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Abstract

:

Natural extracellular matrix (ECM) is highly heterogeneous and anisotropic due to the existence of biomacromolecule bundles and pores. Hydrogels have been proposed as ideal carriers for therapeutic cells and drugs in tissue engineering and regenerative medicine. However, most of the homogeneous and isotropic hydrogels cannot fully emulate the hierarchical properties of natural ECM, including the dynamically spatiotemporal distributions of biochemical and biomechanical signals. Biomimetic hierarchical nanocomposite hydrogels have emerged as potential candidates to better recapitulate natural ECM by introducing various nanostructures, such as nanoparticles, nanorods, and nanofibers. Moreover, the nanostructures in nanocomposite hydrogels can be engineered as stimuli-responsive actuators to realize the desirable control of hydrogel properties, thereby manipulating the behaviors of the encapsulated cells upon appropriate external stimuli. In this review, we present a comprehensive summary of the main strategies to construct biomimetic hierarchical nanocomposite hydrogels with an emphasis on the rational design of local hydrogel properties and their stimuli-responsibility. We then highlight cell fate decisions in engineered nanocomposite niches and their recent development and challenges in biomedical applications.
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1. Introduction


The natural ECM network is highly heterogeneous and anisotropic because of the existence of the rigid domains of stiff biomacromolecules and their assemblies, for example, collagen fibers [1,2,3]. The ECM provides a structural scaffold via a network of protein–protein and protein–proteoglycan interactions. Because multicellular cells evolved independently in different multicellular lineages, the composition, as well as the properties of the extracellular matrix, varies with multicellular structures [4]. These interactions are involved in the formation of supramolecular assemblies such as collagen fibrils and elastic fibers, in tissue architecture, and in cell–matrix interactions that regulate cell growth and behavior. The biochemical properties of the ECM allow cells to sense and interact with their extracellular environment using various signal transduction pathways. Meanwhile, the physical properties of the ECM, including its rigidity, density, porosity, insolubility and topography (spatial arrangement and orientation), provide a physical signal to the cells [5]. These interactions are involved in the formation of supramolecular assemblies such as collagen fibrils and elastic fibers, in tissue architecture, and in cell–matrix interactions that regulate cell growth and behavior [6]. The heterogeneity of the natural ECM network also changes in spatiotemporal and mechanical dependence. However, few designs of the existing pure hydrogels can emulate the heterogeneity of the natural ECM network. Trappmann et al. designed a synthetic hydrogel matrix tethered with either stiff or soft ligands to mimic the local mechanics of the natural ECM [7]. They further demonstrated that the local stiffness could be decoupled from the bulk stiffness of the whole hydrogel, where the local stiffness was generated by the doping of collagen fibers. These findings give promise to the use of biomimetic hierarchical nanocomposite hydrogels to recapitulate the heterogeneity of the natural ECM network.



Recent advances in nanobiotechnology, hydrogels, and composition techniques enable the use of well-characterized nanostructures to mimic the heterogeneous topology in 3D [8,9,10]. Therefore, biomimetic hierarchical nanocomposite hydrogels are of great interest in the biomedical fields. The biophysical and biochemical properties of the biomimetic hierarchical nanocomposite hydrogels can be rationally designed and tailored to emulate the cellular microenvironment in natural ECM. Most of the existing nanostructures can be classified into two categories: (i) organic nanostructures, such as polymeric nanoparticles, liposomes, extracellular vesicles, etc. and (ii) inorganic nanostructures, such as silica nanoparticles, gold nanoparticles, and nanorods. Both organic and inorganic nanostructures can be further engineered with various functionalities, such as stimuli-responsive properties, fast in-vivo clearance, and high loading capacity. Biomaterials-based scaffolds, especially hydrogels, hold considerable promise with respect to enhancing the efficacy of tissue engineering and regenerative medicine [11,12,13,14]. Previous studies have shown that hydrogels can be rationally designed to mimic the structures and microenvironments of natural ECM [15,16,17], but they cannot recapitulate the stiff domains due to the soft and deformable nature of polymer networks. Therefore, the combination of nanostructures and hydrogels can maximize the mimicking of the heterogeneous and anisotropic ECM components and organization.



In this review, we first summarize the design principles of biomimetic hierarchical nanocomposite hydrogels with an emphasis on the functionality of the doped nanostructures, including topology manipulation, bioactive reservoir, and ligand presentation. We next classify the various biomedical applications from drug delivery to tissue engineering in cartilage, bone, skin, and nerve fields. This review may shed light on the better design and wilder biomedical applications of biomimetic hierarchical nanocomposite hydrogels in the future.




2. The Functionality of Nanostructures in Biomimetic Hierarchical Nanocomposite Hydrogels


The nanostructures can be engineered with various functionality, including topology manipulation, bioactive reservoir and ligand presentation. The topology of hydrogels influences cell behavior, i.e., —rigid hydrogels promote cell adhesion while soft matrix enables cell spreading. Anisotropic hydrogels lead to focal adhesion formation, while aligned structures guide and organize cell growth. Ligands on hydrogels also affect various cell activities, including adhesion, migration, and differentiation. When nanocomposite hydrogels are used as a bioactive reservoir, they have high loading capacities and are able to release loaded cargo through various stimuli, which further enriched the toolkit of cell regulation. Thus, researchers can pursue one or a combination of those strategies to design hydrogels for different biomedical applications based on their specific demands.



2.1. Topology Manipulation


The biophysical properties of nanocomposite hydrogels are one of the key factors to modulate cell adhesion dynamics. The rigid structures promote the formation and maturation of cell adhesion structures, especially focal adhesions (FAs) [18,19,20]. Kubow et al. reported that the adhesion size in 3D was related to the existence and alignment of collagen fibers or electrospun fibers [21]. Therefore, the nanostructures in nanocomposite hydrogels could be recruited to manipulate the topology of these hydrogels. Doyle et al. reported a local 3D matrix microenvironment in which the local stiffness could be finely tuned through the change of the type of collagen fibers [22]. The microenvironmental ECM was tailored to highly heterogeneous and anisotropic to maximize the focal adhesion formation and maturation (Figure 1A). Yuan et al. developed a dynamic gelatin-based nanocomposite hydrogel providing the local stiffening sites in a soft matrix [23]. The soft matrix enabled the matrix remodeling and cell spreading via the dynamic and reversible host–guest interactions, whereas the stiffened structures strengthened the cell anchoring on the cell adhesive motifs. The encapsulated stem cells exhibited enhanced mechanotransduction and osteogenic differentiation and finally promoted bone regeneration in a bone defect model (Figure 1B). The responsive and on-demand change of hydrogel topology is important to many biomedical applications, especially well-organized and aligned tissues, such as nerves, muscles, and bones. Rose et al. reported an injectable hydrogel doped with magnetoactive objects containing a very small portion of iron oxide nanoparticles [24]. The magnetoactive objects could be induced to aligned status under the external magnetic field. The aligned magnetoactive objects could further induce the aligned growth and organization of neuron promoting localized nerve regeneration (Figure 1C).




2.2. Bioactive Reservoir


The biomimetic hierarchical nanocomposite hydrogels have various type of nanostructures, which has higher loading capacity, more sustained release of loaded cargos, and better manipulation tools compared with those of conventional pure hydrogel networks. Yao et al. reported a bisphosphonate-based hydrogel loaded with various concentrations of magnesium ions [25]. The developed hydrogel exhibited sustained magnesium delivery to the neuron tissues and was able to promote the outgrowth of axons, thereby facilitating peripheral nerve regeneration and functional recovery (Figure 2A). Kang et al. developed a layered double hydroxide-based nanohybrid, where the adenosine was encapsulated inside the interlayer spacing through electrostatic interactions [26]. The sustained release of adenosine acted as a ligand of adenosine A2b receptor (A2bR) and effectively activated the neo-bone formation through various processes, including calcification, mature tissue morphology, and vascularization (Figure 2B). Apart from the free diffusion mechanism, the release of encapsulated cargos in nanocomposite hydrogels can also be triggered and manipulated by internal (pH, redox, enzyme, etc.) and external stimuli (magnetic, light, thermos, etc.). He et al. reported a nanocomposite hydrogel (NH) doped with Pluronic F127 and carbon nanotubes for the treatment of infected wounds [27]. The loading of antibiotic moxifloxacin hydrochloride enabled the pH-responsiveness of the nanocomposite hydrogels. The loaded drugs could be finely delivered and released in an acidic microenvironment in the infected wounds (Figure 2C). Phuong et al. developed a nanocomposite hydrogel embedded with redox-responsive carbon dots [28]. The IR825-loaded carbon dots showed much better fluorescence and photothermal conversion rates upon receiving the stimuli of GSH. The enhanced photothermal properties of IR825@carbon dots under reduction status provided an effective tool for potential cancer treatment (Figure 2D). Qin et al. reported injectable superparamagnetic ferrogels containing iron oxide nanoparticles and Pluronic F127 Indomethacin the iron oxide nanoparticles were loaded into the Pluronic F127 micelles [29]. The release of indomethacin was relatively slow as the diffusion coefficient of hydrophobic drugs in aqueous was quite low when the magnetic field was off. When the magnetic field was switched on, the iron oxide nanoparticles tended to orient and aggregate. Therefore, the micelles were squeezed, and the release of indomethacin was significantly accelerated (Figure 2E). Han et al. developed a light-responsive nanocomposite hydrogel containing PNIPAM backbones and polydopamine nanoparticles [30]. The developed nanocomposite hydrogel showed phase transitions and volume changes under near-infrared (NIR) light. The NIR-induced drug release and NIR-assisted healing could be easily achieved and was able to adapt to various requirements of biomedical applications (Figure 2F).




2.3. Ligand Presentation


The spatiotemporal control of ligand presentation at the nanoscale is highly desirable for the regulation of various cell activities, including adhesion, migration, and differentiation. The nanocomposite hydrogels can either serve as the carrier of ligands or act as the actuator to manipulate the presentation of these ligands. Peng et al. reported a nanocomposite hydrogel carrying a nanoarray of RGD-coated gold nanoparticles [31]. The presentation of the patterned RGD significantly enhanced the adhesion and osteogenic differentiation of mesenchymal stem cells (MSCs) (Figure 3A). Wong et al. developed a soft hydrogel matrix as the cage of RGD-bearing magnetic nanoparticles to reversibly control the presentation of RGD ligands to the seeded stem cells [32]. The “Exposed” and “Hidden” conditions of the RGD ligands can be controlled and switched by applying the “Upward” and “Downward” magnetic fields. The cyclic presentation of RGD ligands maximized the cell adhesion on the hydrogel substrates and significantly promoted the osteogenic differentiation of seeded stem cells (Figure 3B). More recently, Sahar et al. reported an RGD-Modified Alginate−GelMA hydrogel sheet designed for wound healing and soft tissue regeneration. The results confirm that the encapsulated MSCs remain viable within the hydrogel with enhanced collagen deposition. In vivo implantation to excisional wound model in mice confirmed the effectiveness of the GMSC−hydrogel in expediting wound healing via enhancing angiogenesis and suppressing local proinflammatory cytokines [33].





3. The Biomedical Applications of Biomimetic Hierarchical Nanocomposite Hydrogels


Nanocomposite hydrogels with certain formulas are potential materials for various biomedical applications [34]. Customized nanocomposite hydrogels can be used as carriers for cells, drugs, or other bioactive molecules. The incorporation of stimulus-sensitive components with hydrogels allows designed delivery systems to exclusively release specific contents [35]. Although substantial progress in such nanocomposite hydrogels designed for regenerative medicine has been achieved over the past few years, actual clinical uses of nanocomposite hydrogels are rare. From the view of clinical translation, the major concerns could be summarized as stability and biosafety]. Due to the additional interfacial interactions in the nanocomposite hydrogels, the analysis of interactions and the mechanisms of the performance enhancements have become more complicated and fundamental [36]. In some cases, the relatively poor interfacial interactions between the polymer chains and nanomaterials and the uneven dispersion of nanomaterials in the hydrogel matrix dramatically affect the mechanical properties and structural stability of the hydrogels in applications. More importantly, the careful choice of nanomaterials and their concentrations will define the type and intensity of the stimuli that control the release of bioactive molecules from nanocomposite hydrogels. Thus, less or non-toxic nanomaterials should be considered to minimize or eliminate possible side effects of toxic nanomaterials on cells to ensure safe clinical application. Moreover, hydrogels with self-healing and tunable mechanical properties are able to conformally fill irregular injury sites. And the hierarchical 3D structure of hydrogels can provide a suitable microenvironment for cell survival, proliferation, and differentiation. Thus, hydrogels have advantages in tissue regeneration applications [37]. This section summarizes some of the representative biomedical applications of nanocomposite hydrogels, including drug delivery, tissue engineering, and other applications for a comprehensive overview.



3.1. Drug Delivery


With the advantages of good biocompatibility and hydrophilicity, nanocomposite hydrogels can be used to deliver drugs for the treatment of various diseases (Figure 4A). Zhang et al. reported using HA-BP-Mg nanocomposite hydrogel for the controlled and stable release of Mg2+ at bone defect sites to enhance osteogenesis and stimulate bone regeneration [38]. Furthermore, with the combination drug release of Mg2+ and Dexamethasone, the BP-based injectable hydrogel created a positive feedback circuit of drug release regulation, which significantly enhanced bone regeneration at the intended sites. A self-healing hydrogel based on MgSiO3 nanoparticles (NPs) and BP-grafted polymer (HA-BP) has been described by Shi et al. for anti-cancer purposes [39]. Targeted drug delivery was achieved by the protonation of BP and the breaking of chelation with Mg2+ within MgSiO3 NPs. Breast cancer cells (MCF-7) were significantly inhabited by loaded doxorubicin. In terms of breast cancer recurrence prevention, Gao et al. prepared a novel nanocomposite hydrogel functionalized by ferromagnetic vortex-domain iron oxide (FVIOs) with controlled release of the anti-cancer drug doxorubicin]. In vivo postoperative treatment further confirmed significant suppression of the local tumor recurrences with the usage of FVIO-based hydrogels compared to chemotherapy or hyperthermia alone. The development of functionalized nanocomposite hydrogels may help avoid some of the treatment deficiencies in traditional systemic therapies. GO-based nanocomposite has achieved highly targeted synergistic therapy for colorectal cancer. Amini-Fazl et al. reported loading 5-fluorouracil in nanocomposite hydrogel CS/PAA/Fe3O4 enhancing the stability of long-time drug dosing to the colon and rectum [40]. Apart from the application examples listed above, studies on nanocomposite hydrogels are constantly progressing in the prevention [41], diagnosis [42], treatment [43], and prognosis of cancer [44] in recent years.



Also, the incorporation of stimulus-sensitive components into hydrogels has allowed drug release under varied triggers, such as light, temperature, pH, and electric and magnetic fields, which improved the flexibility of the response as well as biomedical performances [45,46]. For example, glucose-sensitive hydrogels allow insulin release in response to the change in glucose concentration, thus maintaining a stable blood glucose level [47]. This type of hydrogel delivery system can be applied in various scenarios in cancer therapy through injections in conjunction with hyperthermia and chemotherapy [48]. Xia et al. presented PSiNPs/PEGDA hybrid hydrogels, which could achieve effective drug release to cancer cells through response to NIR light (Figure 4B) [49]. The light-responsive hydrogels could provide localized inhibition of cancer cells and have shown great potential in localized cancer treatment. pH-responsive hydrogels have also shown good results serving as drug carriers due to the difference in microenvironment between tumors and healthy tissues [50]. Wu et al. prepared an injectable and self-healing hydrogel with pH-responsiveness, which allowed precise drug release control within 0.2 pH change (Figure 4C) [51]. In recent years, magnetically responsive hydrogels have drawn attention due to the non-invasive remote control over internal architecture, actuation, and drug release [45]. By incorporating Fe3O4 magnetic nanoparticle (Fe3O4-MNP) into the CS/GP hydrogel, Zhang et al. reported the application of magnetic thermo-sensitive hydrogel for prolonged delivery of Bacillus Calmette–Guérin in the treatment of bladder cancer (Figure 4D) [52]. In addition to single-responsive nanocomposite hydrogels listed above, multi-responsive nanocomposite hydrogels, such as pH/NIR-controlled hydrogel or magnetic/pH, thermo-responsive hydrogel [53], have complexed the response combination while increased the response flexibility and accuracy, which enhanced its biomedical performance (Figure 4E).




3.2. Regenerative Medicine


In the field of regenerative medicine, the main goals are to provide suitable microenvironments for tissue regeneration and to develop functional biological substitutes that can restore, maintain, or improve tissue function [54,55]. Nanocomposite hydrogels have presented several advantageous properties, including biocompatibility, tunable mechanical properties and porosity, controllable biodegradation, and drug delivery effect, making nanocomposite hydrogels ideal scaffolds for both hard tissue (Figure 5A,B) and soft tissue repair (Figure 5C,D) [56,57].



3.2.1. Cartilage


Cartilage defects and cartilage degeneration are commonly encountered by orthopedic surgeons, especially with the increasing cases of sports traumas and the aging population [62]. The combination of soft polymer chains and stiff nanomaterials in nanocomposite hydrogels can improve their mechanical properties, which allows them to serve as advantageous scaffolds in cartilage regeneration [63]. Shen et al. reported Alg-DA/PDA hydrogel by introducing polydopamine (PDA) NPs into alginate-modified dopamine (Alg-DA) and crosslinking by calcium ions [64]. The Alg-DA/PDA scaffold showed improved mechanical properties, biocompatibility, and appropriate degradation rate, providing an optimized environment for cartilage regeneration. In another study, Susanna Piluso et al. developed 3D nanocomposite hydrogels by embedding starch nanocrystals (SNCs) in a gelatin matrix, which presented increased compressive modulus and good viability of encapsulated chondrogenic progenitor ATDC5 cells, indicating its potential for cartilage tissue engineering [65]. Moreover, hydrogels can be used as biological ink combined with 3D printing technology to realize uniform or gradient pore structures [66]. In the study of Sahar Sultan and coworkers, bio-ink was formed by mixing cellulose nanocrystals (CNCs) into the solution of sodium alginate and gelatin; scaffolds were fabricated by 3D printing with a uniform and porous structure [67]. The printed scaffolds met the requirements in cartilage regeneration, which corroborates that 3D printing is a versatile method to obtain customized structures for cartilage tissue engineering. More recently, Felipe Olate-Moya et al. reported nanocomposite hydrogels based on photo-crosslinkable alginate with conjugation of gelatin and chondroitin sulfate (Figure 5A). A graphene oxide (GO) nanofiller was added to the hydrogels for better printability and cell proliferation [58]. The 3D printed scaffolds showed to be cytocompatible with h-AD-MSCs, making them promising candidates for cartilage regeneration.




3.2.2. Bone


Bone loss caused by trauma, infection, or congenital diseases, has significant effects on the quality of life. Various biomaterial scaffolds have been designed for bone tissue engineering [68]. Compared with hard scaffolds, softer hydrogels have the advantage of injectability and do not require pre-molding, which can fill irregularly shaped defects. Distinctively designed hydrogels with functional nanoparticles have potential in cell differentiation and bone regeneration [69]. Mahmoud Azami et al. prepared a gelatin-amorphous calcium phosphate nanocomposite scaffold with a porous microstructure. When implanted in-vivo, the hydrogel scaffold promoted the mineralization process with good biocompatibility [70]. Yang et al. also reported an injectable hyaluronic acid hydrogel system functionalized by cross-linkable hydrazide groups and bisphosphonate ligands (HA-hy-BP) together with Ca2+ solution (Figure 5B) [71]. Interaction between BP residues and Ca2+ could serve as nuclei for calcium phosphate deposition and further facilitate mineralization.



Composite hydrogels containing inorganic nanoparticles like hydroxyapatite (Ca10(PO4)6(OH)2, HAP), silicate glasses or montmorillonite (MMT) have enhanced mechanical properties and better bone regeneration performances. J Barros et al. studied alginate-nanohydroxyapatite hydrogel systems and reported that 30 wt% nHAP content exhibited the best osteoblastic cell proliferation, trabecular bone formation and matrix mineralization [72]. Meanwhile, Mani Diba and coworkers mixed bioactive glass particles with bisphosphonate-functionalized gelatin to prepare composite colloidal gel for the treatment of osteoporotic bone defects [73]. More recently, Zhong-Kai Cui et al. introduced MMT to the photopolymerizable methacrylated glycol chitosan (MeGC) hydrogel system to fabricate an injectable nanocomposite hydrogel for bone tissue engineering [74]. In-vitro results showed that the hydrogel could promote cell proliferation attachment. Furthermore, they applied the hydrogel in-vivo to a critical-sized mouse calvaria defect model, demonstrating its potential effectiveness for bone regeneration.




3.2.3. Skin


Skin serves as the largest organ of the human body and the first protective line against infections [75]. Wound healing is sometimes challenging because skin defects often vary in terms of shape, size, and depth. While in some cases, when skin defects are combined with systemic diseases, it may lead to serious health problems. Skin tissue regeneration requires scaffolds to be both soft and anti-infective. Nanocomposite hydrogels with different formulas have been widely used to meet such requirements [76]. Shi et al. reported a nanocomposite hydrogel based on pendant bisphosphonate-modified hyaluronan (HA-BP) and AgNO3, which have unique advantages such as great moldability, anti-bacterial properties, and self-healing properties [77]. In vivo results have also confirmed complete epithelium layer regeneration, fewer remaining wounds, and better vascularization with the application of BP-Ag nanocomposite hydrogel, suggesting its promising potential for regenerative wound healing. More recently, Rasul Rakhshaei et al. presented chitosan–gelatin/Zinc oxide nanocomposite hydrogels (CS–GEL/nZnO) with both antibacterial and drug delivery properties, which could be helpful for the wound healing process [78]. Apart from metal ions nanoparticles, graphene-based nanomaterials were also used in the preparation of nanocomposite hydrogels for skin tissue engineering. In a study reported by Huang et al., functionalized graphene oxide (GO) was introduced into the GelMA/ dopamine grafted hyaluronic acid (HA-DA) hydrogel to form the GelMA/HA-DA/GO-βCD-BNN6 nanocomposite hydrogel (Figure 5C) [60]. Both in-vitro and in-vivo results have demonstrated the antibacterial effect of the hydrogel, together with good mechanical properties and biocompatibility. This nanocomposite hydrogel could promote full-thickness wound healing and could be an ideal candidate for skin tissue regeneration.




3.2.4. Nerve


The goal of nerve tissue engineering is to provide a suitable microenvironment for nerve regeneration. Ideally, these nerve grafts should not only meet the mechanical properties and porosity of natural nerves but also have biological effects of promoting neural growth [79,80]. Nanocomposite hydrogels with certain formulas are potential materials. Several studies have focused on graphene-based hybrid hydrogels for nerve regeneration [81]. Huang et al. prepared graphene-based hydrogels by mixing graphene or graphene oxide with polyurethane (Figure 5D) [61]. With its rheological properties suitable for 3D printing and biocompatibility with NSCs, the graphene–polyurethane nanocomposite hydrogel may serve as a viable option to facilitate nerve regeneration. In addition to carbon-based nanomaterials, BP–Metal based hydrogel could also be optimized for nerve regeneration. Our team is currently working on developing BP–Mg nanocomposite hydrogels for peripheral nerve regeneration with good shear-thinning, injectability properties, and sustainable release of Mg2+. We have received optimistic results both in-vitro and in-vivo, suggesting the hydrogels can promote peripheral nerve regeneration and functional recovery.





3.3. Other Applications


In nanocomposite hydrogels, nanoparticles interlink with polymer chains to form strong bonds, resulting in lower adhesion energy and energy dissipation, thus enhancing adhesion (Figure 6A) [82]. Taking advantage of this unique property, adhesive hydrogels have various bio-medicinal applications such as hemostasis [83] and optical lens (Figure 6B). Liang et al. prepared adhesive hemostatic nanocomposite hydrogel based on dopamine-modified hyaluronic acid and reduced GO, which possessed good hemostatic capacity in vivo (Figure 6C) [84]. Li et al. reported tough aluminum hydroxide nanocomposite hydrogels (Al-NC gels) with high transparency (over 95%) for fast-tunable focus lenses (Figure 6D) [85].





4. Summary


Natural ECM consists of a soft matrix and stiff domains to support the various cell activities, such as cell growth, proliferation, differentiation, etc. Nanocomposite hydrogels are highly hydrated soft polymeric networks doped with stiff nanostructures. Therefore, biomimetic hierarchical nanocomposite hydrogels are employed to optimize the biophysical and biochemical regulation of the seeded or encapsulated cells, thereby achieving the manipulation of cell fates. Herein, we give a comprehensive review, from the design principles to the biomedical applications. This review provides various strategies that can be utilized to manipulate the biophysical and biochemical properties of the nanocomposite hydrogels, followed by highlighting their biomedical applications, especially drug delivery and tissue engineering. From the view of clinical translation, the major concerns could be summarized as stability and biosafety. Further studies to broaden the construction tools and expand the application scope still need joint efforts from material and biological scientists.
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Figure 1. (A) 3D collagen gel heterogeneity is associated with local ECM stiffening. Red arrows indicate aligned bundled fibrils not found in HR or LR ECMs. * p < 0.05, significantly different. † Significantly different fibre rigidity in the same ECM condition, p < 0.05 (ANOVA) Reproduced with permission from [22], Copyright 2015, Springer Nature. (B) The schematic illustration of local stiffening in dynamic hydrogels by doping silica nanoparticles. Reproduced with permission from [23], Copyright 2021, Royal Society of Chemistry. (C) Soft, heterogeneous, and highly water-swollen anisometric hydrogels doped with magnetic-responsive objects. Reproduced with permission from [24], Copyright 2017, American Chemical Society. 






Figure 1. (A) 3D collagen gel heterogeneity is associated with local ECM stiffening. Red arrows indicate aligned bundled fibrils not found in HR or LR ECMs. * p < 0.05, significantly different. † Significantly different fibre rigidity in the same ECM condition, p < 0.05 (ANOVA) Reproduced with permission from [22], Copyright 2015, Springer Nature. (B) The schematic illustration of local stiffening in dynamic hydrogels by doping silica nanoparticles. Reproduced with permission from [23], Copyright 2021, Royal Society of Chemistry. (C) Soft, heterogeneous, and highly water-swollen anisometric hydrogels doped with magnetic-responsive objects. Reproduced with permission from [24], Copyright 2017, American Chemical Society.



[image: Jcs 06 00340 g001]







[image: Jcs 06 00340 g002 550] 





Figure 2. (A) The nanocomposite hydrogels self-assembled by magnesium ions and bisphosphonates modified hyaluronates. Reproduced with permission from [25], Copyright 2022, John Wiley and Sons. (B) Synergistic nanohybrid hydrogels doped with MgFe-based layered double hydroxide nanocarriers with intercalated adenosine cargo molecule. Reproduced with permission from [26], Copyright 2017, Elsevier. (C) Schematic representation of the pH-responsive CEC/PF/CNT hydrogel preparation. Reproduced with permission from [27], Copyright 2020, Elsevier. (D) The NIPAM-based nanocomposite hydrogels doped with redox-responsive carbon dots. Reproduced with permission from [28], Copyright 2019, Royal Society of Chemistry. (E) The magnetic-responsive disruption of hydrogel network. Reproduced with permission from [29], Copyright 2009, John Wiley and Sons. (F) Schematic illustration of the NIF-light induced drug release and healing of nanocomposite hydrogels. Reproduced with permission from [30], Copyright 2016, American Chemical Society. 
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Figure 3. (A) The schematic illustration of gold pattern on biodegradable hydrogels. Reproduced with permission from [31], Copyright 2018, Elsevier. (B) The schematic illustration of soft hydrogel matrix as the cage of RGD ligand-bearing magnetic nanoparticles. Reproduced with permission from [32], Copyright 2020, American Chemical Society. 
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Figure 4. Nanocomposite hydrogels for drug delivery applications. (A) Schematic illustration of incorporating stimulus-sensitive components into hydrogels for enhanced biomedical performance. Reproduced with permission from [48], Copyright 2021, John Wiley and Sons. (B) Near-infrared light-response hydrogels for cancer therapy. Reproduced with permission from [49], Copyright 2019, John Wiley and Sons. (C) pH-responsive hydrogels serving as drug carriers for cancer treatment. Reproduced with permission from [51], Copyright 2020, American Chemical Society. (D) Magnetically responsive hydrogels for treatment of bladder cancer. Reproduced with permission from [52], Copyright 2013, Elsevier. (E) Multi-response nanocomposite hydrogels (magnetic/pH, thermo-responsive) for better drug delivery. Reproduced with permission from [53], Copyright 2020, American Chemical Society. 
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Figure 5. Nanocomposite hydrogels for regenerative medicine applications: hard tissue and soft tissue repair. (A) Nanocomposite hydrogels based on photo-crosslinkable alginate with conjugation of gelatin and chondroitin sulfate, and graphene oxide (GO) nanofiller for cartilage tissue regeneration. Reproduced with permission from [58], Copyright 2020, American Chemical Society. (B) HA-BP-Mg nanocomposite hydrogel with the combination drug release of Mg2+ and Dexamethasone enhanced bone regeneration. Reproduced with permission from [59], Copyright 2018, John Wiley and Sons. (C) GelMA/HA-DA/GO-βCD-BNN6 nanocomposite hydrogel could promote full thickness wound healing. Reproduced with permission from [60], Copyright 2020, John Wiley and Sons. (D) Graphene–polyurethane nanocomposite hydrogels suitable for 3D printing and showed biocompatibility with NSCs. Reproduced with permission from [61], Copyright 2018, John Wiley and Sons. 
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Figure 6. Adhesive hydrogels nanocomposite with various applications. (A) Schematic illustration of adhesion of nanocomposite hydrogels on the substrates. Reproduced with permission from [82], Copyright 2021, Royal Society of Chemistry. (B–D) Adhesive hydrogels have various bio-medicinal applications, such as hemostasis and optical lens. Reproduced with permission from [83,84,85], Copyright 2019, 2018, 2019, John Wiley and Sons, Royal Society of Chemistry, American Chemical Society. 
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