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Medical Innovation Project: Bioprinting
Introduction
The artificial production of organs has been the ultimate dream of many scientists who want to end the suffering of many patients who cannot access or afford organ donation. Organ donation is an expensive affair. The average amount charged for organ transplantation as per 2020 shows that a heart would cost a patient about $1,664,800 per transplantation while bone marrow-allogenic costs $1,071,700 (Figure 1.1), and only those with the financial capacity can do it well. However, given the limited organ donors, even those with money can sometimes miss the opportunity to acquire an organ. As figure 1.2 shows, the majority who need organ donations are between 18 and 64 years. The statistics show that between 18 and 34 years old, more than 3,359 people received organ donation in 2020, between 35-49 years, there were 3,712 cases, while 50-64 years received 3,474 donations in 2020 (Figure 1.2). The solution may be soon on its way as the FDA and other relevant agencies approve organ printing systems (3D-bioprinting). Bioprinting is a technology that uses 3D printing to build tissues and organs that can be transplanted to those who need the organs. While this innovation seems like a game-changer in the medical field, it faces several challenges, especially regulatory and ethical issues. 
[image: ]
Figure 1.1: Average amount of organ transplantation in 2020 (source: Statista.com)
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Figure 1.2. Organ Donations in 2020 (Source: Statistica.com)
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Stanco et al. (1), in their article “3D bioprinting for orthopedic applications: Current advances, challenges, and regulatory considerations,” examines the potential solutions that the new technology of bioprinting in the medical field. The authors argue that this innovation brings patient-customized treatments. With the rapid evolution and development of 3D printing devices, it is just a matter of time before people can start using readily available 3D printed human organs. As Khatiwala et al. (2) explain, 3D bioprinting technology is already being used to design 3D cell constructs for transplantation therapies and deliver cells and biomaterials in preclinical studies. According to the authors, this technology is further applied in creating the building blocks, or bio-ink, which are used in printing 3D cell structures to generate tissues and organs (2). 
Users of 3D printing range from engineering to medical fields (2). With many companies already involved in 3D bioprinting technology, people may start experiencing its benefits sooner than expected. The global market size is significantly expanding, with estimated growth units in 2028 expected to reach above 15.3 million from the current 2.1 million (2). According to Stanco et al. (1), bioprinting technology can support different bioprinting technology and can support various biomedical applications, including drug testing, tissue repair, and organ transplantation. In regenerative medicine, 3D bioprinting produces vascularized tissues of living human cells, which are then printed on a chip (1). These tissues on a chip are used to connect the vascular channel, which enables them to monitor the growth and development in tissue regeneration (1). With this information, scientists can advance regenerative medicine research and drug testing (1). Further, bioprinting technology can also be used in recreating blood vessels, which enables the surgeons to transplant them directly into patients. As Stanco et al. (1) further explain, researchers have made this gain by printing agarose fibers that serve as blood vessels. 
In another study, Horst and McDonald examine the applications of three-dimensional printed medical products and the increasing concerns about the regulatory frameworks. According to Horst and McDonald (3), the application of 3D printed medical products is becoming common in many jurisdictions. With more of these products emerging in the market, the increasing assumption is that their usage will be more widespread soon. However, concerns among the stakeholders are focused on the regulatory frameworks and ethics applicable to 3D bioprinting (3).  As the authors argue in this article, lack or inadequacy of policies, such as patenting and classification of bioprinting materials, is often perceived as a major inhibiting factor to achieve a complete translation of additive manufacturing and 3D printed medical products such as bioprinters into clinical use (2, 3). By application, medical bioprinting technology accounts for the largest market share in the industry. The figure below shows the global market share by application in 2020. 
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Global 3D Bioprinting market share by application (Source: (4))
Medical application accounts for the largest share of the 3D bioprinting by application in 2020. Food and animal products account for the second-largest, followed by bioinks, and the rest (dental, biosensors, and consumer product testing) follow after that. 
Patent on Bioprinting
In the United States, the government has issued a patent right to many companies interested in manufacturing 3D bioprinting products. Some of these companies include Stratasys, which owns the trademark of Focused Deposition Modelling (FDM) Stratysis has owned more than 500 patents in 3D bioprinting technology since the 1980s. The patent claims in Stratysis include validation of device performance on patient-derived 3D anatomical models. Stratasys offers solutions that can help the medical sector to accelerate product development, which enables manufacturers to gain certainty about treatments and medications, while also mitigating cost overruns (stratysis.com). 
Another company already changing the shape of medical research and practice is Organovo. The patent claims for Organovo is development and designing functional 3D human tissues for medical research and therapeutic applications (5). Organovo is a company that uses 3D bioprinting technology specializing in bioprinting human liver tissues and kidney tissues used in acute and chronic toxicity studies. Organovo’s business performance shows that bioprinting is slowly becoming more economical, even though there is still a long way to go in terms of cost-effectiveness. The figure below shows the financial summary of Organovo. 
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Organovo’s financial summary between 2013 and 2018 (Source: (5)). 
Organovo and its peers continue to expand and refine bioprinting technology to create a more advanced biological structure. 
Given the level of patent application in the United States, it is certain that the bioprinting market is widely increasing. The global 3D bioprinting industry was valued to be $1.4 billion in 2020, and it is expected to grow by 15.8% between 2021 and 2028 (5). The growth in this market is attributed to many factors, including rising R&D investment, technological advancement, and incidences of chronic diseases (5). The figure below shows the market size projection in 3D bioprinting between 2016 and 2028. [image: ]

U.S. 3D bioprinting market size (Source: (3))
The above figure shows how the market size of the 3D bioprinting industry has been increasing since 2016. This development has been attributed to increasing demand for quality and a better healthcare system. With the coronavirus pandemic shaking the world, including the developed nations, 3D bioprinting is an alternative to dealing with future healthcare problems. 
FDA's Classification
Interest in additive manufacturing of medical products has increased at the FDA due to increased usage in the market. According to Di Prima et al. (6), interactive discussions are ongoing on best regulating the additive manufacturing market that resonates with the market demands while maintaining the responsibility of keeping consumers safe. Currently, there are no FDA-approved biological products associated with additive manufacturing. Even though it has not been classified under the FDA's classes, 3D bioprinting could be classified in Class I devices, which would exempt them from the FDA 510K clearance process. So far, FDA has approved some 3D printing devices, including the Dental 3D Printer Resins, which are classified under Class I devices. Since bioprinting devices also work in the same way, they could be classified under Class I. According to Di Prima et al. (6), bioprinting presents many potential advantages, including Treating chronic liver failure, organ transplantation, and pediatric metabolic liver (6). over the traditional tissue engineering techniques used in the medical field. Still, the FDA has not approved it yet due to the complex legal issues involved, including patenting and classification of bioprinting products (2, 3). Most of the bioprinting applications are still in the research and development stage. However, one clear thing is that the bioprinting market is rapidly expanding, with many companies lined up to be patented the rights to manufacture 3D bioprinting products and offer related services. 
Problem with the Innovation and Solution
Given the increasing demand in the bioprinting market, what is currently lacking is the resolution quality that can enhance interaction and control in the 3D microenvironment (7). According to Chameettachal et al. (7), 3D bioprinting has a wide range of advantages in different fields, including medical and architecture. However, its application in the medical field requires specificity, which can only be achieved with a high-resolution 3D printing system. Increasing the resolution will help improve its applicationm, by ensuring that the printing machines produces quality products (8). As Chameettachal et al. (7) further explain, the printability in 3D bioprinting is determined by many factors, including biomaterial's viscosity and cross; linking mechanisms. Another important determining factor is the choice of cell source. Cell source is important because it influences the implementation success (7). As Chameettachal et al. (7) further explain, getting the right results in bioprinting depends on the right physiochemical composition and properties used in the extracellular material. These materials determine cell survival and their subsequent behavior. 
Solution 
Given the above shortcomings, bioprinting innovation can still help solve some of the challenges that have affected society for many years. The problem of resolution quality can be resolved by improving the architecture of the bioprinting devices. As Zhang et al. (9) further explain, changing the architecture of bioprinting devices to allow large volumes of vascular networks will help improve its performance. Large vascular networks allow more nutrients, oxygen, and metabolic wastes, which improves the perfusion of the vessel structure (9).   Given that most of the advancements in bioprinting are still in the research and development stages, these changes must be considered in the process to ensure that the finished product taken to the market is free of the shortcomings that may inhibit its approval. Also, the patented companies need to ensure that the bioprinter technology is compatible with the different spectrum of biocompatible materials. As mentioned before, biomaterial components can significantly impact the resolution quality. The issue of physiochemical composition and properties of the extracellular materials used to carry and deposit the cells can also be resolved through architectural change, including changing the diameter of vascular network, which will help enhance the performance of the bioprinting devices by improving the vascular structures 
Conclusion
Bioprinting technology is increasingly becoming a common practice in different fields, ranging from engineering to medical fields. This increasing demand for this technology is associated with the wide range of potential benefits of 3D bioprinting. In the first part of the 21st century, 3D printing became a solution to many medical and engineering problems experienced in the past century. With the advancements in 3D bioprinting, its application has widened from just regenerative medicine to personalized medicine. Given that most of the developments with this innovation are still in the research and development phase, it is still experiencing numerous challenges, including resolution quality and getting compatible bioprinting materials. These problems can still be addressed and resolved before the innovation can be rolled out in the market. Despite that Patent Office in the United States has patented many organizations that manufacture 3D bioprinting devices, the innovation has not been approved by the FDA yet because most of the developments are in the R&D phase. Based on the evidence presented in this study, it is certain the 3D bioprinting presents many potential benefits that will revolutionize the medical field. It will enhance practitioners' care quality and efficiency while also offering patients cheaper and more affordable organ transplantation. 
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