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Abstract

:

Hydrogels with high hydrophilicity and excellent biocompatibility have been considered as potential candidates for various applications, including biomimetics, sensors and wearable devices. However, their high water content will lead to poor load-bearing and high friction. Currently, two-dimensional (2D) materials have been widely investigated as promising nanofillers to improve the mechanical and lubrication performances of hydrogels because of their unique physical–chemical properties. On one hand, 2D materials can participate in the cross-linking of hydrogels, leading to enhanced load-bearing capacity and fatigue resistance, etc.; on the other hand, using 2D materials as nanofillers also brings unique biomedical properties. The combination of hydrogels and 2D materials shows bright prospects for bioapplications. This review focusses on the recent development of high-strength and low-friction hydrogels with the addition of 2D nanomaterials. Functional properties and the underlying mechanisms of 2D nanomaterials are firstly overviewed. Subsequently, the mechanical and friction properties of hydrogels with 2D nanomaterials including graphene oxide, black phosphorus, MXenes, boron nitride, and others are summarized in detail. Finally, the current challenges and potential applications of using 2D nanomaterials in hydrogel, as well as future research, are also discussed.
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1. Introduction


Hydrogels have attracted lots of attention for various applications, such as medical devices and micro-electrochemical systems (MEMS), because of their solid–liquid biphasic structures [1,2,3,4]. However, common polymer hydrogels such as polyvinyl alcohol (PVA), polyethylene glycol (PEG) and polyacrylic acid (PAA) have low mechanical strength (approximately 0.2 MPa~3 MPa), and poor antifouling and antibacterial ability [5,6,7]. Zwitterionic materials contain both cationic and anionic groups, with the overall charge being neutral. Zwitterionic hydrogels, like polymethylacrylamide sulfonate betaine (PSBMA), have a three-dimensional polymer network rich in cation and anion groups, and are electrically neutral at the macro level. They have a high water content and good resistance to bacterial adhesion, but their compressive strength (0.08 MPa) and lubricating ability (µ ≈ 0.03) are still insufficient [8]. Human cartilage with a complex lubrication mechanism exhibits a super-low sliding friction coefficient (below 0.01) and compressive strength (around 18 MPa). Therefore, there is still a significant gap in the mechanical and lubricating properties between traditional hydrogels and natural cartilage. Introducing nanofillers into hydrogels is an effective strategy to improve the mechanical and lubrication properties.



Two-dimensional (2D) nanomaterials are connected by strong covalent or ionic bonds within the layers and weak van der Waals forces between the layers [9,10]. Recently, 2D nanomaterials have been systematically investigated in the fields of bionics and wearable medical devices because of their unique layered structures, physicochemical characteristics and good biocompatibility [11,12]. Moreover, graphene and MXene materials also exhibit extremely high mechanical strength [13,14]. Also, MXene and graphene oxide (GO) can offer reduced friction and wear of counterparts [15]. Subsequently, some studies on new classes of 2D nanomaterials with unique properties have been reported. Black phosphorus (BP) and hexagonal boron nitride (h-BN), used as typical 2D nanomaterials, show also excellent performance in terms of strength improvement and friction reduction [16,17,18,19]. When BP nanosheets are deposited on the silicon nitride (Si3N4) surface, the shear action of the contact interface promotes the formation of phosphorus oxide with low shear on the BP surface, leading to a stable sliding friction coefficient of 0.001 in a pure water environment [20]. As a lubricating additive, 2D nanomaterials including GO, BP, MXene and h-BN will form a tribochemical or physical adsorption layer at the solid–liquid interface, which enhances the anti-friction and anti-wear properties.



Various 2D nanomaterials (Figure 1) exhibit different functionalized properties for medical applications, such as use in biosensors, cartilage repair, skin tissue engineering and bone reconstruction [21]. Marian et al. [22] reviewed the unique structural properties of 2D materials, including their large surface to volume ratio, adjustable surface chemistry, inherent biocompatibility, antibacterial/antiviral activity, and non-cytotoxicity, which show great potential for biomedical applications, such as load-bearing implants, dental implants, bone fracture fixation, invasive surgical devices, cardiovascular devices, contact lenses, and bio-MEMS/NEMS. Two-dimensional materials can be used as protective coatings, fillers for composite materials, or additives for fluid mixtures, allowing for the effective adjustment and control of biotribological behavior. Specifically, GO might be used as a reinforcement of artificial cartilage, while BP has the potential to promote bone growth. The unique properties of 2D materials make them promising nanofillers for use in hydrogels to improve the mechanical and tribological performances in bioengineering applications.



The introduction of GO at the nanoscale can significantly improve the mechanical and tribological properties of zwitterionic hydrogels, indicating their great potential for numerous applications [23]. Also, the combination of hydrogels and other 2D materials has yielded high-performance bioelectronic devices, which has promoted the development of biosensors and bioelectronics. However, 2D nanomaterials still have some inherent shortages, such as low synthesis efficiency and high economic cost, restricting their actual bioapplications. Moreover, the excellent mechanical and tribological behaviors of 2D nanomaterials with a feasible functional design mean they are often used as potential nano-additives for different load-bearing and lubrication systems. As a functional additive, the dispersion of 2D nanomaterials in hydrogels affects their interaction with polymer molecular chains, thus reducing the homogeneity of the overall network structure.



Within this work, the authors review the most recent research achievements of typical 2D materials used as nanofillers of hydrogel. Moreover, the fundamental mechanisms and functional properties of these 2D materials used as nanofillers of hydrogel are reviewed in detail. In addition, the unsolved issues and optimistic outlooks are also discussed. This review aims to provide useful insights and guidelines related to the design and development of hydrogels for various biomedical applications, and facilitate a continuously updated understanding of the influence of the typical 2D nanomaterials on mechanical and tribological performances.




2. Mechanical and Friction Properties of Hydrogels with 2D Nanomaterials


In 2004, Geim and Novoselov [24] obtained graphene via tape stripping; this material has excellent electron transport properties and electrical conductivity at room temperature. Graphene has excellent electronic properties, an extremely high specific surface area, and great potential applicability in the field of optoelectronics and catalytic reactions. h-BN, BP, MXene, and transition metal sulfides (TMDs) have graphene-like structures, which are stacked into massive crystals of different structures by van der Waals force. They show excellent optical, electrical, and chemical stability on a macro level, enriching the properties of 2D materials and promoting their applications as functional nano-additives. Table 1 gives the key properties of typical 2D materials.



2.1. Graphene Oxide


GO has more oxygen-containing functional groups, and can more easily physically react with other substances to yield the various characteristics of polymers, colloids or amphoteric molecules. GO has a special physically layered structure and stable chemical properties, and it can fill in the scratches and wear pores on friction surfaces, repair the damaged surfaces of friction pairs, enhance the anti-wear ability of concave and convex contacting interfaces, and lower the friction coefficient of material surfaces. Therefore, GO can be used as a nanofiller to enhance the lubrication and anti-wear properties of polymer hydrogels for a wide range of applications [23,30,31]. The interlayer structure and the number of functional groups in GO affect the shear resistance of the interface [32]. GO nanosheets have been annealed at different temperatures to obtain h-GO with different numbers of hydroxyl functional groups. It is proven that the number of oxygen-containing functional groups and the interlamellar distance will limit the hydrogen bonding of the molecules, and thus affect the lubrication ability of GO [33]. Moreover, the excellent lubrication performance of GO in metallic contact contexts means that the slip of the GO layer with low shear strength reduces the friction resistance at the interface, compared to a single physical deposition film [34].



The excellent biocompatibility of GO means it can also be used as a functional filler to enhance the properties of biological materials [35,36]. Hydrogel is a type of polymer material containing a hydrophilic three-dimensional network, which has a wide range of applications in biomedical research fields such as bionic skin, and bionic tissues and organs [37,38]. However, the traditional hydrogels lack sufficient mechanical and lubrication properties to completely meet the practical needs of bioapplications [39,40,41]. As a functional nanofiller, GO can be combined into a polyvinyl alcohol (PVA)/poly (N-isopropylacrylamide) (PNIPA) hydrogel to yield a good thermal response ability through free radical cross-linking. The mechanical properties of GO-PVA/PNIPA hydrogels can be enhanced with an increase in GO mass fraction, which has a potential application in temperature sensor research [39]. The diversity of pore sizes within the hydrogel’s architecture dramatically influences its mechanical attributes. As the content of graphene oxide (GO) increases to a threshold level, the pores transition from a microscale to a nanoscale uniform distribution, resulting in a more compact structure. It is this intricate porous morphology, characterized by interconnected pores at the nanoscale, that markedly enhances the hydrogel’s mechanical robustness [39]. The composite hydrogel synthesized by adding GO to chitosan shows good shape memory and self-healing properties. The change of solution pH will affect the hydrogen bond and hydrophobic action of polymer chains, resulting in a change of the state of the cross-linked network and the pH response ability of the composite hydrogel [42,43]. In addition, the shape and structure of GO will also affect the dispersibility in solvent and the lubrication performance of the composite hydrogel [44]. Compared to other fillers (carbon fiber [45], metal nanoparticles [46], ceramics [47]), GO [48] shows excellent self-lubrication capabilities and mechanical strength. A polyacrylamide (PAAm) hydrogel was combined with GO to significantly reduce its friction coefficient and wear rate with supramolecular polyethylene [49] (Figure 2). By enhancing the layer spacing of GO with polyethylene glycol (PEG), hydroxyapatite (HA) particles can be uniformly distributed on the GO surface in order to obtain a GO-PEG-HA hybrid, which is added to the PVA polymer as a filler to prepare a PVA/GO-PEG-HA hydrogel with excellent biocompatibility. This nanocomposite hydrogel exhibited an enhanced compression strength (4.49 MPa) and a reduced sliding friction coefficient (0.06), compared with PVA hydrogel [50]. The introduction of GO into a PVA/polyacrylic acid (PAA)/polydopamine multifunctional coating could reduce the contact angle of the Ti6Al4V alloy surface and achieve better wettability, as well as improving the corrosion resistance and biocompatibility [51]. The improvement of the anti-corrosion efficiency of hydrogel coatings is attributed to the nucleophilic reaction between the epoxy and amino groups from GO and the active ions of SBF solution (Figure 3a). Also, the GO sheets at the interface of the PVA/PAA/GO/PDA hydrogel coating and a cortical bone sample might enable a significant reduction in friction coefficient (Figure 3b).




2.2. Boron Nitride


Recently, BN materials have attracted widespread attention from researchers as an outstanding filler to enhance the mechanical strength and lubrication of various functional hydrogels, due to their unique ultimate thermal stability, chemical inertness, and resistance to oxidation.



BN has a graphite-like lamellar structure and is thought to facilitate cartilage movement, just like in bearing systems [52]. Many studies suggest its promising potential use in biomedical applications such as artificial cartilages, drug delivery, tissue engineering, biosensors and actuators [53].



Jing et al. [54] prepared a hydroxylated boron nitride nanosheet (OH-BNNS)/PVA interpenetrating hydrogel that exhibited controllable reinforcements in mechanical responses. Impressive 45% and 43% increases in compressive and tensile strengths, respectively, could be achieved when the addition of OH-BNNS is only 0.12 wt. % (Figure 4). The superior intrinsic properties of distributed OH-BNNS and strong hydrogen bonding interactions between the OH-BNNS and PVA chains collectively contribute to the efficient load transfer. Yang et al. [55] found that hexagonal boron nitride nanoplatelets (BNNPs) grafted with amino acid could be used as functional fillers for simultaneously enhancing the mechanical and self-healing properties of the PVA hydrogel composites. The incorporated fillers provided hydrogen-bonding interactions between -OH groups on the PVA chain and the -COOH groups originating from AA moieties to offer excellent tensile strength and healing efficiency.



Xue et al. [56] used surface-modified BN nanosheets as nanofillers to fabricate a novel PAA/BNNS-NH2 composite hydrogel via hierarchical physical interactions. The addition of BNNS could enhance the mechanical properties of the PAA hydrogel, including offering a fracture stress of ~1311 kPa and toughness of ~4.7 MJ m−3. Jiang et al. [57] also found that a dual crosslinked BNNS/PAA nanocomposite hydrogel could recover its mechanical strength even following severe structural breakdowns, such as after three consecutive cutting cycles. The functionalized material was prepared by Liu et al. [58] to effectively improve the mechanical modulus of polyurethane (PU) hydrogels from 1635 to 2776 kPa with only 0.066 wt. % BNNS loading, which could be highly useful in printed electronics. This enhancement can be primarily attributed to the robust hydrogen bonding interactions between OH-BNNS and the PU-based hydrogel matrix. Nevertheless, an excessive incorporation of OH-BNNS may lead to agglomeration and the introduction of more defects, which can compromise the material’s integrity and facilitate stress concentration. Hu et al. [59] prepared ca-BNNS/PAAm nanocomposite hydrogels with high water retentivity and flexibility. They showed and elongation that exceeded 10,000% and a compressive strength of 8 MPa at 97% strain, and there was no obvious damage after the removal of the compression force. BNNSs, as a promising material, could provide excellent water retentivity and flexibility for the development of high-performance hydrogels.



A physically linked 3D f-BNNS/clay/PNIPAM ternary networks (TN) hydrogel was built by Tong et al. [60] using functionalized boron nitride nanosheets (f-BNNS) with H-grafted nitrogen/OH-grafted boron atoms. A soft polymer network embedded with 2D hard f-BNNS could improve the mechanical properties through effective load transfer and dissipated energy via the incorporation of a sacrificial non-covalent hydrogen bond. This high-toughness TN hydrogel might be used in various application fields, such as sensors, tissue engineering and flexible devices. Goncu et al. [61] found that the introduction of BN with different structures could play a dominant role in affecting the dynamic viscosity of the zero-shear point and the deformation rate, as well as the viscoelastic properties of the hybrid hydrogel. The lamellar structures of h-BN have been considered to be part of an effective method of joint injections for the treatment of osteoarthritis (OA).




2.3. Black Phosphorus


Black phosphorus (BP) is a graphite-like photoelectric material with an anisotropic lamellar structure and low interlayer interaction. Phosphorus atoms are deposited in a two-dimensional plane to form a folded honeycomb, which means it has great tensile and extrusion characteristics in the atomic plane, and it can be deformed under external forces to change its conductive ability [62]. BP’s interlayer spacing (0.53 nm) is larger than that of GO (0.36 nm), which is conducive to the insertion and removal of ions, imparting broad application prospects in the fields of lithium-ion batteries and supercapacitors [63]. BP is prone to oxidation when exposed to air, forming phosphorus oxide with very low shear strength, which can achieve super-lubricity in a pure water environment [12]. The introduction of BP into carbon fiber (CF)/PTFE composites could help to form a lubrication film composed of phosphorus oxide and phosphoric acid at the contact interface, resulting in a reduced friction coefficient and the disappearance of adhesive wear [64,65]. Wu et al. [66] found that the formation of a highly mobile water layer on the oxidized BP/SiO2 interface could impart a super-lubricity phenomenon, and the lubricious liquid water layer notably reduced the interfacial shear strength (~0.029 MPa).



However, single nanoparticles have been demonstrated to be insufficient when used as an additive to optimize the lubricating property of materials. By means of sol-gel, high-energy ball milling and mechanical stirring, BP could be combined with titanium dioxide (TiO2) [67], silver nanoparticles [68], MoS2 [69] or other nanoparticles, and used in oil-based lubricants [70] and water-based lubricants [71] to form a mixed lubrication additive. The synergistic effects of BP and the above particles further improved the anti-friction and anti-wear properties of friction materials. For example, BP powder was prepared by high-energy ball milling and then combined with TiO2 to prepare BP/TiO2 nanocomposites via a solvothermal reaction. The rolling tribology experiment (Figure 5) shows that the friction coefficient and wear rate of BP/TiO2 nanocomposites are significantly lower than those of BP and TiO2, which is due to the formation of a tribochemical reaction film on the surfaces of BP/TiO2 nanocomposites, and the repair effects of TiO2 on the worn area. The results show that the composite nanoparticles can repair the worn surface and form a complex tribochemical reaction film on the surface of the material, which contributes to the friction interface becoming smoother with the addition of nanoparticles, and the wear rate of the material surface being significantly reduced [69].



In addition, BP has excellent photothermal conversion efficiency and inherent photoacoustic properties, which endow it with potential applications in the biomedical field [72]. The encapsulated black phosphorus nanosheet (BPN) could be used to stably provide modest amounts of phosphorus for the enhancement of the compressive strength (up to 0.15 MPa) and compressive moduli (arrive at 0.9 MPa) of hydrogels. BPNs were successfully encapsulated within the hydrogel matrix to create a thicker structure with permeable holes. This innovation results in a reinforced network architecture in the nanocomposite hydrogels. Additionally, the optimized porous configuration endows these hydrogels with enhanced water absorption capabilities, a feature that is particularly advantageous for facilitating the nutrient supply required for cellular growth and proliferation. Moreover, the phosphoric acid component contained in BP can promote the growth and reproduction of chondrocytes, which can be applied as bionic materials in the field of bone tissue engineering (Figure 6a) [73]. BP was mixed with chitosan (CS) for deposition on polyetheretherketone (PEEK) bone scaffold by 3D printing technology. Then, cell culturing in vitro and the growth of cells implanted into mice showed that this scaffold has good biological activity and can promote the expression of osteogenic genes [74]. The tests on the synthesized skeleton, including for its antibacterial property, in vitro osteosarcoma ablation, in vivo tumor ablation, in vitro cytocompatibility, in vitro osteogenic activity and in vivo bone regeneration, were performed to investigate its biocompatibility. Alkaline phosphatase was used as a marker of osteogenic differentiation to evaluate its capacity to promote bone growth. A novel scaffold system consisting of a 3D PEEK scaffold substrate and a BP/CS composite coating can effectively fill bone defects and provide the required mechanical support (Figure 6b).




2.4. MXenes


In 2011, researchers from Drexel University obtained MXene materials by etching Al into ternary layered carbide Ti3AlC2 with hydrofluoric acid. These were composed of transition metal carbides, nitrides or carbon nitrides [75]. MXene has a two-dimensional graphene-like structure, excellent self-lubricating ability, and many groups on the surface, which means it has been the subject of much research in the fields of energy storage, catalysis, lubrication, and antibacterial and electromagnetic shielding [76]. Chhattal et al. [77] reviewed the effects of different synthesis methods on the properties of MXene (mechanics, lubrication and surface properties), and suggested that improving the synthesis of MXene 2D materials is an important way to effectively improve their properties. The tribological behavior of MXene at the micro and macro scales, as well as its research status as a coating, lubricating additive and composite reinforcing phase, is emphasized. It is considered that the dispersion and adsorption of MXene on the surface of the material greatly affects the lubrication effect of the contact area. The MXene interlayer has a weak force and is easy to peel off, leading to good self-lubricating properties. MXene is coated on the surface of stainless steel and silicon wafers to generate a dense Ti3C2Tx friction film at the contact interface, which significantly reduces the friction coefficient and wear rate of the sliding interface [78,79]. Compared with traditional carbon-based lubrication fillers (graphite, graphene, carbon nanotubes), MXene has strong interface coupling properties [80].



Combining low-dimensional nanostructured materials with MXene can improve its dispersion performance. Das et al. [81] summarized the mechanical, magnetic and thermal stability and photoelectrical properties of composite nanomaterials synthesized from MXene and low-dimensional nanomaterials (quantum dot, magnetic nanoparticles, non-magnetic metal oxides and precious metals), as well as the application status of composite nanomaterials in the fields of sensors, new energy storage, catalysts, etc. MXene is mixed with metal nanoparticles and MoS2 as a lubrication additive to enhance the mechanical strength of the physical adsorption film on the friction surface of the MXene layer, which imparts outstanding lubrication and anti-wear properties under high stress, and further provides a theoretical basis for the development of multi-functional lubrication materials [82,83]. The Cu2+ is loaded onto the surface of MXene nanosheets via electrostatic adsorption to prepare an MXene@Cu nanocomposite. The synergy of MXene nanosheets and Cu nanoparticles could lead to the formation of a stable protective film on the surface of the friction pair and thus provide excellent tribological performance [84]. Compared with MoS2, tungsten-doped amorphous carbon (a-C:H:W) and hydrogen-free, more graphitelike amorphous carbon (a-C), MXene can significantly reduce the friction coefficient and wear rate of composites during the dry friction process [85]. However, due to the presence of the -OH, -O and -F functional groups on the surface, MXene has high surface energy, as well as poor dispersion and stability, in polar polymers or weakly polar polymers [86]. MXene was modified with tetradecylphosphonic acid and Poly[2(Perfluorooctyl)ethyl methacrylate] to improve its dispersibility in the lubrication oil, enhance its adsorption capacity on the substrate surface, and reduce the shear effect in the contact zone [5,87].



MXene has metal conductivity and colloidal processing properties, which can be used to enhance the friction and conductivity of hydrogels and enable broad application prospects in the field of temperature sensors and light-responsive soft robots [88,89]. Hydrogels can be used as drug carriers, coating drug molecules, reducing immune response and extending drug stability and storage life [90]. In order to realize the intelligent response of drug release, Yan et al. prepared a responsive nanofiber using MXene and hydrogel, which enhanced the dispersion of the hydrogel in a fiber membrane, and they controlled the drug release ability of the fiber membrane through light intensity [91]. MXene also has more active groups on its surface, meaning it can be used as a hydrogel crosslinking agent to optimize the structure, mechanical strength and tribolgical behavior of hydrogels. The tensile strength, toughness and elongation at break of the synthesized hydrogel with the addition of MXene are 0.251 MPa, 0.895 MJ m−3, and 560.82%, respectively [92]. The formation of hydrogen bonds between MXene and the PVA molecular chains substantially fortifies the structure and hydration capacity of a hydrogel network, as depicted in Figure 7 [93]. The presence of reactive functional groups on the surface of MXene nanosheets, which share a graphene-like structure, allows for effective interaction with the hydrogel’s molecular chains. This interaction not only reinforces the mechanical attributes of the hydrogels, but also enhances their lubricating properties, thereby contributing to a more robust and versatile material. Ye et al. added MXene and dopamine to a poly PEGDA–methylacrylic anhydride–gelatin hydrogel to synthesize a bionic heart patch with high electrical conductivity and excellent biocompatibility. The mechanical properties of the composite hydrogel containing MXene were enhanced by 60% [94]. However, using MXene as a single additive can only improve the mechanical properties of hydrogels in a limited way. MXene and nanocellulose were used to synthesize composite nanoadditives; here, nanocellulose could improve the dispersibility of MXene in hydrogels, and its synergy with MXene could promote the cross-linking of hydrogel networks [95].



A variety of synthesis methods have been proposed to improve the surface chemical properties of MXene, such as reactions between metals and metal halides, or selective etching in a mixture. Although it is theoretically possible to synthesize new MXene materials by changing M, X, n and Tx inserts, more oxidative impurities will be generated through etching, which will affect the microstructural and macroscopic properties of MXene, and lead to the production of toxic substances during synthesis processes, thus causing pollution to the human body and the environment [96,97]. The available uniform surface terminations of MXenes, including oxygen, imido group, sulfur, chlorine, selenium, bromine and tellurium, were also controlled using computational studies or various synthetic methods [98]. In addition, a universal 4D printing technology was used to prepare MXene-family hydrogels, such as Nb2CTx, Ti3C2Tx, and Mo2Ti2C3Tx. The 4D-printed MXene hydrogel that was obtained could be used to create 3D porous architectures, with large specific surface areas, high electrical conductivities, and excellent mechanical properties [99].



Numerous studies have elucidated the considerable potential of MXene materials to enhance mechanical and tribological properties when employed as nanofillers in conjunction with other two-dimensional materials or nanoparticles. The unique elemental composition, surface terminations, and structural attributes of MXenes are the factors determining their mechanical characteristics [100]. The weak secondary interlayer bonding between adjacent layers of various combinations and forms of MXenes will result in a low shear resistance, which makes them promising for use in tribological applications [100]. Moreover, applying MXenes on different surfaces could decrease the interfacial adhesion, and their chemical reactivity at high pressures and temperatures might lead to the formation of a tribolayer in tribological contacts. The formed tribofilm tends to provide good substrate adhesion, as well as long-term low-friction and low-wear performance [101]. In addition, a variety of surface terminations on the outer surfaces of MXenes can be functionalized to improve their dispersion stability, oxidation resistance and compatibility with other matrix materials in composites, thus leading to an enhanced tribological performance [102].




2.5. Other 2D Materials


Recently, some other 2D nanoparticles with various functions have been under development [103]. Cadmium sulfide (CdS) photocatalytic nanoparticles were incorporated as a reinforced material into a P(AA-AM) composite hydrogel [104]. Increasing amounts of CdS could significantly enhance the mechanical strength of the hydrogel from 0.445 MPa to 1.014 MPa. The P(AA-AM)@CdS nanocomposite hydrogel also exhibited strong synergistic adsorption and photocatalytic degradation clearance effects with methylene blue. Thus, the introduction of CdS photocatalytic nanoparticles may enable the efficient enhancement of the mechanical properties of bifunctional hydrogel materials. Bioactive glass nanoparticles (BG) with particle sizes of 12 and 25 nm were incorporated into Alginate–gelatin (Alg-Gel) hydrogel [105]. The nanocomposite hydrogel exhibited significantly enhanced stiffness and printability with increasing BG concentrations, as well as cellular proliferation and adhesion in the bioprinted constructs. The introduction of BG also did not significantly contribute to the highly porous structure and biodegradation of Alg-Gel hydrogel, which might ground its potential application in extrusion-based bioprinting. Dai et al. [106] used gold nanorods (AuNRs) to prepare a tough nanocomposite hydrogel with a designable gradient network structure via a facile post-photo regulation strategy. The photothermal effects of AuNRs could locally improve the typical yielding and forced elastic deformation of hydrogels with a kirigami structure by near-infrared light irradiation at room temperature, because the treated regions show better resistance to crack advancement. These tough hydrogels with programmable gradient structures and mechanics have many potential applications, such as in structural elements and biological devices. Wang et al. [107] prepared a novel hybrid hydrogel based on PVA, borax and poly-dopamine particles (PDAPs). With the increasing content of PDAPs, the hybrid hydrogels exhibited a higher tensile strength from 5.86 MPa to 16.71 MPa, and a better self-healing efficiency of 114%, after contact at room temperature for 10 min. This nanoparticle-induced strengthening might expand its potential applications, such as into electrical skin, tissue engineering, drug delivery, 3D printing and soft robots areas. Cellulose nanowafers (CNWs) were added by Du et al. [108] to the PAAM/Xanthan gum-Al3+ DN hydrogel. The prepared hydrogel showed a maximum stress of 0.14 MPa when the elongation at break was 707.1%. The improved mechanical properties and self-recovery were attributed to the combination between the PAAM and the CNWs. The developed hydrogel with high tensile strength showed great potential for use in various applications, such as in wearable sensors for the detection of human movement. Functionalized silicon nanoparticles (SiNPs) were used by Yang et al. [109] as the cross-linker to synthesize a novel organic–inorganic hybrid bilayer PNIPAm@PAAm hydrogel. The introduction of the doped SiNPs could considerably improve the rigidity of a PAAm-type hydrogel network, leading to excellent tensile and compressive strength (Figure 8). The low cost and excellent biocompatibility of the SiNPs could expand their potential use in future applications in smart hydrogel materials. Li et al. [110] used carboxyl-modified Fe3O4 nanoparticles as a photothermal agent to synthesize a carboxymethyl chitosans–Fe3O4–acrylamide (CMCS-Fe3O4-AM) hydrogel with good drug loading and antibacterial properties. The introduction of carboxyl-modified Fe3O4 could significantly change the structural density, mechanical strength, and photothermal properties of the nano-composite hydrogel. This research might provide a novel design for new hydrogels with good mechanical properties, controllable crosslink density and photothermal properties. Lu et al. [111] used TEMPO-oxidized cellulose nanofibers (TOCNs) as a filler to develop a novel TOCN/PAAM nanocomposite hydrogel. TOCNs with high strength and ultra-high aspect ratio could improve the energy dissipation capability (9.68 MJ m−3 at 60% strain), viscoelasticity (51.1 kPa) and self-recovery rate (about 93.2% after 30 min recovery) of polyacrylamide (PAAM) hydrogel. This nanocomposite hydrogel with good shape memory properties and excellent mechanical strength provides promising prospects for use in intelligent biomaterials used in soft actuators, biomedicine and sensory applications. Biocompatible micro/nanoparticles containing various ratios of Ca2+ and Mg2+ with sizes ranging from 1 to 8 μm were mixed with gellan gum (GG) solution to form a self-hardening multifunctional hydrogel [112]. The Ca2+/Mg2+ particles could be efficiently bound to GG polymer chains for the enhancement of the macro-Young’s modulus of the hydrogel from 2 kPa up to 100 kPa. This hydrogel with hydro-magnesite particles also exhibited a higher cell viability and greater hydroxyapatite production. This research opens new avenues for developing injectable reconstruction materials for use in biomedical applications related to bone regeneration.



It is here shown that 2D nanomaterials can interact with hydrogel polymer chains to synthesize nanocomposite hydrogels with excellent mechanical properties. Table 2 shows the mechanical and tribological properties of hydrogels reinforced with various 2D nanomaterials. Different types and mass fractions of these 2D nanomaterials affect the macroscopic properties of synthetic nanocomposite hydrogels. Zhang found that the mechanical properties of nanocomposite hydrogels began to decline when the mass fraction of GO was greater than 5.0 wt. %, mainly due to the polymerization inside the hydrogel, caused by an excessive amount of GO [42].





3. Challenges and Perspectives


Hydrogels infused with 2D materials as nanofillers show immense potential utility in bioapplications, thanks to their improved mechanical and tribological characteristics. While significant advancements have been made in this field over the years, there remain a number of challenges that must be addressed to enable further progress in both scientific research and engineering applications:




	
The dispersion stability of 2D materials in water-based solutions is governed by the surface energy, which significantly affects their internal interaction with polymer molecular chains of hydrogels [113]. Hence, the challenge lies in optimizing hydrogel systems to achieve a high load-bearing capacity and reduced friction at the lowest possible particle concentration. This aspect requires additional research if we are to realize the practical applications of these systems;



	
The synthesis of 2D nanomaterials still involves some limitations. For example, the large-scale synthesis of 2D materials with precisely controlled nanostructures is difficult to realize. Advanced techniques and equipment for the preparation of 2D materials should be further developed.



	
There is still a lack of extensive research on the optimization of basic parameters of 2D nanomaterials to be used as promising fillers for the feasible functional design of hydrogels. For example, the influence of some features of 2D materials, including the layer number, lateral size [114], types, and the concentration of functional groups, on the mechanical and tribological behaviors of hydrogels for specified bioapplications remains unclear. An in-depth investigation of the fundamental mechanisms and advanced techniques guiding the design and application of 2D materials as nanofillers in hydrogels is required in the future;



	
The strengthening and lubrication mechanisms of 2D materials used as nanofillers of hydrogels still need to be further elucidated, and this should be based on a full understanding of the fundamental properties of both the 2D materials and the polymeric hydrogel matrix;



	
The biocompatibility of hydrogels incorporating 2D materials as nanofillers necessitates a more rigorous and systematic investigation. This should encompass an extensive evaluation of multiple factors, including cytotoxicity, neurotoxicity, genotoxicity, and others, to ensure safety and efficacy over an extended period of service;



	
Furthermore, the ongoing development of 2D nanomaterials opens up new avenues for enhancing the mechanical and tribological properties of nanocomposite hydrogels. For instance, the tribological attributes of nitride-MXenes have not been thoroughly investigated, despite their known superior mechanical properties [115,116,117]. Additionally, the potential synergistic effects of integrating diverse 2D nanomaterials into hydrogels are an area that is ripe for exploration, as there is insufficient research on this combined approach to offer comprehensive data and permit systematic studies. Moreover, incorporating novel “non-layered” 2D materials [118,119,120,121] as nanofillers could introduce distinctive characteristics to nanocomposite hydrogels, offering a new dimension of performance and functionality.









4. Conclusions


This review has underscored the significance of incorporating typical 2D nanomaterials in order to enhance the mechanical and tribological attributes of polymer hydrogels. It also highlights key challenges that must be addressed in future research. The objective is to offer a valuable resource for the design and advancement of hydrogels fortified with various functional 2D materials. We anticipate that these 2D nanomaterials will be pivotal in engineering composite hydrogels, and trust that the insights presented here will serve as a foundation for developing multifunctional hydrogels across a wide range of applications.
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Figure 1. Various types and potential applications of 2D nanomaterials used in tissue engineering [21], copyright (2021), with permission from Wiley. 
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Figure 2. A comprehensive analysis of tribological mechanisms between GO and PAAm hydrogel. (a) The bearing statuses of UHMWPE and the composites; (b) the lubricating characteristics of the polymers; and (c) two states of PAAm-GO flakes [49], copyright (2021), with permission from Elsevier. 
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Figure 3. Schematic diagram of the mechanisms of GO-based hydrogel coating. (a) Anticorrosion mechanisms of PVA/PAA/GO/PDA samples; (b) biotribological mechanisms of PVA/PAA/GO/PDA samples [51], copyright (2023), with permission from Elsevier. 
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Figure 4. Structural characterization and mechanical responses of OH-BNNS/PVA composite hydrogels [54], copyright (2023), with permission from ACS. 
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Figure 5. Friction experiments and synergy lubrication model of nanocomposite lubrication additives. (a) The curve of COFs and (b) wear rates of Ti–6Al–4V alloy discs of ultrapure water, BP water-based lubrication additive, TiO2 lubrication additive, and BP/TiO2 lubrication additive. (c) Collaborative lubrication mechanism of BP/TiO2 composite nanoparticles [69], copyright (2022), with permission from Elsevier. 
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Figure 6. (a) Schematic illustration of BPN-containing hydrogel with the excellent mechanical behaviors required in bone tissue engineering [73], copyright (2022), with permission from Taylor & Francis. (b) Schematic of BP-NS/CS-DOX composite coating on a sulfonated PEEK scaffold with multiple functions [74], copyright (2022), with permission from Elsevier. 
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Figure 7. Schematic diagram of MXene-based hydrogels. (a) 