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Abstract

:

Three-dimensional (3D) bioprinting is a family of rapid prototyping technologies, which assemble biomaterials, including cells and bioactive agents, under the control of a computer-aided design model in a layer-by-layer fashion. It has great potential in organ manufacturing areas with the combination of biology, polymers, chemistry, engineering, medicine, and mechanics. At present, 3D bioprinting technologies can be used to successfully print living tissues and organs, including blood vessels, skin, bones, cartilage, kidney, heart, and liver. The unique advantages of 3D bioprinting technologies for organ manufacturing have improved the traditional medical level significantly. In this article, we summarize the latest research progress of polymers in bioartificial organ 3D printing areas. The important characteristics of the printable polymers and the typical 3D bioprinting technologies for several complex bioartificial organs, such as the heart, liver, nerve, and skin, are introduced.
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1. Introduction


At present, the severe shortage of organ donor supply is a major problem that plagues the clinical medical community around the world. Organ manufacturing has become a major research topic for defective∕failure organs [1,2]. Organ manufacturing is a complex interdisciplinary field that requires a large number of talents in biology, materials, chemistry, physics, mechanics, informatics, computer, medicine, etc. It is also a compositive process that requires model construction, biomaterial selection, and the combination of multiple cell types along with other biomaterials using advanced processing technologies [3,4,5] (Figure 1). The program to form a functional structure is a key step for the construction of multiple cell types with hierarchical vascular/neural/lymphatic networks in a biological artificial organ (i.e., bioartificial organ).



Three-dimensional (3D) bioprinting technology is traditionally termed as rapid prototyping (RP), additive manufacturing (AM), and solid free-form manufacturing (SFM). It can produce bioartificial organs through automatic layer-by-layer deposition methods [6]. The most obvious feature of 3D bioprinting technology is the use of living cells, polymeric hydrogels, and other bioactive agents as “bioinks” to construct bioartificial organs under the instruction of a computer-aided design (CAD) model [7,8]. Multiple cell types can be encapsulated in different polymeric hydrogels and deposited (or delivered) at the same time. Under certain biological/physical/chemical conditions, hydrogels can absorb and retain a large amount of water, which is beneficial for cell growth, proliferation, differentiation, and the formation of tissues/organs [9,10,11].



The properties of polymeric hydrogels are very important in organ 3D printing. Polymers can not only provide a template for cells to grow, proliferate, and differentiate, but also supply nutrients and discharge metabolites for cells in the constructs. For organ manufacturing, it is normally necessary for the polymers to be biocompatible and biodegradable with adjustable mechanical properties (Figure 2) [12,13,14,15].



In this review, we give a comprehensive overview of the latest advances in organ 3D bioprinting using various polymers. The unique advantages of 3D bioprinting technology in the field of organ manufacturing have been highlighted.



2. 3D Bioprinting Technologies


During the last decade, 3D printing technologies have developed rapidly and have been applied to almost every biomedical field [16]. Compared with traditional manufacturing technologies, these technologies have many advantages in bioartificial organ manufacturing, especially for fast, precise, and customized biomedical applications. In Table 1, we have compared the advantages and disadvantages of several commonly used 3D bioprinting technologies for bioartificial organ manufacturing (Figure 3). The construction of hierarchical vascular and neural networks has been emphasized.



2.1. Inkjet-Based 3D Printing


Inkjet-based 3D printing is a non-contact AM technology adapted from industrial 2D printers. In traditional 2D printing, a layer of droplets are selectively deposited, while in 3D bioprinting, cells and proteins can be printed into desired shapes of an organ by changing the content of “bioinks” and deposition layers. Drop-on-demand inkjet printers are the most commonly used equipments, consisting of acoustic, thermal, piezoelectric, or electrostatic inkjet nozzles [17]. Inkjet printers are usually employed to print tissue engineering scaffolds for cell seeding. Recently, different inkjet printing heads with multiple nozzles have been developed to improve the printing speed and structural size [18]. Although this printing method has some advantages in organ manufacturing, poor printing resolution and low printing speed have greatly limited its fidelity and clinical implementation. Until now, only simple structures with few layers of “bioinks” can be achieved. For example, Gao [19] et al. developed a bioprinting platform for 3D cartilage tissue engineering using thermal inkjet printers and polyethylene glycol (PEG)-diacrylate (PEGDA, MW 3400). Using this platform, the precise distribution and arrangement of human mesenchymal stem cells (h MSC) can be realized. After printing, the cells in the 3D PEGDA hydrogel showed a chondrogenic phenotype with gradually increased glycosaminoglycans (GAG) and type II protein expression during the in vitro cultures, while the constructed cartilage-like construct showed a natural composition band organization and ideal mechanical properties.




2.2. Fused Deposition Modeling (FDM)


FDM is a 3D printing method that deposits molten thermoplastic polymer layer-by-layer in a specific laying pattern through one or more heated extrusion heads with small holes [20,21]. It is also called “thermoplastic extrusion”. In FDM, one of the traditional methods is to melt the thermoplastic polymer into a semi-liquid state, and then extrude the semi-liquid polymer layer-by-layer onto the platform. The thermoplastic polymer before printing are generally in the form of filaments or particles. When the thermoplastic polymer is heated to a temperature above its melting point, it becomes fluid and flows out of the nozzle. As soon as the plastic polymer flows out of the nozzle, it hardens and bonds with the underlying layer. Once a layer is built, the platform is lowered or the nozzle is raised, the extrusion nozzle deposits another layer, and the printed layers are fused together in layers [20,21].



The often printed thermoplastic polymers include acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), nylon/polyamide, acrylonitrile styrene acrylate (ASA), polyethylene terephthalate (PET), polyethylene terephthalate modified (PETG), polycarbonate (PC), polyether ether ketone (PEEK), polyether imide (ULTEM), and their derivatives, such as fiber reinforced composites and polymer ceramic composites [22]. The most important advantage of FDM technology in the AM field is that it can create complex scaffolds with excellent mechanical strength and high geometric accuracy. One of the fatal shortcomings of FDM technology in the field of organ 3D printing is that cells, growth factors, and other bioactive agents cannot be directly printed at high polymer melting temperatures. Nowadays, the 3D printing technology of FDM with PEEK as raw material is widely used in bone tissue engineering, orthopedic implants, joint replacement, spinal implants, prostheses, and dentistry [23,24,25]. A research team has used CT-guided FDM to manufacture a polycaprolactone (PCL)/hydroxyapatite bone scaffold with cortical bone-like characteristics, which is similar to natural bone in terms of structural features, mechanical properties, and chemical composition [26].




2.3. Extrusion-Based 3D Printing


Similar to FDM, extrusion-based 3D printing deposits “bioinks” from a syringe or nozzle onto a build platform based on the CAD models [27]. Unlike FDM, the extrusion-based extrusion process does not involve any heating process unless it is particularly necessary. Polymer solutions or hydrogels with cells, growth factors, and other bioactive agents can be extruded through a nozzle in a controlled manner by pneumatic pressure or physical force (i.e., piston or screw). The deposition system is selected based on the sensitivity of the “bioinks”, with the purpose of gradually pushing them down without damaging the cells inside the “bioinks” [28]. Compared with other 3D printing processes, the extrusion-based 3D printing technology provides a higher printing speed. With the development of this 3D printing technology, multiple cell types can be deposited together with different biocompatible polymer solutions/hydrogels at very high cell density. The solidification of polymer solutions or hydrosols is through a series of physical and chemical methods, such as sol–gel conversion (i.e., physical crosslinking), polymerization, chemical crosslinking, and enzymatic reactions [29].



In some extrusion-based 3D printing experiments, the cell viability after printing is at the range of 40% to 80% [30,31]. The cell survival rate can be improved by optimizing the printing parameters, such as deposition rate, pressure, and temperature. Some researchers use gelatin methacrylamide loaded with cells, as “bioinks”, for printing, and the cell viability can be as high as 97% [32]. It was reported that adopting PEG cross-linking after 3D priniting can improve the mechanical properties of the 3D constuct while the cell viability is maintained [33].



In the past decade, extrusion-based printing has been the most widely used technology in the field of organ 3D bioprinting, and the products have been applied in many biomedical fields, such as high through-put drug screening, customized organ substitution, surgical assistance model preparation and pathological analyses. For example, Gu et al. [34] reported a reversible physical cross-linking strategy to accurately deposit gelatin methacrylic “bioinks” loaded with human chondrocytes at low concentrations without any sacrificial materials. Chen et al. [35] introduced 1% aldehyde hyaluronic acid (AHA) and 0.375% N-carboxymethyl chitosan (CMC) to obtain a polysaccharide gelatin (GEL, 5%)-alginate (ALG, 1%) “bioink”. This GEL-ALG/CMC/AHA “bioink” has a weak temperature dependence when it was printed in vivo at about 37°C using traditional printing methods. The printed cell-laden structure can have high underwater fidelity after being reinforced with 3% calcium chloride for only 20 seconds. The fidelity can be maintained for 30 days.



Furthermore, in order to avoid the disadvantages related to the traditional extrusion-based 3D printing, more and more researchers are applying microfluidic techniqe into this group of technologies to produce biological structures. Beside producing tubular vascular structures, many elaborate vascular and neural networks have been obtained through the updated multiple nozzles or syringes [15].




2.4. Stereolithography (SLA)


As the earliest 3D printing technology, SLA is the most mature 3D printing method and is widely used in the industry [36]. In SLA, a concentrated ultraviolet beam is irradiated on the liquid photopolymer, and the CAD model is interpreted to the liquid surface to start the building of the first layer. Subsequently, each layer plane polymerizes at a predetermined time to form a solid layer until the desired object is completely manufactured [37]. Compared with other traditional methods, light-curing biological 3D printing has the characteristics of high flexibility, high resolution, and fast manufacturing speed. These characteristics make it widely used in corneal stromal tissue regeneration, insulin delivery, tissue engineering scaffold manufacturing and other fields. Greatly promoted the progress in the field of tissue and organ regeneration. [38,39,40,41].



SLA has some advantages in tissue engineering areas, but its development and popularization in the field of organ manufacturing have been seriously restricted by many factors. (1) Printing technology limitations: different SLA technologies have different lamp wavelengths, printing sizes, and “bioink” viscosity requirements, which are hard to be standardized. (2) Material limitations: there are fewer photocurable biomaterials can be used as “bioinks” with the required low viscosity. (3) Cost restriction: the price of SLA instruments and their printed biomaterials are expensive, resulting in the limited clinical trials.




2.5. Aerosol Jet Printing


Aerosol jet printing is another non-contact printing method with high resolution and flexibility. It has been developed recently, in which the “bioink” is placed in an atomization generator and atomized into aerosol particles via ultrasonic or pneumatic atomization, before being delivered to the print nozzle via inert gas. Inside the nozzle, a surrounding gas is applied to constrain the “bioink” before it was deposited on the surface of the substrate to form a functional pattern [42].



In aerosol jet printing, the “bioinks” can be printed on various substrates, such as metals, semiconductors, and polymers [43], and the products can be widely used in the field of electronics [44]. However, studies have shown that ultrasonic treatment can denature DNA [44], which has limited its application in the field of biomedicine. Until present, there are few studies on organ 3D printing using this method except heart patch engineering and protein detection [45,46].






3. Natural Polymers for Organ 3D Printing


Natural polymer refers to a high molecular weight compound whose basic structure is a linear long chain connected by repeating units that exists in animals, plants, and other organisms. Natural polymers include proteins, polysaccharides, and their combinations, such as glycoproteins, proteoglycans [47,48]. Most of natural polymers can dissolve in inorganic solvents, such as water and acetic acid. Water solvents under certain potential of hydrogen (pH) values are non-toxic to cells. Some natural polymer solutions, such as gelatin and agarose, can be cross-linked to form hydrogels with certain viscosity. These polymers usually have good biocompatibility and degradability and can meet the requirements for 3D bioprinting [49]. Living cells and bioactive agents can be embedded into the natural polymer solutions before 3D bioprinting. During the 3D printing process, the polymer chains can protect cells from squeezing pressures. After 3D printing, the 3D constructs can be stabilized by cross-linking the polymer chains, and nutrients and oxygen can be transported to the cells through the interpenetrating networks [50].



Currently, the most commonly used natural polymers for organ 3D printing are collagen, gelatin, alginate, fibrinogen, hyaluronic acid, chitosan, and agarose [50]. Each of these polymers has advantages and disadvantages in organ 3D bioprinting. In Table 2, the typical properties, advantages, and disadvantages of several commonly used natural polymers for organ 3D bioprinting have been summarized [51,52,53,54,55,56,57,58,59,60,61,62,63,64,65].



3.1. Gelatin


Gelatin is derived from collagen, obtained by partial hydrolysis and incomplete cleavage of collagen molecules [51,52]. Its water solution is a hydrocolloid with high freezing point, rapid degradation rate, low gel strength, and poor mechanical properties. As a natural polymer, gelatin has many advantages for organ 3D printing, such as excellent biocompatibility, physical gelation property, and low cost [66,67].



Gelatin can be printed with other natural polymers, such as chitosan, alginate, fibrinogen and hyaluronate [68,69,70,71,72,73,74,75]. There are several chemical cross-linking strategies for the stabilization of the gelatin-based 3D constructs during or after 3D printing. In Table 3, some commonly used gelatin-based composite hydrogels for organ 3D printing are summarized.



Due to its excellent biocompatibility and degradability, a gelatin derivative known as gelatin-methacryloyl (GelMA) has been widely explored for heart, cartilage, nerve, and other tissue 3D printing [76,77,78,79].



Some researchers used a pneumatic extrusion printer to precisely control the channel geometry of the 3D printed gelatin scaffold and seeded undifferentiated liver cell lines (Huh7) on the scaffolds. Compared to 2D cultures, hepatocytes in 3D-printed gelatin scaffolds were functionally increased in albumin secretion, cytochrome P450 oxidase activity, and bile salt transport activity [68]. Lam et al., printed methacrylated gelatin (GelMa) and methacrylated hyaluronic acid (HAMA) using a stereolithographic bioprinter, creating cartilage models with different chondrocyte densities. After 14 days in vitro culture, cells in the GelMA and HAMA hydrogels differentiated into a monolayer of chondrocytes, as evidenced by cartilage typical proteoglycan, cartilage specific type II collagen deposition, and cartilage marker gene expression. The technique can be applied to create cartilage repair models and treat articular cartilage defects using autogenous cells and compatible polymers with tailored sizes and shapes [69].



Gelatin prepared by a single modification sometimes cannot meet all the requirements for organ 3D printing. Many combinations and modifications have been exploited without increasing its toxicity to cells, enhance the mechanical properties, and stabilize the 3D printed constructs (Table 3) [76,77,78,79].




3.2. Alginate


Alginate is usually extracted from brown algae (Phaeophyceae), including kelp, Ascophyllum, and Macrocystis. Alginate solution is polyanion and has certain pH sensitivity. The higher the pH, the stronger the hydrophilicity of the solution, on the contrary, the weaker the hydrophilicity [53]. Sodium alginate hydrogel has good biocompatibility, strong gel-forming capability, low toxicity, low cost, and wide sources, which make it the most widely used natural polymer in organ 3D printing areas [54].



A sodium alginate molecule often has three parts, namely “M area (rich in mannuronic acid), “G area” (rich in guluronic acid), and “MG area” (containing mannuronic acid and Guluronic acid) [53]. Alginate solution has an important character that can be chemically crosslinked by divalent cations, such as calcium (Ca2+), strontium (Sr2+), and barium (Ba2+) ions. The crosslinked hydrogels have been applied in many biomedical fields, such as wound healing, drug delivery, and regenerative medicine [80,81,82].



The Na+ on the G unit can be ion-exchanged with divalent cations such as Ca2+, resulting in a large accumulation of G units to form a 3D network, which can quickly form a hydrogel. The preparation methods of sodium alginate hydrogel mainly include physical crosslinking, chemical crosslinking, and enzyme crosslinking. It is worth mentioning that the chemical crosslinking of alginate molecules using Ca2+ is reversible. When the 3D printed construct is placed in a liquid that does not contain or contains less Ca2+, the crosslinked Ca2+ will gradually dissolve within about one week.



As a natural polymer, there are fewer cell attachment sites in the alginate molecules, which makes it not the good candidate for cells to grow and proliferate inside the single alginate hydrogels. Thus, alginate is often used with other natural polymers, such as gelatin and fibrin. In organ 3D printing, the properties of the 3D printed costructs are often needed to adjust to meet the special requirements as regard to the water holding capacity, degradation rate, stability, and mechanical properties (e.g., rigidity) (Table 4).



A team used type I collagen, sodium alginate, and chondrocyte as 3D bioprinting “bioink” to construct cartilage tissues. The results show that the “bioink” has good mechanical strength and biological function, and it is very promising in cartilage tissue 3D bioprinting [83]. Another team used alginate/gelatin hydrogel to encapsulate aortic sinus smooth muscle cells (SMC) and aortic valve interstitial cells (VIC), and successfully printed aortic valve catheters. Both cell types achieved high survival rates in the 3D-printed constructs, indicating that aortic valve hydrogel catheters with complex anatomical structures and heterogeneous encapsulation can be 3D bioprinted with sodium alginate-based hydrogels [84]. Zohreh et al., used sodium alginate/chitosan/hesperidin hydrogel to print bioartificial skins with good biocompatibility, mechanical properties, and antibacterial properties. In the full-thickness rat skin trauma repair experiment, the hydrogel had a better wound closure effect than the gauze-treated wounds [85]. Researchers, such as Ning, used a composite hydrogel of alginate, fibrin, hyaluronic acid, and (Arg-Gly-Asp, RGD) peptides to encapsulate Schwann cells to print 3D bio-scaffolds, and applied them to neural tissue engineering. Histological experiments showed that Schwann cells in the constructs had high viability, proliferation rate, and protein expression level. It shows that the alginate-based mixture can be used to produce nerve repair scaffolds, and these scaffolds have great potential in the field of post-peripheral nerve regeneration [86].




3.3. Fibrin


The fibrinogen molecule is composed of two sets of alpha, beta, and gamma chains bridged by disulfide bonds. Each molecule contains two outer D domains, which are connected to the central E domain by a coiled-coil segment (Figure 4). Fibrin is formed after thrombin cleaves fibrinopeptide A from the Aα chain of fibrinogen, which initiates the polymerization of fibrinogen [55]. Fibrin has super biocompatibility and biodegradability. Fibrin gel is non-toxic and does not have immune rejection [56], so it is widely used in the liver and heart 3D printing areas [57].



Fibrin was first printed into large living tissues in 2007 [70,71,72,73,74,75]. Since then it has been utilized for ogan printing with many other natural and synthetic polymers. Some researchers used a multi-nozzle 3D printer to print gelatin/alginate/fibrinogen hydrogel scaffolds, and a 3D biological printing glioma stem cell model was established. The survival rate of glioma stem cells in the scaffold was 86.92%, and the cells have high viability and differentiation potential in this hydrogel scaffolds [100]. A team used fibrin as bioinks and an extruded biological 3D printer to print fibrin scaffolds containing human fibroblasts, and inoculated keratinocytes on the scaffolds to obtain human double-layer skin. Histological results showed that the structure and function of printed skin were similar to human skin. The results show that fibrinogen can be used to print artificial skin [101].




3.4. Chitosan


Chitosan is a derivative of chitin obtained by deacetylation of chitin. Its chemical name is polyglucosamine (1-4)-2-amino-B-D glucose [63]. Chitosan has average biocompatibility, biodegradability, and non-toxicity in relation to cells and tissues [64].



Ducret et al. combined fibrin and chitosan to design an injectable hydrogel to determine the antibacterial effect of chitosan in fibrin hydrogel, as well as the vitality and proliferation state of dental pulp (DP)-MSCs in the hydrogel. It shows that the fibrin–chitosan hydrogel has strong antibacterial capability and can promote the regeneration of human DP tissue through maintaining a bacteria-free environment in the DP space [102]. Demirtaş et al. compounded chitosan with nanostructured bone-like hydroxyapatite to prepare a chitosan–hydroxyapatite hydrogel. MC3T3-E1 pre-osteoblasts were loaded with chitosan and chitosan–hydroxyapatite hydrogels, and printed with an extrusion 3D bioprinter. The results showed that chitosan and chitosan–hydroxyapatite can provide good mechanical support for 3D bioprinting. Cells in the hydrogels can maintain viability and undergo proliferation and osteogenic differentiation [103]. Wang’s team constructed a new type of collagen/chitosan/heparin matrix and found that it is highly porous and can be stabilized at least 60 days in vitro in a PBS buffer solution containing collagenase/lysozyme at 37 °C. The hydrogel-cultured hepatocytes showed high urea and triglyceride secretion function 25 days after inoculation, indicating that the collagen/chitosan/heparin matrix has great potential in the field of liver manufacturing [104].




3.5. Agarose


Agarose is a linear polymer, and the basic structure is 1,3-linked β-D-galactose and 1,4-linked 3,6-lactose-L-galactose alternately linked long chains. Agar pectin is a heterogeneous mixture composed of many smaller molecules. Agarose is generally heated to above 90 °C to dissolve in water, and a good semi-solid gel is formed when the temperature drops to 35-40 °C. This is the main feature and basis for its multiple uses. As a natural polysaccharide material, it has the characteristics of cell non-toxicity, slow degradation rate [105], low material cost, and has good mechanical properties after gelling [65].



Agarose has been widely used in hard tissue repair scaffolds, wound dressings, drug delivery, and other fields. Sivashankari et al. used freeze-drying technology to prepare a 3D porous scaffold of agarose/chitosan/graphene oxide (ACGO), and evaluated the physical, chemical, and biological properties of the composite scaffold. The connected holes have good blood compatibility and Vero cell proliferation ability, indicating that the ACGO composite scaffold can be applied to tissue engineering applications [106]. Carriel et al. developed a human skin replacement model using fibrin–agarose hydrogels, and evaluated the model in vivo and in vitro through histological experiments. The fibrin–agarose hydrogels can reproduce the histological structure of natural human skin [107]. Junji et al. developed a hydroxyapatite/agarose gel and printed it into 3D scaffolds. The 3D scaffolds were implanted into the medial femoral condyle of rabbits. After implantation, the bone regeneration process was evaluated by micro-focus computed tomography (micro-CT) and histological analysis. New bone was seen at the edge of the bone defect 2 weeks after the operation, the bone regeneration was good at 4 weeks after the operation, and the implant gradually degraded 8 weeks after the operation [108].





4. Synthetic Polymers for Organ 3D Printing


Synthetic polymers are man-made polymers with adjustable chemical structures and physical properties produced by chemical reactions. Most synthetic polymers have better mechanical properties than natural polymers. However, synthetic polymers are biologically inert and the printing process usually involves the use of organic solvents and/or toxic activators, which may reduce the biological effects of cell activity. Therefore, biologically active ingredients (such as cells and growth factors) cannot be easily combined with synthetic polymers for 3D printing. Since most synthetic polymers can be degraded by microorganisms or biological fluids in the body [109,110], the degradation rate can be adjusted to match the generation rate of specific tissues and organs. The commonly used biodegradable synthetic polymers in 3D printing include poly (lactic acid) (PLA), poly (glycolic acid) (PGA), polylactic-co-glycolic acid (PLGA), polyurethane (PU), and polycaprolactone (PCL) [111,112,113,114,115,116]. In Table 5, some of the characteristics for organ 3D printing are summarized.



Because they can withstand the internal and external tension of the 3D printing process and the implantation stage in the body and have good mechanical strength, synthetic polymers have a priority in the field of hard tissue and organ 3D printing [117,118,119].



For organ 3D printing, synthetic polymers are often used together with natural polymers. Especially, for large-scale hierarchical structures, such as layered blood vessels, nerve tissues, and lymphatic networks, synthetic polymers prefer to be the wrappage, wrapping outside the cell-laden natural polymers [120,121].



4.1. PLA


As a linear thermoplastic aliphatic polyester, PLA is mainly synthesized from starch raw materials through saccharification, fermentation, and other chemical reactions. PLA has good biocompatibility and biodegradability. It can be completely degraded under certain conditions. The final metabolic products are carbon dioxide and water, which can be eliminated from the bodys [122,123,124]. PLA has many advantages in organ 3D pringing, such as good thermal stability, water/solvent/bacteria resistance, excellent gloss, transparency, and flame retardancy [125].



Since 3D printing can control the overall geometry and internal structure of the 3D constructs, it has become a key process for hard tissue and organ, such as bone and cartilage, substitute manufacturing. The PLA based synthetic polymers therefore have become the the main focus for large size bone and cartilage scaffold development. The hybridization of PLA with natural polymers has become a promising method to manufacture complex organs [134]. Due to the excellent mechanical properties, biocompatibility, and degradability of PLA, it has been widely used in the related research. For example, Chen et al. have uniformly dispersed nano-hydroxyapatite to PLA and fabricated a 3D composite scaffold with enhanced osteogenesis and osteoconductivity through a desktop FDM technology. The 3D printed PLA/nano-hydroxyapatite scaffold has great potential in repairing the large bone defects. [135]. Shadi et al. used an indirect 3D printing method to develop a bone repair scaffold made of PLA/PCL/hydroxyapatite with macropores and micropores. The composite scaffold with a weight ratio of 70/30 (PLA/PCL) achieves more favorable properties in terms of biocompatibility and osteoinductive properties [136].




4.2. PLGA


PLGA is a synthetic copolymer (polyester) of lactic acid (LA) and glycolic acid (GA) with excellent physical, chemical, thermal, and mechanical properties that makes it suitable for wide usage. PLGA has attracted considerable attention in 3D bioprinting areas because it has good biocompatibility, controllable biodegradability (depending on molecular weight and copolymer ratio), and has been approved by the US Food and Drug Administration (FDA) for human clinical usage [126,127].



The lack of suture resistance of 3D printed vascularized tissues and organs has always been an important problem hindering the development of organ manufacturing. If the anti-suturing ability is insufficient, the cell-laden natural hydrogel can hardly withstand any additional mechanical load. In 2010, Professor Wang’s research group produced a tubular three-layer PLGA-cell/fibrinogen-PLGA construct [137]. The inner and outer layers are made of supportive PLGA with different pores, which play an important role in long-term structural stability, preventing excessive expansion during mechanical stimulation. The middle layer is a fibrin-encapsulated cell hydrogel, which provides accommodation for cells to proliferate, migrate, and differentiate inside. The study found that the three-layer sandwich structure can withstand the maximum axial stress of 1100 kPa during the tubular contraction and extension stages, which is significantly higher than human blood pressure. With the enhancement of mechanical properties by PLGA, the ASCs in the intermediate fibrin hydrogel are induced to differentiate into smooth muscle cells and arranged regularly under growth factor induction and dynamic conditions. This strategy is expected to be widely used in the field of complex organ manufacturing.



As PLA, PLGA has been widely used in hard tissue and organ 3D prinitng due to its excellent mechanical properties. Researchers have prepared a series of double-layer PLGA-integrated scaffolds to achieve simultaneous repair of osteochondral tissue. In the experiment, two scaffolds with different apertures were made, and then they were glued together to form an integrated scaffold. By checking the condition of the porous scaffold implanted with bone marrow mesenchymal stem cells (BMSCs) for 24 weeks. It is proven that the double-layer PLGA porous scaffold can promote the repair of osteochondral defects and has application potential in osteochondral organ engineering [138].




4.3. PU


PU is a group of linear segment polymers, consisting of oligodiol (i.e., soft segment) and organic (i.e., hard segment) units connected through urethane (–NH– (C= O)–O–). PU can be biodegradable or non-biodegradable, and in vitro degradation studies have shown that PEG-based PUs are more degradable than PCL-based ones. In terms of mechanical properties, the tensile properties of PU are mainly controlled by soft segments. In another word, the difference in the structure of soft segments provides significant changes in the properties of PU. Studies have shown that the mechanical properties of PCL-based polymers are higher [128]. Acrylate groups can be used as ultraviolet (UV) curing sites incorporated into thermal PU for 3D printing of cells. These PUs show potentials for various biomedical applications including organ manufacturing [129].



Professor Wang of Tsinghua University developed a new biodegradable elastic PU, and carried out the 3D printing of various tissues and organs [93,139]. The biodegradable PU has been widely used in the fields of peripheral nerve repair conduits, rabbit vein recovery templates, and layered blood vessel/neural network overcoats [140,141]. In one of the experiments, Professor Wang’s research group used a dual-nozzle low-temperature deposition manufacturing (DLDM) system to prepare a double-layer polyurethane (PU)–collagen nerve repair conduits. By optimizing the process parameters and the polymer concentrations, an ideal nerve repair conduit was manufactured for peripheral nerve repair [142,143]. Feng et al. developed a biodegradable waterborne polyurethane (WBPU) modified by amino acid, which can be used by FDM 3D printing technology at a temperature of 50–70 °C. Through implantation experiments in mice, it is proven that the WBPU has good biocompatibility and degradability, and the degradation products have no cytotoxicity to host tissues (Figure 5) [144].




4.4. PCL


PCL, also known as polyε-caprolactone, formed by ring-opening polymerization of ε-caprolactone monomer catalyzed by a metal anion complex catalyst, is a biodegradable semi-crystalline polyester [130]. PCL is non-toxic, insoluble in water, and easily soluble in a variety of organic solvents. It has very good biocompatibility and biodegradability, which can be completely degraded in 6–12 months within a natural environment [131]. In addition, PCL also has temperature-dependent shape memory properties. Under heating conditions, it exhibits good viscoelasticity and rheology, and can be processed by FDM technology for four-dimensional (4D) printing.



Using extrusion-based 3D printing technologies PCL can be effectively printed into screw type stents with a controlled microstructure. The use of low-pressure nitrogen-based coatings can enhance cell adhesion and proliferation capacities without changing the mechanical properties of the stents [145]. In order to further enhance cell–cell signal transduction and cell–material interaction, Wang et al. used conductive biomaterials or mixed conductive fillers with non-conductive biomaterials for the manufacture of the electroactive PCL scaffolds [146]. Compared with traditional PCL and PCL/graphene scaffolds, the new scaffolds have improved in vitro biological performance because the nitrogen-doped graphene has higher conductivity and better surface hydrophilicity than the original graphene. Additionally, PCL lacks cell binding sites, the combination of PCL with natural polymers to create hybrid structures is a widely accepted strategy for PCL-based 3D bioprinting [147].




4.5. Pluronic Acid (or Poloxamer)


Pluronic acid (i.e. poloxamer) is a triblock copolymer composed of one hydrophobic poly (propylene oxide) (PPO) segment and two hydrophilic poly (ethylene oxide) (PEO) segments arranged in a PEO-PPO-PEO configuration; the general formula is: HO(CH4O)a(C3H6O)b(C2H4O)cH. The concentrated aqueous solution of poloxamer forms thermoreversible hydrogels. These hydrogels remain fluid at room temperature and become viscous once exposed to body temperature. The gel temperature is closely related to its concentration and structure (i.e., PPO/PEO ratio, PPO/PEO block length and, total polymer chain length) [132,133].



Pluronic acid shows good printability, but it has adverse effect on cell viability during long-term in vitro cultures, so it is often chemically modified with other polymers to improve the structural and mechanical properties [148,149]. Recently, researchers have combined pluronic acid with gelatin, which can take advantage of its excellent rheological behavior under shear stress and elasticity to create a biocompatible hydrogel for vascular channels. Müller et al. [150] reported a strategy for constructing nanostructured Pluronic hydrogels, which can significantly improve their biocompatibility. The mixed acrylate and Pluronic F127 can not only maintain the printability but also obtain a stable 3D structure through UV cross-linking. After 3D printing, the unreacted Pluronic was removed from the cross-linked network by elution. Methyl acrylate hyaluronic acid (HAMA) was also added to improve the mechanical properties of the 3D structures. There are some researchers chose 20% pluronic F127 aqueous solution to prepare biofilms [151]. After the neomycin-impregnated pluronic solution was mixed with polyvinyl alcohol (PVA) excipients (Povidon S630, PG) with appropriate concentration, the prepared neomycin-impregnated pluronic membrane inhibited the growth of bacteria on the agar plate through the sustained release of neomycin. When this pluronic membrane was implanted to the burn site of rabbits, it acts as a drug-releasing matrix with the potentials for local burntreatment (Figure 6).





5. Nanometer Material for Organ 3D Printing


In recent years, the application of two-dimensional nano materials (2DNM) in 3D printing has attracted extensive attention because of their special physical/chemical properties and excellent biocompatibilities. A series of nanomaterials, such as metal/metal oxide nanomaterials, are physically mixed or covalently bonded with polymer networks to produce speical biomedical devices, for the treatment of intractable diseases. 3D printing the multifunctional 2DNM “inks” to manufacture high-performance special organs is considered to be an emerging frontier in advanced material development and 3D bioprinting [152].



As a new type of crystalline and porous materials formed by metal nodes and polydentate ligands, metal organic frameworks (MOFs) have become a promising biomaterial in recent years because of their ultra-thin thickness, large surface area, and highly accessible active sites [153,154]. Nevertheless, most of the MOFs have poor water stability, which hinders their application in biomedical fields to a certain extent [155,156]. In this case, a large number of researchers have developed new “bioinks” with nano materials with high stability. For example, Ishiwata and his colleague used the cross-linking method to transform Zn based MOFs into polymer gel (PG) [157]. Colloidal particles or macromolecules in solution are connected with each other to form a spatial PG network. Additionally, the structural voids are filled with liquid. Tsotsalas et al. synthesized a copper free PG with excellent stability [158]. These gels can be used to adhere bacteria without releasing metal ions to ensure their applicability in biomedicine. Some metal/metal oxide containing ocomposite hydrogels exhibit not only enhanced mechanical properties, but also additional functions, such as electrical conductivity, magnetic properties, and/or antibacterial properties. The electrical activity of gold nanowire/alginate nanocomposite hydrogel makes it outstanding in special heart 3D printing with significantly increased electrical communication between adjacent cardiac myocytes, and stimulated synchronized contraction of cardiac myocytes through electrical stimulation [159]. It is predicted that this hydrogel will have great potential in cardiac tissue and organ manufacturing areas.



Many studies have shown that nano clay particles have important values in regenerative medicine, with respect to cell adhesion and diffusion, and controlled drug release [160]. Clay has been proved to be an excellent filler and can be designed as a new hydrogel for 3D bioprinting. The viscosity of polymer “bioinks” can be enhanced by nano clay increased, and nano clay can stabilize the polymer network [161,162]. Because of the reversible interaction between polymer and clay, the addition of synthetic clay improves the printability and shape fidelity of the alginate-based “bioinks”, changes the rheological properties of the gels, and makes the hydrogels more robust [163]. Furthermore, due to the low mechanical properties of natural polymers in 3D printing, “bioinks” based on nano-clay containing hydrogels have highlighted their advantages in 3D bioprinting areas, including increasable bioactivities, controllable mechanical prooperties, customizable degradation rates, and simple processing skills [164,165]. The PNAGA/nano clay hydrogel used for 3D bioprinting has achieved a good effect in repairing rat and rabbit bone defects [166].



Most inorganic ceramic nanoparticles contain some minerals naturally existing in the human body, which can provide biological functions to promote the growth of tissues in the body. Hydroxyapatite nanoparticles were incorporated into PEG hydrogel to form a tough elastic nanocomposite hydrogel, which supports osteoblast to adhere [167]. Compared with the PEG hydrogel alone, adding hydroxyapatite nanoparticles into PEG hydrogel can increase the toughness, breaking strength, and tensile modulus of the 3D printed structures. The further development of these elastic materials can promote the development of 3D printing in the manufacture of large tissues and organs.




6. Typical 3D Bioprinting Technologies for Bioartificial Organ Manufacturing


6.1. Heart 3D Bioprinting


Cardiovascular disease is one of the main causes of death in the world. Heart transplantation is the main method for many cardiovascular treatments at present. Recently, heart 3D printing technology has also made great progress and application.



3D bioprinting technology can be used to create heart valves. The commonly used printing materials for heart valves are biodegradable synthetic scaffolds and adult cells [168]. Laser sintering 3D printers are also used to make heart valve scaffolds, and human umbilical cord blood vessel cells can be planted on the scaffold [169].



3D bioprinting technology has been used to make myocardial chip platform. Some researchers use alginate, GelMA, and photoinitiator Irgacure 2959 as “bioinks” by encapsulating human endothelial cells, using coaxial extrusion printing to make a multilayer hydrogel microfiber scaffold, and then inoculating cardiomyocytes in the scaffold. Afterwards, the scaffold is further embedded in a specially designed microfluidic perfusion bioreactor to complete the endothelial myocardial chip platform for cardiovascular toxicity assessment, drug screening, and potential disease modeling [170].



3D bioprinting technology has been applied to create living heart tissues. Some researchers isolated the primary cardiomyocytes from the hearts of young rats and mixed them in the “bioinks” based on fibrin. They used the extrusion printing method to print the cell-laden hydrogels, sacrificed hydrogels, supportive PCL frames, and obtained cardiac tissues. The bioprinted heart tissues have spontaneous and synchronized contraction functions during in vitro cultures, and the progressive cardiac tissue development is confirmed by immunostaining of α-actinin and connexin. These results indicate that the bioprinted heart tissues are functional and can be applied in the fields of organ manufacturing and drug screening [171].



3D bioprinting technology has also be used to create 3D heart models. Maiullari et al. combined human umbilical vein endothelial cells (HUVEC), induced pluripotent cell-derived cardiomyocytes, and encapsulated them in alginate and PEG–fibrinogen hydrogels. The “bioinks” are printed through a customized microfluidic printhead, and the 3D heart tissue consisting of iPSC derived CMs is obtained, which has defined geometric shapes generated by HUVEC. During the in vivo experiment, the host vascular system can penetrate and integrate into the bioprinting construct to provide rapid blood supply for the implant [172]. In addition, researchers have proposed a method of 3D bioprinting collagen using freeform reversible embedding of suspended hydrogels. By means of pH-driven gelation control, high resolution and porous microstructure can be achieved, and human heart components with various scales from capillaries to whole organs can be designed and printed (Figure 7) [173].



Nevertheless, the structure of the natural heart is extremely complex, and the complicated blood vessels, neural networks, and muscle tissues in the heart are unusually difficult to construct at the same time under the existing 3D bioprinting technologies [174]; whether the 3D bioprinted constructs can realize the function of the heart biophysically and biochemically remains to be further explored [175].




6.2. Liver 3D Bioprinting


The liver is composed of highly specialized tissues that play an important role in metabolism and have multiple functions, including regulation of glycogen storage, red blood cell breakdown, plasma protein synthesis, hormone production, and detoxification. Anatomically, the liver is divided into four lobes, and each lobe is composed of numerous liver lobules under the microscope. The lobules are roughly hexagonal in shape and consist of hepatocyte plates radiating from the central vein. There are two main types of liver cells: parenchymal cells and non-parenchymal cells. Parenchymal cells are hepatocytes, accounting for 70–85% of the liver volume. Non-parenchymal cells include sinusoidal endothelial cells (SEC), phagocytic Kupffer cells (KC), and hepatic stellate cells (HSC) [176,177,178]. These non-parenchymal cells play special roles in certain physiological functions. For example, HSC is heavily involved in the synthesis of growth factors and the regeneration of ECM proteins, both of which play a key role in hemostasis and cell signaling [179].



Since hepatocytes have high proliferation capacity, the liver has extensive regeneration capacity. However, due to the limited availability of adult hepatocytes, they are difficult to isolate, and possess poor reproductive ability and rapid degradation of in vitro functions [180]. Various techniques have been developed to produce bionic liver tissues. However, traditional methods are unable to break through the existing bottleneck in producing volumetric liver tissue with high intercellular adhesion.



At the same time, due to its high fidelity and the ability to quickly and accurately manufacture relatively complex 3D structures, 3D bioprinting can manufacture more complex tissues and organs. Therefore, in recent years, 3D bioprinting technology has been increasingly used to manufacture complex liver structures with higher cell density [181,182].



Using RP technology, the research group of Professor Wang of Tsinghua University has successfully manufactured various hepatic tissues and organs using hepatocytes and gelatin-based hydrogels. Professor Wang has conducted a series of groundbreakings using a series of self-made 3D printers (Figure 8). In one study, a highly accurate 3D micro-positioning system with a pressure-controlled injector was created to deposit cells/hydrogels with a lateral resolution of 10 microns, creating various 3D patterns with different channel arrays (or go-through holes). More than 30 layers of hepatocytes/hydrogels were printed into a high-space constructs. Hepatocytes remained viable in the constructs and perform biological functions for more than 2 months [71]. In another study, a double-nozzle bioprinting technology was used to create an anatomical liver structure with a blood vessel-like networks. Adipose-derived stem cells (ASCs) wrapped in a gelatin/alginate/fibrinogen hydrogel were printed to form the blood vessel-like networks, hepatocytes were loaded with gelatin/alginate/chitosan hydrogel around it, and endothelial growth factor was used to induce the ASCs to differentiate into endothelial-like cells. The results show that the albumin secretion level of the embedded hepatocytes is cultured for 2 weeks, but the levels of urea and alanine aminotransferase decreased after the increase. These results indicate that this dual-nozzle 3D printing technology can be a powerful tool for manufacturing complex liver structures with special internal/external structures. In order to better realize the differentiation of stem cells and the assembly of different cell types, Professor Wang has pioneered a combined four nozzle 3D printer to quickly produce bioartificial livers. In other research groups, researchers demonstrated the application of 3D digital bioprinting technology to create a 3D hydrogel-based ternary culture model that uses gelatin methacrylate and glycidyl methacrylate–hyaluronic acid to derive iPSC hepatic progenitor cells, human umbilical vein endothelial cells and ASCs are embedded in a miniature hexagonal structure. The results showed that the morphology of the model was improved, the expression level of liver-specific genes was higher, the secretion of metabolites increased, and the induction of cytochrome P450 was enhanced [183].




6.3. Neural 3D Bioprinting


Currently, more than 50 million people worldwide suffer from neurodegenerative diseases, and most of the existing treatment methods for neurodegenerative diseases, as well as acute traumatic injury are exceedingly restricted due to the adult neurons are hard to divide and proliferate. In order to repair the neural tissues, various 3D bioprinting technologies have been employed to make nerve tissues with physiological functions [184].



Some researchers embedded neural stem cells (NSCs) in thermally responsive biodegradable PU “bioinks”. The thermally responsive and biodegradable PU “bioinks” were suitable for 3D printing at around 37 °C without any cross-linking [185]. The NSC embedded in the water-based PU hydrogel with appropriate stiffness showed considerable vigor and differentiation capability after 3D printing. When the 3D printed construct was implanted, the function of adult zebrafish suffering from traumatic brain injury was restored. It is an effective method for future nerve tissue restoration. Studies have shown that it is possible to construct neural tissues by printing human NSCs that support the production of functional neurons and glial cells in-situ [186]. The “bioinks” used in the study include stem cell-containing alginate, carboxymethyl chitosan, and agarose. The printed “bioinks” quickly gel through stable cross-linking to form a 3D object, which encapsulates the stem cells for in-situ expansion and differentiation. The results of experiment indicate that the differentiated neurons formed synaptic contacts, established a network with increased calcium response induced by bicuculline. Wang et al. have 3D printed a poly(3,4-ethylenedioxythiophene)–chitosan–gelatin (PEDOT–Cs–Gel) scaffold through in-situ interfacial polymerization. They assembled a PEDOT nanostructure layer on the channel surface of the porous Cs–Gel scaffold to make a conductive PEDOT–Cs–Gel scaffold. The scaffold was used for 3D culture of NSCs in vitro, and it was found that the PEDOT layer on the surface of the Cs–Gel scaffold channel can greatly promote the adhesion and proliferation of NSCs. In addition, this scaffold can significantly enhance the differentiation of NSCs into neurons and astrocytes by up-regulating the expression of β tubulin-III and GFAP [187].



Since the differentiation of NSCs can be oriented using biologically active macromolecules and transcription factors, in order to make cells differentiate accurately, it is necessary to create 3D cell survival environments with precise spatial patterns. Some researchers have directly patterned nerve cells in a 3D multilayer collagen gel [188]. They print a layer of collagen precursor to provide a scaffold for the cells, then print the rat embryonic neurons and astrocytes on this layer, and finally apply the sodium bicarbonate solution as aerosolized aerosol to the cells containing the collagen layer. This makes the collagen gel, and finally builds a 3D cell–hydrogel composite [189].



Additionally, extrusion-based 3D bioprinting models have greater advantages and potentials in neural drug screening and brain cancer treatments compared to traditional 2D cell cultures. Various neural growth factors (GFs) can be added to the 3D printing hydrogels directly and released over time. The 3D printing technology is widely considered to be more helpful to promote the embedded cells/GFs/drugs to migrate and communicate [190]. A 3D bioprinted glioma stem cell model has been established using a modified gelatin/alginate/fibrinogen hydrogel that mimics the ECM. Glioma stem cells show high activity with increased proliferation rate, glial fibrillary acidic protein and β-tubulin III expression [100].




6.4. Skin 3D Bioprinting


The skin is the largest organ of the human body [191], and it is a complex multi-layered structure composed of multiple cellulars, ECM fibers, small veins, capillaries, nerves, and hair follicles. The skin of humans is composed of three layers: epidermis, dermis, and hypodermis [192].



At present, there are two main strategies for skin regeneration. One is to inoculate cells on a degradable scaffold, and then induce a mature 3D tissue structure; the other is to encapsulate the cells in “bioinks” through a layer-by-layer print to obtain complex 3D skin tissues [3].



Some researchers use keratinocytes and fibroblasts as the constituent cells representing epidermis and dermis, and collagen is used as the dermal matrix representing skin. By inkjet printing on demand, collagen layer and single cell layer are printed separately to construct a 3D skin tissue. Histological and immunofluorescence experiments show that 3D printed skin tissue is similar to human skin in morphology and biology, and can be used as a model for studying pathophysiology of skin diseases [193]. Laser-assisted bioprinting technology is also used to create a fully cellular skin substitute, by placing fibroblasts and keratinocytes in a stable matrix, and implanting them in mice. The resulting skin structure can be completely connected to surrounding tissues, and some blood vessels can grow from the edge of the wound to the printed cells [194]. Some researchers also used extrusion bioprinters to first print “bioinks” containing human foreskin dermal fibroblasts (hFB), endothelial cells (hECs), and placental pericytes (hPC) suspended in mouse tail type I collagen to form the dermis and then print “bioinks” containing human foreskin keratinocytes (hKC) to form the epidermis. When the bioartificial skin tissues are implanted into the back of immunodeficient mice, the hEC lining structure gradually merged with the mouse capillaries from the wound bed [195]. In recent years, some researchers have proposed a novel design of mobile skin bioprinting system. The system integrated imaging technology with 3D inkjet bioprinting technology, wound data, and transported different types of cells to specific locations in-situ to achieve rapid repair of large-area wounds (Figure 9) [196].



Bioprinting technology is of special significance for skin organ construction. Ulcers or burns cause extensive skin defects. Autologous skin transplantation is limited, and a large amount of autologous skin can be obtained through bioprinting technology. However, at present, there is still some distance for the constructed skin to be used in clinic, partly due to the complexity of the multi-layer skin tissues. It is expected that with the rapid development of 3D printing technologies, large scale-up skin manufacturing with improved biological functions will come true in the near future [197].





7. Challenges


As discussed in this review, 3D bioprinting technology has made significant research progress in complex organ manufacturing using various polymeric “bioinks”. However, there are still many challenges in the manufacture of clinical useful large bioartificial organs. As organ manufacturing is an interdisciplinary subject and the result of the integration of biology, chemistry, physics, informatics, computer, and medicine, it is necessary to integrate talents in a wide range of fields such as biology, materials, chemistry, physics, machinery, medicine, and clinic to solve these challenges [198,199,200].



With the increase in the structure and size of the 3D printed organs, the transportation of nutrients is becoming more and more evident. In endogenous organs, nutrients/oxygens are transported through the vascular networks. The organs produced by 3D printing need to anatomically imitate the vascular networks in natural organs; provide water, gas, and nutrients for cells; and discharge metabolites from cells, which is the key to prevent organ necrosis [201,202,203,204,205]. In order to form highly simulated organs on a macro scale, a large amount of cells is needed before 3D printing. It is preferred to use stem cells with the capability to proliferate and differentiate into the target cell types as the cell sources. Unremitting efforts of biological experts are needed to solve the pertinent problems in this field.



The mainstream of the future development of 3D bioprinting is the use of multi-nozzle 3D printers for organ manufacturing. Only by using multi-nozzle printers can we assemble as many homogeneous and heterogeneous cells and useful polymers as possible. Therefore, mechanical engineers must innovate or update the 3D organ printers and solve the engineering related problems, such as the insufficient printing resolution, the slow printing speed, the instability of “bioinks”, and the standardability of nozzles [206,207]. Only by solving these problems in advance can we create more complex organ substitutes that can meet all the clinical requirements.



The organ made by bioprinting is a bionic structure, so the compatibility between the cell-laden polymers and cells must be considered at first. It has certified that any single polymer and cell type cannot have all the characteristics required for a bioartificial organ manufacture. Therefore, it is a compelling obligation for chemists and/or material scientists to develop more appropriate “bioinks” for different organ manufacturing [15,201].



Finally, in the process of organ implantation, doctors need to ensure the structural integrity and mechanical property (including stiffness) of the bioartificial organs, realize the physiological functions of the target organs, and ensure no syndromes after operation [28].




8. Conclusions


At present, it is possible to manufacture bioartificial organs including layered blood vessels and neural networks. Although the internal vascular networks in printed organs and the in-situ controlled differentiation of stem cells to more than three types of cells are still the main obstacles for 3D bioprinting large scale-up complex organs, we can still foresee that 3D bioprinting technology has broad clinical potentials in organ manufacturing both for bulk production and personalized treatment, and the production of homogeneous allogeneic and autologous organs will inevitably move from the field of science fiction to reality, and the 3D printing based organ manufacturing will beyond all doubt push the precision medicine to a new level.
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	Abbreviations
	Full name



	3D
	Three-dimensional



	RP
	rapid prototyping



	AM
	additive manufacturing



	SFM
	solid free-form surface manufacturing



	CAD
	computer-aided design



	FDM
	fused deposition modeling



	PEGDA
	PEG-diacrylate



	GAG
	glycosaminoglycans



	PMC
	polymer matrix composites



	PCC
	polymer ceramic composites



	FRC
	fiber reinforced composites



	ABS
	acrylonitrile butadiene styrene



	PLA
	polylactic acid



	ASA
	acrylonitrile styrene acrylate



	PC
	polycarbonate



	PEEK
	polyether ether ketone



	ULTEM
	polyether imide



	HA
	hyaluronic acid



	AHA
	aldehyde hyaluronic acid



	CMC
	N-carboxymethyl chitosan



	GEL
	gelatin



	ALG
	alginate



	SLA
	Stereolithography



	GelMA
	gelatin-methacryloyl



	HAMA
	methacrylated hyaluronic acid



	SMC
	smooth muscle cells



	VIC
	valve interstitial cells



	TPP
	tripolyphosphate



	ZnO
	zinc oxide



	NPs
	nanoparticles



	EDC
	1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide



	PEG
	Polyethylene glycol



	NHS
	N-hydroxysuccinimide



	PBS
	phosphate buffered saline



	ACGO
	agarose/chitosan/graphene oxide



	PGA
	glycolic acid



	PLGA
	polylactic-co-glycolic acid



	PU
	polyurethane



	LA
	lactic acid



	GA
	glycolic acid



	FDA
	Food and Drug Administration



	BMSCs
	bone marrow mesenchymal stem cells



	UV
	ultraviolet



	DLDM
	dual-nozzle low-temperature deposition manufacturing



	WBPU
	waterborne polyurethane



	PPO
	propylene oxide



	2DNM
	two-dimensional nano materials



	MOF
	Metal Organic Frameworks



	PG
	polymer gel



	iPSC
	induced pluripotent cell



	CMs
	cardiomyocytes



	HUVEC
	Human Umbilical Vein Endothelial Cells



	SEC
	sinusoidal endothelial cells



	KC
	Kupffer cells



	HSC
	hepatic stellate cells



	ASCs
	adipose-derived stem cells



	NSC
	neural stem cells



	PEDOT
	poly(3,4-ethylenedioxythiophene)



	Cs
	chitosan



	GF
	growth factor



	ECM
	extracellular matrix



	FB
	fibroblasts



	EC
	endothelial cells







References


	



Mallis, P.; Oikonomidis, C.; Dimou, Z.; Stavropoulos-Giokas, C.; Michalopoulos, E.; Katsimpoulas, M. Optimizing decellularization strategies for the efficient production of whole rat kidney scaffolds. Tissue Eng. Regen. Med. 2021, 18, 623–640. [Google Scholar] [CrossRef]

	



Zhang, L.G.; Khademhosseini, A.; Webster, T.J. Tissue and Organ Regeneration: Advances in Micro and Nanotechnology; Pan Stanford Publishing: Stanford, CA, USA, 2014. [Google Scholar]

	



Wang, X.; Yan, Y.; Zhang, R. Gelatin-based hydrogels for controlled cell assembly. In Biomedical Applications of Hydrogels Handbook; Ottenbrite, R.M., Ed.; Springer: New York, NY, USA, 2010; pp. 269–284. [Google Scholar] [CrossRef]

	



Wang, X.; Yan, Y.; Zhang, R. Rapid prototyping as a tool for manufacturing bioartificial livers. Trends Biotechnol. 2007, 25, 505–513. [Google Scholar] [CrossRef] [PubMed]

	



Chinzei, R.; Tanak, Y.; Shimizu-Saito, K.; Hara, Y.; Kakinuma, S.; Watanabe, M.; Teramoto, K.; Arii, S.; Takase, K.; Sato, C.; et al. Embryoid-body cells derived from a mouse embryonic stem cell line show differentiation into functional hepatocytes. Hepatology 2002, 36, 22–29. [Google Scholar] [CrossRef] [PubMed]

	



Lei, M.; Wang, X. Biodegradable polymers and stem cells for bioprinting. Molecules 2016, 21, 539. [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]

	



Kankala, R.K.; Zhu, K.; Li, J.; Wang, C.-S.; Wang, S.-B.; Chen, A.-Z. Fabrication of arbitrary 3D components in cardiac surgery: From macro-, micro- to nanoscale. Biofabrication 2017, 9, 032002. [Google Scholar] [CrossRef] [PubMed]

	



Guvendiren, M.; Molde, J.; Soares, R.M.; Kohn, J. Designing Biomaterials for 3D Printing. ACS Biomater. Sci. Eng. 2016, 2, 1679–1693. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Zhang, Y.S.; Heinrich, M.A.; De Ferrari, F.; Jang, H.L.; Bakht, S.M.; Alvarez, M.M.; Yang, J.; Li, Y.-C.; Trujillo-de Santiago, G.; et al. Rapid continuous multimaterial extrusion bioprinting. Adv. Mater. 2017, 29, 1604630. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Cristescu, R.; Chrisey, D.B.; Narayan, R.J. Solvent-based extrusion 3D printing for the fabrication of tissue engineering scaffolds. Int. J. Bioprinting 2020, 6, 211. [Google Scholar] [CrossRef]

	



Wang, X.; Ao, Q.; Tian, X.; Fan, J.; Wei, Y.; Tong, H.; Hou, W.; Bai, S. Gelatin-based hydrogels for organ 3D bioprinting. Polymers 2017, 9, 401. [Google Scholar] [CrossRef]

	



You, F.; Eames, B.F.; Chen, X. Application of extrusion-based hydrogel bioprinting for cartilage tissue engineering. Int. J. Mol. Sci. 2017, 18, 1597. [Google Scholar] [CrossRef]

	



Antich, C.; de Vicente, J.; Jiménez, G.; Chocarro, C.; Carrillo, E.; Montañez, E.; Gálvez-Martín, P.; Marchal, J.A. Bio-inspired hydrogel composed of hyaluronic acid and alginate as a potential bioink for 3D bioprinting of articular cartilage engineering constructs. Acta Biomater. 2020, 106, 114–123. [Google Scholar] [CrossRef]

	



Wang, X.; Tuomi, J.; Mäkitie, A.A.; Poloheimo, K.S.; Partanen, J.; Yliperttula, M. The integrations of biomaterials and rapid prototyping techniques for intelligent manufacturing of complex organs. In Advances in Biomaterials Science and Applications in Biomedicine; Lazinica, R., Ed.; InTech: Rijeka, Croatia, 2013; pp. 437–463. [Google Scholar]

	



Zhao, X.; Liu, L.; Wang, J.; Xu, Y.F.; Zhang, W.M.; Khang, G.; Wang, X. In vitro vascularization of a combined system based on a 3D bioprinting technique. J. Tissue Eng. Regen. Med. 2016, 10, 833–842. [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]

	



Hansen, C.J.; Saksena, R.; Kolesky, D.B.; Vericella, J.J.; Kranz, S.J.; Muldowney, G.P.; Christensen, K.; Lewis, J.A. High-throughput printing via microvascular multinozzle arrays. Adv. Mater. 2013, 25, 96–102. [Google Scholar] [CrossRef]

	



Gao, G.; Hubbell, K.; Schilling, A.F.; Dai, G.; Cui, X. Bioprinting cartilage tissue from mesenchymal stem cells and PEG hydrogel. Methods Mol. Biol. 2017, 1612, 391–398. [Google Scholar] [CrossRef] [PubMed]

	



Ahn, S.; Montero, M.; Odell, D.; Roundy, S.; Wright, P.K. Anisotropic material properties of fused deposition modeling ABS. Rapid Prototyp. J. 2002, 8, 248–257. [Google Scholar] [CrossRef]

	



Turner, B.N.; Strong, R.; Gold, S.A. A review of melt extrusion additive manufacturing processes: Process design and modeling. Rapid Prototyp. J. 2014, 20, 192–204. [Google Scholar] [CrossRef]

	



Wickramasinghe, S.; Do, T.; Tran, P. FDM-based 3D printing of polymer and associated composite: A review on mechanical properties, defects and treatments. Polymers 2020, 12, 1529. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, F.; Li, D.; Jin, Z. Preliminary investigation of poly-ether-ether-ketone based on fused deposition modeling for medical applications. Materials 2018, 11, 288. [Google Scholar] [CrossRef]

	



Haleem, A.; Javaid, M. Polyether ether ketone (PEEK) and its 3D printed implants applications in medical field: An overview. Clin. Epidemiol. Glob. Health 2019, 7, 571–577. [Google Scholar] [CrossRef]

	



Ding, L.; Lu, W.; Zhang, J.; Yang, C.; Wu, G. Preparation and performance evaluation of duotone 3D-printed polyetheretherketone as oral prosthetic materials: A proof-of-concept study. Polymers 2021, 13, 1949. [Google Scholar] [CrossRef] [PubMed]

	



Xu, N.; Ye, X.; Wei, D.; Zhong, J.; Chen, Y.; Xu, G.; He, D. 3D artificial bones for bone repair prepared by computed tomography-guided fused deposition modeling for bone repair. ACS Appl. Mater. Interfaces 2014, 6, 14952–14963. [Google Scholar] [CrossRef] [PubMed]

	



Ozbolat, I. 3D Bioprinting; Academic Press: Cambridge, MA, USA, 2016. [Google Scholar]

	



Ozbolat, I.T.; Hospodiuk, M. Current advances and future perspectives in extrusion-based bioprinting. Biomaterials 2016, 76, 321–343. [Google Scholar] [CrossRef] [PubMed]

	



Ricci, J.L.; Clark, E.A.; Murriky, A.; Smay, J.E. Three-dimensional printing of bone repair and replacement materials: Impact on craniofacial surgery. J. Craniofacial Surg. 2012, 23, 304–308. [Google Scholar] [CrossRef] [PubMed]

	



Chang, R.; Nam, J.; Sun, W. Effects of dispensing pressure and nozzle diameter on cell survival from solid freeform fabrication-based direct cell writing. Tissue Eng. Part A 2008, 14, 41–48. [Google Scholar]

	



Wang, X.; Ma, J.; Feng, Q.; Cui, F. Skeletal repair in of rabbits with calcium phosphate cements incorporated phosphorylated chitin reinforced. Biomaterials 2002, 23, 4591–4600. [Google Scholar] [CrossRef]

	



Billiet, T.; Gevaert, E.; De Schryver, T.; Cornelissen, M.; Dubruel, P. The 3D printing of gelatin methacrylamide cell-laden tissue-engineered constructs with high cell viability. Biomaterials 2014, 35, 49–62. [Google Scholar] [CrossRef]

	



Rutz, A.L.; Gargus, E.S.; Hyland, K.E.; Lewis, P.L.; Setty, A.; Burghardt, W.R.; Shah, R.N. Employing PEG crosslinkers to optimize cell viability in gel phase bioinks and tailor post printing mechanical properties. Acta Biomater. 2019, 99, 121–132. [Google Scholar] [CrossRef]

	



Gu, Y.; Zhang, L.; Du, X.; Fan, Z.; Wang, L.; Sun, W.; Cheng, Y.; Zhu, Y.; Chen, C. Reversible physical crosslinking strategy with optimal temperature for 3D bioprinting of human chondrocyte-laden gelatin methacryloyl bioink. J. Biomater. Appl. 2018, 33, 609–618. [Google Scholar] [CrossRef]

	



Liu, F.; Wang, X. Synthetic polymers for organ 3D printing. Polymers 2020, 12, 1765. [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, 22, 110–115. [Google Scholar] [CrossRef]

	



Magalhães, L.S.S.M.; Santos, F.E.P.; Elias, C.D.M.V.; Afewerki, S.; Sousa, G.; Furtado, A.S.A.; Marciano, F.R.; Lobo, A.O. Printing 3D hydrogel structures employing low-cost stereolithography technology. J. Funct. Biomater. 2020, 11, 12. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, H.; Kim, K. Stereolithography 3D bioprinting. Methods Mol. Biol. 2020, 2140, 93–108. [Google Scholar] [CrossRef]

	



Mahdavi, S.S.; Abdekhodaie, M.J.; Kumar, H.; Mashayekhan, S.; Baradaran-Rafii, A.; Kim, K. Stereolithography 3D bioprinting method for fabrication of human corneal stroma equivalent. Ann. Biomed. Eng. 2020, 48, 1955–1970. [Google Scholar] [CrossRef] [PubMed]

	



Economidou, S.N.; Pere, C.P.P.; Reid, A.; Uddin, J.; Windmill, J.; Lamprou, D.A.; Douroumis, D. 3D printed microneedle patches using stereolithography (SLA) for intradermal insulin delivery. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 102, 743–755. [Google Scholar] [CrossRef]

	



Elomaa, L.; Keshi, E.; Sauer, I.M.; Weinhart, M. Development of GelMA/PCL and dECM/PCL resins for 3D printing of acellular in vitro tissue scaffolds by stereolithography. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 112, 110958. [Google Scholar] [CrossRef]

	



Serpelloni, M.; Cantù, E.; Borghetti, M.; Sardini, E. Printed smart devices on cellulose-based materials by means of aerosol-jet printing and photonic curing. Sensors 2020, 20, 841. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Zhang, H.; Choi, J.P.; Moon, S.K.; Lee, B.; Koo, J. A post-treatment method to enhance the property of aerosol jet printed electric circuit on 3D printed substrate. Materials 2020, 13, 5602. [Google Scholar] [CrossRef]

	



Efimov, A.; Arsenov, P.; Kornyushin, D.; Lizunova, A.; Volkov, I.; Ivanov, V. Aerosol jet printing of silver lines with a high aspect ratio on a heated silicon substrate. Materials 2020, 13, 730. [Google Scholar] [CrossRef]

	



Basara, G.; Saeidi-Javash, M.; Ren, X.; Bahcecioglu, G.; Wyatt, B.C.; Anasori, B.; Zhang, Y.; Zorlutuna, P. Electrically conductive 3D printed Ti3C2Tx MXene-PEG composite constructs for cardiac tissue engineering. Acta Biomater. 2020, 19. [Google Scholar] [CrossRef]

	



Cantù, E.; Tonello, S.; Abate, G.; Uberti, D.; Sardini, E.; Serpelloni, M. Aerosol jet printed 3D electrochemical sensors for protein detection. Sensors 2018, 18, 3719. [Google Scholar] [CrossRef]

	



Wang, X. Advanced polymers for three-dimensional (3D) organ bioprinting. Micromachines 2019, 10, 814. [Google Scholar] [CrossRef] [PubMed]

	



Taghipour, Y.D.; Hokmabad, V.R.; Del Bakhshayesh, A.R.; Asadi, N.; Salehi, R.; Nasrabadi, H.T. The application of hydrogels based on natural polymers for tissue engineering. Curr. Med. Chem. 2020, 27, 2658–2680. [Google Scholar] [CrossRef] [PubMed]

	



Bao, Z.; Xian, C.; Yuan, Q.; Liu, G.; Wu, J. Natural polymer-based hydrogels with enhanced mechanical performances: Preparation, structure, and property. Adv. Healthc. Mater. 2019, 17, e1900670. [Google Scholar] [CrossRef] [PubMed]

	



Liu, F.; Chen, Q.; Liu, C.; Ao, Q.; Tian, X.; Fan, J.; Tong, H.; Wang, X. Natural polymers for organ 3D bioprinting. Polymers 2018, 10, 1278. [Google Scholar] [CrossRef]

	



Liu, D.; Nikoo, M.; Boran, G.; Zhou, P.; Regenstein, J.M. Collagen and gelatin. Annu. Rev. Food Sci. Technol. 2015, 6, 527–557. [Google Scholar] [CrossRef]

	



Luetchford, K.A.; Chaudhuri, J.B.; De Bank, P.A. Silk fibroin/gelatin microcarriers as scaffolds for bone tissue engineering. Mater. Sci. Eng. C 2020, 106, 110116. [Google Scholar] [CrossRef]

	



Hernández-González, A.C.; Téllez-Jurado, L.; Rodríguez-Lorenzo, L.M. Alginate hydrogels for bone tissue engineering, from injectables to bioprinting: A review. Carbohydr. Polym. 2020, 229, 115514. [Google Scholar] [CrossRef]

	



Wang, X.; Liu, C. 3D bioprinting of adipose-derived stem cells for organ manufacturing. In Enabling Cutting Edge Technology for Regenerative Medicine; Khang, G., Ed.; Springer, SBM Singapore Pte Ltd.: Singapore, 2018; pp. 3–14. [Google Scholar]

	



Mosesson, M.W. Fibrinogen and fibrin structure and functions. J. Thromb. Haemost. 2005, 3, 1894–1904. [Google Scholar] [CrossRef]

	



Riopel, M.; Trinder, M.; Wang, R. Fibrin, a scaffold material for islet transplantation and pancreatic endocrine tissue engineering. Tissue Eng. Part B Rev. 2015, 21, 34–44. [Google Scholar] [CrossRef] [PubMed]

	



de la Puente, P.; Ludeña, D. Cell culture in autologous fibrin scaffolds for applications in tissue engineering. Exp. Cell Res. 2014, 322, 1–11. [Google Scholar] [CrossRef]

	



Sudha, P.N.; Rose, M.H. Beneficial effects of hyaluronic acid. Adv. Food Nutr. Res. 2014, 72, 137–176. [Google Scholar] [CrossRef]

	



Cortés, H.; Caballero-Florán, I.H.; Mendoza-Muñoz, N.; Córdova-Villanueva, E.N.; Escutia-Guadarrama, L.; Figueroa-González, G.; Reyes-Hernández, O.D.; Carmen, M.G.-D.; Varela-Cardoso, M.; Magaña, J.J.; et al. Hyaluronic acid in wound dressings. Cell. Mol. Biol. 2020, 66, 191. [Google Scholar] [CrossRef]

	



Mienaltowski, M.J.; Birk, D.E. Structure, physiology, and biochemistry of collagens. Adv. Exp. Med. Biol. 2014, 802, 5–29. [Google Scholar] [CrossRef]

	



Ferreira-Duarte, A.; Gentile, P.; Chiono, V.; Ciardelli, G. Collagen for bone tissue regeneration. Acta Biomater. 2012, 8, 3191–3200. [Google Scholar] [CrossRef] [PubMed]

	



Kundu, B.; Rajkhowa, R.; Kundu, S.C.; Wang, X. Silk fibroin biomaterials for tissue regenerations. Adv. Drug Deliv. Rev. 2013, 65, 457–470. [Google Scholar] [CrossRef] [PubMed]

	



Muxika, A.; Etxabide, A.; Uranga, J.; Guerrero, P.; de la Caba, K. Chitosan as a bioactive polymer: Processing, properties and applications. Int. J. Biol. Macromol. 2017, 105, 1358–1368. [Google Scholar] [CrossRef]

	



Ribeiro, J.C.V.; Vieira, R.S.; Melo, I.M.; Araújo, V.M.A.; Lima, V. Versatility of chitosan-based biomaterials and their use as scaffolds for tissue regeneration. Sci. World J. 2017, 2017, 1–25. [Google Scholar] [CrossRef] [PubMed]

	



Maaloum, M.; Pernodet, N.; Tinland, B. Agarose gel structure using atomic force microscopy: Gel concentration and ionic strength effects. Electrophoresis 1998, 19, 1606–1610. [Google Scholar] [CrossRef]

	



Al-Nimry, S.; Dayah, A.A.; Hasan, I.; Daghmash, R. Cosmetic, biomedical and pharmaceutical applications of fish gelatin/hydrolysates. Mar. Drugs 2021, 19, 145. [Google Scholar] [CrossRef] [PubMed]

	



Qiao, C.; Ma, X.; Zhang, J.; Yao, J. Molecular interactions in gelatin/chitosan composite films. Food Chem. 2017, 235, 45–50. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, P.L.; Green, R.M.; Shah, R.N. 3D-printed gelatin scaffolds of differing pore geometry modulate hepatocyte function and gene expression. Acta Biomater. 2018, 69, 63–70. [Google Scholar] [CrossRef] [PubMed]

	



Lam, T.; Dehne, T.; Krüger, J.P.; Hondke, S.; Endres, M.; Thomas, A.; Lauster, R.; Sittinger, M.; Kloke, L. Photopolymerizable gelatin and hyaluronic acid for stereolithographic 3D bioprinting of tissue-engineered cartilage. J. Biomed. Mater. Res. Part B Appl. Biomater. 2019, 107, 2649–2657. [Google Scholar] [CrossRef]

	



Yan, Y.; Wang, X.; Pan, Y.; Liu, H.; Cheng, J.; Xiong, Z.; Lin, F.; Wu, R.; Zhang, R.; Lu, Q. Fabrication of viable tissue-engineered constructs with 3D cell-assembly technique. Biomaterials 2005, 26, 5864–5871. [Google Scholar] [CrossRef]

	



Wang, X.; Yan, Y.; Pan, Y.; Xiong, Z.; Liu, H.; Cheng, J.; Liu, F.; Lin, F.; Wu, R.; Zhang, R.; et al. Generation of three-dimensional hepatocyte/gelatin structures with rapid prototyping system. Tissue Eng. 2006, 12, 83–90. [Google Scholar] [CrossRef] [PubMed]

	



Xu, W.; Wang, X.; Yan, Y.; Zheng, W.; Xiong, Z.; Lin, F.; Wu, R.; Zhang, R. Rapid prototyping three-dimensional cell/gelatin/fibrinogen constructs for medical regeneration. J. Bioact. Compat. Polym. 2007, 22, 363–377. [Google Scholar] [CrossRef]

	



Zhang, T.; Yan, Y.; Wang, X.; Xiong, Z.; Lin, F.; Wu, R.; Zhang, R. Three-dimensional gelatin and gelatin/hyaluronan hydrogel structures for traumatic brain injury. J. Bioact. Compat. Polym. 2007, 22, 19–29. [Google Scholar] [CrossRef]

	



Xu, W.; Wang, X.; Yan, Y.; Zhang, R. A Polyurethane-gelatin hybrid construct for manufacturing implantable bioartificial livers. J. Bioact. Compat. Polym. 2008, 23, 409–422. [Google Scholar] [CrossRef]

	



He, K.; Wang, X. Rapid prototyping of tubular polyurethane and cell/hydrogel constructs. J. Bioact. Compat. Polym. 2011, 26, 363–374. [Google Scholar] [CrossRef]

	



Skardal, A.; Zhang, J.; McCoard, L.; Xu, X.; Oottamasathien, S.; Prestwich, G.D. Photocrosslinkable hyaluronan-gelatin hydrogels for two-step bioprinting. Tissue Eng. Part A 2010, 16, 2675–2685. [Google Scholar] [CrossRef] [PubMed]

	



Wüst, S.; Godla, M.E.; Müller, R.; Hofmann, S. Tunable hydrogel composite with two-step processing in combination with innovative hardware upgrade for cell-based three-dimensional bioprinting. Acta Biomater. 2014, 10, 630–640. [Google Scholar] [CrossRef] [PubMed]

	



Hakam, M.S.; Imani, R.; Abolfathi, N.; Fakhrzadeh, H.; Sharifi, A.M. Evaluation of fibrin-gelatin hydrogel as biopaper for application in skin bioprinting: An in-vitro study. Bio-Med. Mater. Eng. 2017, 27, 669–682. [Google Scholar] [CrossRef]

	



Zheng, F.; Derby, B.; Wong, J. Fabrication of microvascular constructs using high resolution electrohydrodynamic inkjet printing. Biofabrication 2020. [Google Scholar] [CrossRef]

	



Abasalizadeh, F.; Moghaddam, S.V.; Alizadeh, E.; Akbari, E.; Kashani, E.; Fazljou, S.M.B.; Torbati, M.; Akbarzadeh, A. Alginate-based hydrogels as drug delivery vehicles in cancer treatment and their applications in wound dressing and 3D bioprinting. J. Biol. Eng. 2020, 14, 8. [Google Scholar] [CrossRef]

	



Choi, Y.-J.; Yi, H.-G.; Kim, S.-W.; Cho, D.-W. 3D cell printed tissue analogues: A new platform for theranostics. Theranostics 2017, 7, 3118–3137. [Google Scholar] [CrossRef]

	



Tønnesen, H.H.; Karlsen, J. Alginate in drug delivery systems. Drug Dev. Ind. Pharm. 2002, 28, 621–630. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Lu, Z.; Wu, H.; Li, W.; Zheng, L.; Zhao, J. Collagen-alginate as bioink for three-dimensional (3D) cell printing based cartilage tissue engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 83, 195–201. [Google Scholar] [CrossRef]

	



Duan, B.; Hockaday, L.A.; Kang, K.H.; Butcher, J. 3D Bioprinting of heterogeneous aortic valve conduits with alginate/gelatin hydrogels. J. Biomed. Mater. Res. Part A 2012, 101, 1255–1264. [Google Scholar] [CrossRef]

	



Bagher, Z.; Ehterami, A.; Safdel, M.H.; Khastar, H.; Semiari, H.; Asefnejad, A.; Davachi, S.M.; Mirzaii, M.; Salehi, M. Wound healing with alginate/chitosan hydrogel containing hesperidin in rat model. J. Drug Deliv. Sci. Technol. 2019, 55, 101379. [Google Scholar] [CrossRef]

	



Elkaseer, A.; Schneider, S.; Scholz, S.G. Experiment-based process modeling and optimization for high-quality and resource-efficient FFF 3D printing. Appl. Sci. 2020, 10, 2899. [Google Scholar] [CrossRef]

	



Jia, W.; Gungor-Ozkerim, P.S.; Zhang, Y.S.; Yue, K.; Zhu, K.; Liu, W.; Pi, Q.; Byambaa, B.; Dokmeci, M.R.; Shin, S.R.; et al. Direct 3D bioprinting of perfusable vascular constructs using a blend bioink. Biomaterials 2016, 106, 58–68. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Yu, Y.; Ozbolat, I.T. Direct bioprinting of vessel-like tubular microfluidic channels. J. Nanotechnol. Eng. Med. 2013, 4, 020902–0210017. [Google Scholar] [CrossRef]

	



Markstedt, K.; Mantas, A.; Tournier, I.; Martínez-Ávila, H.; Hägg, D.; Gatenholm, P. 3D bioprinting human chondrocytes with nanocellulose-alginate bioink for cartilage tissue engineering applications. Biomacromolecules 2015, 16, 1489–1496. [Google Scholar] [CrossRef] [PubMed]

	



Cleetus, C.M.; Primo, F.A.; Fregoso, G.; Raveendran, N.L.; Noveron, J.C.; Spencer, C.T.; Ramana, C.V.; Joddar, B. Alginate hydrogels with embedded ZnO nanoparticles for wound healing therapy. Int. J. Nanomed. 2020, 15, 5097–5111. [Google Scholar] [CrossRef]

	



Aranci, K.; Uzun, M.; Su, S.; Cesur, S.; Ulag, S.; Amin, A.; Guncu, M.; Aksu, B.; Kolayli, S.; Ustundag, C.; et al. 3D propolis-sodium alginate scaffolds: Influence on structural parameters, release mechanisms, cell cytotoxicity and antibacterial activity. Molecules 2020, 25, 5082. [Google Scholar] [CrossRef]

	



Silva, R.; Singh, R.; Sarker, B.; Papageorgiou, D.G.; Juhasz, J.A.; Roether, J.A.; Cicha, I.; Kaschta, J.; Schubert, D.W.; Chrissafis, K.; et al. Hybrid hydrogels based on keratin and alginate for tissue engineering. J. Mater. Chem. B 2014, 2, 5441–5451. [Google Scholar] [CrossRef]

	



Xu, W.; Wang, X.; Yan, Y.; Zhang, R. Rapid prototyping of polyurethane for the creation of vascular systems. J. Bioact. Compat. Polym. 2008, 23, 103–114. [Google Scholar] [CrossRef]

	



Nishiyama, Y.; Nakamura, M.; Henmi, C.; Yamaguchi, K.; Mochizuki, S.; Nakagawa, H.; Takiura, K. Development of a three-dimensional bioprinter: Construction of cell supporting structures using hydrogel and state-of-the-art inkjet technology. J Biomech Eng. 2009, 131, 035001. [Google Scholar] [CrossRef] [PubMed]

	



Christensen, K.; Xu, C.; Chai, W.; Zhang, Z.; Fu, J.; Huang, Y. Freeform inkjet printing of cellular structures with bifurcations. Biotechnol Bioeng. 2015, 112, 1047–1055. [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]

	



Thein-Han, W.; Xu, H.H. Prevascularization of a Gas-Foaming Macroporous Calcium Phosphate Cement Scaffold Via Coculture of Human Umbilical Vein Endothelial Cells and Osteoblasts. Tissue Eng. Part A 2013, 19, 1675–1685. [Google Scholar] [CrossRef] [PubMed]

	



Guillemot, F.; Souquet, A.; Catros, S.; Guillotin, B.; Lopez, J.; Faucon, M.; Pippenger, B.; Bareille, R.; Rémy, M.; Bellance, S.; et al. High-throughput laser printing of cells and biomaterials for tissue engineering. Acta Biomater. 2010, 6, 2494–2500. [Google Scholar] [CrossRef] [PubMed]

	



Huang, T.Q.; Qu, X.; Liu, J.; Chen, S. 3D printing of biomimetic microstructures for cancer cell migration. Biomed. Microdevices 2014, 16, 127–132. [Google Scholar] [CrossRef]

	



Yan, Y.; Wang, X.; Xiong, Z.; Liu, H.; Liu, F.; Lin, F.; Wu, R.; Zhang, R.; Lu, Q. Direct construction of a three-dimensional structure with cells and hydrogel. J. Bioact. Compat. Polym. 2005, 20, 259–269. [Google Scholar] [CrossRef]

	



Zhao, X.; Du, S.; Chai, L.; Xu, Y.; Liu, L.; Zhou, X.; Wang, J.; Zhang, W.; Liu, C.-H.; Wang, X. Anti-cancer drug screening based on an adipose-derived stem cell/hepatocyte 3D printing technique. J. Stem Cell Res. Ther. 2015, 5, 273. [Google Scholar]

	



Ducret, M.; Montembault, A.; Josse, J.; Pasdeloup, M.; Celle, A.; Benchrih, R.; Mallein-Gerin, F.; Alliot-Licht, B.; David, L.; Farges, J.-C. Design and characterization of a chitosan-enriched fibrin hydrogel for human dental pulp regeneration. Dent. Mater. 2019, 35, 523–533. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X. 3D printing of tissue/organ analogues for regenerative medicine. In Handbook of Intelligent Scaffolds for Regenerative Medicine, 2nd ed.; Pan Stanford Publishing: Palo Alto, CA, USA, 2016; pp. 557–570. [Google Scholar]

	



Wang, X.; Yan, Y.; Lin, F.; Xiong, Z.; Wu, R.; Zhang, R.; Lu, Q. Preparation and characterization of a collagen/chitosan/heparin matrix for an implantable bioartificial liver. J. Biomater. Sci. Polym. Ed. 2005, 16, 1063–1080. [Google Scholar] [CrossRef] [PubMed]

	



Kohane, D.S.; Langer, R. Polymeric biomaterials in tissue engineering. Pediatr. Res. 2008, 63, 487–491. [Google Scholar] [CrossRef] [PubMed]

	



Sivashankari, P.; Prabaharan, M. Three-dimensional porous scaffolds based on agarose/chitosan/graphene oxide composite for tissue engineering. Int. J. Biol. Macromol. 2020, 146, 222–231. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Tian, X.; Fan, J.; Tong, H.; Ao, Q.; Wang, X. Chitosans for tissue repair and organ three-dimensional (3D) bioprinting. Micromachines 2019, 10, 765. [Google Scholar] [CrossRef]

	



Watanabe, J.; Kashii, M.; Hirao, M.; Oka, K.; Sugamoto, K.; Yoshikawa, H.; Akashi, M. Quick-forming hydroxyapatite/agarose gel composites induce bone regeneration. J. Biomed. Mater. Res. Part A 2007, 83, 845–852. [Google Scholar] [CrossRef] [PubMed]

	



Hung, K.-C.; Tseng, C.-S.; Dai, L.-G.; Hsu, S.-H. Water-based polyurethane 3D printed scaffolds with controlled release function for customized cartilage tissue engineering. Biomaterials 2016, 83, 156–168. [Google Scholar] [CrossRef]

	



Sun, H.; Mei, L.; Song, C.; Cui, X.; Wang, P. The in vivo degradation, absorption and excretion of PCL-based implant. Biomaterials 2006, 27, 1735–1740. [Google Scholar] [CrossRef]

	



Hung, B.P.; Naved, B.A.; Nyberg, E.L.; Dias, M.; Holmes, C.; Elisseeff, J.H.; Dorafshar, A.; Grayson, W.L. Three-dimensional printing of bone extracellular matrix for craniofacial regeneration. ACS Biomater. Sci. Eng. 2016, 2, 1806–1816. [Google Scholar] [CrossRef] [PubMed]

	



Eshraghi, S.; Das, S. Mechanical and microstructural properties of polycaprolactone scaffolds with one-dimensional, two-dimensional, and three-dimensional orthogonally oriented porous architectures produced by selective laser sintering. Acta Biomater. 2010, 6, 2467–2476. [Google Scholar] [CrossRef] [PubMed]

	



Mott, E.J.; Busso, M.; Luo, X.; Dolder, C.; Wang, M.O.; Fisher, J.P.; Dean, D. Digital micromirror device (DMD)-based 3D printing of poly(propylene fumarate) scaffolds. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 61, 301–311. [Google Scholar] [CrossRef]

	



Sun, Q.; Rizvi, G.M.; Bellehumeur, C.T.; Gu, P. Effect of processing conditions on the bonding quality of FDM polymer filaments. Rapid Prototyp. J. 2008, 15, 72–80. [Google Scholar] [CrossRef]

	



Kruth, J.; Mercelis, P.; Van Vaerenbergh, J.; van Froyen, L.; Rombouts, M. Binding mechanisms in selective laser sintering and selective laser melting. Rapid Prototyp. J. 2013, 11, 26–36. [Google Scholar] [CrossRef]

	



Ifkovits, J.L.; Burdick, J.A. Review: Photopolymerizable and degradable biomaterials for tissue engineering applications. Tissue Eng. 2007, 13, 2369–2385. [Google Scholar] [CrossRef] [PubMed]

	



Garg, M.; Aw, J.E.; Zhang, X.; Centellas, P.J.; Dean, L.M.; Lloyd, E.M.; Robertson, I.D.; Liu, Y.; Yourdkhani, M.; Moore, J.S.; et al. Rapid synchronized fabrication of vascularized thermosets and composites. Nat. Commun. 2021, 12, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Serra, T.; Ortiz-Hernandez, M.; Engel, E.; Planell, J.A.; Navarro, M. Relevance of PEG in PLA-based blends for tissue engineering 3D-printed scaffolds. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 38, 55–62. [Google Scholar] [CrossRef]

	



Wang, S.-F.; Wu, Y.-C.; Cheng, Y.-C.; Hu, W.-W. The development of polylactic acid/multi-wall carbon nanotubes/polyethylene glycol scaffolds for bone tissue regeneration application. Polymers 2021, 13, 1740. [Google Scholar] [CrossRef]

	



Foyt, D.A.; Norman, M.D.A.; Yu, T.T.L.; Gentleman, E. Exploiting advanced hydrogel technologies to address key challenges in regenerative medicine. Adv. Healthc. Mater. 2018, 7, e1700939. [Google Scholar] [CrossRef] [PubMed]

	



Kang, L.H.; Armstrong, P.A.; Lee, L.J.; Duan, B.; Kang, K.H.; Butcher, J.T. Optimizing photo-encapsulation viability of heart valve cell types in 3d printable composite hydrogels. Ann. Biomed. Eng. 2017, 45, 360–377. [Google Scholar] [CrossRef] [PubMed]

	



Murariu, M.; Dubois, P. PLA composites: From production to properties. Adv. Drug Deliv. Rev. 2016, 107, 17–46. [Google Scholar] [CrossRef]

	



Weber, M.; Steinle, H.; Golombek, S.; Hann, L.; Schlensak, C.; Wendel, H.P.; Avci-Adali, M. Blood-contacting biomaterials: In vitro evaluation of the hemocompatibility. Front. Bioeng. Biotechnol. 2018, 6, 99. [Google Scholar] [CrossRef]

	



Nofar, M.; Sacligil, D.; Carreau, P.J.; Kamal, M.R.; Heuzey, M.-C. Poly (lactic acid) blends: Processing, properties and applications. Int. J. Biol. Macromol. 2019, 125, 307–360. [Google Scholar] [CrossRef]

	



Narmon, A.S.; Dewaele, A.; Bruyninckx, K.; Sels, B.F.; Van Puyvelde, P.; Dusselier, M. Boosting PLA melt strength by controlling the chirality of co-monomer incorporation. Chem. Sci. 2021, 12, 5672–5681. [Google Scholar] [CrossRef] [PubMed]

	



Gentile, P.; Chiono, V.; Carmagnola, I.; Hatton, P.V. An overview of poly(lactic-co-glycolic) acid (PLGA)-based biomaterials for bone tissue engineering. Int. J. Mol. Sci. 2014, 15, 3640–3659. [Google Scholar] [CrossRef]

	



Mir, M.; Ahmed, N.; Rehman, A.U. Recent applications of PLGA based nanostructures in drug delivery. Colloids Surf. B Biointerfaces 2017, 159, 217–231. [Google Scholar] [CrossRef]

	



Sarkar, D.; Yang, J.-C.; Gupta, A.S.; Lopina, S.T. Synthesis and characterization of L-tyrosine based polyurethanes for biomaterial applications. J. Biomed. Mater. Res. Part A 2009, 90, 263–271. [Google Scholar] [CrossRef]

	



Zhang, C.; Wen, X.; Vyavahare, N.R.; Boland, T. Synthesis and characterization of biodegradable elastomeric polyurethane scaffolds fabricated by the inkjet technique. Biomaterials 2008, 29, 3781–3791. [Google Scholar] [CrossRef] [PubMed]

	



Labet, M.; Thielemans, W. Synthesis of polycaprolactone: A review. Chem. Soc. Rev. 2009, 38, 3484–3504. [Google Scholar] [CrossRef]

	



Kweon, H.; Yoo, M.K.; Park, I.K.; Kim, T.H.; Lee, H.C.; Lee, H.S.; Oh, J.S.; Akaike, T.; Cho, C.S. A novel degradable polycaprolactone networks for tissue engineering. Biomaterials 2003, 24, 801–808. [Google Scholar] [CrossRef]

	



Russo, E.; Villa, C. Poloxamer hydrogels for biomedical applications. Pharmaceutics 2019, 11, 671. [Google Scholar] [CrossRef]

	



Gao, Q.; Liang, Q.; Yu, F.; Xu, J.; Zhao, Q.; Sun, B. Synthesis and characterization of novel amphiphilic copolymer stearic acid-coupled F127 nanoparticles for nano-technology based drug delivery system. Colloids Surf. B Biointerfaces 2011, 88, 741–748. [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] [PubMed]

	



Chen, X.; Gao, C.; Jiang, J.; Wu, Y.; Zhu, P.; Chen, G. 3D printed porous PLA/nHA composite scaffolds with enhanced osteogenesis and osteoconductivity in vivo for bone regeneration. Biomed. Mater. 2019, 14, 065003. [Google Scholar] [CrossRef]

	



Hassanajili, S.; Karami-Pour, A.; Oryan, A.; Talaei-Khozani, T. Preparation and characterization of PLA/PCL/HA composite scaffolds using indirect 3D printing for bone tissue engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 104, 109960. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Wang, X. Vascularization and adipogenesis of a spindle hierarchical adipose-derived stem cell/collagen/alginate-PLGA construct for breast manufacturing. IJITEE 2015, 4, 1–8. [Google Scholar]

	



Duan, P.; Pan, Z.; Cao, L.; Gao, J.; Yao, H.; Liu, X.; Guo, R.; Liang, X.; Dong, J.; Ding, J. Restoration of osteochondral defects by implanting bilayered poly(lactide-co-glycolide) porous scaffolds in rabbit joints for 12 and 24 weeks. J. Orthop. Translat. 2019, 19, 68–80. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; He, K.; Wang, X. Rapid prototyping of a hybrid hierarchical polyurethane-cell/hydrogel construct for regenerative medicine. Mater. Sci. Eng. C 2013, 33, 3220–3229. [Google Scholar] [CrossRef]

	



Wang, X.; Xu, H. Incorporation of DMSO and dextran-40 into a gelatin/alginate hydrogel for controlled assembled cell cryo-preservation. Cryobiology 2010, 61, 345–351. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Cui, T.; Yan, Y.; Zhang, R. Peroneal nerve regeneration along a new polyurethane-collagen guide conduit. J. Bioact. Compat. Polym. 2009, 24, 109–127. [Google Scholar] [CrossRef]

	



Cui, T.; Yan, Y.; Zhang, R.; Liu, L.; Xu, W.; Wang, X. Rapid prototyping of a double-layer polyurethane–collagen conduit for peripheral nerve regeneration. Tissue Eng. Part C Methods 2009, 15, 1–9. [Google Scholar] [CrossRef]

	



Cui, T.; Wang, X.; Yan, Y.; Zhang, R. Rapid prototyping a new polyurethane-collagen conduit and its Schwann cell compatibilities. J. Bioact. Compat. Polym. 2009, 24, 5–17. [Google Scholar] [CrossRef]

	



Feng, Z.; Wang, D.; Zheng, Y.; Zhao, L.; Xu, T.; Guo, Z.; Irfan-Hussain, M.; Zeng, J.; Lou, L.; Sun, Y.; et al. A novel waterborne pol-yurethane with biodegradability and high flexibility for 3D printing. Biofabrication 2020, 12, 035015. [Google Scholar] [CrossRef]

	



Domingos, M.; Intranuovo, F.; Gloria, A.; Gristina, R.; Ambrosio, L.; Bártolo, P.J.; Favia, P. Improved osteoblast cell affinity on plasma-modified 3-D extruded PCL scaffolds. Acta Biomater. 2013, 9, 5997–6005. [Google Scholar] [CrossRef]

	



Wang, W.; Chen, J.-X.; Hou, Y.; Bartolo, P.; Chiang, W.-H. Investigations of graphene and nitrogen-doped graphene enhanced polycaprolactone 3D scaffolds for bone tissue engineering. Nanomaterials 2021, 11, 929. [Google Scholar] [CrossRef]

	



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]

	



Suntornnond, R.; An, J.; Chua, C.K. Bioprinting of thermoresponsive hydrogels for next generation tissue engineering: A review. Macromol. Mater. Eng. 2017, 302. [Google Scholar] [CrossRef]

	



Kolesky, D.B.; Truby, R.L.; Gladman, A.S.; Busbee, T.A.; Homan, K.A.; Lewis, J.A. 3D bioprinting of vascularized, heterogeneous cell-laden tissue constructs. Adv. Mater. 2013, 25, 3124–3130. [Google Scholar] [CrossRef]

	



Müller, M.; Becher, J.; Schnabelrauch, M.; Zenobi-Wong, M. Nanostructured Pluronic hydrogels as bioinks for 3D bioprinting. Biofabrication 2015, 7, 035006. [Google Scholar] [CrossRef]

	



Dung, T.H.; Huong, L.T.; Yoo, H. Morphological feature of pluronic F127 and its application in burn treatment. J. Nanosci. Nanotechnol. 2018, 18, 829–832. [Google Scholar] [CrossRef] [PubMed]

	



Gaharwar, A.; Peppas, N.A.; Khademhosseini, A. Nanocomposite hydrogels for biomedical applications. Biotechnol. Bioeng. 2014, 111, 441–453. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, H.; Liu, Y.; Hu, Y.; Ding, Y.; Lin, S.; Cao, W.; Wang, Q.; Wu, J.; Muhammad, F.; Zhao, X.; et al. Monitoring of Heparin Activity in Live Rats Using Metal–Organic Framework Nanosheets as Peroxidase Mimics. Anal. Chem. 2017, 89, 11552–11559. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, M.; Huang, Y.; Peng, Y.; Huang, Z.; Ma, Q.; Zhang, H. Two-dimensional metal-organic framework nanosheets: Synthesis and applications. Chem. Soc. Rev. 2018, 47, 6267–6295. [Google Scholar] [CrossRef]

	



Wang, B.; Lv, X.-L.; Feng, D.; Xie, L.-H.; Zhang, J.; Li, M.; Xie, Y.; Li, J.-R.; Zhou, H.-C. Highly stable Zr (IV)-based metal-organic frameworks for the detection and removal of antibiotics and organic explosives in water. J. Am. Chem. Soc. 2016, 138, 6204–6216. [Google Scholar] [CrossRef]

	



Liu, J.; Liu, T.; Du, P.; Zhang, L.; Lei, J. Metal-organic framework (MOF) hybrid as a tandem catalyst for enhanced therapy against hypoxic tumor cells. Angew. Chem. Int. Ed. 2019, 58, 7808–7812. [Google Scholar] [CrossRef]

	



Ishiwata, T.; Furukawa, Y.; Sugikawa, K.; Kokado, K.; Sada, K. Transformation of metal-organic framework to polymer gel by cross-linking the organic ligands preorganized in metal-organic framework. J. Am. Chem. Soc. 2013, 135, 5427–5432. [Google Scholar] [CrossRef] [PubMed]

	



Tsotsalas, M.; Liu, J.; Tettmann, B.; Grosjean, S.; Shahnas, A.; Wang, Z.; Azucena, C.; Addicoat, M.; Heine, T.; Lahann, J.; et al. Fabrication of highly uniform gel coatings by the conversion of surface-anchored metal-organic frameworks. J. Am. Chem. Soc. 2014, 136, 8–11. [Google Scholar] [CrossRef] [PubMed]

	



Dvir, T.; Timko, B.P.; Brigham, M.D.; Naik, S.R.; Karajanagi, S.S.; Levy, O.; Jin, H.; Parker, K.K.; Langer, R.; Kohane, D.S. Nanowired three-dimensional cardiac patches. Nat. Nanotechnol. 2011, 6, 720–725. [Google Scholar] [CrossRef]

	



Ianchis, R.; Ninciuleanu, C.M.; Gifu, I.C.; Alexandrescu, E.; Nistor, C.L.; Nitu, S.G.; Petcu, C. Hydrogel-clay nanocomposites as carriers for controlled release. Curr. Med. Chem. 2020, 27, 919–954. [Google Scholar] [CrossRef]

	



Zhang, X.; Kim, G.; Kang, M.; Lee, J.; Seo, J.; Do, J.; Hong, K.; Cha, J.; Shin, S.; Bae, H. Marine biomaterial-based bioinks for generating 3D printed tissue constructs. Mar. Drugs. 2018, 16, 484. [Google Scholar] [CrossRef] [PubMed]

	



Gaharwar, A.K.; Cross, L.M.; Peak, C.W.; Gold, K.; Carrow, J.K.; Brokesh, A.; Singh, K.A. 2D nanoclay for biomedical applications: Regenerative medicine, therapeutic delivery, and additive manufacturing. Adv. Mater. 2019, 31, 1900332. [Google Scholar] [CrossRef]

	



Paul, A.; Manoharan, V.; Krafft, D.; Assmann, A.; Uquillas, J.A.; Shin, S.R.; Hasan, A.; Hussain, M.A.; Memic, A.; Gaharwar, A.K.; et al. Nanoengineered biomimetic hydrogels for guiding human stem cell osteogenesis in three dimensional microenvironments. J. Mater. Chem. B 2016, 4, 3544–3554. [Google Scholar] [CrossRef] [PubMed]

	



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, 115. [Google Scholar] [CrossRef]

	



Tamay, D.G.; Dursun Usal, T.; Alagoz, A.S.; Yucel, D.; Hasirci, N.; Hasirci, V. 3D and 4D printing of polymers for tissue engineering applications. Front. Bioeng. Biotechnol. 2019, 7, 164. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, X.; Ma, Y.; Hou, C.; Gao, F.; Zhang, Y.; Ruan, C.; Pan, H.; Lu, W.W.; Liu, W. 3D-printed high strength bioactive supramolecular polymer/clay nanocomposite hydrogel scaffold for bone regeneration. ACS Biomater. Sci. Eng. 2017, 3, 1109–1118. [Google Scholar] [CrossRef]

	



Gaharwar, A.; Dammu, S.A.; Canter, J.M.; Wu, C.-J.; Schmidt, G. Highly extensible, tough, and elastomeric nanocomposite hydrogels from poly(ethylene glycol) and hydroxyapatite nanoparticles. Biomacromolecules 2011, 12, 1641–1650. [Google Scholar] [CrossRef] [PubMed]

	



Ong, C.S.; Yesantharao, P.; Huang, C.Y.; Mattson, G.; Boktor, J.; Fukunishi, T.; Zhang, H.; Hibino, N. 3D bioprinting using stem cells. Pediatr. Res. 2018, 83, 223–231. [Google Scholar] [CrossRef]

	



Lueders, C.; Jastram, B.; Hetzer, R.; Schwandt, H. Rapid manufacturing techniques for the tissue engineering of human heart valves. Eur. J. Cardio Thora. Surg. 2014, 46, 593–601. [Google Scholar] [CrossRef]

	



Zhang, Y.S.; Arneri, A.; Bersini, S.; Shin, S.R.; Zhu, K.; Goli-Malekabadi, Z.; Aleman, J.; Colosi, C.; Busignani, F.; Dell’Erba, V.; et al. Bioprinting 3D microfibrous scaffolds for engineering endothelialized myocardium and heart-on-a-chip. Biomaterials 2016, 110, 45–59. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Lee, S.J.; Cheng, H.-J.; Yoo, J.J.; Atala, A. 3D bioprinted functional and contractile cardiac tissue constructs. Acta Biomater. 2018, 70, 48–56. [Google Scholar] [CrossRef]

	



Maiullari, F.; Costantini, M.; Milan, M.; Pace, V.; Chirivì, M.; Maiullari, S.; Rainer, A.; Baci, D.; Marei, H.E.; Seliktar, D.; et al. A multi-cellular 3D bioprinting approach for vascularized heart tissue engineering based on HUVECs and iPSC-derived cardiomyocytes. Sci. Rep. 2018, 8, 13532. [Google Scholar] [CrossRef]

	



Lee, A.; Hudson, A.R.; Shiwarski, D.J.; Tashman, J.W.; Hinton, T.J.; Yerneni, S.; Bliley, J.M.; Campbell, P.G.; Feinberg, A.W. 3D bioprinting of collagen to rebuild components of the human heart. Science 2019, 365, 482–487. [Google Scholar] [CrossRef] [PubMed]

	



Alonzo, M.; AnilKumar, S.; Roman, B.; Tasnim, N.; Joddar, B. 3D Bioprinting of cardiac tissue and cardiac stem cell therapy. Transl. Res. 2019, 211, 64–83. [Google Scholar] [CrossRef]

	



Liu, N.; Ye, X.; Yao, B.; Zhao, M.; Wu, P.; Liu, G.; Zhuang, D.; Jiang, H.; Chen, X.; He, Y.; et al. Advances in 3D bioprinting technology for cardiac tissue engineering and regeneration. Bioact. Mater. 2020, 6, 1388–1401. [Google Scholar] [CrossRef]

	



Betts, J.G. Anatomy & Physiology; Rice University: Houston, MA, USA, 2013. [Google Scholar]

	



Michalopoulos, G.K. Liver regeneration after partial hepatectomy: Critical analysis of mechanistic dilemmas. Am. J. Pathol. 2010, 176, 2–13. [Google Scholar] [CrossRef] [PubMed]

	



Bale, S.S.; Geerts, S.; Jindal, R.; Yarmush, M.L. Isolation and co-culture of rat parenchymal and non-parenchymal liver cells to evaluate cellular interactions and response. Sci. Rep. 2016, 6, 25329. [Google Scholar] [CrossRef] [PubMed]

	



Senoo, H. Structure and function of hepatic stellate cells. Med. Electron. Microsc. 2004, 37, 3–15. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.Y.; Kim, H.J.; Choi, D. Cell sources, liver support systems and liver tissue engineering: Alternatives to liver transplantation. Int. J. Stem Cells 2015, 8, 36–47. [Google Scholar] [CrossRef]

	



Ikegami, T.; Maehara, Y. Transplantation: 3D printing of the liver in living donor liver transplantation. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 697–698. [Google Scholar] [CrossRef]

	



Hong, N.; Yang, G.-H.; Lee, J.; Kim, G. 3D bioprinting and its in vivo applications. J. Biomed. Mater. Res. Part B Appl. Biomater. 2018, 106, 444–459. [Google Scholar] [CrossRef]

	



Ma, X.; Qu, X.; Zhu, W.; Li, Y.S.; Yuan, S.; Zhang, H.; Liu, J.; Wang, P.; Lai, C.S.; 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]

	



Shoichet, M.S.; Tate, C.C.; Douglas-Baumann, M.; Laplaca, M.C. Strategies for regeneration and repair in the injured central nervous system. In Indwelling Neural Implants: Strategies for Contending with the In Vivo Environment; Reichert, W.M., Ed.; CRC Press: Boca Raton, FL, USA, 2008. [Google Scholar]

	



Hsieh, F.-Y.; Lin, H.-H.; Hsu, S.-H. 3D bioprinting of neural stem cell-laden thermoresponsive biodegradable polyurethane hydrogel and potential in central nervous system repair. Biomaterials 2015, 71, 48–57. [Google Scholar] [CrossRef]

	



Gu, Q.; Tomaskovic-Crook, E.; Lozano, R.; Chen, Y.; Kapsa, R.M.; Zhou, Q.; Wallace, G.G.; Crook, J. Functional 3D neural mini-tissues from printed gel-based bioink and human neural stem cells. Adv. Healthc. Mater. 2016, 5, 1429–1438. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Guan, S.; Li, W.; Ge, D.; Xu, J.; Sun, C.; Liu, T.; Ma, X. 3D culture of neural stem cells within conductive PEDOT layer-assembled chitosan/gelatin scaffolds for neural tissue engineering. Mater. Sci. Eng. C Mater. Biol. Appl. 2018, 93, 890–901. [Google Scholar] [CrossRef]

	



Lee, W.; Pinckney, J.; Lee, V.; Lee, J.-H.; Fischer, K.; Polio, S.; Park, J.-K.; Yoo, S.-S. Three-dimensional bioprinting of rat embryonic neural cells. NeuroReport 2009, 20, 798–803. [Google Scholar] [CrossRef]

	



Tasoglu, S.; Demirci, U. Bioprinting for stem cell research. Trends Biotechnol. 2013, 31, 10–19. [Google Scholar] [CrossRef]

	



Lee, Y.-B.; Polio, S.; Lee, W.; Dai, G.; Menon, L.; Carroll, R.S.; Yoo, S.-S. Bio-printing of collagen and VEGF-releasing fibrin gel scaffolds for neural stem cell culture. Exp. Neurol. 2010, 223, 645–652. [Google Scholar] [CrossRef]

	



Ishack, S.; Lipner, S.R. A review of 3-dimensional skin bioprinting techniques: Applications, approaches, and trends. Dermatol. Surg. 2020, 46, 1500–1505. [Google Scholar] [CrossRef] [PubMed]

	



Masri, S.; Fauzi, M.B. Current insight of printability quality improvement strategies in natural-based bioinks for skin regeneration and wound healing. Polymers 2021, 13, 1011. [Google Scholar] [CrossRef] [PubMed]

	



Lee, V.; Singh, G.; Trasatti, J.P.; Bjornsson, C.; Xu, X.; Tran, T.N.; Yoo, S.-S.; Dai, G.; Karande, P. Design and fabrication of human skin by three-dimensional bioprinting. Tissue Eng. Part C Methods 2014, 20, 473–484. [Google Scholar] [CrossRef]

	



Michael, S.; Sorg, H.; Peck, C.-T.; Koch, L.; Deiwick, A.; Chichkov, B.; Vogt, P.M.; Reimers, K. Tissue engineered skin substitutes created by laser-assisted bioprinting form skin-like structures in the Dorsal Skin Fold Chamber in mice. PLoS ONE 2013, 8, e57741. [Google Scholar] [CrossRef] [PubMed]

	



Baltazar, T.; Merola, J.; Catarino, C.; Xie, C.; Kirkiles-Smith, N.C.; Lee, V.; Hotta, S.; Dai, G.; Xu, X.; Ferreira, F.C.; et al. Three dimensional bioprinting of a vascularized and perfusable skin graft using human keratinocytes, fibroblasts, pericytes, and endothelial cells. Tissue Eng. Part A 2020, 26, 227–238. [Google Scholar] [CrossRef] [PubMed]

	



Albanna, M.; Binder, K.W.; Murphy, S.V.; Kim, J.; Qasem, S.A.; Zhao, W.; Tan, J.; El-Amin, I.B.; Dice, D.D.; Marco, J.; et al. In situ bioprinting of autologous skin cells accelerates wound healing of extensive excisional full-thickness wounds. Sci. Rep. 2019, 9, 1856. [Google Scholar] [CrossRef]

	



Perez-Valle, A.; Del Amo, C.; Andia, I. Overview of current advances in extrusion bioprinting for skin applications. Int. J. Mol. Sci. 2020, 21, 6679. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, W.; Qu, X.; Zhu, J.; Ma, X.; Patel, S.; Liu, J.; Wang, P.; Lai, C.S.E.; Gou, M.; Xu, Y.; et al. Direct 3D bioprinting of prevascularized tissue constructs with complex microarchitecture. Biomaterials 2017, 124, 106–115. [Google Scholar] [CrossRef]

	



Xu, Y.; Wang, X. Fluid and cell behaviors along a 3D printed alginate/gelatin/fibrin channel. Biotechnol. Bioeng. 2015, 112, 1683–1695. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X. Spatial effects of stem cell engagement in 3D printing constructs. J. Stem. Cells Res. Rev. Rep. 2014, 1, 5–9. [Google Scholar]

	



Wang, X. Overview on biocompatibilities of implantable biomaterials. In Advances in Biomaterials Science and Biomedical Applications in Biomedicine; Lazinica, R., Ed.; InTech: Rijeka, Croatia, 2013; pp. 111–155. [Google Scholar]

	



Xu, Y.; Wang, X. Liver manufacturing approaches: The thresholds of cell manipulation with bio-friendly materials for multifunctional organ regeneration, In Organ Manufacturing; Wang, X., Ed.; Nova Science Publishers Inc: Hauppauge, NY, USA, 2015; pp. 201–225. [Google Scholar]

	



Li, S.; Yan, Y.; Xiong, Z.; Weng, C.; Zhang, R.; Wang, X. Gradient hydrogel construct based on an improved cell assembling system. J. Bioact. Compat. Polym. 2009, 24, 84–99. [Google Scholar] [CrossRef]

	



Xu, M.; Yan, Y.; Liu, H.; Yao, Y.; Wang, X. Control adipose-derived stromal cells differentiation into adipose and endothelial cells in a 3-D structure established by cell-assembly technique. J. Bioact. Compat. Polym. 2009, 24, 31–47. [Google Scholar] [CrossRef]

	



Xu, M.; Wang, X.; Yan, Y.; Yao, R.; Ge, Y. A cell-assembly derived physiological 3D model of the metabolic syndrome, based on adipose-derived stromal cells and a gelatin/alginate/fibrinogen matrix. Biomaterials 2010, 31, 3868–3877. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X. Bioartificial organ manufacturing technologies. Cell Transplant. 2018, 27, 5–17. [Google Scholar] [CrossRef]

	



Li, S.; Liu, J.; Liu, S.; Jiao, W.; Wang, X. Mesenchymal stem cell-derived extracellular vesicles prevent the development of osteoarthritis via the circHIPK3/miR-124-3p/MYH9 axis. J. Nanobiotechnol. 2021, 19, 194. [Google Scholar] [CrossRef]








[image: Polymers 13 03178 g001 550] 





Figure 1. Organ 3D printing and application. 
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Figure 2. Historical events of 3D printing and organ 3D bioprinting. 
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Figure 3. Commonly used 3D bioprinting technologies: (A) inkjet-based 3D printing; (B) extrusion-based 3D printing; (C) fused deposition modeling (FDM); (D) stereolithography; (E) aerosol jet printing. 
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Figure 4. Schematic diagram of fibrin transformed from fibrinogen [55]. 






Figure 4. Schematic diagram of fibrin transformed from fibrinogen [55].



[image: Polymers 13 03178 g004]







[image: Polymers 13 03178 g005 550] 





Figure 5. (a) A human ear model printed with WBPU; (b) Tensile stress–strain curves of the PLA and WBPU scaffolds; (c) Supporting force test results of the 3D printed PLA and WBPU scaffolds; (d) Using syringe needles of different models to print WBPU scaffolds; (e) 3D printing of micrographs of WBPU scaffolds at different extrusion speeds; (f) The micrographs of 3D printed WBPU scaffolds at different internal distance from strand [144]. 
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Figure 6. Highlight the image sequence used to make the printing, filling, and unorganized deinking process steps of the 3D vascular network embedded in the GelMa matrix: (a) Fugitive “ink” printed in the form of a 3D vascular network within silicone ink border; (b) Infilling of the 3D printed fugitive “ink” network with an acellular ECM of choice (GelMA shown); (c–e) Fugitive “ink” removal process at 4 °C; (f,g) Higher magnification images of the evacuated 3D vascular networks [149]. 
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Figure 7. Organ-scale FRESH 3D bioprinting of tri-leaflet heart valve, multiscale vasculature, and neonatal-scale human heart: (A) Tri-leaflet heart valve 3D model at adult human scale; (B,C) Top and side views of FRESH-printed collagen heart valve; (D) Using μCT reconstruction showed the complete printed valve; (E) Lateral cross section of the wall and leaflets; (F) Compared with the 3D model, quantitative gauging of the μCT 3D surface shows average overprinting of +0.55 mm and underprinting of −0.80 mm; (G) Sequence of valve opening under pulsatile flow over 1 s; (H) Doppler flow velocimetry of a single cycle: (i) closed, (ii) half-open, (iii) open; (I) Repeat the cycle in (H); (J) Maximum transvalvular pressure of printed alginate and collagen valves compared to operating pressure for native valves [N = 3, data are means ± SD, n. s. indicates p > 0.05 (Student t test)]; (K) MRI-derived 3D human heart model (gray) with computationally derived multiscale vascular network shown for the left ventricle. The left anterior descending coronary artery (red) is the template to guide the formation of smaller-scale vessels, which decrease in diameter according to distance from the coronary artery (red to blue); (L) Left ventricle with the left anterior descending artery (red), computationally generated vasculature (purple), and subregion of interest (pink); (M) Transparent subregion showing 3D structure of the vascular network; (N) FRESH-bioprinted with collagen, showing reproduction of the vascular network; (O) The vascular network was perfused with red glycerin; (P) The collagen was optically removed and perfused with red glycerol to a diameter of 100-μm blood vessels; (Q) MRI-derived 3D human heart scaled to neonatal size; (R) FRESH-printed collagen heart; (S) A printed cross-sectional view of the collagen heart showing the left and right ventricles and the internal structure; (T,U) High-fidelity image of the trabeculae in the left ventricle (T) showing reproduction of the complex anatomical structure from the G-code (U); (V) A high-definition image of the septal wall between ventricles (W) Showing reproduction of the square-lattice infill [173]. 
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Figure 8. Schematic diagrams of Tsinghua University, Professor Wang, laboratory produced several 3D bioprinters: (A) in 2004, gelatin hydrogel was printed to large living tissue through single nozzle 3D biological printer; (B) in 2007, two types of cells in gelatin-based hydrogels were printed into large organs; (C) was used to print cell-laden gelatin-based hydrogels and synthetic polymers with branched vascular networks; (D) in 2010, liver modeling and manufacturing was carried using a four nozzle low-temperature 3D printer [12]. 
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Figure 9. Skin bioprinter prototype and in situ bioprinting concept: (A) Design and component diagram of skin bioprinter; (B) The main components of the system include a nozzle with a diameter of 260 µm, eight independent distribution systems to drive the print head connected to the XYZ mobile system, and a 3D wound scanner; (C) Skin bioprinting. The specific information of the defect wound is obtained by scanning, and then the specified materials and cells are deposited in the appropriate position through the print nozzle; (D) Example of skin bioprinting process (a) markers placed around the wound are used as reference points; (b) Before scanning with the handheld Z700 scanner; (c) Then, the geometric information obtained by scanning is input in the form of STL file to orient the scanned image to the standard coordinate system; (d) the scanning data and its coordinate system are used to generate the filling position and nozzle head moving path to fill the defect model; (e,f) the output code is then provided to the custom bioprinter control interface to generate the nozzle path; (E) required to print the fill volume. The system can control the deposition of multiple cell types. Shows stratification of fibroblasts (green) and keratinocytes (red) [196]. 
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Table 1. Comparation of 3D bioprinting technologies for organ manufacturing.
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	Printing Technology
	Principle
	Material
	Advantages
	Defects
	Ref.





	Inkjet 3D printing
	Unsing acoustic, thermal or piezoelectric nozzle to jet biomaterials in drops
	Polymer solutions or cell suspensions
	Efficient control of “bioinks”, low cost and high throughput
	Biomaterials need to be in a liquid state, and the viscosity needs to be precisely controlled
	[17,18,19]



	Fused deposition modeling
	Thermoplastic material melted through one or more heated extrusion heads with small holes in a specific laying method
	Thermoplastic polymers with a certain viscosity after heating, such as PCL, PLA, ABS, etc.
	Low cost, a wide range of nonbiodegradable synthetic polymers with excellent mechanical properties can be printed
	High printing temperature in which cells, growth factors and other bioactive agents cannot be incorporated
	[20,21,22,23,24,25,26]



	Extrusion based 3D printing
	Polymeric solutions or hydrogels are drawn, extruded and deposited to form solid structures
	A variety of natural polymers, such as alginate, collagen, and chitosan can be selected
	High accuracy and speed, cells and other bioactive agents can be incorporated
	Some of the extrusion setups may cause damage to cells
	[27,28,29,30,31,32,33,34,35]



	Stereolithography
	Laser or projected light converts the liquid photosensitive material into a solid platform
	Only photosensitive polymers can be used
	High accuray
	Most of the photosensitive resins are toxic to cells and the light in the printing process affect the survival rate of the cells
	[36,37,38,39,40,41]



	Aerosol jet printing
	Ultrasonic or pneumatic atomization is formed by squeezing the “bioinks” around the airflow
	Any substance that can be suspended in an aerosol
	High resolution and flexibility, it can be printed on various substrates such as metals, semiconductors, and polymers
	Denature DNA
	[42,43,44,45,46]
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Table 2. Commonly used natural polymers for 3D bioprinting.
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	Polymer
	Chemistry
	Characteristic
	Disadvantage
	Ref.





	Gelatin
	Partial degraded product of collagen
	Excellent biocompatibility
	Unstable solution at room temperature, fast degradation rate, and poor mechanical property
	[51,52]



	Alginate
	A linear anionic polysaccharide copolymer
	Rich source, low price, good hydrophilic property, easy to form penetrating networks
	Few cells attachment sites and fast degradation rate
	[53,54]



	Fibrin
	Polymerization product of fibrinogen
	Excellent biocompatibility and biodegradability
	Poor long-term stability and mechanical strength
	[55,56,57]



	Hyaluronic acid
	A linear high molar mass natural polysaccharide
	Non-allergic and non-inflammatory
	Fast degradation rate and poor mechanical property
	[58,59]



	Collagen
	A kind of protein composed of three intertwined polypeptide chains, which are connected to each other by hydrogen bonds and covalent bonds
	In vivo immunogenicity, good cell compatibility
	Poor mechanical properties
	[60,61]



	Silk fibroin
	A natural protein from insects
	Good biocompatibility and mechanical properties
	Slow degradation rate
	[62]



	Chitosan
	Obtained through deacetylation of chitin
	Good biocompatibility, biodegradability, cell adhesion capability, low cost
	Poor mechanical strength, unstable gel state
	[63,64]



	Agarose
	Linear polysaccharide
	Slow degradation rate, low cost, good mechanical properties after gelling
	Poor cell compatibility
	[65]










[image: Table] 





Table 3. Gelatin-based polymers for organ 3D printing.
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3D Bioprinting Technique

	
“Bioink” Formulation

	
Crosslinking Method

	
Application

	
Ref.






	
One nozzle extrusion-based 3D bioprinting

	
Hepatocytes in gelatin/chitosan hydrogel

	
3% sodium tripolyphosphate (TPP)

	
Hepatic tissue manufacturing

	
[70]




	
Hepatocytes in gelatin hydrogel

	
2.5% glutaraldehyde

	
Hepatic tissue manufacturing

	
[71]




	
Hepatocytes in gelatin/fibrinogen hydrogel

	
Thrombin induced polymerization

	
Hepatic tissue manufacturing

	
[72]




	
Gelatin/hyluronan

	
2% glutaraldehyde

	
Brain tissue repair

	
[73]




	
Two-nozzle low-temperature extrusion-based 3D printing

	
Polyurethane (PU)-gelatin/5% or 10% lysine hydrogel

	
0.25% glutaraldehyde

	
Liver manufacturing

	
[74]




	
PU-adipose-derived stem cell (ADSC)/gelatin/alginate/fibrinogen/glycerol or dimethyl sulfoxide (DMSO) hydrogel

	
Double crosslinking with CaCl2 and thrombin solutions

	
Bioartificial liver manufacturing

	
[75]




	
One-syringe extrusion-based 3D printing

	
Nanosilicate/GelMA

	
UV light (320–500 nm) for 60 s at an intensity of 6.9 mW/cm2

	
Electrical conductive agent for bone tissue engineering

	
[76]




	
EnvisionTEC 3D-Bioplotter®

	
Polyethylene glycol (PEG)/gelatin-PEG/fibrinogen

	
Gelatin scaffolds were cross-linked with 15 mM EDC and 6 mM NHS, fibrinogen-containing samples were treated post-printing with 10 U/mL thrombin in 40 mM CaCl2 for ~30 min

	
Grid structures for cell seeding

	
[77]




	
Dual-syringe Fab@Home printing device

	
Gelatin ethanolamide methacrylate (GE-MA)-methacrylated hyaluronic acid (HA-MA) (GE-MA-HA-MA)/HepG2 C3A, NIH 3T3, or Int-407 cell

	
Ultraviolet (UV) light (365 nm, 180 mW/cm2) photocrosslinking

	
Tubular hydrogel structures for cell attachment

	
[78]




	
EHD inkjet printing system

	
GelMA solution

	
Illuminating with a UV light source

	
Microvascular constructs

	
[79]
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Table 4. Alginate-based polymers for organ 3D printing.
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3D Bioprinting Technique

	
“Bioink” Formulation

	
Crosslinking Method

	
Bioprinter

	
Ref.






	
One/two nozzle extrusion-based 3D bioprinting

	
GelMA/alginate/PEGTA

	
Photo-crosslinking/ CaCl2 solution

	
Novogen MMX Bioprinter™

	
[87]




	
Alginate/chitosan hydrogel

	
CaCl2 solution

	
EFD® Nordson printer

	
[88]




	
Nanocellulose-alginate

	
CaCl2 solution

	
3D discovery printer

	
[89]




	
Zinc oxide (ZnO) nanoparticles (NPs)/alginate

	
CaCl2 solution

	
BioBot 1

	
[90]




	
Propolis/sodium alginate

	
CaCl2 solution

	
Ultimaker2+

	
[91]




	
Sodium alginate/keratin

	
CaCl2 solution

	
Ultimus V

	
[92]




	
Inkjet-based 3D bioprinting

	
Collagen/sodium alginate

	
CaCl2 solution

	
HP DeskJet 550C

	
[93]




	
Alginate solution

	
CaCl2 solution as substrate

	
SEA-Jet™

	
[94]




	
Sodium alginate solution

	
CaCl2 solution

	
A platform-assisted 3D inkjet bioprinting system

	
[95]




	
Alginate solution

	
CaCl2 solution after printing

	
MicroFab MJ-ABL piezoelectric inkjet printhead printer

	
[96]




	
One/two-syringe extrusion-based 3D printing

	
Gelatin/glucose-alginate hydrogel

	
CaCl2 solution after printing

	
Fab@Home Model1-3

	
[97]




	
Laser-based bioprinting

	
Sodium alginate/ Nano-HA

	
Laser

	
BioLP workstation

	
[98]




	
Sodium alginate solution

	
CaCl2 solution

	
Matrix-assisted pulsed-laser evaporation direct-write

	
[99]











[image: Table] 





Table 5. Commonly used synthetic polymers for organ 3D printing.
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	Polymer
	Chemistry
	Characteristic
	Ref.





	PLA
	A linear thermoplastic aliphatic polyester, mainly produced from starch raw materials through saccharification, fermentation and other chemical reactions
	Good biocompatibility and biodegradability, can be completely degraded under certain conditions
	[122,123,124,125]



	PLGA
	A synthetic copolymer of lactic acid (LA) and glycolic acid (GA), synthesized by the ring-opening copolymerization of cyclic dimer (1,4-dioxane-2,5-dione), glycolic acid and lactic acid
	Good biocompatibility and controllable biodegradation rate
	[126,127]



	PU
	A set of linear units (–NH–(C=O)–O–) connected by oligodiol (i.e., soft segment) and organic (i.e., hard segment) units through carbamate (i.e., carbamate)
	Controllable degradation rate and mechanical properties, can be modified to have heat-sensitive properties
	[128,129]



	PCL
	Catalysis with metal anion complex catalyst ε- Formation of caprolactone monomer by ring opening polymerization
	Good biocompatibility and biodegradability
	[130,131]



	Pluronic Acid
	Compound with a basic structure of poly (ethylene oxide) (PEO)-poly (propylene oxide) (PPO)-PEO
	Easy to prepare, good cell affinity, and heat-sensitive
	[132,133]
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