free polymerization of AA and AAm using sodium silicate was described, in which the Si–O–C bond is generated due to the reaction of carboxyl groups with silanol groups (Si–OH) [172]. The rate of swelling is affected by a number of factors, including particle size, porosity, drying technique, and the structure of the polymer network [161].




15. Small-Angle X-ray Scattering (SAXS)


Wilhelm Conrad Rontgen was the first to discover the X-ray, which earned him the Nobel Prize in Physics. SAXS on amorphous materials, which were fundamentally colloidal systems, was first described by P. Krishnamurti in 1920. Following this, there was very little investigation into SAXS. The distinct intensity measurement between background X-ray and scattered beams is the major challenge in detecting X-ray scattering following bombardment with materials. Several designs have been developed since then to enhance the collimation technology. The beam size and slit/pinhole adjustment affect collimation. Collimators come in a variety of shapes and sizes. The pinhole (slit) collimation method, the Kratky collimation system, and the BonseHart channel-cut collimation system is the most common (for very small angles). The photon count in synchrotron X-ray is extremely high, resulting in a high-intensity 1D plot. Furthermore, SAXS has become a practical technique for structure and morphology assessments of a given system in the presence of other interacting materials due to the tunability of X-ray wavelength throughout a drift near to the K or L edge of a component. Nondestructive X-ray scattering methods can provide details on the crystal structure, chemical composition, and physical characteristics of materials and thin films. The scattered intensity of an X-ray beam striking a sample is measured as a function of incident and scattered angle, polarization, and wavelength or energy.



One of these approaches, small-angle X-ray scattering (SAXS), examines supramolecular assemblages in the nanometer to micrometer range by measuring scattering intensity at scattering angles near to 0°. The molecular weight (Mw), radius of gyration (Rg), and maximum intramolecular distance (Dmax), as well as average particle size, shape, distribution, and surface-to-volume ratio, are traditionally measured using SAXS [173]. Colloids of various kinds, e.g., metals, cement, oil, polymers, plastics, proteins, foods, and medications are all studied using SAXS [174]. Because most supramolecular gels contain fiber-like structures linked by noncovalent interactions, SAXS is particularly effective for determining the form, size, and distribution of these fibers. The packing mode, on the other hand, may be deduced from SAXS data. Smith and colleagues described new one-component gelators made up of L-lysine-based dendritic headgroups of various generations (first to third) covalently attached to aliphatic diamine spacer chains of various lengths through an amide bond [175]. The fundamental driving factors leading the self-assembly process that support macroscopic gelation are intermolecular hydrogen bonds between the amide groups, with carbamates in the dendritic head groups playing a supporting or secondary role [176]. These gelators had a favorable dendritic effect, and the extra hydrogen bonds that higher generation systems could form had a big impact on the thermal characteristics of gels up to the third generation. SAXS may be used to evaluate a wide range of materials, as long as at least biphasic systems have been cultivated [177]. The extreme scattering intensities of the specimens are affected by variations in electron density in multiphase systems [178]. Due to their high surface energy, incorporating hydrophilic nanofillers into network-type design with high order of dispersion into the system is quite difficult. Surface interactions between clay platelets and hydrophilic groups of the polymer system during synthesis are influenced not only by their chemical characteristics, but also by the platelet surfaces’ geometry or morphology. The amount of the accessible surfaces is often attributed to the hydrophilic functions present in the hydrogel systems by surface morphology [179]. Using fractal geometry to characterize surface geometry or morphology is one technique to do so. It is usually measured in fractal dimensions, or D, which is a number that describes the irregularities or asperities on the surface of solid materials. When fractal geometry is used to interpret scattering from an organic–inorganic hybrid system, such as the composite hydrogel, it can simplify the process. SAXS may be used to assess ionic crosslinked hydrogels. The junction sites are more evident when alginate has been crosslinked by Ca2+ ions, according to the Guinier approximation, which was better assessed under a cross-sectioned system. The creation of an “egg-box” concept is proposed for ionic crosslinking among alginate strands. Another type of superabsorbent hydrogel is nanocomposite hydrogels using clay as reinforcement. Polyacrylate (PAA) and nanoclay have been homogeneously combined in this context to integrate their structures and characteristics [180]. As a result, in the case of ionotropic gelation, SAXS is critical for evaluating the network system, which has a direct impact on water uptake behavior. Instead of rheological behavior, SAXS may be compared to the flow characteristic. Higher elastic modulus, or gel strength, derives from a stiffer network (ratio of elastic to loss shear modulus) [181].




16. Small-Angle Neutron Scattering (SANS)


In many ways, SANS and SAXS are extremely similar. Small-angle scattering is the umbrella term for both approaches (SAS). A beam of neutrons is directed towards a sample in a SANS experiment, and the neutrons are elastically scattered by nuclear contact with nuclei or interaction with the magnetic moments of unpaired electrons, whereas photons interact with electron clouds in an X-ray scattering experiment [182]. The sensitivity to light elements, the potential of isotope labeling, and the intense scattering by magnetic moments are all advantages of SANS over SAXS. The neutron is a subatomic particle with 1839 times the mass of an electron (1.674928 × 10−27 kg), a magnetic moment of −9.6491783 × 10−27 J/T, and a lifespan of 15 min. A neutron possesses both a particle and a wavelike nature, according to wave–particle duality. As a result of interacting with other particles/matter, it is prone to reflect, scatter, refract, and diffract. First, it should be noted that particle and neutron collisions occur in two ways during small-angle neutron scattering (SANS) experiments: nuclear scattering and interactions with unpaired electrons. The magnetic moment is increased as a result of interactions with unpaired electrons. Magnetic scattering is the term for this phenomenon. After particle–neutron collisions, the most prevalent assumption is that neutrons disperse elastically. The scattering of a neutron colliding with a nucleus is determined by the interaction potential between the neutron and the nucleus, which has a very limited domain (10−15 m). SANS experiments are also known as scattering cross-section experiments. The scattering cross-section is a fictitious term that describes how “large” the nucleus appears to the incident neutron [183]. It is calculated as the ratio of neutron count after scattering to neutron flow per unit time. The particles present in a phase or the density differential between phases are the subject of SANS analysis. Contrast variation is another strategy for complicated systems in this context.



Neutron-scattering study on PVA hydrogels is the most often used method. Because the degree of hydration of PVA influences crystallinity, there is a lot of anisotropy in this system. SANS is an excellent nondestructive approach for investigating the anisotropic feature of PVA gels, where structural changes are measured on a 100 nm scale [184].




17. Spectroscopy


The infrared part of the electromagnetic spectrum, which is light with a longer wavelength and lower frequency than visible light, is studied using infrared spectroscopy (IR) [185]. Infrared spectroscopy is a popular method in organic and inorganic chemistry, as well as in research and industry. It is commonly utilized in applications including quality control, dynamic measurements, and monitoring. Of course, infrared spectroscopy may be used to analyze the creation of supramolecular gels as it can reveal the assembly of molecular-sized building blocks and identify the noncovalent interactions that produce gelation.



Absorption or reflectance spectroscopy in the ultraviolet–visible spectral band is referred to as ultraviolet–visible spectroscopy (UV/Vis). Electronic transitions occur in this area of the electromagnetic spectrum. Because fluorescence spectroscopy deals with transitions from the excited state to the ground state, absorption spectroscopy deals with transitions from the ground state to the excited state. Molecules with π-electrons or nonbonding electrons (n-electrons) can absorb ultraviolet or visible light energy and excite these electrons to higher antibonding molecular orbitals. The narrower the energy difference between the HOMO and the LUMO, the easier it is for electrons to be excited, and the longer wavelength of light they absorb. Different analytes, such as transition metal ions, highly conjugated chemical compounds, and biological macromolecules, are frequently quantified using UV/Vis spectroscopy.



Another sort of electromagnetic spectroscopy is fluorescence spectroscopy, which studies fluorescence from a sample. For investigating organic substances, fluorescence spectroscopy is widely employed in biochemical, medicinal, and chemical research disciplines [186]. It entails utilizing a beam of light, generally ultraviolet light, to excite electrons and cause them to produce light, which is usually visible, but not always [187]. The species is first stimulated from its ground electronic state to one of the several vibrational modes in the excited electronic state in fluorescence spectroscopy by absorbing a photon. Collisions with other molecules cause the excited molecule to lose vibrational energy until it achieves the singlet excited electronic state’s lowest vibrational state. A Jablonski diagram is frequently used to depict this procedure [188,189]. The molecule then returns to one of the ground electronic state’s numerous vibrational states, accompanied by the emission of a photon. The released photons will have varying energy, or frequencies, when molecules drop down to one of several vibrational states in the ground state. As a result, the structures with distinct vibrational levels may be determined by analyzing the different frequencies of light emitted in fluorescence spectroscopy, as well as their relative intensities [190]. Carbon is typically thought of as a dark substance that was difficult to dissolve in water until recent study revealed that it has a high luminosity characteristic. However, only traditional bulk carbon was connected with the black substance, as its physical and chemical characteristics were radically altered when its size was lowered to the nanoscale scale, compared to the macroscopic material [191,192,193]. Buckminsterfullerene (C60) [193], graphene [194,195], CNTs [196], nanodiamonds [197,198,199], carbon nanofibers [200], and carbon dots (CDs) [201,202], which were recently found, are some of the most well-known carbon nanomaterials. The most recent type of nanocarbon, CDs, is stimulating extensive research efforts in its own right, similar to its well-known elder cousins such as fullerene, CNTs, and graphene. Xu et al. found CDs by chance during the purification of SWCNTs made from arc-discharge soot. The development in fluorescent hydrogel’s physical characteristics is multifaceted. Mechanical, thermal, and optical qualities are the major characteristics that separate fluorescent hydrogels from one another. Hydrogels are typically a crosslinked polymer mass that is insoluble in solvents. These crosslinks might be chemical or physical in nature. When CDs are mixed into gels, however, two forms of crosslinking are visible: chemical and physical crosslinking. Chemical and physical crosslinking have been credited in hydrogels to increase their superior toughness, according to several studies. A 650% elongation PAAm and CD-based hydrogel has been reported elsewhere.




18. Summary and Outlook


Polymer composites have already been a popular area of research for several decades. The exceptional improvement in physical and chemical properties is synergistically improved for developing composite materials. Polymer hydrogels with different filler loadings show mechanical robustness and tunable swelling behaviors. Clay and graphene are both 2D materials used for preparing composite hydrogels. Clay-based hydrogels are showing water uptake behaviors and high strength, whereas graphene-reinforced composite hydrogels are good at electrical applications such as flexible electronics and deformation sensors. Very recently, graphene-based composite hydrogels have also been used as pulsatile drug-release devices for iontophoretic release applications. Moreover, high strain tolerance is an added feature to graphene hydrogels by virtue of which can be used as strain sensors. Several cutting-edge robotics applications require flexibility and cyclic compressibility without any premature permanent set. In this aspect, 2D materials, such as clay and graphene, could serve as potential additives for mechanical property enhancement.
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Figure 1. Schematic representation of synthesis of IPN-type hydrogel. Reproduced with the permission of [32], Copyright 2018 American Chemical Society. 
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Figure 2. Synthesis of in situ laponite based semi-IPN composite hydrogel. Reproduced with the permission of [47], Copyright 2020 Elsevier. 
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Figure 3. Blending approach to synthesize composite hydrogel. Reproduced with the permission of [49], Copyright 2017 American Chemical Society. 
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Figure 4. Microstructure of clay–polymer hydrogel. Reproduced with the permission of [56], © 2003 American Chemical Society. 
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Figure 5. Schematic illustration of redox imitator assisted gelation. Reproduced with the permission of [108], Copyright 2018 American Chemical Society. 
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Figure 6. (a) 3D view of RGO–hydrogel monolith obtained by μ-CT. (b–e) Vertical slice view after reduction by software. (f–h) Horizontal slice view. (i) Side view. (j) 3D porous structure with connected (red portions) and nonconnected (blue domains) pores. Reproduced with the permission of [108], Copyright 2018 American Chemical Society. 
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Table 1. Clay-reinforced composite hydrogels and their fabrication parameters.
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	Monomer
	Polymerization Method
	Clay Filler
	Crosslinker
	Ref.





	AAm/AMPS
	Solution
	MMT
	MBA
	[59]



	AA
	Solution
	Bentonite
	Sugar
	[60]



	Chitosan-g-AA
	Solution
	MMT
	MBA
	[61]



	AAm-AMPS
	Solution
	MMT
	MBA
	[62]



	PS-g-AA
	Solution
	MMT
	MBA
	[63]



	AA
	Solution
	MMT
	MBA
	[64]



	AA-NVP
	Solution
	MMT
	MBA
	[65]



	AA-AAm
	Solution
	Sepiolite
	MBA
	[66]



	Starch-g-AA
	Solution
	MMT
	MBA
	[67]



	AA-DAC
	Solution
	MMT
	MBA
	[68]



	CMC-g-AA
	Solution
	MMT
	MBA
	[69]



	Chitosan-g-AA
	Solution
	MMT
	MBA
	[70]



	AA
	Solution
	Sepiolite
	MBA
	[71]



	AA
	Inverse suspension
	MMT
	MBA
	[72]



	AA
	Solution
	MMT
	MBA
	[73]



	AA
	Solution
	OMMT
	MBA
	[74]



	MAPDMSP
	Solution
	OMMT
	PEGDMA
	[75]



	AA
	Solution
	O-ATA
	MBA
	[76]



	HES-HEMA
	Solution
	OMMT
	Clay
	[58]



	AAm
	Solution
	ATA
	MBA
	[77]



	AA-AAm
	Solution
	SH-OMMT
	MBA
	[78]



	AA
	Inverse suspension
	OMMT
	MBA
	[79]



	AA
	Solution
	Hydrotalcite
	MBA
	[80]



	SA
	Solution
	AR-O-R
	MBA
	[81]



	SA
	Solution
	O-vermiculite
	MBA
	[82]



	SA
	solution
	Rectorite
	MBA
	[83]



	AA-AAm
	Inverse suspension
	Hydrotalcite
	MBA
	[77]



	Starch-g-AA
	Solution
	Bentonite
	MBA
	[84]



	AAm-AMPS
	Solution
	MMT
	Chromium triacetate
	[77]



	AAm
	Solution
	Laponite
	Clay
	[85]



	AA
	Solution
	Diatomite
	MBA
	[86]



	Starch-g-AA-AAm
	Solation
	MMT
	MBA
	[87]



	AA
	Solution
	Smectite
	MBA
	[88]



	NSC-g-AA
	Inverse suspension
	ATA
	MBA
	[89]



	AA-AAm
	Solution
	Kaolinite
	MBA
	[90]



	Collagen-g-AA
	Solution
	Kaolin
	MBA
	[91]



	Sodium alginate-g-AA
	Solution
	SH
	MBA
	[92]







AAm—Acrylamide; AMPS—2-Acrylamido-2-methyl-1-propanesulfonic acid; AA—Acrylic acid; PS—Polystyrene; NVP—N-vinylpyrrolidone; DAC—Acryloyloxyethyl trimethyl ammonium chloride; CMC—Carboxymethyl cellulose; MAPDMSP—[3-(Methacrylamido)propyl)]dimethyl(3-sulfopropyl) ammonium hydroxide; HES—Hydroxyethyl starch; HEMA—Hydroxyethyl methacrylate; SA—Sodium acrylate; NSC—N-succinyl chitosan; MBA—N,N′-Methylenebisacrylamide.
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