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Introduction
 
            3D printing is the deposition of material in sequential layers onto a substrate to form a 3-dimensional structure
 (Mironov et al. 2003; Murphy and Atala, 2014). This new technology presents an opportunity for more personalized
 fabrication of products in a variety of materials and the technology is becoming increasingly commercial. 3D printing
 technologies are now being applied to biological materials opening new possibilities for tissue engineering and organ
 generation. Organ printing is the precise deposition of biological or biocompatible materials assembled on or in a
 substrate in sequential layers to form a functional 3-dimensional biological product (Murphy and Atala, 2014). This
 hybrid technology uses the recent advantages in 3D printing technology and a better understanding of mechanical and
 chemical properties of biological tissue to create tissues and organs that will be implanted with the intent of remaining
 functional within the body for the rest of the patient’s life. The use of 3D printers and patient specific cell cultures to
 restore organs through repair or replacement presents tremendous benefits to the future of medicine (Murphy and Atala,
 2014).
 
 
Organ Transplants: In Dire Need
 
            Between January and August of 2014, approximately 120,000 people were in need of an organ transplant, while
 the number of donors was approximately 9,500 people (U.S. Department of Health and Human Services, 2014). Out of
 those on the waitlist, approximately 21 people die waiting each day (U.S. Department of Health and Human Services,
 2014). Between 1991 and 2013, the number of people on the waiting list for transplants has jumped from 23,198 to 121,
 272 while there has been little increase in the number of donors (both deceased and living) or transplants that occur, see
 Figure 1 (U.S. Department of Health and Human Services, 2014).  Even after receiving a transplant, patients are still at
 risk for infection or rejection of the new organ (OPTN, 2014).
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Figure 1. Number of people on the waiting list, receiving transplants, and who are donors in the United States
 between 1991 and 2013. There is a marked increase (522.77%) in the number of patients on the waitlist for transplants
 during this time interval. This is contrasted with the slower increase in number of transplants that happen each year and
 number of donors available (figure from U. S. Department of Health and Human Services, 2014).
           
 
3D Organ Printing: A Solution?
 
            The purpose of 3D organ printing or bioprinting is to create fully functional organs or tissues to repair or replace
 damaged organs/tissue (Mironov et al., 2003). The typical process would begin with imaging the target organ, which
 can be done using X-ray, CT (computed tomography), or MRI (magnetic resonance imaging) (Murphy and Atala,
 2014). These images would then be used to create a model of the organ to be printed. This can be done with computer-
assisted programming or 3D modeling programs, making any edits that are necessary (Murphy and Atala, 2014). This
 digitized model would then be printed using cell cultures or other materials that are placed in particular locations by the
 use of one of three printing methods; inkjet, microextrusion, or laser-assisted (Murphy and Atala, 2014). Depending on
 which cells are used (differentiated, pluripotent stem cells or multipotent stem cells) there may be a period of time
 required for the organ to mature before it is implanted, it could possibly be printed in situ, or the organ could be used
 for testing outside of the body (Murphy and Atala, 2014). Creating organs and tissues on demand for patients in need
 that would have decreased risk of rejection would help to alleviate the inefficient organ donation system we have in
 place today.
 
 
Challenges
 
            At present, bioprinting technology is far from ready to be introduced clinically and commercially (Murphy and
 Atala, 2014; Mironov et al., 2003). The challenges we face with organ printing arise from the complexity of tissue
 based on the individual properties of each cell type and extracellular matrix composition (Raven, 2011). As such, organ
 systems are highly difficult to replicate or mimic with full function in a laboratory (Murphy and Atala, 2014; Mironov
 et al., 2003). Within an organ alone, for example the kidney, there are a variety of cell types, each with their own
 chemical and physical properties. Each is involved in its own set of signaling cascades, developmental patterns, and
 responses to a certain set of environmental cues (Raven, 2011). The organ as a whole relies on a complex vascular
 network and innervation (Sherwood, 2013). In order to generate fully functioning kidney in a lab, all of these features
 have to be taken into consideration.
            Current research in bioprinting is revealing the challenges we face but also how we can move forward. Research
 by Boland et al. and Mironov et al. overcame the problem of cell fusion across multiple layers in 2003 and 2009
 respectively, identifying the need to establish appropriate aggregate thickness and temperature control for each medium
 being printed (See Figure 2). Fedorovich et al. (2011) discusses the challenges with bone grafting, stating that the
 biggest challenges revolve around maintaining cell viability after printing and creating an appropriate network of pores
 to allow for the proper transport of nurtients and oxygen into the system. There is potential for the use of hydrogels to
 help facilitate the proper bone growth to allow for accurate porosity and nutrient transport (Fedorovich et al., 2011).
 Tissue spheroids are becoming a popular and promising method of bioprinting (Rezende et al. 2013; Mironov et al.,
 2009). Their shape allows for more accurate structural tests and provides a high cell density, which helps to make the
 print more fusable and viable (Resende et al., 2013; Mironov et al., 2009).
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Figure 2: Fusion of sequentially printed layers of endothelial cells and their viability over time. Bright green
 indicates viable printed endothelial cells. A) illustrates the differences in layer thickness of the printed medium (K-70, a
 thermo-reversible gel) on a collagen plate. Layers are printed in alternating colors; clear (shown as bright green) and
 cyan blue (dyed, appearing as the darker green). This image shows that there is variation in the amount of mixing
 between layers and that it is dependent on layer thickness. B) shows the fusion of cells after printing on a 1) collagen
 medium and 2) a medium of K-70. Fusion on the collagen medium is more effective than on the K-70 gel which can be
 seen by the rod-like formation (indicated by the red arrow) between the printed aggregates C) shows a sample of the
 endothelial cells aggregate used in the study. D) illustrates the viability of cells printed on a collagen medium. Cells
 that are green are still viable while cells colored red have died after migrating from the collagen medium (figure from
 Boland et al., 2003).
 
 
Future Directions
 
            There are still many challenges to overcome in organ printing technologies. It is predicted that two dimensional
 and hollow tube bioprints are foreseeable in the near future, hollow organs will follow as their higher complexity will
 take more time to perfect, and then solid organs will be the culmination of the success of its precursors, and will
 therefore be developed last (Murphy and Atala, 2014). Strides are being made in the hollow tube range as seen in
 Duan’s study in 2013 through the printing of an aortic heart valve made of two cell types (see Figure 3). The printed
 valve exhibited many of the required characteristics of a successful bioprint but is still far from clinical implementation.
 Once perfected however, the applications for printed organs are numerous. The biggest benefit of course would be the
 capability to assess, image and print personalized organs for patients in need in a more timely manner, using the
 patient’s own cells, decreasing the risk for infection and rejection (Mironov et al. 2003). This would make organ
 transplantation a more efficient and accessible. In addition, organs could be printed and used for testing
 pharmaceuticals and other research. With the increased popularity of bioprinters in research facilities (Murphy and
 Atala, 2014) there is hope that strides in research can be made to bring this technology to a clinical setting.
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Figure 3: Printing of aortic heart valve. This figure illustrates the various steps of printing of heterogenous aortic
 valve tissue. The green color indicates smooth muscle cells used for the root of the valve. The red color indicates the
 valve leaflet interstitial cells. A) shows the aortic valve 3D model created using micro-CT images. B) illustrates the
 printing of the smooth muscle valve root tissue. C) illustrates the subsequent printing of the leaflet tissue with the valve
 interstitial leaflet cells. D) cell types within the valve print are marked with fluorescent cell trackers (green=smooth
 muscle cells; red=valve interstitial leaflet cells). E) the printed aortic valve (figure from Duan et al., 2013).
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