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Abstract

:

This review discusses the reported studies investigating the use of bioprinting to develop functional organ-on-chip systems from a manufacturing perspective. These organ-on-chip systems model the liver, kidney, heart, lung, gut, bone, vessel, and tumors to demonstrate the viability of bioprinted organ-on-chip systems for disease modeling and drug screening. In addition, the paper highlights the challenges involved in using bioprinting techniques for organ-on-chip system fabrications and suggests future research directions. Based on the reviewed studies, it is concluded that bioprinting can be applied for the automated and assembly-free fabrication of organ-on chip systems. These bioprinted organ-on-chip systems can help in the modeling of several different diseases and can thereby expedite drug discovery by providing an efficient platform for drug screening in the preclinical phase of drug development processes.
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1. Introduction


The development of new drugs usually takes place in phases over an extended period of time and is an expensive process [1]. A typical drug development process involves four phases before FDA review and approval [2]. In the first phase, drugs are tested in vitro, i.e., the testing occurs using cells or biological materials outside of a living animal. If initial testing is successful, the drug is then investigated in vivo, i.e., using living animal models. However, approximately half of the drugs that pass the first phase fail in later phases [3]. One cause for this high failure rate is that in vitro models are not always able to accurately represent interactions between the drug and the biological environment [4]. Another cause is that standard in vivo animal models often misrepresent the human physiology.



An organ-on-chip system is a microfabricated multichannel 3D microfluidic structure that emulates specific functions of human organs [2,3,4]. Increased specificity of organ-on-chip systems is accomplished by using dynamic fluid flow to provide nutrition and oxygenation with tissue-specific environmental cues and molecular gradients [4,5,6,7,8]. It is foreseen that use of such sophisticated organ-on-chip systems for modeling the activities, mechanics, and physiological responses of human tissues and organs will allow for inexpensive and faster testing of new therapeutic drugs compared with use of traditional in vitro and in vivo animal models [9].



Micro-fabrication methods, including soft-lithography and photolithography, are traditionally used to fabricate organ-on-chip systems [10,11]. In soft lithography, an elastomeric stamp with patterned relief structures on its surface is used to generate patterns and structures (also known as a mold) with feature sizes ranging from 30 nm to 100 µm. Polydimethylsiloxane (PDMS) is then poured into the mold to create a closed-circuit channel sealed with glass slide [10]. In photolithography, a silicon wafer is covered by photoresist material, and ultraviolet (UV) light removes the photoresist material from some portions of the wafer surface. Then, some silicon is etched away from the portions of the wafer not covered with the photoresist material, to create a mold. PDMS is then poured into this mold, to create a closed-circuit channel sealed with a glass slide [11]. However, these methods are expensive and time-consuming [7]. In addition, these methods suffer from limited availability of compatible biological materials [12].



Bioprinting involves the spatial patterning of living cells and other biologics by stacking them using a computer-aided layer-by-layer deposition approach to fabricate living tissue-like constructs [13]. It has the ability to create channels that have features with complex design and is a one-step fabrication process. In addition, it has the potential to be fully automated, maintain accuracy, and be replicated with relative ease [14]. In recent years, bioprinting has been used to produce organ-on-chip systems [15,16].



Figure 1 shows the trend in the number of organ-on-chip publications involving bioprinting over the past five years. In recent years, several review papers [16,17,18,19,20] have been published on the state-of-art of applying bioprinting to fabricate organ-on-chip systems. However, these reviews discuss the studies primarily from physiological and biological perspectives.



This paper is the first review paper to provide a review on bioprinting used to fabricate organ-on-chip systems from the perspective of manufacturing. Section 2 introduces the bioprinting techniques and their working principles, as well as advantages and limitations for fabricating organ-on-chip systems. Section 3 discusses recent advances in bioprinted organ-on-chip systems, categorized on the basis of tissue type, e.g., liver, kidney, and heart. Section 4 briefly presents key requirements of bioinks, the material that is printed to fabricate constructs, and use of hydrogels as bioinks. Section 5 highlights the current challenges in using bioprinting to fabricate organ-on-chip systems and presents some directions for future research. In the final section, key insights are summarized.




2. Bioprinting Techniques Used to Fabricate Organ-on-Chip Systems


Figure 2 shows the number of reported studies utilizing different bioprinting techniques for fabricating organ-on-chip systems. Out of twenty-two reviewed studies, sixteen used extrusion-based bioprinting, four used inkjet bioprinting, and only one used stereolithography bioprinting. There were no reported studies using laser-based bioprinting. Understanding the working principles of these techniques, along with their advantages and limitations in fabricating organ-on-chip systems, can provide guidance when researchers select bioprinting techniques for organ-on-chip systems. Figure 3 shows schematic illustrations of the three bioprinting techniques that have been used in organ-on-chip fabrication.



2.1. Extrusion-Based Bioprinting


The dispensing head can move along the X and Y axes in the horizontal plane, and up and down along the Z axis, as directed by the CAD (computer-aided design) model. Instructions from the CAD model are input (as a G-code file) to the robotic system, which consists of the bioprinter, and the computer hardware and software [21]. In some printers, the printing platform moves up and down along the Z axis while the head can only move along the x-y planes. The fluid-dispensing system can be driven by pressure generated from a pneumatic-, mechanical- (piston or screw-driven), or solenoid-based system [13]. In certain printers, the extrusion temperature is controlled by heating or cooling the thermal jacket that holds the syringe. Major controllable printing parameters include extrusion pressure (the pressure at which bioink is extruded), extrusion temperature (temperature at which bioink is extruded), and printing speed (the speed at which dispensing head moves in the x-y planes).



The extrusion-based process is capable of printing a wide array of biomaterials, including composite bioinks that are comparable to natural tissue [22], and therefore is suitable for fabricating organ-on-chip systems that involve several different types of tissues and extracellular matrix components [23]. In addition, the extrusion-based process usually has higher printing speed than other bioprinting processes [13]. Furthermore, the relative simplicity of the technology enables ease-of-use for researchers across disciplines [13]. However, the extrusion-based process has drawbacks such as limited resolution [24], nozzle clogging [21,25], and lower cell viability [26]. Extrusion-based bioprinting process parameters need to be optimized to balance shape fidelity and cell viability. Smaller needle diameters increase the shape fidelity of printed constructs [27] but are harmful to cells due to increased shear stress [28,29]. Increased extrusion pressure is required to print bioinks of high viscosity [21], but this also harms cells through increased shear stress [28,29]. Different cell types have different sensitivities to shear stress [30,31], so the optimization of process parameters depends on the biomaterials used during printing.




2.2. Inkjet Bioprinting


In inkjet bioprinting, droplets of bioink are formed through vaporization and dispensed (through an extruder controlled by an actuator) onto a platform in a layer-by-layer fashion to fabricate a 3D construct [32,33,34]. The actuator can have thermal [35] or piezo-electric [36,37] modality for actuation. The extruder can move in the x-y-z directions for fabrication as per the CAD design. However, in certain printers, the extruder is fixed while the printing platform moves in the x-y-z directions.



In inkjet printing, the main printing parameter that can be controlled is droplet size, which is governed by the actuator’s modality. Inkjet bioprinting offers a high resolution (~30 µm) which makes it suitable for fabricating organ-on-chip systems which are in sizes of hundred microns or less [38,39]. In addition, constructs printed with inkjet bioprinting offer high cell viability [38,40]. However, inkjet bioprinting is only suitable for bioinks with low viscosity (~0.1 Pa·s) [41], and the shape fidelity of vertical constructs are poorer with inkjet printing than other bioprinting techniques [38]. Because of these factors, the application of inkjet printing is limited in fabricating organ-on-chip systems that contain tissue types and biomaterials of higher viscosity.




2.3. Stereolithography


In stereolithography, a UV laser selectively polymerizes photosensitive resin containing cells to form a solid layer, after which the build platform shifts down in the z direction by one layer, and the process is repeated until the construct is complete [14,42]. The setup contains a projector array and digital micro-mirror device which can both be moved in the x-y plane. The photosensitive resin is composed of biocompatible, polymerizable oligomers and a biocompatible photoinitiator [42]. The position and the intensity of the UV laser focus are the parameters that can be controlled in stereolithography. By controlling the positions of the laser focus, polymerization of the resin can be precisely controlled for selective polymerization. This achieves a high resolution, which is required in fabrication of organ-on-chip systems [14]. Additionally, vertical constructs printed by stereolithography have good quality [38]. However, stereolithography is time-intensive relative to other techniques. Another limitation is need for intense UV radiation, which can have a negative effect on cell viability [20,43].





3. Bioink Used in Bioprinting of Organ-on-Chip Systems


In the bioprinting process, from an organ-on-chip fabrication perspective, the bioink formulation needs to satisfy certain physical and biological requirements [44]. The primary biological requirement is that the bioink needs to be biocompatible, which means that it should not be toxic to the cells and should not alter the functionality or physiology of the cells [32]. The second biological requirement is biomimicry, i.e., bioink should mimic the extracellular matrix so that cells can proliferate [45]. Physical properties that the bioink should include are shear-thinning behavior, defined as a non-linear increase in viscosity as stress is applied, and structural fidelity. Shear-thinning behavior is necessary for the bioink to be printable [46]. Bioink also needs to have suitable mechanical properties so that the printed construct is stable [47].



Unique properties of hydrogels make them ideal candidates [48] as bioink constituents. Hydrogels are three dimensional molecules composed of hydrophilic chains which are formed by cross-linking of polymer chains in an aqueous medium through various mechanisms such as physical crosslinking, chemical crosslinking, and photo crosslinking [49]. Crosslinking mechanisms have distinct advantages and disadvantages. Photo crosslinked constructs have high shape fidelity, but the UV light used during photo crosslinking can create free radicals which are harmful to cells [50]. Ionic crosslinking, a common form of physical crosslinking, forms mechanically weaker constructs than chemical crosslinking, but promotes higher cell viability [51]. Hydrogels have the ability to absorb water up to a thousand times their dry weight, which makes them suitable materials to act as extracellular matrix and support cell proliferation. The reviewed studies have used natural hydrogels like alginate, gelatin, cellulose, fibrin, and collagen, and synthetic hydrogels such as poly (ethylene glycol) (PEG), poly (ɛ-caprolactone) (PCL), pluronic, and gelatin methacryloyl (GelMA) as shown in Table 1.




4. Organ-on-Chip Systems Fabricated Using Bioprinting


This section outlines specific examples, as shown in Table 2, of the research efforts for modeling the liver, kidneys, heart, lungs, gut, bone, vessel, and tumors on microfluidic chips, and describes the fabrication processes and applications of these organ-on-chip systems.



Table 3 summarizes the major results that were found for each category of organ-on-chip system, based on collected literature.



4.1. Liver-on-Chip


Liver plays a critical role in drug metabolism and detoxification of blood. Drug-induced hepatotoxicity is one of the main reasons for drug withdrawal in later phases of clinical trials, thus highlighting the need for liver-on-chip models that can be used to evaluate hepatoxicity during drug-screening [74]. Bhise et al. developed a liver-on-chip platform by bioprinting hepatocyte spheroid-laden hydrogel constructs directly within the culture chamber of bioreactor [60]. By using the developed liver-on-chip platform as a model to predict acetaminophen (a drug) toxicity, with results comparable to those obtained from in vivo models, they demonstrated that this bioprinted liver-on-chip system has applications for drug toxicity analysis. Snyder et al., printed epithelial-laden and hepatocyte-laden Matrigel on microfluidic chip to study radiation shielding of liver cells by the prodrug amifostine [67]. This study demonstrated the application of a bioprinted liver-on-chip system to obtain an understanding of multi-cellular biological systems. The current in vitro models typically lose their drug metabolism functions rapidly [75]. Liver-on-chip systems capable of maintaining drug metabolism functions for a long period of time are required. Grix et al. performed a proof-of-concept study in which perfusable liver organoid was bioprinted using stereolithography technique [56]. By verifying the stable protein expression of liver organoid using immunohistology and qPCR (quantitative polymerase chain reaction), they demonstrated that bioprinted liver organoid can be cultivated on a chip to produce a liver-on-chip system. This study demonstrated that a liver-on-chip model can be developed which maintains metabolic function for long time. To demonstrating that rapid liver-on-chip modeling is possible, Lee et al. used a novel bioprinting method involving a multi-head tissue organ building system to fabricate a liver-on-chip system in a single step [62]. The bioprinted liver-on-chip system showed significantly enhanced liver function, indicating that the developed bioprinting method can be applied to fabricate organ-on-chip systems for mechanistic therapeutic studies and drug screening.




4.2. Kidney-on-Chip


Drug induced kidney toxicity is responsible for nearly one-fifth of drug failures in Phase III clinical trials even if the drug passes preclinical testing [76]. Kidney-on-chip systems can act as in vitro kidney models that accurately predict the human drug response in preclinical testing. Homan et al. bioprinted convoluted renal proximal tubules on a microfluidic chip to develop a kidney-on-chip system [55]. In this model, the tubule structure was created by extrusion-based bioprinting using pluronic ink. A silicon gasket was first printed onto a glass slide, which was then filled via extrusion printing with gelatin-fibrinogen bioink (mimicking kidney extracellular matrix). The pluronic was then liquefied by cooling and flushed out to create an open tubule for epithelial cell seeding. The printed kidney-on-a-chip system exhibited nephrotoxicity against cyclosporine A (immunosuppressive drug).




4.3. Heart-on-Chip


Although current in vitro models of the heart are suitable for short-term modelling of human cardiac conditions and small-scale drug screening, they are not well suited for higher-throughput drug studies and longer-term studies [11]. Heart-on-chip systems can provide a stable platform for long-term drug screening studies. Zhang et al. created a heart-on-chip model by integrating bioprinting and microfluidics technology [53]. Extrusion-based bioprinting was used to print bioink containing endothelial cells to form a microfibrous scaffold. After endothelial cells migrated to the outside of the fibers, the scaffold was seeded with cardiomyocytes. The resultant semi-self-assembled endothelialized myocardium scaffold accurately mimicked the in vivo vascularized structure of the myocardium and was integrated with a microfluidic chip to be used as a platform for cardiovascular drug screening. The research team observed dose dependent responses of cardiomyocytes and endothelial cells to an anti-cancer drug, demonstrating that such a heart-on-chip model can be successfully used for drug screening. Lind et al. used multimaterial extrusion-based bioprinting to fabricate a heart-on-chip system in a single step [68]. Dextran ink was used to print a film on a glass slide substrate, on which thermoplastic polyurethane (TPU) ink was used to print a cantilever base. A thermoplastic polyurethane (CB:TPU) ink strain gauge was printed on top and covered by TPU ink wire cover. PDMS ink filaments were printed on the top part of this cantilever, followed by the addition of high conductivity silver particle filled polyamide ink (ink filled with high conductivity silver particles) which was insulated with PDMS ink. The printed microfluidic device had eight wells which acted as cell incubators and were seeded with cardiomyocytes. This heart-on-chip system was employed to study the effect of drugs (verapamil and isoproterenol) on the beating of cardiac microtissues. The beating frequency and strength were observed and recorded directly with this heart-on-chip system, demonstrating the application of this novel heart-on-chip device for toxicology and drug-screening research.




4.4. Lung-on-Chip


Human lungs are exposed to environmental agents which can lead to respiratory diseases [62]. They are sites of disorders such as asthma and chronic obstructive lung diseases [62]. Lung-on-chip systems can be used as a platform for development of drugs for treatment of these diseases and disorders. Park et al. bioprinted a vascularized lung-on-chip system in a single step [64]. PCL bioink was printed to create a frame of channels and chambers on printed PDMS substrate, which was populated with endothelial cell bioink and lung fibroblast cell bioink via bioprinting, followed by printing PDMS to fix the frame. The lung-on-chip model was successfully used to recapitulate inflammatory response.




4.5. Gut-on-Chip


Gut is a vital organ with a complex architecture involving multiple diverse cell and tissue types [77,78,79]. Gut-on-chip systems can help in learning about different gastric and intestinal cells and can contain gut microbiota to mimic a dynamic gut environment [20]. In order to better mimic one aspect of the complex architecture of gut, Kim et al. used bioprinting to fabricate a 3D intestinal villi model with capillaries [60]. In this study, bioink containing epithelial cells was printed as a layer of core region, and bioink containing adenocarcinoma cells was printed as a layer of shell region to form a mesh structure on which villus structure was printed vertically. The successful cellular proliferation of both types of cells signified the establishment of cell–cell interactions.




4.6. Bone-on-Chip


Osteoporosis is a disease caused by impaired bone turnover, which increases the risk of bone fracture in men and women over the age of 50. The drugs currently used to treat osteoporosis pose problems like elevated risk of cancer, stroke, and blood clots with long-term use [80]. Due to the prevalence of osteoporosis, a drug development platform that enables the analysis of the long-term physiological response of drugs is needed. Emerging bone-on-chip systems can help in expediting the process of drug development [81]. Lee et al. used inkjet bioprinting to print micropatterns containing the antibiotic rifampicin and biphasic calcium phosphate nanoparticles dispersed in a poly(lactic-co-glycolic acid) (PLGA) matrix on a glass slide, which was integrated with microfluidic chip [69]. The microfluidic chip was seeded with osteoblast (bone) cells. The study concluded that inkjet-printed micropatterns promoted osteogenic development by osteoblasts and prevented bacterial infection.




4.7. Vessel-on-Chip


Proper nutrient and oxygen supply is crucial for ensuring long-term cell viability in complex multi-tissue models, which makes developing vascular network crucial in organ-on-chip systems [82]. Lee et al. used inkjet bioprinting to create a vascular channel on a flow chamber [57]. In order to fabricate vasculature, gelatin bioink containing endothelial cells was printed on layers of collagen matrix in a straight channel form, and collagen was printed over the gelatin pattern. The endothelial cells attached to the inner surface of the channel during incubation and subsequently the gelatin in chamber was flushed after being liquefied to create a channel. It was noted that cells proliferated, and successful gene expression analysis revealed that this method can be used to create vessels in organ-on-chip systems.



In a similar study, Abudupataer et al. used extrusion-based bioprinting to fabricate a vessel-on-chip system [63]. Two layers of bioink containing endothelial cells and muscle cells were printed on chip (fabricated with PDMA), and after the cells proliferated, a continuous flow of growth medium was perfused in the channel of the chip to mimic blood flow in the vessel. Such a vessel-on-chip model can be used to study the pathogenesis of disease and drug screening.



In another study, Kolesky et al. used extrusion-based bioprinting to print a vascular system using a sacrificial bioink, composed of Pluronic and thrombin [56]. The sacrificial bioink was printed in a crosshatched pattern with a thickness of 1 cm. Bioink containing endothelial cells, muscle cells and dermal fibroblast cells was printed around the sacrificial bioink. Removal of the fugitive ink resulted in the formation of a connected network of vessels that supported endothelialization and retained cell viability up to 95% post printing, demonstrating that such a vascular system can potentially be used to construct vessels in organ-on-chip models.



In an analogous study, Schöneberg et al. used inkjet bioprinting to print a multi-layer vasculature imitating in vivo blood vessels [59]. On a custom-made bioreactor, a layer of fibrin bioink with muscle cells and fibrinogen-collagen with crosslinker thrombin was printed on a sacrificial gelatin core containing epithelial cells, which was flushed out to create open channels. High cell viability after printing was noted along with protein expression, indicating that the system has necessary biological functionality to potentially be used in vessel-on-chip systems as a platform for pre-screening of drugs. In yet another study, Gao et al. used extrusion-based bioprinting to print a vascular structure with multilevel fluidic channels (macro-channel and micro-channel) which can potentially be integrated into organ-on-chip systems to better simulate the micro-environment of blood vessels [52].



Zhang et al. used extrusion-based bioprinting to fabricate a thrombosis-on-chip system [66]. Thrombosis is the formation of a clot in a blood vessel. In this study, a scaffold was printed with luronic, dehydrated scaffold was placed on PDMS mold filled with GelMA, and the scaffold was crosslinked followed by dissolution of sacrificial channels to produce construct with hollow channels. After the incubation of seeded endothelial cells in hollow channels, a solution of blood with added calcium chloride (to induce clotting) was injected to form a clot. The clot maturation and subsequent dissolution of clot on being treated with tPA (anti-clotting drug) demonstrated that such a thrombosis-on-chip system can be used for thrombosis drug screening.




4.8. Tumor-on-Chip


Cancer is an umbrella term for a variety of diseases having the same underlying cause of unregulated division of cells, which can be a cause of morbidity and mortality. Cancer treatment is especially challenging due to different tumor characteristics (mass of tissue caused by unregulated division of cells) in different patients. Tumor-on-chip systems tackle this heterogeneity by enabling the development of patient-specific anti-cancer drugs targeted to treat the patient-specific tumor.



Yi et al. used extrusion-based bioprinting to fabricate a glioblastoma-on-chip system [70]. Glioblastoma (GBM) is an aggressive type of cancer that occurs in the brain or spinal cord. This tumor-on-chip system was fabricated by printing its chamber structures using silicon ink on a glass substrate, inside which bdECM (brain decellularized ECM) bioink containing epithelial cells was printed to construct the GBM-mimetic ring structure filled by printing bdECM glioblastoma cells, and the chamber was covered with a glass slip. The developed glioblastoma-on-chip system resisted concurrent treatment of chemoradiation and temozolomide (anti-cancer drug) in the same way as observed in cancer patients, demonstrating that such a tumor-on-chip system can be used to determine drug combinations for cancer treatment.



Hamid et al. used extrusion based bioprinting in combination with photolithography to fabricate a breast tumor-on-chip model [72]. Photolithography was used to fabricate the base of the chip using PDMS. SU-8 (epoxy-based photoresist material) was used to create internal micro-architecture of channels on the chip, followed by printing of human breast adenocarcinoma cells in the micro-channels. Three chips with 300, 500, and 700 µm pore sizes of channels were printed for purpose of comparative evaluation. Successful cell proliferation and metabolization of drug by cells demonstrated that such a breast tumor-on-chip can be used for investigating the efficacy of drugs.



In another study, the same research team used extrusion based bioprinting along with maskless lithography, a type of photolithography that does not use a static mask, to fabricate a co-culture tumors-on-chip system [73]. Maskless lithography was used to fabricate the base of the chip using PDMS, on which SU-8 was printed and channels were patterned using an ultraviolet light emitting head. The micro-channels were populated with liver cancer and breast cancer cells.



Mi et al. used inkjet bioprinting to fabricate a breast tumor-on-chip system [71]. Breast cancer cells and endothelial cells were printed on a PDMS chip (fabricated with soft-lithography). Post printing, the cells showed good cell viability and cell quality. A significant inhibition of tumor cell migration ability was observed when treated with paclitaxel (anti-cancer drug), demonstrating the effectiveness of such a tumor-on-chip system in aiding cancer research and for anti-cancer drug screening. Successful cell proliferation and cell integration in co-culture showed that such a co-culture tumors-on-chip system is viable for biological characterization.



Cheng et al. used extrusion-based bioprinting to print paper-based cancer tissue models which have the potential for application in the cost-effective fabrication of organ-on-chip models [58]. In this study, sacrificial petroleum jelly-liquid paraffin ink was used to print on bacterial cellulose hydrogel, the entire matrix was air-dried to form a paper-like membrane, and perfusable microchannels were obtained by removing the sacrificial ink using heat. The epithelial cells were seeded into the microchannels and cancer cells were seeded onto the surface of the paper-based device. It was observed that endothelial cells and tumor cells spread and proliferated, and cytotoxicity of cancer cells was observed on treatment with tamoxifen (anti-cancer drug), demonstrating that such paper-based models can possibly be used for producing tumor-on-chip systems for drug screening.



The available invitro anti-tumor drug screening strategies including 2D cell models are not able to mimic biological systems sufficiently since they lack true perfusion and draining microcirculation systems. Although current organ-on-chip systems are able to integrate perfusable blood vessels, only a few in vitro models are able to re-establish both blood and lymphatic vessel pair. Cao et al. fabricated a tumor-on-chip model by bioprinting a hollow blood vessel and lymphatic vessel pair which reproduced the microcirculation featuring both delivery and drainage routes to better mimic the transport kinetics of biomolecules and drugs [65]. A custom-made coaxial nozzle containing three injection channels was connected to an extrusion-based bioprinter and used to print the vessels. The bioink consisted of alginate, GelMA, photoinitiator, and PEGDA. PEGOA was extruded through the middle layer of the coaxial nozzle, while the CaCl2 solution was ejected through both the inner and outer layers to immediately crosslink the alginate and obtain tubular structures. Then GelMA, PEGDA, and PEGOA components were photo crosslinked by UV light, followed by immersion in ETA (Eicosatetraenoic acid) solution to remove the sacrificial alginate. The bioprinted vessel pair was embedded in a GelMA matric inoculated with MCF-7 breast cancer cells to examine drug transport rate by studying the diffusion of FITC (staining agent for microscopy) through the system and to investigate the effect of Doxorubicin (a chemotherapy anti-cancer drug) perfusion on the MCF-7 cancer cells. It was observed that the permeability parameters of the bioprinted blood and lymphatic vessels in such a bioprinted tumor-on-chip system could be controlled by precisely tuning the composition of the bioink. The tumor-on-chip could meet different biological needs for delivery and drainage channels under various scenarios and offer a convenient method for in vitro drug screening.





5. Challenges and Future Directions


There are several challenges associated with use of bioprinting technology for organ-on-chip system fabrication. The resolution that can be achieved with available 3D bioprinters is not as good as that achievable by traditional organ-on-chip fabrication techniques like soft-lithography. Although there are a few bioprinting systems that can achieve micron-level resolution [83], their high cost makes them unattractive options compared to traditional soft-lithography and photo-lithography systems to achieve same level of resolution. Bioprinting systems have a relatively low throughput for manufacturing organ-on-chip systems in large scale production settings. There are certain stereolithography printing systems that can achieve reasonable throughput suitable for low and medium volume production [15], but they cannot compete with other techniques like injection molding [84] when it comes to large scale manufacturing of organ-on-chip systems.



The properties of bioink materials for fabricating organ-on-chip systems still need improvement. The soft-lithography has been used widely for fabricating organ-on-chip systems due to the optimal properties of PDMS material, including transparency, biocompatibility, flexibility, gas-permeability, relatively low-cost, and high shape fidelity [10]. It is challenging to find a biomaterial with all these properties. The vasculature fabricated using bioprinting has a limited resolution. With soft-lithography, the patterning of micro-channels with resolution of 5 microns is standard while sub-micron vasculature fabrication is also possible. However, the highest resolution of microchannel printed with stereolithography is 100 microns [85].



Organ-on-chip systems fabricated with bioprinting have potential for commercial applications if sophisticated bioprinting techniques are developed which are capable of bioprinting organ-on-chip systems in a scalable, accurate, and high-throughput manner. The combination of bioprinting techniques can enable creation of bioprinting process that overcomes the limitations of individual bioprinting techniques [19]. This viable strategy needs further systematic investigations. Another area that needs further investigation is the integration of biosensors in the organ-on-chip systems fabricated with bioprinting [86,87]. This integration can enhance the functionality of organ-on-chip systems to allow the monitoring of cell behavior in dynamic and controlled environments, and to monitor cell behavior and microenvironment.



Drug-screening can potentially become much more accurate if the complex organ systems of the human body, containing multiple organs, can be accurately reflected on organ-on-chip systems. There is a need to investigate multimaterial bioprinting from the perspective of printing multiple tissues in the same organ-on-chip systems that can enable printing of such organ-on-chip systems. Currently, most of the reported studies either focus on demonstrating the application of developing novel bioprinting strategies for fabricating functional organ-on-chip systems [53,57,66,74,79,80] or provide proof-of-concept applications of using organ-on-chip systems fabricated with bioprinting for drug screening [54,56,60,69,75,78]. There are very few studies that have investigated optimization strategies for bioprinting process parameters in a systematic way. For the successful application of bioprinting in fabricating organ-on-chip systems, standardization and optimization of the printing process is necessary. Therefore, there is a need to investigate the relationship between different process parameters and functions in the bioprinting process of printed organ-on-chip systems.




6. Conclusions


The use of bioprinting for fabricating organ-on-chip systems has the potential to expedite the drug screening process while minimizing the cost investment in drug development. While research regarding the use of bioprinting techniques to fabricate organ-on-chip systems is still in the early stages, the reviewed studies demonstrate that bioprinted organ-on-chip systems are able to functionally mimic in vivo environments and provide nearly accurate drug responses comparable to animal and in vitro models. In addition, the reviewed studies show that using bioprinting for fabricating organ-on-chip systems possesses advantages over traditional techniques of fabricating organ-on-chip systems, including soft-lithography and photolithography, in terms of automation, cost, time-consumption, and design modifications. However, from the manufacturing perspective, for bioprinting to become the norm in fabricating organ-on-chip systems for the purpose of drug screening, investigations need to be conducted regarding the improvement of resolution, vasculature fabrication, process optimization, and process standardization. Nevertheless, with further advancements in bioprinting processes, it is expected that bioprinted organ-on-a-chip systems will be used broadly in disease modeling and drug development.







Author Contributions


Writing—original draft preparation, K.T.; writing—review and editing, L.J. and K.T.; review and editing, Z.P., A.E., F.Q. and H.Q. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Morgan, S.; Grootendorst, P.; Lexchin, J.; Cunningham, C.; Greyson, D. The cost of drug development: A systematic review. Health Policy 2011, 100, 4–17. [Google Scholar] [CrossRef]

	



Lipsky, M.S.; Sharp, L.K. From idea to market: The drug approval process. J. Am. Board Fam. Pract. 2001, 14, 362–367. [Google Scholar]

	



Staff, Reuters. U.S. to develop chip that tests if a drug is toxic. Reuters, 16 September 2011. [Google Scholar]

	



Ghaemmaghami, A.M.; Hancock, M.J.; Harrington, H.; Kaji, H.; Khademhosseini, A. Biomimetic tissues on a chip for drug discovery. Drug Discov. Today 2012, 17, 173–181. [Google Scholar] [CrossRef]

	



Elçin, Y.M. Organs-on-Chips & 3D—Bioprinting Technologies for Personalized Medicine. Stem Cell Rev. Rep. 2017, 13, 319–320. [Google Scholar]

	



Leary, J.F.; Key, J.; Vidi, P.-A.; Cooper, C.L.; Kole, A.; Reece, L.M.; Lelièvre, S.A. Human organ-on-a-chip BioMEMS devices for testing new diagnostic and therapeutic strategies. In Proceedings of the Microfluidics, BioMEMS, and Medical Microsystems XI, International Society for Optics and Photonics, San Francisco, CA, USA, 3–6 February 2013; p. 86150A. [Google Scholar]

	



Yang, Q.; Lian, Q.; Xu, F. Perspective: Fabrication of integrated organ-on-a-chip via bioprinting. Biomicrofluidics 2017, 11, 031301. [Google Scholar] [CrossRef]

	



Moyer, M.W. Organs-on-a-Chip for Faster Drug Development. In Scientific American; Springer Nature: Basingstoke, UK, 2011. [Google Scholar]

	



Avci, H.; Güzel, F.D.; Erol, S.; Akpek, A. Recent advances in organ-on-a-chip technologies and future challenges: A review. Turk. J. Chem. 2018, 42, 587–610. [Google Scholar]

	



Xia, Y.; Whitesides, G.M. Soft lithography. Annu. Rev. Mater. Sci. 1998, 28, 153–184. [Google Scholar] [CrossRef]

	



Bhatia, S.N.; Ingber, D.E. Microfluidic organs-on-chips. Nat. Biotechnol. 2014, 32, 760–772. [Google Scholar] [CrossRef] [PubMed]

	



Beebe, D.J.; Mensing, G.A.; Walker, G.M. Physics and applications of microfluidics in biology. Annu. Rev. Biomed. Eng. 2002, 4, 261–286. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Ho, C.M.B.; Ng, S.H.; Li, K.H.H.; Yoon, Y.-J. 3D printed microfluidics for biological applications. Lab Chip 2015, 15, 3627–3637. [Google Scholar] [CrossRef] [PubMed]

	



Au, A.K.; Lee, W.; Folch, A. Mail-order microfluidics: Evaluation of stereolithography for the production of microfluidic devices. Lab Chip 2014, 14, 1294–1301. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharjee, N.; Urrios, A.; Kang, S.; Folch, A. The upcoming 3D-printing revolution in microfluidics. Lab Chip 2016, 16, 1720–1742. [Google Scholar] [CrossRef] [PubMed]

	



Yi, H.-G.; Lee, H.; Cho, D.-W. 3D printing of organs-on-chips. Bioengineering 2017, 4, 10. [Google Scholar] [CrossRef] [PubMed]

	



Fetah, K.; Tebon, P.; Goudie, M.J.; Eichenbaum, J.; Ren, L.; Barros, N.; Nasiri, R.; Ahadian, S.; Ashammakhi, N.; Dokmeci, M.R. The emergence of 3D bioprinting in organ-on-chip systems. Prog. Biomed. Eng. 2019, 1, 012001. [Google Scholar] [CrossRef]

	



Yu, F.; Choudhury, D. Microfluidic bioprinting for organ-on-a-chip models. Drug Discov. Today 2019, 24, 1248–1257. [Google Scholar] [CrossRef]

	



Mittal, R.; Woo, F.W.; Castro, C.S.; Cohen, M.A.; Karanxha, J.; Mittal, J.; Chhibber, T.; Jhaveri, V.M. Organ-on-chip models: Implications in drug discovery and clinical applications. J. Cell. Physiol. 2019, 234, 8352–8380. [Google Scholar] [CrossRef]

	



Ning, L.; Chen, X. A brief review of extrusion-based tissue scaffold bio-printing. Biotechnol. J. 2017, 12, 1600671. [Google Scholar] [CrossRef]

	



Chen, S.; Jang, T.S.; Pan, H.M.; Jung, H.D.; Sia, M.W.; Xie, S.; Hang, Y.; Chong, S.; Wang, D.; Song, J. 3D freeform printing of nanocomposite hydrogels through in situ precipitation in reactive viscous fluid. Int. J. Bioprint. 2020, 6, 258. [Google Scholar]

	



Pati, F.; Jang, J.; Ha, D.-H.; Kim, S.W.; Rhie, J.-W.; Shim, J.-H.; Kim, D.-H.; Cho, D.-W. Printing three-dimensional tissue analogues with decellularized extracellular matrix bioink. Nat. Commun. 2014, 5, 1–11. [Google Scholar] [CrossRef]

	



Duan, B.; Hockaday, L.A.; Kang, K.H.; Butcher, J.T. 3D bioprinting of heterogeneous aortic valve conduits with alginate/gelatin hydrogels. J. Biomed. Mater. Res. Part A 2013, 101, 1255–1264. [Google Scholar] [CrossRef]

	



Mironov, V.; Boland, T.; Trusk, T.; Forgacs, G.; Markwald, R.R. Organ printing: Computer-aided jet-based 3D tissue engineering. Trends Biotechnol. 2003, 21, 157–161. [Google Scholar] [CrossRef]

	



Tanzeglock, T.; Soos, M.; Stephanopoulos, G.; Morbidelli, M. Induction of mammalian cell death by simple shear and extensional flows. Biotechnol. Bioeng. 2009, 104, 360–370. [Google Scholar] [CrossRef]

	



Emmermacher, J.; Spura, D.; Cziommer, J.; Kilian, D.; Wollborn, T.; Fritsching, U.; Steingroewer, J.; Walther, T.; Gelinsky, M.; Lode, A. Engineering considerations on extrusion-based bioprinting: Interactions of material behavior, mechanical forces and cells in the printing needle. Biofabrication 2020, 12, 025022. [Google Scholar] [CrossRef] [PubMed]

	



Paxton, N.; Smolan, W.; Böck, T.; Melchels, F.; Groll, J.; Jungst, T. Proposal to assess printability of bioinks for extrusion-based bioprinting and evaluation of rheological properties governing bioprintability. Biofabrication 2017, 9, 044107. [Google Scholar] [CrossRef] [PubMed]

	



Cidonio, G.; Glinka, M.; Dawson, J.I.; Oreffo, R.O.C. The cell in the ink: Improving biofabrication by printing stem cells for skeletal regenerative medicine. Biomaterials 2019, 209, 10–24. [Google Scholar] [CrossRef] [PubMed]

	



Williams, C.G.; Malik, A.N.; Kim, T.K.; Manson, P.N.; Elisseeff, J.H. Variable cytocompatibility of six cell lines with photoinitiators used for polymerizing hydrogels and cell encapsulation. Biomaterials 2005, 26, 1211–1218. [Google Scholar] [CrossRef] [PubMed]

	



Jakus, A.E.; Rutz, A.L.; Shah, R.N. Advancing the field of 3D biomaterial printing. Biomed. Mater. 2016, 11, 014102. [Google Scholar] [CrossRef] [PubMed]

	



Ji, S.; Guvendiren, M. Recent advances in bioink design for 3D bioprinting of tissues and organs. Front. Bioeng. Biotechnol. 2017, 5, 23. [Google Scholar] [CrossRef]

	



Mobaraki, M.; Ghaffari, M.; Yazdanpanah, A.; Luo, Y.; Mills, D. Bioinks and bioprinting: A focused review. Bioprinting 2020, 18, e00080. [Google Scholar] [CrossRef]

	



Sears, N.A.; Seshadri, D.R.; Dhavalikar, P.S.; Cosgriff-Hernandez, E. A review of three-dimensional printing in tissue engineering. Tissue Eng. Part B Rev. 2016, 22, 298–310. [Google Scholar] [CrossRef]

	



Kador, K.E.; Grogan, S.P.; Dorthé, E.W.; Venugopalan, P.; Malek, M.F.; Goldberg, J.L.; D’lima, D.D. Control of retinal ganglion cell positioning and neurite growth: Combining 3D printing with radial electrospun scaffolds. Tissue Eng. Part A 2016, 22, 286–294. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, E.; Yu, H.; Ahmadi, A.; Cheung, K.C. Investigation of the hydrodynamic response of cells in drop on demand piezoelectric inkjet nozzles. Biofabrication 2016, 8, 015008. [Google Scholar] [CrossRef]

	



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]

	



Mandrycky, C.; Wang, Z.; Kim, K.; Kim, D.-H. 3D bioprinting for engineering complex tissues. Biotechnol. Adv. 2016, 34, 422–434. [Google Scholar] [CrossRef]

	



Hull, C.W. Apparatus for Production of Three-Dimensional Objects by Stereolithography. U.S. Patent US4575330A, 11 March 1986. [Google Scholar]

	



Wilson, W.C., Jr.; Boland, T. Cell and organ printing 1: Protein and cell printers. Anat. Rec. Part A Discov. Mol. Cell. Evol. Biol. 2003, 272, 491–496. [Google Scholar] [CrossRef]

	



Calvert, P. Inkjet printing for materials and devices. Chem. Mater. 2001, 13, 3299–3305. [Google Scholar] [CrossRef]

	



Raman, R.; Bashir, R. Stereolithographic 3D bioprinting for biomedical applications. In Essentials of 3D Biofabrication and Translation; Elsevier: Amsterdam, The Netherlands, 2015; pp. 89–121. [Google Scholar]

	



Bishop, E.S.; Mostafa, S.; Pakvasa, M.; Luu, H.H.; Lee, M.J.; Wolf, J.M.; Ameer, G.A.; He, T.-C.; Reid, R.R. 3-D bioprinting technologies in tissue engineering and regenerative medicine: Current and future trends. Genes Dis. 2017, 4, 185–195. [Google Scholar] [CrossRef] [PubMed]

	



Hospodiuk, M.; Dey, M.; Sosnoski, D.; Ozbolat, I.T. The bioink: A comprehensive review on bioprintable materials. Biotechnol. Adv. 2017, 35, 217–239. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773–785. [Google Scholar] [CrossRef] [PubMed]

	



Guvendiren, M.; Lu, H.D.; Burdick, J.A. Shear-thinning hydrogels for biomedical applications. Soft Matter 2012, 8, 260–272. [Google Scholar] [CrossRef]

	



Schwab, A.; Levato, R.; D’Este, M.; Piluso, S.; Eglin, D.; Malda, J. Printability and Shape Fidelity of Bioinks in 3D Bioprinting. Chem. Rev. 2020, 120, 11028–11055. [Google Scholar] [CrossRef] [PubMed]

	



Gruene, M.; Unger, C.; Koch, L.; Deiwick, A.; Chichkov, B. Dispensing pico to nanolitre of a natural hydrogel by laser-assisted bioprinting. Biomed. Eng. Online 2011, 10, 19. [Google Scholar] [CrossRef] [PubMed]

	



Unagolla, J.M.; Jayasuriya, A.C. Hydrogel-based 3D bioprinting: A comprehensive review on cell-laden hydrogels, bioink formulations, and future perspectives. Appl. Mater. Today 2020, 18, 100479. [Google Scholar] [CrossRef] [PubMed]

	



Lim, K.S.; Galarraga, J.H.; Cui, X.; Lindberg, G.C.; Burdick, J.A.; Woodfield, T.B. Fundamentals and applications of photo-cross-linking in bioprinting. Chem. Rev. 2020, 120, 10662–10694. [Google Scholar] [CrossRef]

	



GhavamiNejad, A.; Ashammakhi, N.; Wu, X.Y.; Khademhosseini, A. Crosslinking strategies for 3D bioprinting of polymeric hydrogels. Small 2020, 16, 2002931. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Q.; Liu, Z.; Lin, Z.; Qiu, J.; Liu, Y.; Liu, A.; Wang, Y.; Xiang, M.; Chen, B.; Fu, J. 3D bioprinting of vessel-like structures with multilevel fluidic channels. ACS Biomater. Sci. Eng. 2017, 3, 399–408. [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. Bioprinting 3D microfibrous scaffolds for engineering endothelialized myocardium and heart-on-a-chip. Biomaterials 2016, 110, 45–59. [Google Scholar] [CrossRef]

	



Grix, T.; Ruppelt, A.; Thomas, A.; Amler, A.-K.; Noichl, B.P.; Lauster, R.; Kloke, L. Bioprinting perfusion-enabled liver equivalents for advanced organ-on-a-chip applications. Genes 2018, 9, 176. [Google Scholar] [CrossRef]

	



Homan, K.A.; Kolesky, D.B.; Skylar-Scott, M.A.; Herrmann, J.; Obuobi, H.; Moisan, A.; Lewis, J.A. Bioprinting of 3D convoluted renal proximal tubules on perfusable chips. Sci. Rep. 2016, 6, 34845. [Google Scholar] [CrossRef]

	



Kolesky, D.B.; Homan, K.A.; Skylar-Scott, M.A.; Lewis, J.A. Three-dimensional bioprinting of thick vascularized tissues. Proc. Natl. Acad. Sci. USA 2016, 113, 3179–3184. [Google Scholar] [CrossRef]

	



Lee, V.K.; Kim, D.Y.; Ngo, H.; Lee, Y.; Seo, L.; Yoo, S.-S.; Vincent, P.A.; Dai, G. Creating perfused functional vascular channels using 3D bio-printing technology. Biomaterials 2014, 35, 8092–8102. [Google Scholar] [CrossRef]

	



Cheng, F.; Cao, X.; Li, H.; Liu, T.; Xie, X.; Huang, D.; Maharjan, S.; Bei, H.P.; Gómez, A.; Li, J. Generation of cost-effective paper-based tissue models through matrix-assisted sacrificial 3D printing. Nano Lett. 2019, 19, 3603–3611. [Google Scholar] [CrossRef]

	



Schöneberg, J.; De Lorenzi, F.; Theek, B.; Blaeser, A.; Rommel, D.; Kuehne, A.J.; Kießling, F.; Fischer, H. Engineering biofunctional in vitro vessel models using a multilayer bioprinting technique. Sci. Rep. 2018, 8, 1–13. [Google Scholar] [CrossRef]

	



Kim, W.; Kim, G. Intestinal villi model with blood capillaries fabricated using collagen-based bioink and dual-cell-printing process. ACS Appl. Mater. Interfaces 2018, 10, 41185–41196. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.Y.; Ryu, H.; Lee, B.; Ha, D.-H.; Ahn, M.; Kim, S.; Kim, J.Y.; Jeon, N.L.; Cho, D.-W. Development of a functional airway-on-a-chip by 3D cell printing. Biofabrication 2018, 11, 015002. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.; Cho, D.-W. One-step fabrication of an organ-on-a-chip with spatial heterogeneity using a 3D bioprinting technology. Lab Chip 2016, 16, 2618–2625. [Google Scholar] [CrossRef] [PubMed]

	



Abudupataer, M.; Chen, N.; Yan, S.; Alam, F.; Shi, Y.; Wang, L.; Lai, H.; Li, J.; Zhu, K.; Wang, C. Bioprinting a 3D vascular construct for engineering a vessel-on-a-chip. Biomed. Microdevices 2020, 22, 10. [Google Scholar] [CrossRef]

	



Bhise, N.S.; Manoharan, V.; Massa, S.; Tamayol, A.; Ghaderi, M.; Miscuglio, M.; Lang, Q.; Zhang, Y.S.; Shin, S.R.; Calzone, G. A liver-on-a-chip platform with bioprinted hepatic spheroids. Biofabrication 2016, 8, 014101. [Google Scholar] [CrossRef] [PubMed]

	



Cao, X.; Ashfaq, R.; Cheng, F.; Maharjan, S.; Li, J.; Ying, G.; Hassan, S.; Xiao, H.; Yue, K.; Zhang, Y.S. A tumor-on-a-chip system with bioprinted blood and lymphatic vessel pair. Adv. Funct. Mater. 2019, 29, 1807173. [Google Scholar] [CrossRef]

	



Zhang, Y.S.; Davoudi, F.; Walch, P.; Manbachi, A.; Luo, X.; Dell’Erba, V.; Miri, A.K.; Albadawi, H.; Arneri, A.; Li, X. Bioprinted thrombosis-on-a-chip. Lab Chip 2016, 16, 4097–4105. [Google Scholar] [CrossRef]

	



Snyder, J.; Hamid, Q.; Wang, C.; Chang, R.; Emami, K.; Wu, H.; Sun, W. Bioprinting cell-laden matrigel for radioprotection study of liver by pro-drug conversion in a dual-tissue microfluidic chip. Biofabrication 2011, 3, 034112. [Google Scholar] [CrossRef]

	



Lind, J.U.; Busbee, T.A.; Valentine, A.D.; Pasqualini, F.S.; Yuan, H.; Yadid, M.; Park, S.-J.; Kotikian, A.; Nesmith, A.P.; Campbell, P.H. Instrumented cardiac microphysiological devices via multimaterial three-dimensional printing. Nat. Mater. 2017, 16, 303–308. [Google Scholar] [CrossRef]

	



Lee, J.-H.; Gu, Y.; Wang, H.; Lee, W.Y. Microfluidic 3D bone tissue model for high-throughput evaluation of wound-healing and infection-preventing biomaterials. Biomaterials 2012, 33, 999–1006. [Google Scholar] [CrossRef] [PubMed]

	



Yi, H.-G.; Jeong, Y.H.; Kim, Y.; Choi, Y.-J.; Moon, H.E.; Park, S.H.; Kang, K.S.; Bae, M.; Jang, J.; Youn, H. A bioprinted human-glioblastoma-on-a-chip for the identification of patient-specific responses to chemoradiotherapy. Nat. Biomed. Eng. 2019, 3, 509–519. [Google Scholar] [CrossRef] [PubMed]

	



Mi, S.; Yang, S.; Liu, T.; Du, Z.; Xu, Y.; Li, B.; Sun, W. A novel controllable cell array printing technique on microfluidic chips. IEEE Trans. Biomed. Eng. 2019, 66, 2512–2520. [Google Scholar] [CrossRef]

	



Hamid, Q.; Wang, C.; Zhao, Y.; Snyder, J.; Sun, W. A three-dimensional cell-laden microfluidic chip for in vitro drug metabolism detection. Biofabrication 2014, 6, 025008. [Google Scholar] [CrossRef] [PubMed]

	



Hamid, Q.; Wang, C.; Snyder, J.; Williams, S.; Liu, Y.; Sun, W. Maskless fabrication of cell-laden microfluidic chips with localized surface functionalization for the co-culture of cancer cells. Biofabrication 2015, 7, 015012. [Google Scholar] [CrossRef] [PubMed]

	



Khetani, S.R.; Bhatia, S.N. Microscale culture of human liver cells for drug development. Nat. Biotechnol. 2008, 26, 120–126. [Google Scholar] [CrossRef]

	



Xu, J.J.; Henstock, P.V.; Dunn, M.C.; Smith, A.R.; Chabot, J.R.; de Graaf, D. Cellular imaging predictions of clinical drug-induced liver injury. Toxicol. Sci. 2008, 105, 97–105. [Google Scholar] [CrossRef]

	



Naughton, C.A. Drug-induced nephrotoxicity. Am. Fam. Physician 2008, 78, 743–750. [Google Scholar]

	



Boschetto, P.; Quintavalle, S.; Miotto, D.; Cascio, N.L.; Zeni, E.; Mapp, C.E. Chronic obstructive pulmonary disease (COPD) and occupational exposures. J. Occup. Med. Toxicol. 2006, 1, 11. [Google Scholar] [CrossRef]

	



McKim, J.; James, M. Building a tiered approach to in vitro predictive toxicity screening: A focus on assays with in vivo relevance. Comb. Chem. High Throughput Screen. 2010, 13, 188–206. [Google Scholar] [CrossRef] [PubMed]

	



Panek, M.; Grabacka, M.; Pierzchalska, M. The formation of intestinal organoids in a hanging drop culture. Cytotechnology 2018, 70, 1085–1095. [Google Scholar] [CrossRef] [PubMed]

	



Brown, C. Staying strong. Nature 2017, 550, S15–S17. [Google Scholar] [CrossRef]

	



Zhang, B.; Radisic, M. Organ-on-a-chip devices advance to market. Lab Chip 2017, 17, 2395–2420. [Google Scholar] [CrossRef] [PubMed]

	



Bertassoni, L.E.; Cecconi, M.; Manoharan, V.; Nikkhah, M.; Hjortnaes, J.; Cristino, A.L.; Barabaschi, G.; Demarchi, D.; Dokmeci, M.R.; Yang, Y. Hydrogel bioprinted microchannel networks for vascularization of tissue engineering constructs. Lab Chip 2014, 14, 2202–2211. [Google Scholar] [CrossRef] [PubMed]

	



Carvalho, C.; van Bernum, R.; El-Siblani, A. Preclinical trials using the 3D-Bioplotter for Tissue Engineering. In Proceedings of the Tissue Engineering and Regenerative Medicine International Society 2010, Galway, Ireland, 13–17 June 2010. [Google Scholar]

	



Becker, H.; Locascio, L.E. Polymer microfluidic devices. Talanta 2002, 56, 267–287. [Google Scholar] [CrossRef]

	



Gong, H.; Beauchamp, M.; Perry, S.; Woolley, A.T.; Nordin, G.P. Optical approach to resin formulation for 3D printed microfluidics. RSC Adv. 2015, 5, 106621–106632. [Google Scholar] [CrossRef]

	



Kratz, S.R.A.; Höll, G.; Schuller, P.; Ertl, P.; Rothbauer, M. Latest trends in biosensing for microphysiological organs-on-a-chip and body-on-a-chip systems. Biosensors 2019, 9, 110. [Google Scholar] [CrossRef]

	



Rothbauer, M.; Ertl, P. Emerging Biosensor Trends in Organ-on-a-Chip. In Advances in Biochemical Engineering/Biotechnology; Springer: Berlin/Heidelberg, Germany, 2020. [Google Scholar]








[image: Jmmp 05 00091 g001 550] 





Figure 1. Organ-on-chip publications involving bioprinting from 2015 to 2020, based on search results in the PubMed database using search query: (organ-on-a-chip) AND (bioprinting). 
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Figure 2. Utilization of bioprinting techniques for fabricating organ-on-chip systems in reviewed studies. 
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Figure 3. Schematic illustrations of (1) extrusion-based bioprinting, (2) inkjet bioprinting, and (3) stereolithography. 
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Table 1. List of studies using various hydrogels as bioink constituents.
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	Hydrogel as Bioink Constituent
	Bioprinting Technique
	Crosslinking Mechanism
	Organ-on-Chip System
	Reference





	Alginate
	Extrusion
	Physical
	Vessel, heart
	[52,53]



	Gelatin
	Extrusion, stereolithography
	Chemical
	Vessel, liver, kidney
	[54,55,56,57]



	Cellulose
	Extrusion
	Chemical
	Tumor
	[58]



	Fibrin
	Extrusion, inkjet
	Physical
	Vessel, kidney
	[55,56,59]



	Collagen
	Extrusion, inkjet
	Chemical
	Vessel, gut, lung
	[57,59,60,61]



	Poly (ethylene glycol) (PEG)
	Stereolithography
	Photo
	Liver
	[54]



	Poly (ε-caprolactone) (PCL)
	Extrusion
	Photo
	Liver
	[62]



	Gelatin methacryloyl (GelMA)
	Extrusion, inkjet
	Photo
	Vessel, heart, liver, tumor
	[53,63,64,65,66]



	Pluronic
	Extrusion
	Photo
	Kidney
	[55]
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Table 2. Reported studies investigating various organ-on-chip systems.
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	Organ-on-Chip System
	Bioprinting Technique
	Bioinks Used
	Reference





	Liver
	Extrusion, inkjet, stereolithography
	Gelatin, PCL, PEG, GelMA
	[54,62,64,67]



	Kidney
	Extrusion
	Fibrin, Pluronic
	[55]



	Heart
	Extrusion
	Alginate
	[53,68]



	Lung
	Extrusion
	Collagen
	[61]



	Gut
	Extrusion
	Collagen
	[60]



	Bone
	Inkjet
	PLGA
	[69]



	Vessel
	Extrusion, inkjet
	Alginate, gelatin, fibrin, collagen, GelMA
	[52,56,57,59,63,66]



	Tumor
	Extrusion
	Cellulose
	[58,65,70,71,72,73]
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Table 3. Major results for organ-on-chip-systems.






Table 3. Major results for organ-on-chip-systems.





	Organ-on-Chip System
	Major Result
	Reference





	Liver
	Models drug toxicity
	[54,62,64,67]



	Kidney
	Models drug toxicity
	[55]



	Heart
	Models drug toxicity, mimics heartbeat
	[53,68]



	Lung
	Mimics disease response
	[61]



	Gut
	Capable of forming tissue with multiple cell types
	[60]



	Bone
	Disease modeling
	[69]



	Vessel
	Mimics blood flow, disease modeling
	[52,56,57,59,63,66]



	Tumor
	Disease modeling, drug testing
	[58,65,70,71,72,73]
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