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Abstract

:

Hydrogels are a promising material for a variety of applications after appropriate functional and structural design, which alters the physicochemical properties and cell signaling pathways of the hydrogels. Over the past few decades, considerable scientific research has made breakthroughs in a variety of applications such as pharmaceuticals, biotechnology, agriculture, biosensors, bioseparation, defense, and cosmetics. In the present review, different classifications of hydrogels and their limitations have been discussed. In addition, techniques involved in improving the physical, mechanical, and biological properties of hydrogels by admixing various organic and inorganic materials are explored. Future 3D printing technology will substantially advance the ability to pattern molecules, cells, and organs. With significant potential for producing living tissue structures or organs, hydrogels can successfully print mammalian cells and retain their functionalities. Furthermore, recent advances in functional hydrogels such as photo- and pH-responsive hydrogels and drug-delivery hydrogels are discussed in detail for biomedical applications.






Keywords:


polymer hydrogels; wound dressing; regenerative medicine; pH-sensitive hydrogel; thermo-sensitive hydrogel












1. Introduction


Hydrogels are three-dimensional (3D) network polymers that can swell and store a significant amount of water to maintain their structure due to the physical and chemical cross-linking nature of the polymer chains. The name “hydrogel” was first coined by Wichterle and Lim in 1960 [1]. The ideal characteristic of a hydrogel is to hold water representing at least 10% of the total weight of the material. Hydrogel possesses a degree of flexibility that resembles actual tissue owing to its significant water content. In general, hydrogels are highly hydrophilic in nature due to the presence of -COOH, -NH2, -OH, -CONH, -CONH2, and -SO3H functional groups. They undergo a severe volume phase transition based on the chemical and physical stimuli response. Suitable chemical or biochemical stimuli include dissolved ions, pH, and chemical composition changes. Examples of physical stimuli include changes in the magnetic field, electric field, pressure, temperature, and light intensity. In particular, most of the changes in the hydrogels are reversible, and therefore, the hydrogels tend to return to their initial state after the stimulus is removed. Chen et al. prepared double-network hydrogels through a two-step polymerization process. The first step involves the formation of covalently crosslinked networks (Figure 1). Then, the first polymerized network is immersed in a second precursor solution containing second-network monomers, crosslinkers, and initiators [2]. Upon the swelling process, the second step network reactant diffuses into the first hydrogel polymerization network to create a loosely crosslinked network. In addition, Nakajima et al. fabricated a tough double-layer network hydrogel with two neutral polymers by a molecular stent method [3].



Various natural and synthetic polymers have been reported as hydrogel-based sensors with chemical molecular chains linked by covalent bonds as well as physical molecular chains linked through noncovalent bond interactions to obtain 3D network structures [5]. These synthetic and natural polymers can be either used as base materials to enhance the mechanical properties of the material or to explore its unique physical, chemical, and biological properties in various applications including chemical detection, stimuli responsiveness, self-healing, and conductivity. Various polymers have been utilized effectively as hydrogel-based sensors including polyacrylamide (PAA), polyvinyl imidazole (PVIm), polyethylene glycol (PEG), polyvinyl alcohol (PVA), and polyvinylpyrrolidone (PVP) [6].



These natural and synthetic polymers are widely used in many fields, including biotechnology, biomedical, separation science, and the pharmaceutical industry. In particular, such materials perform functions relevant to a wide range of biological interests and are currently used for manufacturing tissue engineering scaffolds, stretchable devices, contact lenses, drug delivery systems, hygiene products, and wound dressings. However, such applications strongly rely on the characteristic properties of the respective hydrogels. For instance, thermal, pH, and electrosensitive hydrogels have received a significant amount of attention in drug delivery applications. Furthermore, hydrogels are used effectively in heavy metal removal and smart packaging systems. However, because of their limited fabrication approaches to realizing end-use products, further potential applications remain elusive. In recent years, significant research attention has been given to utilizing hydrogels as feedstock materials in modern emerging technologies such as additive manufacturing (AM) or 3D printing. The advent of such technology has enabled new possibilities to manufacture geometrically highly complex structures directly from computer inputs, i.e., digital models [7]. Nevertheless, considering the geometric complexity and resolution of printed parts using hydrogels as feedstock is still an open issue and needs to be further investigated. Hence, the present review provides an overview of the range of hydrogels and a summary of various 3D printing techniques with hydrogels as printing materials. Moreover, current limitations, potential applications, and future perspectives are also provided.




2. Classification of Hydrogels


Hydrogels can be classified into several groups based on their structure, and properties including chemical (pH, glucose, oxidant) physical (temperature, pressure, light), and biological (antigen, enzyme, ligand) responses.
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2.1. Natural Hydrogels


Natural polymers such as cellulose, starch, chitosan, peptides/proteins, and their derivatives have been used extensively in hydrogels for sensing applications owing to their widespread functional groups [8] and distinct chemical and physical properties; hence, they are more reliable than its synthetic derivatives. The intrinsic properties of natural materials, such as unique bioadhesion properties, specific environmental responsiveness, superior biocompatibility, and swelling behavior, make them ideal candidates for sensing applications [9,10].



Cellulose is one of the abundantly available renewable materials extensively used in the food, textile, packaging, paper, and biomedical industries. It is generally hydrophobic in nature but insoluble in common solvents and water due to the strong hydrogen bonds between the cellulose molecular chains [11,12]. Recently, nanocelluloses, such as cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) have been used for mechanical reinforcement in hydrogel matrices, due to their high surface area, wettability, and superior moisture absorptivity [13]. Nanofibrils and crystals comprise β (1-4) linked D-glucose units along with a semicrystalline nature and exhibit extensive mechanical properties through surface modifications [14]. The enhanced mechanical strength in cellulose is mainly used for strain sensors [15]. It is reported that CNF-PVA composite-based hydrogel sensors have been used to fabricate expandable, transparent, and self-healing hydrogel sensors [16]. Multiwalled carbon nanotubes (MWCNTs) with cellulose fibers are used to synthesize piezoelectric-based pressure sensors and biodegradable materials, where cellulose fibers exhibit a shaper memory alloy effect and flexibility and the MWCNTs influence the conductivity [17].



Cellulose and nanocellulose-based strain sensors have received considerable attention in reinforcement, where the reinforcement agents will be functionalized to impart sensing characteristics. Nanocellulose and CNCs are extensively used to produce hydrogel-based sensors with superior transparency and mechanical strength. Bovine serum albumin (BSA) encapsulated–gold nanoparticle clusters were assembled with alginate/CNC hydrogels for heavy metal detection [18]. Zhou and Wang stated that cellulose hydrogels are a potential candidate for heavy metal detection processes with fluorescent composite reinforcement [18]. A combination of PVA, CNC, and PVP composite hydrogels was used as soft strain wearable sensors, which evolved self-healing properties, good elastic properties, and better conductivity. In addition, carbon nanotubes and carbon black modified with sodium alginate are also used in strain-sensing applications [19]. Huang et al. naturally synthesized PEGylated gold nanoparticles at different concentrations and treated them with fermentation medium containing Gluconacetobacter xylinus (G.xylinum) to fabricate in situ Au/BC hydrogels (Figure 2) for bone tissue regeneration applications [20].



Huang et al. studied the osseointegration capability of Au/BC hydrogels compared with neat BC hydrogel scaffolds (Figure 3). ALP and ARS staining results illustrated that Au/BC hydrogels triggered higher ALP activity with increased calcium nodules in hBMSCs compared to neat BC hydrogels. Furthermore, mRNA expression levels, including Runx2, COL1, OCN, and OPN, were significantly upregulated in the extraction of Au/BC hydrogels. In addition, Au/BC-III hydrogels significantly improved osteogenic differentiation [20]. Cellulose derived from bacteria exhibits a highly pure form in nature and can be reinforced with hydrogels owing to its crystallinity and ultrafine structure, thereby providing durable and high mechanical strength to hydrogel sensors [19]. Since hemicelluloses, lignin, and pectin do not exist in bacteria, cellulose in its pure form is more suitable for hydrogel sensors, especially in medical applications [13].



Starch is an important natural polysaccharide that comprises several glucose molecules or monosaccharide units joined with α-D-(1-4) or α-D-(1-6) linkages, which contain several hydroxyl groups used for hydrogel preparation with chemical modifications [21]. Starch exhibits intensive expanding ability and has been used in heavy metal capture, dye sorption, and monitoring water quality in agriculture [22]. Starch-based hydrogels are used to stabilize silver nanoparticles for surface plasmon resonance (SPR) sensors for the detection of hydrogen peroxide (H2O2).




2.2. Synthetic Hydrogels


Synthetic polymers including PVA (polyvinyl alcohol), PEG (polyethylene glycol), and PAM (polyacrylamide) have intrinsic characteristics such as flexibility, desired mechanical strength, controllable molecular structures, and selective mechanical properties, especially when used for sensor and actuator applications. PVA possesses unique biocompatibility, mechanical properties, and biodegradation performance [23]. It exhibits ultrahigh absorbance and excellent solubility, which leads to metal ion sensing applications. It also contains a significant amount of hydroxyl groups that allow modifications in PVA polymer chains. The crosslinking of PVA chains can be performed by either physical or chemical modifications.



PEG is another important polymer that is significantly used in biomedical industries. PEG is a well-known material studied for different applications including glucose, chemical, and gas sensing applications [24]. PAG (polyalkylene glycol)-based hydrogels have received more attention than PVA- and PEG-based hydrogels due to their superior biocompatibility, biosensing, and well-defined methodology for the fabrication of robust platforms for desired physiological and mechanical performances [25]. Double-network PAM hydrogel sensors are mainly used for strain and pressure sensors, which can be further developed into wearable sensors [26]. Hou fabricated a high-performance injectable PAM/polysaccharide-based ionic hydrogel network for strain sensing applications [27]. Photonic crystal-based PAM hydrogel systems are mainly used to detect glucose or pH by tracking the ionic strength of photonic crystals [28]. In addition, proteins, peptides, antibodies, or enzymes were immobilized with PAM hydrogels, which have been increasingly used in molecular detection systems [29]. PAM in composite form is effectively used as a humidity sensor due to its high absorbance ratio.




2.3. Functional Polymers


Stimuli-responsive polymers have received increasing attention for various sensing applications based on visible/ultraviolet (UV/Vis) [30], electric field [31], mechanical stimuli [32], magnetic field [33], biological [34], and chemical-based stimuli responses [35]. The reinforcement of functional polymers into hydrogels has found various applications in sensors, actuators, drug delivery, and scaffold systems [36].



Markstedt et al. fabricated an ink from alginate/nanocellulose composites crosslinked with Ca+. Alginate hydrogels tend to have loosely bound structures when placed in a Ca+ medium. Similarly, the same group developed xylan/nanocellulose composite hydrogels, where the content of nanocellulose was reduced to one-third or even less [37].



Wang et al. developed a customized composite scaffold that constitutes TCP/OP/PLGA struts along with collagen I coating with the aim of a dual delivery system developed by cryogenic 3D printing technology for bone regeneration applications (Figure 4). Nanocomposite-coated collagen I scaffolds provide better angiogenesis with the capability of quick release of AP followed by AP release in a sustained manner. The 3D-printed constructs improved bone and vascularization growth through local drug delivery [38].



The osteogenic capability of the scaffolds in vitro was studied using rBMSCs as model cells. The scaffolds exhibited 98% live cells, confirming their biocompatibility after 3 days of incubation. After 7 days of culture, significant ALP+ levels were improved, illustrating the osteogenic differentiation property (Figure 5). In addition, after 21 days of incubation, the TB and TVB groups were significantly improved, which favors more calcium precipitation, indicating the release of both OP and AP from the scaffold area for better osteogenic differentiation.




2.4. Nanocomposite Hydrogels


In recent decades, interest in combining nanotechnology with other fields of study has significantly increased. Many attempts have been made to merge nanoscale procedures with regular methods to fabricate better materials. Nanocomposite hydrogels are an example of such a combination of nanotechnology and biomaterials science [39].



Barrett-Catton et al. stated that nanocomposite hydrogel materials play a significant role in many applications, such as targeted drug delivery applications (Figure 6), tissue engineering, bio-wearable devices, and bioprinting applications [40]. Hydrogels are hydrophilic materials with the macromolecular structure of a gel that is made up of interlinked natural-synthetic polymer chains joined together by crosslinkers [41,42]. They have the ability to expand to many times their dry weight and hold up to 99% water or biological fluids. This three-dimensional (3D) hydrated porous network is often designed to absorb, release, or immobilize biological entities and can replicate the original tissue microenvironment [43]. Today, the use of these systems as drug delivery platforms has been reduced in many circumstances due to weak mechanical characteristics, relatively rapid drug release from the gel, and inefficient hydrophobic drug loading [44,45].



Various types of nanoparticles, including metal and metal oxide nanoparticles (silver, gold, iron oxide), inorganic/ceramic nanoparticles (hydroxyapatite, silica, silicates, calcium phosphate), polymeric nanoparticles (hyperbranched polyesters, cyclodextrins, etc.), and carbon-based nanomaterials (carbon nanotubes (CNTs) and graphene) are mixed with polymer networks to construct reinforced polymer hydrogels and build nanocomposites with specific physical characteristics and functions [46,47]. Lai et al. prepared an unmodified cellulose nanocrystal (CNC)-based ink for making 3D-printed strain sensors and obtained highly stretchable and mechanically stable sensors. However, they could not achieve transparency. Hence, they added acrylic acid, 3-dimethyl (methacryloyloxyethyl) ammonium propane sulfonate (DMAPS) into CNCs and obtained a highly transparent (Figure 7) sensor without compromising the mechanical and stretchable properties [48].



The nature of the nanoparticles incorporated into the hydrogel governs the kind of stimuli that may be utilized to release the drugs under the optimal conditions and also enhances transport to different sections of the body, allows for the administration of hydrophobic pharmaceuticals, or is responsible for multistimuli-response systems [49]. Furthermore, certain properties are improved in the nanocomposite hydrogel, including mechanical properties, adhesion to surfaces, and the ability to produce microfabricated structures [39,50].




2.5. Conducting Hydrogel


Electrically conductive hydrogels (ECoHs) are promising prospects for bioelectronic applications such as drug delivery systems in skin and muscle and monitoring the heart and neurons [51]. Due to their mechanical characteristics, bioactivity, water retention, and other extracellular matrix-like features, ECoHs have been at the forefront of developing smart conductive biomaterials [52]. ECoHs have made it possible to minimize property mismatch at bioelectronic interfaces, which is difficult to achieve on a conventional electronic interface [53]. In addition to the innovation of novel hydrogel systems, 3D printing of such ECoHs is one of the most sophisticated methods for swiftly fabricating future biomedical devices and implants with flexible designs and customizable functionality.



Bioplotting, light-based techniques, and inkjet printing are examples of basic 3D printing concepts. Conductive hydrogels are deposited through a nozzle onto a substrate of interest (e.g., a tissue culture well plate) in 3D bioplotting. A major problem is ensuring the dimensional stability of the printed structures, which can be done, for example, by recovering the previously sheared hydrogel or immediately crosslinking the printed structure after printing [54]. Jacus et al. fabricated ECH nanocomposite structures (Figure 8) with superior electrical conductivity (875 S cm−1) and good biocompatibility with human mesenchymal stem cells [55]. A photoreactive hydrogel precursor is illuminated with either a moving UV light or laser beam or with a pattern projected onto the hydrogel precursor to induce curing in specific regions to form meshed patterned areas in light-based printing approaches such as stereolithography (SL/SLA), direct laser writing (DLW), or DLP. The precursor reservoir is frequently z-shifted to facilitate layer-by-layer deposition in the z-direction to generate 3D structures. Microvolumes of either conductive hydrogel are deposited onto a printing stage using inkjet printing by deforming a piezo element, resulting in the deposition of microscopic droplets [56].



With the growing quantity of literature, it is obvious that researchers have begun to recognize the benefits of and difficulties in 3D printing. The primary functionalization strategies for achieving electrical conductivity in hydrogels were given, and they were identified as composite approaches utilizing conductive particles. The primary uses of hydrogel materials in conjunction with 3D printing technology include flexible electronics, tissue engineering, and biosensors, as detailed in Table 1.




2.6. Photoresponsive Hydrogels


A polymeric network and a photoreactive moiety, generally a photochromic chromophore, make up photoresponsive hydrogels. They are intelligent hydrogels that may alter physically or chemically in response to an optical input. Photosensitive materials have three response modes. When the internal temperature of a gel meets a phase transition criterion, the gel produces a reaction. Photoresponsive molecules in temperature-sensitive materials transform light energy into thermal energy and raise the temperature of the substance [63]. To respond to light exposure, photosensitive molecules generate ionization inside a gel. When the gel is exposed to light, a huge number of ions are produced within it, disrupting the osmotic equilibrium, which is compensated for by water molecules and drifting ions. Photochromic molecules are inserted into the hydrogel material as pendant groups or crosslinkers on the polymer backbone. Because of their light sensitivity, these chromophores’ physicochemical characteristics, such as dipole moment and geometric structure, as well as the form, structure, and properties of the macroscopic hydrogel, are affected by swelling and contraction [64]. Wang et al. constructed mechanically stable multilayer hydroxylbutyl chitosan (HBC) hydrogel scaffolds by a 3D printing process. After scaffold preparation, different NaCl concentrations were used to determine the swelling efficacy of the HBC scaffold (Figure 9). From the investigation, they observed that the scaffold structure rapidly swelled and loosened its structure with increasing NaCl concentration [65].



Natural or synthetic polymers must meet two criteria to be employed in hydrogels: a high molecular weight backbone or side chain with a significant number of hydrophilic groups and an acceptable crosslinked network structure. A monolithic water-soluble or oil-soluble monomer, a polymeric natural or synthetic polymer, or a combination of a monomer and a polymer can be used to make the smart hydrogel material. Photochemical reactions that govern spatial, temporal, and dosage control may be achieved utilizing biophysical and chemical signals, providing strong tools for simulating the complex milieu of the ECM and regulating cell activity. Photochemical reactions now need the inclusion of a photoinitiator or the formation of organic byproducts during photolysis, potentially bringing biotoxicity into the 3D cell microenvironment [66].



De Forest and colleagues reported a reversible technique that linked thiol-ene photocoupling with the photodegradation of an o-nitrobenzyl group, allowing them to create better strategies for stem cell culture, 3D cell culture tests, and tissue regeneration [67]. Ma and his team fabricated a light-sensitive hydrogel microsphere based on cyclodextrin and azobenzene host-guest interactions. To enhance the number of cells cultivated on a surface, the photosensitive hydrogel was made of PEG-crosslinked poly (methyl vinyl ether-alt-maleic acid) and cyclodextrin (PMVE-alt-MAH—CD) linked to azobenzene arginine glycine aspartate (azo-RGD) through host-guest interactions. When exposed to UV light, the azo-RGD separated from the hydrogel, resulting in a reduction in the cell population [68].




2.7. Synthetic Hydrogels


Hydrogels are one of the key areas of study for biomaterials research and have a three-dimensional polymer network. Due to the presence of hydrophilic groups in their structure, they have the ability to absorb significant volumes of water or biological fluid in the body. Hydrogels can be categorized into two groups, natural hydrogels and synthetic hydrogels, depending on the kind of polymer used [41]. Natural polymers, including polysaccharides and their associated proteins, are frequently utilized as carriers for releasing chemical substances. Natural hydrogels, including alginate, collagen, gelatin, and fibrin, are utilized in clinical applications. Synthetic hydrogels are hydrophobic. They outperform natural hydrogels in terms of chemical composition and mechanical structure [69]. These polymers include PVA, PEG, and PAA and its derivatives. One of the most widely used synthetic hydrogenation polymers is PEG, which is employed in a variety of medicinal applications including medication administration, bone prostheses, tissue engineering, and wound dressings. Synthetic hydrogels are utilized for various medical applications due to their properties, such as resistance to protein adsorption, non-stimulation of the immune system, and biocompatibility [70].



Synthetic polymers are used to produce synthetic hydrogels. The polymerization of a monomer yields these man-made polymers, including polyethylene glycol (PEG), polyvinyl alcohol (PVA), polyethylene oxide (PEO), poly-N-isopropyl acrylamide (PNIPAM), poly-2-hydroxyethyl methacrylate (PHEMA), polyacrylamide (PAAM) and polyacrylic acid (PAA). Some, such as PAAM, are biocompatible and are stable and mechanically strong [71]. In 3D cell cultures, synthetic hydrogels may support different cell types structurally due to their strong mechanical properties. Due to their biocompatibility (adaptability and nontoxicity for live tissue), lack of immunogenicity, and stiffness, these PVA and PEG hydrogels are commonly utilized for 3D scaffolds [72].



According to Wilkinson et al., PVA hydrogels can replace albumin to promote the expansion of murine hematopoietic stem cells (mHSCs) [73]. Growth factor-infused PVA hydrogels have been shown to increase the pace at which mouse spermatogonia stem cells (mSCCs) differentiate into meiotic and postmeiotic cells [74]. Additionally, in 3D cultures using cell plates coated with PVA-hydrogels, a number of human glioma cell lines, including LN299, U87MG, and Gli36, may create tumor spheroids [75]. The 3D cultivation of human pancreatic cancer cell lines (Sui67 and Sui72) and human breast cancer Hs578T cells with PVA hydrogels produced results that were comparable. This finding demonstrates that PVA hydrogels can inhibit cancer cell apoptosis and stimulate cancer cell growth [76].



Both natural and synthetic hydrogels have demonstrated several benefits in 3D cell cultures, but they also have certain drawbacks. While manufactured hydrogels are physiologically inert and devoid of endogenous components, natural hydrogels have a quick breakdown, weak stability, and low mechanical strength. Natural and synthetic polymers are combined to create semisynthetic hydrogels. In 3D cell cultures, the combination reduces the drawbacks of natural and synthetic hydrogels. The chemical and physical characteristics of synthetic polymers may be easily changed. The most competitive materials for the manufacture of intelligent hydrogels for drug administration are synthetic hydrophilic and biodegradable polymers. Smart hydrogels are enhanced by these synthetic polymers to have low toxicity, minimal side effects, and minimal blood material adherence. Low blood material adherence can decrease the impact of opsonization and lessen phagocyte clearance [77].



Limitations


The main drawback of synthetic hydrogels includes a lack of cell-specific bioactivities, such as cell adhesion, migration, and cell-mediated biodegradation. One of the drawbacks of 3DP is that the pore diameters of manufactured scaffolds rely on the powder size of the stock material. As a result, the range of pore sizes is restricted to lower pore values dispersed across the scaffold. Prior to the creation of the scaffold, porogens (of predetermined sizes) can be mixed into the powder to produce pores of a wider range of sizes. However, partial leaching is occasionally observed, leading to incomplete elimination of the porogens. The mechanical properties and accuracy of 3DP-fabricated scaffolds are other considerations that need to be addressed [78].






3. 3D Printing Process


3.1. Inkjet Laser 3D Printing


Droplet-based bioprinting uses acoustic, thermal, or electric fields to print bioink in a layer-by-layer approach (Figure 10). This bioprinting method can be further classified into four types, namely, inkjet printing, acoustic printing, microvalve printing, and electrohydrodynamic printing [1]. Inkjet printing had its origin in the 1950s with the invention of the inkjet device by Elmqvist of Siemens [79]. This noncontact process involves dispensing the bioink that contains cells along with growth factors onto a substrate [80]. This technology is highly used compared to others because of the ease of use, adaptability, excellent control over the deposition pattern, and formation of heterogeneous cell constructs with defined positions [81,82]. It has been reported that bioink with a viscosity of less than 10 mPa/s can only be produced using this method. Inkjet printing can be further classified into three working modes: continuous inkjet bioprinting, electrohydrodynamic jet bioprinting, and drop-on-demand bioprinting [83]. Low-viscosity bioink passes through the nozzle and flows as droplets in continuous inkjet bioprinting. Drop-on-demand bioprinting involves droplets of bioink flowing out of the nozzle with the help of piezoelectric or thermal actuators [84]. Thermal drop-on-demand-based bioprinting employs heat, whereas piezoelectric-based bioprinting employs acoustic pulses generated when electric stimuli are applied to a piezoelectric material for the ejection of bioink [85]. The droplet size can be regulated between 1 and 300 pL and the deposition rate can range between 1 and 10,000 droplets per second [86]. The main advantages of inkjet-based bioprinting are its capacity to regulate droplet size, homogeneity, and directionality, as well as its faster printing rate and affordability [87].



Challenges


The main problem with inkjet-based bioprinting is nonuniform droplet formation, deposition location that is not accurate, and cell activities damaged by heat. Another main hindrance to using this method is the requirement for low-viscosity bioinks [88]. Limitations in software and hardware also prevent the usage of diverse cell types. Recurrent nozzle clogging prevents the use of heterogenous bioinks. Printing height and cell viability greater than 85% are also challenges faced during inkjet bioprinting [89].





3.2. Extrusion-Based 3D Printing


Crump was the first to introduce extrusion-based bioprinting [90]. This method makes use of mechanical or pneumatic potential energy to extrude the bioink through a nozzle in cylindrical filaments (Figure 11). It is likely to be the most extensively used 3D bioprinting technology because of its excellent flexibility to accommodate a wide range of fluids with viscosities of between 30 mPa s−1 and about 6 × 107 mPa s−1 [91]. This technique delivers higher cell densities than inkjet bioprinting but at a lower speed and resolution [92]. The mechanism behind the printing process is based on the continuous application of air pressure, which causes the bioink to be extruded as an uninterrupted cylindrical filament from the needle head or nozzle [93]. Pneumatic-based extrusion, piston-based extrusion, and screw-based extrusion are the three categories of extrusion techniques based on the extrusion mechanism [94]. Pneumatic-based extrusion is based on air pressure and the remaining two modes are mechanically based [95]. The extrusion rate can be easily altered in pneumatic-based extrusion systems and it is highly preferred for low-viscosity solutions [96]. High-viscosity bioinks can be easily extruded using piston-based extrusion and the rate of extrusion can be altered by controlling the movement of the motor [97]. In screw-based extrusion systems, the raw material is put into the cartridge and pushed by a motor-driven auger screw, and the ink emerges via the extrusion nozzle [96]. The main advantages of this method are that it is simple and affordable. In addition, a wide range of materials can be printed and required hardware and software upgrades can be performed very easily [98].



Challenges


The main drawback of extrusion-based bioprinting is that it can be employed only for viscous liquids. The printing speed and resolution are also very slow when compared to other bioprinting methods. In addition, nozzle clogging can disrupt the formation of the 3D structure [99].





3.3. Digital Light Processing (DLP) 3D Printing


DLP 3D printing is a light curing-based method that creates a pattern of light using a digital micromirror device (DMD) and helps to create complex features [100]. This method employs photocurable resins that are appealing among the many 3D printing techniques (Figure 12), and it is utilized to construct a single layer of the 3D structure by spatially controlled solidification using a projector lamp (mostly UV or blue light). Photocurable resins are unsaturated polyesters that solidify upon exposure to light. The properties of the printed structure can be altered by varying the photocurable resin [101,102]. It is possible to produce a vast variety of systems for the construction of scaffolds with complex characteristics and functions [103]. The DMD array receives incident light from the lamp. The orientation of each individual mirror is adjusted by a graphical processing unit (GPU) by reading the input digital mask and applying a potential to the DMD array via a controller. The DMD array reflects light, and the intensity of that light in the projection direction depends on the orientation of the mirrors [104,105]. The DMD is also referred to as the dynamic mask that helps in the projection of light [86]. The resolution is usually dependent on the light source and offers higher accuracy compared to other types of bioprinters [106]. The main advantages of this method include high print speed and high precision, and the fact that it can be used for various applications [107].



Challenges


The main drawback of DLP-based printing is that it can only print small objects. In addition, the printer is very expensive since the technology is proprietary [108]. Due to the high precision of DLP 3D printing technology and the fact that it can only print small-scale models, it is highly utilized in the dental and jewelry casting industries [109].





3.4. Stereolithography (SLA) 3D Printing


Stereolithography (SLA)-based 3D printing (Figure 13) is a light-curing method that utilizes a laser that moves automatically [110]. A photosensitive resin is used, and this is the only photocuring method that can be used to print large objects since the laser beam can pass through large spaces [108]. One of the main components of the stereolithography process is the photocrosslinking reaction where the photo-initiators break down to form free radicals and start the reaction [111]. UV light is projected based on the structure to be printed onto the surface of the bioink. This method is used to print intricate structural designs and takes the same amount of time and has a high level of accuracy compared to other printing methods [110]. The illumination source has an effect on the resolution as well as the accuracy of the objects to be printed. The mechanical properties can be varied by altering the source of light [112]. The 3D model to be printed is sliced into 2D images. The bioink is printed up to the desired thickness. The 2D stack image given in the input acts as the mask and is projected into the bioink, thereby initiating the curing process [113]. The main advantages of this method include multi-scalability, very high resolution, and quick printing of extremely complex scaffolds. The printer is very easy to use and control and thus highly preferred [114]. Table 2 presents a comparison of different 3D printing techniques.



Challenges


One of the major disadvantages of this printing process is the poor printing rate because of its dependency on the curing rate. The printing rate decreases as the size of the printed object increases [115]. The resolution in this technique is limited compared to other photocuring methods since the size of the laser beam spot depends on the laser source [116]. In some cases, 3D structures printed through the SLA method are toxic to cells by reducing the viability of the cells [117].
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Table 2. Comparison of different 3D printing techniques.






Table 2. Comparison of different 3D printing techniques.





	Process
	Advantages
	Disadvantages
	Resolution
	Cost
	Speed
	Viscosity
	Ref.





	Inkjet
	Capacity to regulate the droplet size, Homogeneity, Directionality as well as its faster printing rate, Affordability, Low cost
	Nozzle clogging, Non-uniform deposition, Viability of the cells should be greater than 85%
	50 μm
	Low
	Slow
	Less than 10 mPa/s
	[91,116,118]



	Extrusion
	Simple, Affordable, Wide range of materials can be printed
	Viscous liquids are needed, Printing speed is low, Cell viability is low
	100 μm
	Medium
	Fast compared to inkjet printing
	30 mPa/s to 6 × 107 mPa/s
	[91,117,119]



	Digital light processing
	High print speed, High precision, High Resolution
	Only small objects can be printed, Cost is high compared to other printing methods
	20–200 μm
	Very expensive

Process
	Speed varies according to the source of the laser beam and the size of the model to be printed
	Nil
	[117,118,119,120]



	Stereolithography
	No nozzle required.

High accuracy

Easily print complex structures
	Resolution is limited,

Cell toxicity, Reduced printing rate
	100 μm
	Low
	Speed varies according to the curing rate and size of the object to be printed
	1 to 300 mPa/s
	[45,91,119]











4. Applications of Hydrogels in 3D Printing


Three-dimensional (3D) printing technology based on hydrogels has evolved as a viable treatment alternative for bone and joint injury, and its full potential is just now being realized. The bulk of the healing properties of existing repair materials are present in 3D-printed hydrogel materials, but they also offer outstanding ductility, hydrophilicity, and histocompatibility. Therefore, hydrogels have tremendous potential for repairing bone and joint tissue, fighting infection, and even treating tumors due to their unique benefits [121].



Bone has different qualities to cartilage and so has different needs for 3D-printed hydrogel materials, including certain higher-level functions and features [122]. For example, 3D-printed hydrogels must be stronger and harder than cartilage in order to heal and regenerate bone tissue [123]. In addition, 3D-printed hydrogels must have the mechanical strength to preserve not only human mechanics but also the mechanical stability of the 3D-printed structure itself [124]. Angiogenesis in bone tissue is more essential than in cartilage tissue [125]. The bone tissue structure is complicated, consisting mostly of diverse skeletal cells and interconnected blood arteries. Blood arteries provide the oxygen and nourishment that bone tissue cells require. As a result, pro-angiogenic characteristics of bone tissue are required for 3D-printed hydrogels.



Currently, 3D-printed hydrogels play an important role in the medical research field. Hydrogels are primarily used in drug delivery and nerve damage repair. Nerve guidance conduits (NGCs) can connect the proximal and distal ends of defective nerves. The ideal NGC has sufficient mechanical strength and is electrically conductive and biocompatible [126]. In recent years, 3D-printed hydrogels derived from natural and synthetic materials (alginate, agarose, chitosan, degradable polyurethane, etc.) have been increasingly used to serve as nerve guidance conduits, which are the major advantages in the biomedical industry. The extrusion printing method has been widely used in fabricating 3D hydrogel structures because of its unique property of being mechanically stable and producing complex shapes [127]. Johnson et al. synthesized 3D-printed static nerve hydrogels for making sensory and moto branch structures using extrusion printing technology [128]. Cui et al. developed bilayer PU/CoINGC by the FDM technique to make the outer portion of NGCs with a highly oriented fiber structure [129]. Similarly, Hu acquired human sciatic nerve data using magnetic resonance imaging and produced customized methacrylate gelatin NGC for mimicking human sciatic nerves [130]. Zhu et al. synthesized conductive catheters for vascular regeneration and peripheral nerve growth applications [131].



Currently, 3D-printed hydrogels are one of the most common materials for bone tissue growth, and their antibacterial and anti-infective capabilities are outstanding. Furthermore, research into the antibacterial characteristics of hydrogels is currently one of the most prominent study areas. Infection and inflammation cause a major amount of articular cartilage and bone loss, and infection can cause irreparable injury to bones and joints. Other causes of osteoarthritis damage, such as external mechanical stress, can result in secondary infections. The problem of infection will continue throughout the process of rebuilding and repairing bones and joints since there are several medical procedures, such as cartilage and bone repair and reconstruction, and because the implants themselves can lead to infection. Hydrogel materials are currently being researched to study their antibacterial potential and anti-infective qualities [132].



Antimicrobial metal ion nanoparticles such as Ag, Cu, and other metal ions, and ZnO, NiO2, and other metal oxides have been incorporated into hydrogel materials. Hydrogel materials that contain antibiotics and antimicrobial agents are primarily mixed with hydrogel and covered in the hydrogel material, relying on the hydrogel’s liquid behavior to be released at the appropriate time to play antibacterial and anti-infective roles [133]. While hydrogel materials that contain antibacterial and anti-infective properties are uncommon, they have clear advantages; they are bactericidal and effective, with no hazardous side effects.



4.1. Limitations


In addition to the range of hydrogel characteristics and the mechanical strength of hydrogels, there are a few more issues to consider. Hydrogel mechanical strength consists of compressive strength, tensile characteristics, and shear thinning capabilities. To begin, the 3D-printed hydrogel bio-skeleton should be able to maintain its own shape and structure while also resisting external stresses. Furthermore, the hydrogel may be stretched and pulled during the 3D printing process, and the ductility of the material with compressibility may be less than optimal. A hydrogel material with significant and comprehensive capacities to deal with varied experimental and clinical conditions is required for practical clinical applications [121].



It is also important to highlight the previously mentioned sterility and antibacterial capacity. Adding metallic or antibiotic substances that are also antimicrobial to hydrogel materials is the primary strategy for addressing the antimicrobial problem. However, because these substances are added, they also have the same long-term release and even distribution issues as the cytokines mentioned earlier. We must assure the sterility of the 3D-printed hydrogel material throughout the process, not just in the experimental setting, in addition to its antibacterial qualities. To ensure the sterility of the 3D-printed implant material, the process flow of the manufacture and the surgical self-contained complete procedure must be designed according to the unique features of the hydrogel for practical applications [134].




4.2. Maxillofacial and Craniofacial Applications


Craniofacial tissues are organized in a sophisticated 3D architecture that comprises facial and cranial bones that give structural support and projection for the soft tissues that lie beneath. These bones are generated by either intramembranous or endochondral ossification and have an inorganic/organic matrix. Mature bone is osteonal, with Haversian systems characterized by concentric matrix lamellae with osteocytic lacunae. The cartilaginous component, however, is made up of chondroblasts and chondrocytes [135,136].



Modern 3D bioprinters can produce very accurate bespoke bone and cartilaginous scaffolds based on individual abnormalities. The high incidence of bone loss due to trauma, osteoporosis, tumors, etc., renders bone to be one of the most frequently transplanted tissues other than cartilage [137]. For such replacements to be successful, these substitutes must use biomaterials including bioceramics, polymers, their composites, and hydrogels that are biocompatible, printable, osteoconductive, osteoinductive, and have equivalent mechanical characteristics [138]. Bioceramic scaffolds implanted in load-bearing parts of the craniofacial region were shown by Saijo and colleagues to be too brittle for implantation. HA/TCP composite scaffolds lacked strength and dimensional stability, especially in maxilla-mandibular deformities [139].



Polymers are the preferred material for bioprinting craniofacial tissues due to their superior printability and effective osteogenesis stimulation. However, they lack the necessary rigidity and show poor cellular contact. Despite being highly popular in the past, PLA and PGA (Polyglycolic acid) are rarely the materials of choice for bone scaffolds because of their low compressive strength and osteoconductivity. Copolymer PLGA, however, was discovered to have outstanding osteoconductivity and superior mechanical characteristics [140]. The Young’s modulus obtained resembles that of real bone. As sought for load-bearing bone and craniofacial implants, high-performance polymers such as polyaryletherketones (PEAKs) are becoming more and more attractive as alternatives for craniofacial tissue. In terms of mechanical strength and biocompatibility, Polyetherketoneketone (PEKK) performs more admirably than other members of the PEAK family. Using PEKK in SLS bioprinters, Adamzyk and colleagues created implants for a model of a craniofacial bone deformity. The resulting structures showed increased biocompatibility, mechanical strength, and osseointegration that was noticeable in vivo. Lin et al. reported similar results using mesenchymal stem cells generated from TMJ synovial fluid [141,142]. A short summary of different bioprinting techniques is displayed in Table 3.



Limitations


The principal challenges with this approach may be divided into three categories: material, manufacturing, and vascularity. The selection of the proper biomaterial is the most critical step for the successful bioprinting of therapeutically relevant tissue structures. Many conventional biomaterials are physiologically active enough to generate undesired cellular interactions, resulting in premature or undesirable stem cell development [143]. Despite their non-structural similarities to real tissue and similarity in ECM and other components, the new biopolymers and hydrogels lack structural integrity and are unsuitable for standard bioprinting techniques [144]. As a result, it is advised to mix two distinct biomaterials to maximize their benefits and obtain a hard scaffold with greater mechanical qualities, as well as a softer substance with better proliferative and cytocompatible effects on the build. The lengthy time needed for bioprinting, the challenge of reliably supplying the number of cells needed for tissue regeneration, changes in cellular form, and even cell death are further drawbacks. As a result, the total efficiency of the bioprinting process must be increased [145]. The formulation of vasculature required for tissue life is the other major hurdle in bioprinting functioning tissues. In vivo tissue development beyond 100–200 m requires a vascular network since oxygen can only diffuse within this limit [146]. In the absence of vasculature, freshly produced tissue constructions are deprived of nutrition, resulting in incomplete tissue development or necrosis. It is worth noting that the vasculature must form at an early embryonic stage to prevent tissue death and allow endothelial adhesion and proliferation. Later, the vasculature must take up all of the activities that occur during normal development, such as maintaining a selective barrier for waste materials, inflammatory processes, coagulation, and other homeostatic functions [147].
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	Material
	3D Printing Method
	Cells Used
	Bioprinting Parameters
	Ref.





	Sodium alginate
	Inkjet printing
	3T3 mouse fibroblasts
	Nozzle orifice diameter: 120 μm Voltage: 45 V Crosslinker: 2% CaCl2
	[148]



	Fibrin
	Inkjet printing
	Human microvascular endothelial cells
	Droplet volume: 130 pL Post-printing: Incubated at 37 °C
	[149]



	Polycaprolactone+ Pluronic F127
	Inkjet printing
	Chondrocytes
	Post printing: 0.25 MCaCl2
	[150]



	Alginate+ Gelatin
	Inkjet printing
	HL1 cardiac muscle cells
	DC power supply: 4 V Crosslinker: CaCl2
	[151]



	Alginate+ Calcium deficient hydroxyapatite
	Extrusion printing
	Mouse osteoblasts
	Nozzle diameter: 300 to 700 μm Crosslinker: 2.5% CaCl2
	[152]



	Oxidized methacrylated alginate
	Extrusion printing
	Human mesenchymal stem cells
	Nozzle size: 20 G Cross linker: CaCl2
	[153]



	κ-Carrageenan/PVA
	Extrusion printing
	3T3 mouse fibroblasts
	Physical crosslinking Printing speed: 2 to 7 mm/sec
	[154]



	Hyaluronic acid
	Extrusion printing
	3T3 mouse fibroblasts
	Nozzle size: 25 G Extrusion flux: 0.33 mL/h Speed: 1.5 mm/sec
	[155]



	Silk fibroin
	Digital light processing
	3T3 mouse fibroblasts
	Photoinitiator: LAP Digital micromirror device resolution: 30 μm Printing thickness: 50 μm
	[100]



	Glycidal methacrylate-hyaluronic acid+ Gelatin methacrylate
	Digital light processing
	Human induced pluripotent stem cells-hepatocytes
	Photoinitiator: LAP UV Source: 365 nm
	[156]



	Multiwalled Carbon nanotubes
	Digital light processing
	NA
	Photocurable resin: Acrylic resin- Are3d-dlp405
	[157]



	Poly (ethylene glycol) diacrylate+ Gelatin methacrylate
	Stereolithography
	3T3 mouse fibroblasts
	Ultraviolet laser source
	[158]



	Gelatin methacrylate+ nanohydroxyapatite
	Stereolithography
	Fetal osteoblasts and human mesenchymal stem cells
	UV laser source 200 μm diameter laser beam 5 mm/s printing speed.
	[159]



	Gelatin methacrylate+ graphene nanoplatelets
	Stereolithography
	Marrow-derived stem cells
	UV laser source
	[118]







LAP: Lithium phenyl-2,4,6-trimethylbenzoylphosphinate; NA: Not applicable.













4.3. Wearable Sensor Applications


Wearable sensor technology is of interest, especially for health monitoring as well as gesture control machines. Physical motion in the body leads to strain-sensing impulses, which leads to further conversion into electrical signals for effective sensing. For instance, Cui et al. demonstrated okara cellulose-based hydrogels that act as an effective transducer for motion sensing [160].



The doping of conductive ions with cellulosic fiber is an important area of electrical conductance for motion and transducer detection. Acrylic acid crosslinked allyl cellulose with the addition of urea, sodium hydroxide, and ammonium persulfate has been tested successfully and performed well even after 1000 cycles with varying electrical inputs [161].




4.4. Hydrogels for Humidity Sensors


A variety of hydrogels have been used as humidity sensors, wherein, the hydrogels are used to swell the sensor, resulting in changes in reflectance, optical path length, or easy ionic transportation, which improves the detection accuracy. The swelling behavior of the hydrogel leads to changes in the signal, which is subsequently reflected in the humidity-sensing recorder [162]. The changes in moisture in the surrounding environment absorbed by the hydrogel coating affect the refractive index, which leads to changes in the wavelength shift; therefore, humidity can be quantified with a relative precision of ±2.3% [162]. Furthermore, the accuracy of humidity sensing is dependent on the thickness of the coating. Buchberger et al. deposited poly (hydroxylmethyl methacrylate) on a sapphire substrate using the chemical vapor deposition (CVD) method with various film thicknesses to determine the variation in the relative humidity (RH) value with varying thickness (Figure 14). From their observations, they stated that changes in film thickness and optical light reflectance play a key role in determining RH values [163].




4.5. 3D Hydrogels for Water Purification


Some toxic chemical compounds lead to water pollution, thereby causing adverse effects not only on living things but also on the biological community [166]. Heavy metals present in their ionic forms are one of the major contaminants in water. According to Srivastava et al., more than 40 elements are considered heavy metals in water. Because of their persistence and toxic properties, heavy metals are receiving considerable attention among scientists, community activists, and government sectors. To remove water contaminants, various steps have been taken by researchers to protect the environment [167]. After a sufficient literature survey, we found that the adsorption method has received more extensive attention for effective water purification compared to physical and chemical methods.



To improve water purification efficiency, 3D hydrogels are used to remove heavy metal elements from contaminated water as well as other purification processes. Carboxymethyl cellulose (CMC) is one of the most common polymers used in water purification systems. Yang et al. successfully synthesized hydrogel beads by an inversion crosslinking method using an ECH crosslinking system [168]. The absorption capabilities of the hydrogels were tested with heavy metal ions such as Pb2+, Cu2+, and Ni2+. The results revealed that the absorption efficiency was dependent on the formation of coordination bonds with oxygen in its carboxyl group. The formed hydrogel beads exhibited higher absorption efficiency of Pb2+, Cu2+, and Ni2+.



Chitosan-based hydrogels (CSs) are tremendously used in environmental biotechnology due to their high absorption rate of heavy metals as well as cost-effectiveness. CS hydrogel beads are effectively used for heavy metal removal in industrial wastewater treatment [169]. Zhao and Mitomo blended CS with high concentrations of CMC (carboxy methyl cellulose) and synthesized a novel chitosan-based hydrogel called CMC-CS using irradiation-based crosslinking systems [170]. From the investigation, they stated that the adsorption capacity was improved by blending CS into the CMC system. Additionally, CS in addition to PVA showed strong adsorption behavior against lead [171]. Interestingly, they observed that effective lead absorption was strongly based on pH conditions and that the adsorption mechanism was based on ion exchange, complexation, and electrostatic interactions. During the electrostatic condition, the hydrogels follow the ȝ-potential.




4.6. Hydrogels for Smart Packaging Systems


The choice of material in the food packaging sector has always been a great concern. Food packaging can limit the loss of nutrition and flavor and extend the durability of food. Olden packaging systems using polymers are quite controversial due to their low degradability and toxicity to the environment [172]. Modern 3D hydrogel-based food packaging shows prominent results in its antimicrobial property and moisture barrier properties. Hydrogel-based materials used for food packaging systems exhibit several intrinsic characteristics such as (i) decreased water interaction with food and avoidance of food spoilage and bacterial invasion; (ii) prevention of moisture from dry fruits; (iii) adequate mechanical strength to maintain the structural integrity of the food; (iv) cost-effectiveness and ease of production; and (v) biodegradability to minimize environmental pollution [173].



Chitosan (CH) possesses excellent antioxidant and antimicrobial properties; thus, CH films have made significant contributions to food packaging industries. CH-based hydrogels are commonly used to preserve meat, fruits, and vegetables [174]. Roy et al. prepared PVP-blended carboxymethyl chitosan (CMCH) hydrogels and used them as packaging material for vegetables and fruits [175]. El-Mekawy et al. synthesized chemically crosslinked CH-based hydrogel films and achieved noteworthy properties such as flexibility, biodegradability, and softness for preserving meat [176]. From the investigation, they stated that CH-based hydrogels inhibited meat oxidation until 7 days and improved the shelf life of the meat. In addition, several researchers have found that CMCH-based hydrogels exhibited potent antimicrobial activity against Staphylococcus sp., Pseudomonas sp., molds, lactic acid, and yeasts, and were used in packaged raw beef as well as significantly increasing the shelf life of the food. Bandyopadhyay et al. developed a bacterial cellulose and guar gum-incorporated PVP-CMCH hydrogel film for blueberry packaging. From their investigation, they observed that the hydrogels kept blueberries fresh for 15 days. Moreover, the developed hydrogel film exhibited good degradability and showed 80% degradability within 28 days [177]. Based on the detailed investigation, CH-based hydrogels are a promising candidate for intelligent packaging systems.





5. Conclusions and Future Directions


Modern 3D hydrogels are promising materials for a variety of applications in numerous fields, including biosensors, drug delivery, and the food packaging sector, due to their embedding ability, stimuli response, water retaining property, biocompatibility, and nontoxicity. Bioprinting with 3D hydrogels has the virtue of high resolution of the input cells. Significant potential exists for employing this method in developing bioprinting technologies to print blood vessels, hearts, bones, cartilage, kidneys, skin, nerves, and other tissues. Molecules such as DNA can also be successfully printed, enabling research into the development and therapy of cancer. CH-based hydrogels are promising materials for food packaging systems. However, some challenges are recognized that should be addressed. There is still a need for further research and development on hydrogel material precursors, crosslinking and hydrogel-forming mechanisms, printability, printing parameters, features (mechanical, physics, biological, chemical), functionality, and applications—all for optimum 3D printing. Stimuli-based (pH and temperature) hydrogels in biosensor applications are relatively scarce, wherein creating a composite indicator is highly challenging (ripe/freshness indicator) and this needs to be focused on for better efficiency. Additionally, other indicators, such as microorganism indicators, leak indicators, and gas indicators using hydrogels, are quite limited. Therefore, the development of materials using hydrogels in these aspects is inevitable. Food packaging with QR codes or barcodes, which comprises the history of food, is of great interest. Hydrogels play an extensive role in improving the shelf life of food. The use of smart food packaging using hydrogels is still in the experimental stage and requires appropriate raw materials, repeated use rates, sensitivity, etc., for industrialization. Hydrogel-based 3D-printed tablets are used in heavy metal remediation. In particular, 3D-printed tripolymers, gelatin, sodium alginate, and PEI provide excellent activity in capturing heavy metals such as nickel, cadmium, cobalt, and lead.



The large-scale production of 3D-printed hydrogels in the holistic approach of bioremediation is quite challenging in the present scenario and needs further improvement. From the overall investigation, the present review concludes that a novel and easy hydrogel approach could help to fabricate inexpensive systems for wide applications.







Author Contributions


Conceptualization, G.S.K. and D.K.S.; methodology, G.S.K. and A.D.; software, D.K.S. and K.K.A.M.; validation, K.K.A.M., A.D. and G.S.K.; investigation, D.K.S. and G.S.K.; writing—original draft preparation, G.S.K. and D.K.S.; writing—review and editing, A.D. and K.K.A.M.; supervision, G.S.K. All authors have read and agreed to the published version of the manuscript.




Funding


This project has received financing from the Horizon 2020 research and innovation initiative of the European Union under grant agreement No 739566. This study and work were also produced as part of the Center for Functional and Surface Functionalized Glass (CEGLASS) project, which is financed in part by the European Regional Development Fund and has the ITMS number 313011R453.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors (G.S.K., D.K.S.) thank the management of the Sathyabama Institute of Science and Technology, Chennai for their support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wichterle, O.; Lím, D. Hydrophilic Gels for Biological Use. Nature 1960, 185, 117–118. [Google Scholar] [CrossRef]

	



Chen, Q.; Chen, H.; Zhu, L.; Zheng, J. Fundamentals of Double Network Hydrogels. J. Mater. Chem. B 2015, 3, 3654–3676. [Google Scholar] [CrossRef] [PubMed]

	



Nakajima, T.; Fukuda, Y.; Kurokawa, T.; Sakai, T.; Chung, U.I.; Gong, J.P. Synthesis and Fracture Process Analysis of Double Network Hydrogels with a Well-Defined First Network. ACS Macro Lett. 2013, 2, 518–521. [Google Scholar] [CrossRef] [PubMed]

	



Gu, Z.; Huang, K.; Luo, Y.; Zhang, L.; Kuang, T.; Chen, Z.; Liao, G. Double Network Hydrogel for Tissue Engineering. WIREs Nanomed. Nanobiotechnol. 2018, 10, e1520. [Google Scholar] [CrossRef]

	



Lubna, M.M.; Salem, K.S.; Sarker, M.; Khan, M.A. Modification of Thermo-Mechanical Properties of Recycled PET by Vinyl Acetate (VAc) Monomer Grafting Using Gamma Irradiation. J. Polym. Environ. 2018, 26, 83–90. [Google Scholar] [CrossRef]

	



Dhanjai; Sinha, A.; Kalambate, P.K.; Mugo, S.M.; Kamau, P.; Chen, J.; Jain, R. Polymer Hydrogel Interfaces in Electrochemical Sensing Strategies: A Review. TrAC Trends Anal. Chem. 2019, 118, 488–501. [Google Scholar] [CrossRef]

	



Sapuła, P.; Bialik-Wąs, K.; Malarz, K. Are Natural Compounds a Promising Alternative to Synthetic Cross-Linking Agents in the Preparation of Hydrogels? Pharmaceutics 2023, 15, 253. [Google Scholar] [CrossRef]

	



Jian, M.; Zhang, Y.; Liu, Z. Natural Biopolymers for Flexible Sensing and Energy Devices. Chin. J. Polym. Sci. 2020, 38, 459–490. [Google Scholar] [CrossRef]

	



Yang, J.; Bai, R.; Chen, B.; Suo, Z. Hydrogel Adhesion: A Supramolecular Synergy of Chemistry, Topology, and Mechanics. Adv. Funct. Mater. 2020, 30, 1901693. [Google Scholar] [CrossRef]

	



Gerlach, G.; Guenther, M.; Sorber, J.; Suchaneck, G.; Arndt, K.F.; Richter, A. Chemical and PH Sensors Based on the Swelling Behavior of Hydrogels. In Proceedings of the Sensors and Actuators, B: Chemical; Elsevier: Amsterdam, The Netherlands, 2005; Volumes 111–112, pp. 555–561. [Google Scholar]

	



Yu, L.; Petinakis, S.; Dean, K.; Bilyk, A.; Wu, D. Green Polymeric Blends and Composites from Renewable Resources. Macromol. Symp. 2007, 249–250, 535–539. [Google Scholar] [CrossRef]

	



Kabiri, R.; Namazi, H. Nanocrystalline Cellulose Acetate (NCCA)/Graphene Oxide (GO) Nanocomposites with Enhanced Mechanical Properties and Barrier against Water Vapor. Cellulose 2014, 21, 3527–3539. [Google Scholar] [CrossRef]

	



Nascimento, D.M.; Nunes, Y.L.; Figueirêdo, M.C.B.; de Azeredo, H.M.C.; Aouada, F.A.; Feitosa, J.P.A.; Rosa, M.F.; Dufresne, A. Nanocellulose Nanocomposite Hydrogels: Technological and Environmental Issues. Green Chem. 2018, 20, 2428–2448. [Google Scholar] [CrossRef]

	



De France, K.J.; Hoare, T.; Cranston, E.D. Review of Hydrogels and Aerogels Containing Nanocellulose. Chem. Mater. 2017, 29, 4609–4631. [Google Scholar] [CrossRef]

	



Agate, S.; Joyce, M.; Lucia, L.; Pal, L. Cellulose and Nanocellulose-Based Flexible-Hybrid Printed Electronics and Conductive Composites—A Review. Carbohydr. Polym. 2018, 198, 249–260. [Google Scholar] [CrossRef] [PubMed]

	



Jing, X.; Li, H.; Mi, H.Y.; Liu, Y.J.; Feng, P.Y.; Tan, Y.M.; Turng, L.S. Highly Transparent, Stretchable, and Rapid Self-Healing Polyvinyl Alcohol/Cellulose Nanofibril Hydrogel Sensors for Sensitive Pressure Sensing and Human Motion Detection. Sens. Actuators B Chem. 2019, 295, 159–167. [Google Scholar] [CrossRef]

	



Zhang, H.; Sun, X.; Hubbe, M.; Pal, L. Flexible and Pressure-Responsive Sensors from Cellulose Fibers Coated with Multiwalled Carbon Nanotubes. ACS Appl. Electron. Mater. 2019, 1, 1179–1188. [Google Scholar] [CrossRef]

	



Zhou, Z.; Wang, Q. Two Emissive Cellulose Hydrogels for Detection of Nitrite Using Terbium Luminescence. Sens. Actuators B Chem. 2012, 173, 833–838. [Google Scholar] [CrossRef]

	



Huang, J.; Zhao, M.; Cai, Y.; Zimniewska, M.; Li, D.; Wei, Q. A Dual-Mode Wearable Sensor Based on Bacterial Cellulose Reinforced Hydrogels for Highly Sensitive Strain/Pressure Sensing. Adv. Electron. Mater. 2020, 6, 1900934. [Google Scholar] [CrossRef]

	



Huang, C.; Ye, Q.; Dong, J.; Li, L.; Wang, M.; Zhang, Y.; Zhang, Y.; Wang, X.; Wang, P.; Jiang, Q. Biofabrication of Natural Au/Bacterial Cellulose Hydrogel for Bone Tissue Regeneration via in-Situ Fermentation. Smart Mater. Med. 2023, 4, 1–14. [Google Scholar] [CrossRef]

	



Ismail, H.; Irani, M.; Ahmad, Z. Starch-Based Hydrogels: Present Status and Applications. Int. J. Polym. Mater. Polym. Biomater. 2013, 62, 411–420. [Google Scholar] [CrossRef]

	



Singh, B.; Sharma, D.K.; Gupta, A. In Vitro Release Dynamics of Thiram Fungicide from Starch and Poly(Methacrylic Acid)-Based Hydrogels. J. Hazard. Mater. 2008, 154, 278–286. [Google Scholar] [CrossRef] [PubMed]

	



Sharmeen, S.; Rahman, A.F.M.M.; Lubna, M.M.; Salem, K.S.; Islam, R.; Khan, M.A. Polyethylene Glycol Functionalized Carbon Nanotubes/Gelatin-Chitosan Nanocomposite: An Approach for Significant Drug Release. Bioact. Mater. 2018, 3, 236–244. [Google Scholar] [CrossRef] [PubMed]

	



Yadavalli, V.K.; Koh, W.G.; Lazur, G.J.; Pishko, M.v. Microfabricated Protein-Containing Poly(Ethylene Glycol) Hydrogel Arrays for Biosensing. Sens. Actuators B Chem. 2004, 97, 290–297. [Google Scholar] [CrossRef]

	



Russell, R.J.; Pishko, M.V.; Simonian, A.L.; Wild, J.R. Poly(Ethylene Glycol) Hydrogel-Encapsulated Fluorophore-Enzyme Conjugates for Direct Detection of Organophosphorus Neurotoxins. Anal. Chem. 1999, 71, 4909–4912. [Google Scholar] [CrossRef]

	



Yin, M.J.; Yin, Z.; Zhang, Y.; Zheng, Q.; Zhang, A.P. Micropatterned Elastic Ionic Polyacrylamide Hydrogel for Low-Voltage Capacitive and Organic Thin-Film Transistor Pressure Sensors. Nano Energy 2019, 58, 96–104. [Google Scholar] [CrossRef]

	



Hou, W.; Sheng, N.; Zhang, X.; Luan, Z.; Qi, P.; Lin, M.; Tan, Y.; Xia, Y.; Li, Y.; Sui, K. Design of Injectable Agar/NaCl/Polyacrylamide Ionic Hydrogels for High Performance Strain Sensors. Carbohydr. Polym. 2019, 211, 322–328. [Google Scholar] [CrossRef]

	



Lee, K.; Asher, S.A. Photonic Crystal Chemical Sensors: PH and Ionic Strength. J. Am. Chem. Soc. 2000, 122, 9534–9537. [Google Scholar] [CrossRef]

	



Jiménez, C.; Bartrol, J.; de Rooij, N.F.; Koudelka-Hep, M. Use of Photopolymerizable Membranes Based on Polyacrylamide Hydrogels for Enzymatic Microsensor Construction. Anal. Chim. Acta 1997, 351, 169–176. [Google Scholar] [CrossRef]

	



Jochum, F.D.; Theato, P. Temperature- and Light-Responsive Smart Polymer Materials. Chem. Soc. Rev. 2013, 42, 7468–7483. [Google Scholar] [CrossRef]

	



Filipcsei, G.; Fehér, J.; Zrínyi, M. Electric Field Sensitive Neutral Polymer Gels. J. Mol. Struct. 2000, 554, 109–117. [Google Scholar] [CrossRef]

	



Katsuno, C.; Konda, A.; Urayama, K.; Takigawa, T.; Kidowaki, M.; Ito, K. Pressure-Responsive Polymer Membranes of Slide-Ring Gels with Movable Cross-Links. Adv. Mater. 2013, 25, 4636–4640. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Singh, H.; Hatton, T.A.; Rutledge, G.C. Field-Responsive Superparamagnetic Composite Nanofibers by Electrospinning. Polymers 2004, 45, 5505–5514. [Google Scholar] [CrossRef]

	



Xu, M.M.; Liu, R.J.; Yan, Q. Biological Stimuli-Responsive Polymer Systems: Design, Construction and Controlled Self-Assembly. Chin. J. Polym. Sci. 2018, 36, 347–365. [Google Scholar] [CrossRef]

	



Tagliazucchi, M.; Azzaroni, O.; Szleifer, I. Responsive Polymers End-Tethered in Solid-State Nanochannels: When Nanoconfinement Really Matters. J. Am. Chem. Soc. 2010, 132, 12404–12411. [Google Scholar] [CrossRef]

	



Eslahi, N.; Abdorahim, M.; Simchi, A. Smart Polymeric Hydrogels for Cartilage Tissue Engineering: A Review on the Chemistry and Biological Functions. Biomacromolecules 2016, 17, 3441–3463. [Google Scholar] [CrossRef] [PubMed]

	



Markstedt, K.; Escalante, A.; Toriz, G.; Gatenholm, P. Biomimetic Inks Based on Cellulose Nanofibrils and Cross-Linkable Xylans for 3D Printing. ACS Appl. Mater. Interfaces 2017, 9, 40878–40886. [Google Scholar] [CrossRef]

	



Wang, C.; Lai, J.; Li, K.; Zhu, S.; Lu, B.; Liu, J.; Tang, Y.; Wei, Y. Cryogenic 3D Printing of Dual-Delivery Scaffolds for Improved Bone Regeneration with Enhanced Vascularization. Bioact. Mater. 2021, 6, 137–145. [Google Scholar] [CrossRef]

	



Rafieian, S.; Mirzadeh, H.; Mahdavi, H.; Masoumi, M.E. A Review on Nanocomposite Hydrogels and Their Biomedical Applications. IEEE J. Sel. Top. Quantum Electron. 2019, 26, 154–174. [Google Scholar] [CrossRef]

	



Barrett-Catton, E.; Ross, M.L.; Asuri, P. Multifunctional Hydrogel Nanocomposites for Biomedical Applications. Polymers 2021, 13, 856. [Google Scholar] [CrossRef]

	



Ahmed, E.M. Hydrogel: Preparation, Characterization, and Applications: A Review. J. Adv. Res. 2015, 6, 105–121. [Google Scholar] [CrossRef]

	



Ahmad, Z.; Salman, S.; Khan, S.A.; Amin, A.; Rahman, Z.U.; Al-Ghamdi, Y.O.; Akhtar, K.; Bakhsh, E.M.; Khan, S.B. Versatility of Hydrogels: From Synthetic Strategies, Classification, and Properties to Biomedical Applications. Gels 2022, 8, 167. [Google Scholar] [CrossRef]

	



Hafezi, M.; Khorasani, S.N.; Zare, M.; Neisiany, R.E.; Davoodi, P. Advanced Hydrogels for Cartilage Tissue Engineering: Recent Progress and Future Directions. Polymers 2021, 13, 4199. [Google Scholar] [CrossRef] [PubMed]

	



Hoare, T.R.; Kohane, D.S. Hydrogels in Drug Delivery: Progress and Challenges. Polymer 2008, 49, 1993–2007. [Google Scholar] [CrossRef]

	



Billiet, T.; Vandenhaute, M.; Schelfhout, J.; van Vlierberghe, S.; Dubruel, P. A Review of Trends and Limitations in Hydrogel-Rapid Prototyping for Tissue Engineering. Biomaterials 2012, 33, 6020–6041. [Google Scholar] [CrossRef]

	



Zhao, F.; Yao, D.; Guo, R.; Deng, L.; Dong, A.; Zhang, J. Composites of Polymer Hydrogels and Nanoparticulate Systems for Biomedical and Pharmaceutical Applications. Nanomaterials 2015, 5, 2054–2130. [Google Scholar] [CrossRef]

	



Merino, S.; Martín, C.; Kostarelos, K.; Prato, M.; Vázquez, E. Nanocomposite Hydrogels: 3D Polymer-Nanoparticle Synergies for on-Demand Drug Delivery. ACS Nano 2015, 9, 4686–4697. [Google Scholar] [CrossRef]

	



Lai, P.-C.; Yu, S.-S. Cationic Cellulose Nanocrystals-Based Nanocomposite Hydrogels: Achieving 3D Printable Capacitive Sensors with High Transparency and Mechanical Strength. Polymers 2021, 13, 688. [Google Scholar] [CrossRef]

	



Gaharwar, A.K.; Peppas, N.A.; Khademhosseini, A. Nanocomposite Hydrogels for Biomedical Applications. Biotechnol. Bioeng. 2014, 111, 441–453. [Google Scholar] [CrossRef] [PubMed]

	



Vashist, A.; Kaushik, A.; Ghosal, A.; Bala, J.; Nikkhah-Moshaie, R.; Wani, W.A.; Manickam, P.; Nair, M. Nanocomposite Hydrogels: Advances in Nanofillers Used for Nanomedicine. Gels 2018, 4, 75. [Google Scholar] [CrossRef]

	



Sikorski, P. Electroconductive Scaffolds for Tissue Engineering Applications. Biomater. Sci. 2020, 8, 5583–5588. [Google Scholar] [CrossRef]

	



Lu, H.; Zhang, N.; Ma, M. Electroconductive Hydrogels for Biomedical Applications. WIREs Nanomed. Nanobiotechnol. 2019, 11, e1568. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Feng, P.; Chen, J.; Sun, Z.; Zhao, B. Electrically Conductive Hydrogels for Flexible Energy Storage Systems. Prog. Polym. Sci. 2019, 88, 220–240. [Google Scholar] [CrossRef]

	



Li, J.; Wu, C.; Chu, P.K.; Gelinsky, M. 3D Printing of Hydrogels: Rational Design Strategies and Emerging Biomedical Applications. Mater. Sci. Eng. R Rep. 2020, 140, 100543. [Google Scholar] [CrossRef]

	



Jakus, A.E.; Secor, E.B.; Rutz, A.L.; Jordan, S.W.; Hersam, M.C.; Shah, R.N. Three-Dimensional Printing of High-Content Graphene Scaffolds for Electronic and Biomedical Applications. ACS Nano 2015, 9, 4636–4648. [Google Scholar] [CrossRef]

	



Jang, T.S.; Jung, H.D.; Pan, H.M.; Han, W.T.; Chen, S.; Song, J. 3D Printing of Hydrogel Composite Systems: Recent Advances in Technology for Tissue Engineering. Int. J. Bioprint. 2018, 4, 126. [Google Scholar] [CrossRef]

	



Sayyar, S.; Gambhir, S.; Chung, J.; Officer, D.L.; Wallace, G.G. 3D Printable Conducting Hydrogels Containing Chemically Converted Graphene. Nanoscale 2017, 9, 2038–2050. [Google Scholar] [CrossRef]

	



Shin, S.R.; Farzad, R.; Tamayol, A.; Manoharan, V.; Mostafalu, P.; Zhang, Y.S.; Akbari, M.; Jung, S.M.; Kim, D.; Comotto, M.; et al. A Bioactive Carbon Nanotube-Based Ink for Printing 2D and 3D Flexible Electronics. Adv. Mater. 2016, 28, 3280–3289. [Google Scholar] [CrossRef]

	



Lee, S.J.; Zhu, W.; Nowicki, M.; Lee, G.; Heo, D.N.; Kim, J.; Zuo, Y.Y.; Zhang, L.G. 3D Printing Nano Conductive Multi-Walled Carbon Nanotube Scaffolds for Nerve Regeneration. J. Neural. Eng. 2018, 15, aa95a5. [Google Scholar] [CrossRef]

	



Håkansson, K.M.O.; Henriksson, I.C.; de la Peña Vázquez, C.; Kuzmenko, V.; Markstedt, K.; Enoksson, P.; Gatenholm, P. Solidification of 3D Printed Nanofibril Hydrogels into Functional 3D Cellulose Structures. Adv. Mater. Technol. 2016, 1, 1600096. [Google Scholar] [CrossRef]

	



Pan, L.; Yu, G.; Zhai, D.; Lee, H.R.; Zhao, W.; Liu, N.; Wang, H.; Tee, B.C.K.; Shi, Y.; Cui, Y.; et al. Hierarchical Nanostructured Conducting Polymer Hydrogel with High Electrochemical Activity. Proc. Natl. Acad. Sci. USA 2012, 109, 9287–9292. [Google Scholar] [CrossRef]

	



Deng, Z.; Hu, T.; Lei, Q.; He, J.; Ma, P.X.; Guo, B. Stimuli-Responsive Conductive Nanocomposite Hydrogels with High Stretchability, Self-Healing, Adhesiveness, and 3D Printability for Human Motion Sensing. ACS Appl. Mater. Interfaces 2019, 11, 6796–6808. [Google Scholar] [CrossRef] [PubMed]

	



Xing, R.; Liu, K.; Jiao, T.; Zhang, N.; Ma, K.; Zhang, R.; Zou, Q.; Ma, G.; Yan, X. An Injectable Self-Assembling Collagen-Gold Hybrid Hydrogel for Combinatorial Antitumor Photothermal/Photodynamic Therapy. Adv. Mater. 2016, 28, 3669–3676. [Google Scholar] [CrossRef] [PubMed]

	



Dehghany, M.; Zhang, H.; Naghdabadi, R.; Hu, Y. A Thermodynamically-Consistent Large Deformation Theory Coupling Photochemical Reaction and Electrochemistry for Light-Responsive Gels. J. Mech. Phys. Solids 2018, 116, 239–266. [Google Scholar] [CrossRef]

	



Wang, X.; Wei, C.; Cao, B.; Jiang, L.; Hou, Y.; Chang, J. Fabrication of Multiple-Layered Hydrogel Scaffolds with Elaborate Structure and Good Mechanical Properties via 3D Printing and Ionic Reinforcement. ACS Appl. Mater. Interfaces 2018, 10, 18338–18350. [Google Scholar] [CrossRef]

	



Ji, W.; Wu, Q.; Han, X.; Zhang, W.; Wei, W.; Chen, L.; Li, L.; Huang, W. Photosensitive Hydrogels: From Structure, Mechanisms, Design to Bioapplications. Sci. China Life Sci. 2020, 63, 1813–1828. [Google Scholar] [CrossRef]

	



DeForest, C.A.; Anseth, K.S. Cytocompatible Click-Based Hydrogels with Dynamically Tunable Properties through Orthogonal Photoconjugation and Photocleavage Reactions. Nat. Chem. 2011, 3, 925–931. [Google Scholar] [CrossRef]

	



Ma, D.; Zhou, N.; Zhang, T.; Hu, K.; Ma, X.; Gu, N. Photoresponsive Smart Hydrogel Microsphere via Host-Guest Interaction for 3D Cell Culture. Colloids Surf. A Phys. Eng. Asp. 2017, 522, 97–104. [Google Scholar] [CrossRef]

	



Catoira, M.C.; Fusaro, L.; di Francesco, D.; Ramella, M.; Boccafoschi, F. Overview of Natural Hydrogels for Regenerative Medicine Applications. J. Mater. Sci. Mater. Med. 2019, 30, 1–10. [Google Scholar] [CrossRef]

	



Mir, M.; Ali, M.N.; Barakullah, A.; Gulzar, A.; Arshad, M.; Fatima, S.; Asad, M. Synthetic Polymeric Biomaterials for Wound Healing: A Review. Prog. Biomater. 2018, 7, 1–21. [Google Scholar] [CrossRef]

	



Madduma-Bandarage, U.S.K.; Madihally, S.v. Synthetic Hydrogels: Synthesis, Novel Trends, and Applications. J. Appl. Polym. Sci. 2021, 138, 50376. [Google Scholar] [CrossRef]

	



Zhu, J.; Marchant, R.E. Design Properties of Hydrogel Tissue-Engineering Scaffolds. Expert Rev. Med. Devices 2011, 8, 607–626. [Google Scholar] [CrossRef] [PubMed]

	



Wilkinson, A.C.; Ishida, R.; Kikuchi, M.; Sudo, K.; Morita, M.; Crisostomo, R.V.; Yamamoto, R.; Loh, K.M.; Nakamura, Y.; Watanabe, M.; et al. Long-Term Ex Vivo Haematopoietic-Stem-Cell Expansion Allows Nonconditioned Transplantation. Nature 2019, 571, 117–121. [Google Scholar] [CrossRef] [PubMed]

	



Ziloochi Kashani, M.; Bagher, Z.; Asgari, H.R.; Najafi, M.; Koruji, M.; Mehraein, F. Differentiation of Neonate Mouse Spermatogonial Stem Cells on Three-Dimensional Agar/Polyvinyl Alcohol Nanofiber Scaffold. Syst. Biol. Reprod. Med. 2020, 66, 202–215. [Google Scholar] [CrossRef] [PubMed]

	



Molyneaux, K.; Wnek, M.D.; Craig, S.E.L.; Vincent, J.; Rucker, I.; Wnek, G.E.; Brady-Kalnay, S.M. Physically-Cross-Linked Poly(Vinyl Alcohol) Cell Culture Plate Coatings Facilitate Preservation of Cell–Cell Interactions, Spheroid Formation, and Stemness. J. Biomed. Mater. Res. B Appl. Biomater. 2021, 109, 1744–1753. [Google Scholar] [CrossRef]

	



Okita, Y.; Zheng, L.; Kawanishi, K.; Miyoshi, H.; Yanagihara, K.; Kato, M. Polyvinyl Alcohol Scaffolds and Supplementation Support 3D and Sphere Culturing of Human Cancer Cell Lines by Reducing Apoptosis and Promoting Cellular Proliferation. Genes Cells 2021, 26, 336–343. [Google Scholar] [CrossRef] [PubMed]

	



Caló, E.; Khutoryanskiy, V.v. Biomedical Applications of Hydrogels: A Review of Patents and Commercial Products. Eur. Polym. J. 2015, 65, 252–267. [Google Scholar] [CrossRef]

	



Do, A.V.; Khorsand, B.; Geary, S.M.; Salem, A.K. 3D Printing of Scaffolds for Tissue Regeneration Applications. Adv. Healthc. Mater. 2015, 4, 1742–1762. [Google Scholar] [CrossRef] [PubMed]

	



Le, H.P. Progress and Trends in Ink-Jet Printing Technology. J. Imaging Sci. Technol. 1998, 42, 49–62. [Google Scholar]

	



Xu, C.; Chai, W.; Huang, Y.; Markwald, R.R. Scaffold-Free Inkjet Printing of Three-Dimensional Zigzag Cellular Tubes. Biotechnol. Bioeng. 2012, 109, 3152–3160. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, S.V.; Atala, A. 3D Bioprinting of Tissues and Organs. Nat. Biotechnol. 2014, 32, 773–785. [Google Scholar] [CrossRef]

	



Lee, J.W.; Kim, J.Y.; Cho, D.W. Solid Free-Form Fabrication Technology and Its Application to Bone Tissue Engineering. Int. J. Stem Cells 2010, 3, 85–95. [Google Scholar] [CrossRef] [PubMed]

	



Gudapati, H.; Dey, M.; Ozbolat, I. A Comprehensive Review on Droplet-Based Bioprinting: Past, Present and Future. Biomaterials 2016, 102, 20–42. [Google Scholar] [CrossRef]

	



Derby, B. Inkjet Printing of Functional and Structural Materials: Fluid Property Requirements, Feature Stability, and Resolution. Annu. Rev. Mater. Res. 2010, 40, 395–414. [Google Scholar] [CrossRef]

	



Waheed, S.; Cabot, J.M.; Macdonald, N.P.; Lewis, T.; Guijt, R.M.; Paull, B.; Breadmore, M.C. 3D Printed Microfluidic Devices: Enablers and Barriers. Lab Chip 2016, 16, 1993–2013. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Ao, Q.; Tian, X.; Fan, J.; Wei, Y.; Hou, W.; Tong, H.; Bai, S. 3D Bioprinting Technologies for Hard Tissue and Organ Engineering. Materials 2016, 9, 802. [Google Scholar] [CrossRef] [PubMed]

	



Shirazi, S.F.S.; Gharehkhani, S.; Mehrali, M.; Yarmand, H.; Metselaar, H.S.C.; Adib Kadri, N.; Osman, N.A.A. A Review on Powder-Based Additive Manufacturing for Tissue Engineering: Selective Laser Sintering and Inkjet 3D Printing. Sci. Technol. Adv. Mater. 2015, 16, 033502. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Guo, R.; Zhang, Z.J. Bioink Formulations for Bone Tissue Regeneration. Front. Bioeng. Biotechnol. 2021, 9, 630488. [Google Scholar] [CrossRef] [PubMed]

	



Yeong, W.Y.; Chua, C.K.; Leong, K.F.; Chandrasekaran, M.; Lee, M.W. Indirect Fabrication of Collagen Scaffold Based on Inkjet Printing Technique. Rapid Prototyp. J. 2006, 12, 229–237. [Google Scholar] [CrossRef]

	



Scott Crump, S. Apparatus and Method for Creating Three-Dimensional Objects. U.S. Patent US5121329A, 1989. [Google Scholar]

	



Jones, N. Science in Three Dimensions: The Print Revolution. Nature 2012, 487, 22–23. [Google Scholar] [CrossRef]

	



Hölzl, K.; Lin, S.; Tytgat, L.; van Vlierberghe, S.; Gu, L.; Ovsianikov, A. Bioink Properties before, during and after 3D Bioprinting. Biofabrication 2016, 8, 32002. [Google Scholar] [CrossRef]

	



Panwar, A.; Tan, L.P. Current Status of Bioinks for Micro-Extrusion-Based 3D Bioprinting. Molecules 2016, 21, 685. [Google Scholar] [CrossRef] [PubMed]

	



Haldar, S.; Lahiri, D.; Roy, P. 3D Print Technology for Cell Culturing. In 3D Printing Technology in Nanomedicine; Elsevier: Amsterdam, The Netherlands, 2019; pp. 83–114. ISBN 9780128158906. [Google Scholar]

	



Kundu, J.; Shim, J.H.; Jang, J.; Kim, S.W.; Cho, D.W. An Additive Manufacturing-Based PCL-Alginate-Chondrocyte Bioprinted Scaffold for Cartilage Tissue Engineering. J. Tissue Eng. Regen. Med. 2015, 9, 1286–1297. [Google Scholar] [CrossRef] [PubMed]

	



Sun, J.; Zhou, W.; Yan, L.; Huang, D.; Lin, L.-y. Extrusion-Based Food Printing for Digitalized Food Design and Nutrition Control. J. Food Eng. 2018, 220, 1–11. [Google Scholar] [CrossRef]

	



Goel, A.; Meher, M.K.; Gulati, K.; Poluri, K.M. Fabrication of Biopolymer-Based Organs and Tissues Using 3D Bioprinting. In 3D Printing Technology in Nanomedicine; Elsevier: Amsterdam, The Netherlands, 2019; pp. 43–62. ISBN 9780128158906. [Google Scholar]

	



Derakhshanfar, S.; Mbeleck, R.; Xu, K.; Zhang, X.; Zhong, W.; Xing, M. 3D Bioprinting for Biomedical Devices and Tissue Engineering: A Review of Recent Trends and Advances. Bioact. Mater. 2018, 3, 144–156. [Google Scholar] [CrossRef]

	



Mahendiran, B.; Muthusamy, S.; Sampath, S.; Jaisankar, S.N.; Popat, K.C.; Selvakumar, R.; Krishnakumar, G.S. Recent Trends in Natural Polysaccharide Based Bioinks for Multiscale 3D Printing in Tissue Regeneration: A Review. Int. J. Biol. Macromol. 2021, 183, 564–588. [Google Scholar] [CrossRef]

	



Kim, S.H.; Yeon, Y.K.; Lee, J.M.; Chao, J.R.; Lee, Y.J.; Seo, Y.B.; Sultan, M.T.; Lee, O.J.; Lee, J.S.; Yoon, S.-I.; et al. Precisely Printable and Biocompatible Silk Fibroin Bioink for Digital Light Processing 3D Printing. Nat. Commun. 2018, 9, 1620. [Google Scholar] [CrossRef]

	



Stansbury, J.W.; Idacavage, M.J. 3D Printing with Polymers: Challenges among Expanding Options and Opportunities. Dent. Mater. 2016, 32, 54–64. [Google Scholar]

	



Ge, Q.; Sakhaei, A.H.; Lee, H.; Dunn, C.K.; Fang, N.X.; Dunn, M.L. Multimaterial 4D Printing with Tailorable Shape Memory Polymers. Sci. Rep. 2016, 6, 1–11. [Google Scholar] [CrossRef]

	



Fantino, E.; Chiappone, A.; Roppolo, I.; Manfredi, D.; Bongiovanni, R.; Pirri, C.F.; Calignano, F. 3D Printing of Conductive Complex Structures with In Situ Generation of Silver Nanoparticles. Adv. Mater. 2016, 28, 3712–3717. [Google Scholar] [CrossRef]

	



Hornbeck, L.J. Multi-Level Digital Micromirror Device. U.S. Patent US5583688A, 21 December 1993. [Google Scholar]

	



Sun, C.; Fang, N.; Wu, D.M.; Zhang, X. Projection Micro-Stereolithography Using Digital Micro-Mirror Dynamic Mask. Sens. Actuators A Phys. 2005, 121, 113–120. [Google Scholar] [CrossRef]

	



Skoog, S.A.; Goering, P.L.; Narayan, R.J. Stereolithography in Tissue Engineering. J. Mater. Sci. Mater. Med. 2014, 25, 845–856. [Google Scholar] [CrossRef]

	



Wu, L.; Zhao, L.; Jian, M.; Mao, Y.; Yu, M.; Guo, X. EHMP-DLP: Multi-Projector DLP with Energy Homogenization for Large-Size 3D Printing. Rapid. Prototyp. J. 2018, 24, 1500–1510. [Google Scholar] [CrossRef]

	



Quan, H.; Zhang, T.; Xu, H.; Luo, S.; Nie, J.; Zhu, X. Photo-Curing 3D Printing Technique and Its Challenges. Bioact. Mater. 2020, 5, 110–115. [Google Scholar] [CrossRef] [PubMed]

	



Chang, D.G.; Li, S.M.; An, C.F. The Influence Analysis of Globular Indexing Cam Mechanism Size Parameters on Transmission Performance. Adv. Mat. Res. 2012, 426, 163–167. [Google Scholar] [CrossRef]

	



Melchels, F.P.W.; Feijen, J.; Grijpma, D.W. A Review on Stereolithography and Its Applications in Biomedical Engineering. Biomaterials 2010, 31, 6121–6130. [Google Scholar] [CrossRef]

	



Lin, H.; Zhang, D.; Alexander, P.G.; Yang, G.; Tan, J.; Cheng, A.W.M.; Tuan, R.S. Application of Visible Light-Based Projection Stereolithography for Live Cell-Scaffold Fabrication with Designed Architecture. Biomaterials 2013, 34, 331–339. [Google Scholar] [CrossRef] [PubMed]

	



O’Connell, C.D.; Zhang, B.; Onofrillo, C.; Duchi, S.; Blanchard, R.; Quigley, A.; Bourke, J.; Gambhir, S.; Kapsa, R.; di Bella, C.; et al. Tailoring the Mechanical Properties of Gelatin Methacryloyl Hydrogels through Manipulation of the Photocrosslinking Conditions. Soft Matter. 2018, 14, 2142–2151. [Google Scholar] [CrossRef]

	



Kumar, H.; Kim, K. Stereolithography 3D Bioprinting. In Methods in Molecular Biology; Humana Press Inc.: New York, NY, USA, 2020; Volume 2140, pp. 93–108. [Google Scholar]

	



Duan, B.; Hockaday, L.A.; Kang, K.H.; Butcher, J.T. 3D Bioprinting of Heterogeneous Aortic Valve Conduits with Alginate/Gelatin Hydrogels. J. Biomed. Mater. Res. A 2013, 101 A, 1255–1264. [Google Scholar] [CrossRef]

	



Wang, J.; Goyanes, A.; Gaisford, S.; Basit, A.W. Stereolithographic (SLA) 3D Printing of Oral Modified-Release Dosage Forms. Int. J. Pharm. 2016, 503, 207–212. [Google Scholar] [CrossRef]

	



Cho, Y.H.; Lee, I.H.; Cho, D.W. Laser Scanning Path Generation Considering Photopolymer Solidification in Micro-Stereolithography. Microsyst. Technol. 2005, 11, 158–167. [Google Scholar] [CrossRef]

	



Xu, J.; Zheng, S.; Hu, X.; Li, L.; Li, W.; Parungao, R.; Wang, Y.; Nie, Y.; Liu, T.; Song, K. Advances in the Research of Bioinks Based on Natural Collagen, Polysaccharide and Their Derivatives for Skin 3D Bioprinting. Polymers 2020, 12, 1237. [Google Scholar] [CrossRef]

	



Lu, Y.; Mapili, G.; Suhali, G.; Chen, S.; Roy, K. A Digital Micro-Mirror Device-Based System for the Microfabrication of Complex, Spatially Patterned Tissue Engineering Scaffolds. J. Biomed. Mater. Res. A 2006, 77, 396–405. [Google Scholar] [CrossRef] [PubMed]

	



Gauvin, R.; Chen, Y.C.; Lee, J.W.; Soman, P.; Zorlutuna, P.; Nichol, J.W.; Bae, H.; Chen, S.; Khademhosseini, A. Microfabrication of Complex Porous Tissue Engineering Scaffolds Using 3D Projection Stereolithography. Biomaterials 2012, 33, 3824–3834. [Google Scholar] [CrossRef] [PubMed]

	



Ozbolat, I.T.; Yu, Y. Bioprinting toward Organ Fabrication: Challenges and Future Trends. IEEE Trans. Biomed. Eng. 2013, 60, 691–699. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Xin, W.; Ji, J.; Xu, J.; Zheng, L.; Qu, X.; Yue, B. 3D-Printed Hydrogels in Orthopedics: Developments, Limitations, and Perspectives. Front. Bioeng. Biotechnol. 2022, 10, 845342. [Google Scholar] [CrossRef]

	



Hernandez, I.; Kumar, A.; Joddar, B. A Bioactive Hydrogel and 3d Printed Polycaprolactone System for Bone Tissue Engineering. Gels 2017, 3, 26. [Google Scholar] [CrossRef]

	



Chen, C.-Y.; Shie, M.-Y.; Lee, A.K.-X.; Chou, Y.-T.; Chiang, C.; Lin, C.-P. 3D-Printed Ginsenoside Rb1-Loaded Mesoporous Calcium Silicate/Calcium Sulfate Scaffolds for Inflammation Inhibition and Bone Regeneration. Biomedicines 2021, 9, 907. [Google Scholar] [CrossRef]

	



Huang, K.H.; Chen, C.Y.; Chang, C.Y.; Chen, Y.W.; Lin, C.P. The Synergistic Effects of Quercetin-Containing 3D-Printed Mesoporous Calcium Silicate/Calcium Sulfate/Poly-ε-Caprolactone Scaffolds for the Promotion of Osteogenesis in Mesenchymal Stem Cells. J. Formos. Med. Assoc. 2021, 120, 1627–1634. [Google Scholar] [CrossRef]

	



Son, S.R.; Sarkar, S.K.; Linh, N.T.B.; Padalhin, A.R.; Kim, B.R.; Jung, H.I.; Lee, B.T. Platelet-Rich Plasma Encapsulation in Hyaluronic Acid/Gelatin-BCP Hydrogel for Growth Factor Delivery in BCP Sponge Scaffold for Bone Regeneration. J. Biomater. Appl. 2015, 29, 988–1002. [Google Scholar] [CrossRef]

	



Midha, R. Emerging Techniques for Nerve Repair: Nerve Transfers and Nerve Guidance Tubes. Clin. Neurosurg. 2006, 53, 185–190. [Google Scholar]

	



Muthusamy, S.; Kannan, S.; Lee, M.; Sanjairaj, V.; Lu, W.F.; Fuh, J.Y.H.; Sriram, G.; Cao, T. 3D Bioprinting and Microscale Organization of Vascularized Tissue Constructs Using Collagen-Based Bioink. Biotechnol. Bioeng. 2021, 118, 3150–3163. [Google Scholar] [CrossRef]

	



Johnson, B.N.; Lancaster, K.Z.; Zhen, G.; He, J.; Gupta, M.K.; Kong, Y.L.; Engel, E.A.; Krick, K.D.; Ju, A.; Meng, F.; et al. 3D Printed Anatomical Nerve Regeneration Pathways. Adv. Funct. Mater. 2015, 25, 6205–6217. [Google Scholar] [CrossRef] [PubMed]

	



Cui, L.; Zhang, J.; Zou, J.; Yang, X.; Guo, H.; Tian, H.; Zhang, P.; Wang, Y.; Zhang, N.; Zhuang, X.; et al. Electroactive Composite Scaffold with Locally Expressed Osteoinductive Factor for Synergistic Bone Repair upon Electrical Stimulation. Biomaterials 2020, 230, 119617. [Google Scholar] [CrossRef]

	



Hu, Y.; Wu, Y.; Gou, Z.; Tao, J.; Zhang, J.; Liu, Q.; Kang, T.; Jiang, S.; Huang, S.; He, J.; et al. 3D-Engineering of Cellularized Conduits for Peripheral Nerve Regeneration. Sci. Rep. 2016, 6, 32184. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, W.; Tringale, K.R.; Woller, S.A.; You, S.; Johnson, S.; Shen, H.; Schimelman, J.; Whitney, M.; Steinauer, J.; Xu, W.; et al. Rapid Continuous 3D Printing of Customizable Peripheral Nerve Guidance Conduits. Mater. Today 2018, 21, 951–959. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Zhao, J.; Chen, Y.; Cheng, B.; Yu, Z.; Zhao, Y.; Yan, X.; Tong, Z.; Jin, S. Preparation and Characterization of Chitosan Physical Hydrogels with Enhanced Mechanical and Antibacterial Properties. Carbohydr. Polym. 2017, 157, 1383–1392. [Google Scholar] [CrossRef]

	



Lu, H.; Liu, Y.; Guo, J.; Wu, H.; Wang, J.; Wu, G. Biomaterials with Antibacterial and Osteoinductive Properties to Repair Infected Bone Defects. Int. J. Mol. Sci. 2016, 17, 334. [Google Scholar] [CrossRef]

	



Pugliese, R.; Beltrami, B.; Regondi, S.; Lunetta, C. Polymeric Biomaterials for 3D Printing in Medicine: An Overview. Ann. 3D Print. Med. 2021, 2, 100011. [Google Scholar] [CrossRef]

	



Visscher, D.O.; Farré-Guasch, E.; Helder, M.N.; Gibbs, S.; Forouzanfar, T.; van Zuijlen, P.P.; Wolff, J. Advances in Bioprinting Technologies for Craniofacial Reconstruction. Trends Biotechnol. 2016, 34, 700–710. [Google Scholar] [CrossRef]

	



Hardiman, R.; Kujan, O.; Kochaji, N. Normal Variation in the Anatomy, Biology, and Histology of the Maxillofacial Region. In Contemporary Oral Medicine; Springer International Publishing: Berlin/Heidelberg, Germany, 2019; pp. 1–66. [Google Scholar]

	



Tao, O.; Kort-Mascort, J.; Lin, Y.; Pham, H.M.; Charbonneau, A.M.; ElKashty, O.A.; Kinsella, J.M.; Tran, S.D. The Applications of 3D Printing for Craniofacial Tissue Engineering. Micromachines 2019, 10, 480. [Google Scholar] [CrossRef]

	



Zhang, L.; Yang, G.; Johnson, B.N.; Jia, X. Three-Dimensional (3D) Printed Scaffold and Material Selection for Bone Repair. Acta Biomater. 2019, 84, 16–33. [Google Scholar] [CrossRef]

	



Saijo, H.; Igawa, K.; Kanno, Y.; Mori, Y.; Kondo, K.; Shimizu, K.; Suzuki, S.; Chikazu, D.; Iino, M.; Anzai, M.; et al. Maxillofacial Reconstruction Using Custom-Made Artificial Bones Fabricated by Inkjet Printing Technology. J. Artif. Organs 2009, 12, 200–205. [Google Scholar] [CrossRef] [PubMed]

	



Dwivedi, R.; Mehrotra, D. 3D Bioprinting and Craniofacial Regeneration. J. Oral Biol. Craniofac. Res. 2020, 10, 650–659. [Google Scholar] [CrossRef] [PubMed]

	



Adamzyk, C.; Kachel, P.; Hoss, M.; Gremse, F.; Modabber, A.; Hölzle, F.; Tolba, R.; Neuss, S.; Lethaus, B. Bone Tissue Engineering Using Polyetherketoneketone Scaffolds Combined with Autologous Mesenchymal Stem Cells in a Sheep Calvarial Defect Model. J. Cranio Maxillofac. Surg. 2016, 44, 985–994. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.; Umebayashi, M.; Abdallah, M.N.; Dong, G.; Roskies, M.G.; Zhao, Y.F.; Murshed, M.; Zhang, Z.; Tran, S.D. Combination of Polyetherketoneketone Scaffold and Human Mesenchymal Stem Cells from Temporomandibular Joint Synovial Fluid Enhances Bone Regeneration. Sci. Rep. 2019, 9, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Martin, I.; Simmons, P.J.; Williams, D.F. Manufacturing Challenges in Regenerative Medicine. Sci. Transl. Med. 2014, 6, 232fs16. [Google Scholar] [CrossRef]

	



Hinton, T.J.; Jallerat, Q.; Palchesko, R.N.; Park, J.H.; Grodzicki, M.S.; Shue, H.J.; Ramadan, M.H.; Hudson, A.R.; Feinberg, A.W. Three-Dimensional Printing of Complex Biological Structures by Freeform Reversible Embedding of Suspended Hydrogels. Sci. Adv. 2015, 1, e1500758. [Google Scholar] [CrossRef]

	



Clark, E.A.; Brugge, J.S. Integrins and Signal Transduction Pathways: The Road Taken. Science 1995, 268, 233–239. [Google Scholar] [CrossRef]

	



Carmeliet, P.; Jain, R.K. Angiogenesis in Cancer and Other Diseases. Nature 2000, 407, 249–257. [Google Scholar] [CrossRef]

	



Malda, J.; Woodfield, T.B.F.; van der Vloodt, F.; Kooy, F.K.; Martens, D.E.; Tramper, J.; van Blitterswijk, C.A.; Riesle, J. The Effect of PEGT/PBT Scaffold Architecture on Oxygen Gradients in Tissue Engineered Cartilaginous Constructs. Biomaterials 2004, 25, 5773–5780. [Google Scholar] [CrossRef]

	



Xu, C.; Zhang, M.; Huang, Y.; Ogale, A.; Fu, J.; Markwald, R.R. Study of Droplet Formation Process during Drop-on-Demand Inkjetting of Living Cell-Laden Bioink. Langmuir 2014, 30, 9130–9138. [Google Scholar] [CrossRef]

	



Cui, X.; Boland, T. Human Microvasculature Fabrication Using Thermal Inkjet Printing Technology. Biomaterials 2009, 30, 6221–6227. [Google Scholar] [CrossRef] [PubMed]

	



Xu, T.; Binder, K.W.; Albanna, M.Z.; Dice, D.; Zhao, W.; Yoo, J.J.; Atala, A. Hybrid Printing of Mechanically and Biologically Improved Constructs for Cartilage Tissue Engineering Applications. Biofabrication 2013, 5, 015001. [Google Scholar] [CrossRef] [PubMed]

	



Xu, T.; Baicu, C.; Aho, M.; Zile, M.; Boland, T. Fabrication and Characterization of Bio-Engineered Cardiac Pseudo Tissues. Biofabrication 2009, 1, 035001. [Google Scholar] [CrossRef] [PubMed]

	



Raja, N.; Yun, H.S. A Simultaneous 3D Printing Process for the Fabrication of Bioceramic and Cell-Laden Hydrogel Core/Shell Scaffolds with Potential Application in Bone Tissue Regeneration. J. Mater. Chem. B 2016, 4, 4707–4716. [Google Scholar] [CrossRef] [PubMed]

	



Jeon, O.; Lee, Y.B.; Hinton, T.J.; Feinberg, A.W.; Alsberg, E. Cryopreserved Cell-Laden Alginate Microgel Bioink for 3D Bioprinting of Living Tissues. Mater Today Chem. 2019, 12, 61–70. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, P.; Yan, C.; Guo, Y.; Zhang, X.; Cai, M.; Jia, X.; Wang, X.; Zhou, F. Direct Ink Writing with High-Strength and Swelling-Resistant Biocompatible Physically Crosslinked Hydrogels. Biomater. Sci. 2019, 7, 1805–1814. [Google Scholar] [CrossRef]

	



Ouyang, L.; Highley, C.B.; Rodell, C.B.; Sun, W.; Burdick, J.A. 3D Printing of Shear-Thinning Hyaluronic Acid Hydrogels with Secondary Cross-Linking. ACS Biomater. Sci. Eng. 2016, 2, 1743–1751. [Google Scholar] [CrossRef]

	



Ma, X.; Qu, X.; Zhu, W.; Li, Y.S.; Yuan, S.; Zhang, H.; Liu, J.; Wang, P.; Lai, C.S.E.; Zanella, F.; et al. Deterministically Patterned Biomimetic Human IPSC-Derived Hepatic Model via Rapid 3D Bioprinting. Proc. Natl. Acad. Sci. USA 2016, 113, 2206–2211. [Google Scholar] [CrossRef]

	



Mu, Q.; Wang, L.; Dunn, C.K.; Kuang, X.; Duan, F.; Zhang, Z.; Qi, H.J.; Wang, T. Digital Light Processing 3D Printing of Conductive Complex Structures. Addit. Manuf. 2017, 18, 74–83. [Google Scholar] [CrossRef]

	



Wang, Z.; Abdulla, R.; Parker, B.; Samanipour, R.; Ghosh, S.; Kim, K. A Simple and High-Resolution Stereolithography-Based 3D Bioprinting System Using Visible Light Crosslinkable Bioinks. Biofabrication 2015, 7, 045009. [Google Scholar] [CrossRef]

	



Zhou, X.; Zhu, W.; Nowicki, M.; Miao, S.; Cui, H.; Holmes, B.; Glazer, R.I.; Zhang, L.G. 3D Bioprinting a Cell-Laden Bone Matrix for Breast Cancer Metastasis Study. ACS Appl. Mater. Interfaces 2016, 8, 30017–30026. [Google Scholar] [CrossRef] [PubMed]

	



Cui, X.; Lee, J.J.L.; Chen, W.N. Eco-Friendly and Biodegradable Cellulose Hydrogels Produced from Low Cost Okara: Towards Non-Toxic Flexible Electronics. Sci. Rep. 2019, 9, 18166. [Google Scholar] [CrossRef] [PubMed]

	



Tong, R.; Chen, G.; Pan, D.; Qi, H.; Li, R.; Tian, J.; Lu, F.; He, M. Highly Stretchable and Compressible Cellulose Ionic Hydrogels for Flexible Strain Sensors. Biomacromolecules 2019, 20, 2096–2104. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Liu, Y.; Zhang, M.; Tu, D.; Mao, X.; Liao, Y. A Relative Humidity Sensor Using a Hydrogel-Coated Long Period Grating. Meas. Sci. Technol. 2007, 18, 3131–3134. [Google Scholar] [CrossRef]

	



Buchberger, A.; Peterka, S.; Coclite, A.M.; Bergmann, A. Fast Optical Humidity Sensor Based on Hydrogel Thin Film Expansion for Harsh Environment. Sensors 2019, 19, 999. [Google Scholar] [CrossRef]

	



Sun, X.; Agate, S.; Salem, K.S.; Lucia, L.; Pal, L. Hydrogel-Based Sensor Networks: Compositions, Properties, and Applications—A Review. ACS Appl. Bio Mater. 2021, 4, 140–162. [Google Scholar] [CrossRef]

	



Erfkamp, J.; Guenther, M.; Gerlach, G. Piezoresistive Hydrogel-Based Sensors for the Detection of Ammonia. Sensors 2019, 19, 971. [Google Scholar] [CrossRef]

	



Guo, H.; Jiao, T.; Zhang, Q.; Guo, W.; Peng, Q.; Yan, X. Preparation of Graphene Oxide-Based Hydrogels as Efficient Dye Adsorbents for Wastewater Treatment. Nanoscale Res. Lett. 2015, 10, 272. [Google Scholar] [CrossRef]

	



Srivastava, P.K.; Bhardwaj, B.S.; Gupta, R.P. Status of Field Diseases and Insect Pests of Onion in India. Natl. Hortic. Res. Dev. Found. News Lett. 1994, 14, 11–18. [Google Scholar]

	



Yang, S.; Fu, S.; Zhou, Y.; Xie, C.; Li, X. Preparation and Release Properties of a PH-Tunable Carboxymethyl Cellulose Hydrogel/Methylene Blue Host/Guest Model. Int. J. Polym. Mater. Polym. Biomater. 2011, 60, 62–74. [Google Scholar] [CrossRef]

	



Chatterjee, A.; Jurgenson, C.T.; Schroeder, F.C.; Ealick, S.E.; Begley, T.P. Biosynthesis of Thiamin Thiazole in Eukaryotes: Conversion of NAD to an Advanced Intermediate. J. Am. Chem. Soc. 2007, 129, 2914–2922. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, L.; Mitomo, H. Adsorption of Heavy Metal Ions from Aqueous Solution onto Chitosan Entrapped CM-Cellulose Hydrogels Synthesized by Irradiation. J. Appl. Polym. Sci. 2008, 110, 1388–1395. [Google Scholar] [CrossRef]

	



Jin, L.; Bai, R. Mechanisms of Lead Adsorption on Chitosan/PVA Hydrogel Beads. Langmuir 2002, 18, 9765–9770. [Google Scholar] [CrossRef]

	



Kumar, S.; Mukherjee, A.; Dutta, J. Chitosan Based Nanocomposite Films and Coatings: Emerging Antimicrobial Food Packaging Alternatives. Trends Food Sci. Technol. 2020, 97, 196–209. [Google Scholar] [CrossRef]

	



Batista, R.A.; Espitia, P.J.P.; Quintans, J.d.S.S.; Freitas, M.M.; Cerqueira, M.Â.; Teixeira, J.A.; Cardoso, J.C. Hydrogel as an Alternative Structure for Food Packaging Systems. Carbohydr. Polym. 2019, 205, 106–116. [Google Scholar] [CrossRef]

	



Bodbodak, S.; Rafiee, Z. Recent Trends in Active Packaging in Fruits and Vegetables. In Eco-Friendly Technology for Postharvest Produce Quality; Elsevier Inc.: Amsterdam, The Netherlands, 2016; pp. 77–125. ISBN 9780128043844. [Google Scholar]

	



Roy, N.; Saha, N.; Kitano, T.; Saha, P. Biodegradation of PVP-CMC Hydrogel Film: A Useful Food Packaging Material. Carbohydr. Polym. 2012, 89, 346–353. [Google Scholar] [CrossRef]

	



El-Mekawy, R.E.; Elhady, H.A.; Al-Shareef, H.F. Highly Stretchable, Smooth, and Biodegradable Hydrogel Films Based on Chitosan as Safety Food Packaging. Polym. Polym. Compos. 2021, 29, 563–573. [Google Scholar] [CrossRef]

	



Bandyopadhyay, S.; Saha, N.; Brodnjak, U.V.; Sáha, P. Bacterial Cellulose and Guar Gum Based Modified PVP-CMC Hydrogel Films: Characterized for Packaging Fresh Berries. Food Packag. Shelf Life 2019, 22, 100402. [Google Scholar] [CrossRef]








[image: Gels 09 00260 g001 550] 





Figure 1. Schematic view of double-network hydrogel preparation by chemical-chemical crosslinking. (a) two-step polymerization method and (b) molecular stent process [4]. Copyright received. 
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Figure 2. Schematic view of PEGylated gold nanoparticles in fermentation medium containing G. xylinum to fabricate GNP-BC hydrogels to promote bone regeneration applications [20]. Copyright received. 
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Figure 3. Osteogenic assessment of Au/BC hydrogel. (a) ALP and (b) alizarin red staining of hBMSCs after 14 and 21 days of treatment with the Au/BC hydrogel. (c) RT-PCR analysis of Runx-2, ALP, COL1, and OPN after treatment with liquor extraction of Au/BC hydrogels for 3 to 5 days in the presence of hBMSCs, (d) Runx-2, ALP, COL1, and OPN expression by Western blot study of Au/BC hydrogel extraction after 7 days of incubation [20]. Copyright received. * The values are significant. 
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Figure 4. Schematic representation of the synthesis of OP and AP delivered PLGA/TCP nanocomposite 3D-printed scaffolds using a cryogenic 3D printing process and hydrogel coating [38]. Copyright received. 
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Figure 5. Osteogenic differentiation ability of rBMSCs cultured with scaffolds. (a,b) Live/dead cell analysis after 3 days of rBMSC culture; (c,d) ALP staining and activity after extraction with scaffolds; (e,f) Alizarin Red S staining with quantitative evaluation of calcium nodules [38]. Copyright received. * The values are significant. 
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Figure 6. Schematic representation of multifunctional hydrogel nanocomposites [40]. Copyright received. 
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Figure 7. Schematic illustration of 3D-printed CNC-reinforced zwitterionic hydrogels for strain sensors [48]. Copyright received. 
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Figure 8. Schematic view of (a) 3D-printed composite hydrogel showing graphene flake; (b,c) surface morphology and cross-sectional view of graphene; (d) graphene flake orientation; (e–g) SEM, fluorescence, and light microscopy images of composite hydrogels [55]. Copyright received. 
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Figure 9. Photographs, microscopic and SEM images of 3D-printed HBC hydrogel scaffolds treated with H2O as well as different concentrations of NaCl solutions [65]. Copyright received. 
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Figure 10. Schematic diagram of inkjet-based bioprinting using (A) thermal and (B) piezoelectric actuators. 
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Figure 11. Schematic diagram of extrusion-based bioprinting using (A) pneumatic-, (B) piston-, and (C) screw-based methods. 






Figure 11. Schematic diagram of extrusion-based bioprinting using (A) pneumatic-, (B) piston-, and (C) screw-based methods.



[image: Gels 09 00260 g011]







[image: Gels 09 00260 g012 550] 





Figure 12. Schematic diagram of digital light processing bioprinting technique. 
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Figure 13. Schematic diagram of stereolithography bioprinting technique. 
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Figure 14. Schematic representation of the sensing mechanism using hydrogels [164]. (a) pH and ionic sensing, (b) fiber strain sensing by OTDR due to hydrogel swelling, (c) gas sensing: dissolved gas (acidic/basic) leads to hydrogel swelling followed by changes in the electric current [165]. (d) Molecular sensing: selective reactions lead to changes in fluorescence intensity due to the release of fluorophores on nanostructured materials. (e) Humidity sensor: changes in interference in the coating due to variation in thickness, which controls the swelling [163]. Copyright received. 
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Table 1. A summary of 3D-printed conductive hydrogels for biomedical applications.
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	Material
	Printing Method
	Conductive Phase
	Modification
	Conductivity
	Biomedical Application
	Hydrogel
	Biocompatibility
	Ref.





	ChitosanMA,

GrapheneNS
	Bioplotting
	Graphene

3 wt%
	Addition of particle
	0.0025
	Tissue Engineering
	Yes
	Yes
	[57]



	GelMA, DNA-coated MWCNT
	Bioplotting
	CNT
	Addition of particle
	24 ± 1.8
	Flex, Biosensors, Tissue Engineering
	Yes
	Yes
	[58]



	PEGDA, MWCNT-NH2
	SL-Bioprinting
	CNT
	Addition of particle
	2.21 ± 0.121 mC·cm−2
	Tissue Engineering, Spinal cord repair
	Yes
	Yes
	[59]



	Cellulose nanofibrils,

CNT
	Bioplotting
	CNT
	Addition of particle
	0.1–0.01, wet vs. dry
	Biosensors
	Yes
	-
	[60]



	PANI, Phytic acid
	Inkjet
	PANI
	In situ polymerization
	0.23
	Biosensors, medical electrodes
	Yes
	-
	[61]



	PNIPAM-L-CNT
	Bioplotting
	CNT
	Addition of particle
	0.016–0.02
	Wearable Bioelectronics
	Yes
	-
	[62]
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