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Abstract: Driverless cars, such as those currently operated by Uber and others as well as those being
researched and developed by major and niche automobile manufacturers, are expected to dramatically
reduce the number of highway fatalities in the coming years. While no one will fault any technology
that safely and effectively protects and saves lives, many individuals with an array of medical
conditions rely on organ donors to provide the liver, kidney, or other organs required to facilitate a
life-saving organ transplant. Consequently, one collateral effect of the introduction of driverless car
technology will be a reduction in the market supply of healthy organs for transplantation. In this
paper, a venture capital lawyer, a medical researcher, and a bioengineer will establish the expected
size of this reduction in supply, the associated harm resulting from this reduction, and discuss
two promising technological solutions—bioprosthetics and 3D bioprinting of tissues and organs.
In the case of both technologies, the authors will discuss the challenges and opportunities presented
for institutional investors (private equity, venture capital, angel funds) and medical researchers in
tackling the potential reduction in organ donations.
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1. Introduction

When “The Jetsons” debuted on ABC in 1962, Americans marveled at the various inventions
that populated their world and dreamed of the technological wonders that the 21st century would
bring. While such futurism undoubtedly inspired a generation of youngsters to become the engineers
of tomorrow, the automotive industry has still not given consumers commercially viable flying cars.
However, an invention perhaps as miraculous—driverless cars—are now beginning to roam the
highways and byways of the United States and elsewhere, and industry estimates expect full adoption
of driverless cars in the US by 2050 (Figure 1) [1].
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Figure 1. Artist’s vision of autonomous driven car. (A) GPS, guidance systems and sensor networks

are Integrated to provide a smooth and uneventful trip. (B) These cars will have the same comfort and
features that current drivers are accustomed to having.

What is meant by “driverless or automated vehicles”? In May 2013, the National Highway
Traffic Safety Administration (NHTSA) defined driverless or automated vehicles based on five levels
of automation [2,3]. Level 0 vehicles possess no automated control systems, and Level 4 are fully
automated vehicles. The intermediate levels based on driver assistance functions include Level 2
automation that involves at least two primary control functions designed to work in unison to release
driver control over those functions and at Level 3. Automation enables the driver to cede full control
of all safety-critical functions under certain traffic or environmental conditions. The vehicle monitors
the driving conditions and situation for changes that require transition back to full driver control [3,4].

In contrast, in 2016, the Society of Automotive Engineers (SAE) recognized six different levels of
driving automation from Level 0 to Level 5 [4]. Ordinary cars with no automated driving functions fall
under Level 0, while a fully automated vehicle in which the dynamic driving task (DDT) is controlled
by an automated driving system (ADS) entirely and without constraint is categorized as Level 5.
At present, the industry standard in driving automation is almost entirely Level 1, in which stand-alone
functions (such as automatic parking systems) assist human drivers, or Level 2, in which a combination
of advanced functions performs part of the dynamic driving task [4]. In comparison, Levels 0 to 3 were
remarkably similar. However, the SAE definitions subdivided the fully automated NHTSA Level 4 into
SAE Level 4 and Level 5 [4]. The definitions above cover the complete range of vehicle automation,
and automotive manufacturers are competing to advance beyond our current status (Level 2) and
develop Level 3 or 4 technologies for the realization of full-fledged automated driving [3]. We will
discuss this in more detail below. Driverless vehicles will be a significant driver of technological,
biomedical, economic, and socio-political change, and the change will come much faster than most
people expect. There will be a massive transfer of wealth to industries (and owners) who own the
software, battery/power manufacturing, vehicle manufacture and servicing, and power generation and
maintenance infrastructure [4,5]. Consolidation of industries, new regulatory and privacy concerns,
new entrepreneurial opportunities, infrastructure changes, alteration in landscapes, and issues related
to “high tech” hijacking are predicted consequences after the introduction of driverless vehicles [5,6].
It has been estimated that the impact of driverless cars, in terms of preventing lost time and productivity,
is worth close to $50 billion USD to the tech industry [1]. However, the economic, medical, and social
implication of driverless car technology suggests that this innovation does not come without a price
tag. Many economic burdens will be removed; for example, human error is responsible for over 90%
of automobile accidents [7]. A reduction in injuries from these accidents will eliminate the need for
auto insurance policies, reduce demand for car repair and medical services, and make traffic police
redundant [8,9].

One of the primary value propositions for driverless cars that employ ADS will be far fewer
accidents than human drivers, saving a significant number of road fatalities each year [8,9]. However,
these saved lives have a tradeoff: one of the primary sources of organ donation for patients requiring a
transplant operation is victims of car accidents. Should driverless car technology successfully penetrate
the automobile market and achieve adoption rates as predicted, then the consequent drop in car
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accidents will result in a diminution of supply of organs for transplant. As it would be irrational
to maintain the rate of accident fatalities in order to benefit transplant recipients, the question that
healthcare providers, medical researchers, and medtech/biotech investors must ask is “what current or
future technology is best positioned to resolve this decrease in the supply of organs”?

While other possible solutions certainly exist, this paper will consider the potential of current
and future 3D printing technology to resolve the problem of a decreased organ supply resulting
from the introduction of driverless cars. In general, there are four pillars to the value proposition
of medical 3D printing. Medical 3D printing technology can be customizable, tunable, scalable,
and patient-specific [10,11]. Customizable means that the technology can be highly customized
to meet the needs of consumers—from institutional hospitals to private practice physicians to the
direct-to-home consumer market. Tunable means that technology can be tuned at the molecular
level to meet the needs of different applications or markets. Scalable means that the technology can
be cost-effectively scaled to meet the demands of any customer base. Patient-specific means that
technology can be tailored to patient-specific needs such a patient history, genetic makeup, age, or sex.
Given the overarching strengths of 3D printing for healthcare applications, it stands to reason that
current solutions such as 3D printing of tissues and organs offer promise in resolving the coming
shortage of organs following the adoption of driverless cars [12,13].

This commentary seeks to address the collateral effects of the widespread adoption of driverless
cars—specifically a reduction in the supply of organ donations—as well as advise investors and
medical researchers on current and future technology that may resolve this issue. While many scholars
have argued for or against the legalization of commercial organ sales as a way to alleviate the issues
of transplant patients—scarcity, wait time, tissue matching, etc.—these scholars are missing a more
obvious solution that does not violate the established ethics of any culture, nationality, or religion:
scientific advancement. Through this paper, the authors seek to establish that current and future
technology exists or will exist that can overcome the immense challenges posed by organ transplantation,
especially in the face of an eventual decline in donors. Advance planning for this eventuality is a
critical need.

This research question is vital to the wellbeing of transplant patients worldwide, their families,
and their caregivers. Currently, almost 120,000 transplant operations take place worldwide every
year [14,15]. However, in the United States, patients can wait three years or longer for a transplant
operation. In Europe, over 40,000 patients suffer on dialysis who might lead happier and more
productive lives almost instantaneously once medical science can reliably 3D print kidneys for
implantation [16]. Advances in medical technology have the potential to drastically improve the quality
of life for many the world over. In addition to humanitarian concerns, this inquiry is necessary because
the primary alternative to the shortages and wait times that occur through legal transplantation is to
turn to the black market and such means as “transplant tourism.” While apocryphal stories such as
the man who wakes up in his hotel room in a bathtub remain the stuff of urban legend, real-world
commercialism drives a growing illegal organ trade that mostly preys on society’s most vulnerable
citizens. Currently, between 5-10% of all transplants take place via commercially acquired organs,
and some countries supply thousands of kidneys and livers to foreign recipients via executed prisoners
at a significant profit [15]. The price of a kidney or liver on the black market can exceed $150,000 USD
in some markets [16]. With such illicit financial incentives, it is doubtless that a significant diminution
in the supply of organ donors will foster greater criminal trafficking of organs.

There are also practical, economic matters that make this inquiry necessary. The need for transplant
organs such as kidneys currently far outpaces the rate of growth in transplant operations. Currently,
hemodialysis treatment costs $89,000 USD per year per patient in the United States [17]. By comparison,
the cost of transplantation is only $32,000 USD with $25,000 USD in annual post-operative care [17].
This amounts to one-year savings of $32,000 USD and five-year savings of $288,000 USD per patient,
and 35% of hemodialysis patients have a 5+ year survival rate [17]. The onset of driverless cars will,
no doubt, present incredible economic and social opportunities during the first half of the 21st century.
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However, these opportunities come at the price of a decrease in the number of legal organ donors
and, with this, challenges that medical researchers and private investors must overcome to avoid
a humanitarian crisis and uptick in global organized crime in human organs [18]. The shortage of
donated organs has led to the development of the international organ trade, where potential recipients
travel abroad to obtain organs through commercial transactions [19]. The international organ trade has
been recognized by governments across the globe as a significant health policy issue in the international
community [18,19]. According to the United Nations, organ trafficking (a form of human trafficking)
falls into three categories: (1) traffickers who trick the victim into giving up an organ for no cost,
(2) con artists who convince victims to sell their organs but who do not pay or who pay less than they
agreed to pay, and (3) doctors who treat people for ailments that may or may not exist and remove the
organs without the victim’s knowledge [18]. One only has to search Craigslist to see the huge number
of advertisements for organs. For example, an NBC Chicago investigative report documented that
hundreds of Illinois citizens were willing to sell their kidney for up to $30,000 USD [20]. We will argue
that 3D printing and bioprinting will be a powerful tool in resolving this problem and the worldwide
shortage of human tissues and organs.

This paper begins by discussing the technology employed by driverless cars and how this will
lead to a decrease in fatal accidents on global highways. Then, this paper discusses how this drop in
fatal accidents will result in fewer organ donations as well as the absolute impact on organ donation.
Finally, this paper considers current and future 3D printing technology, the viability of each technology
for resolving issues with the supply of organs, and the opportunities and challenges presented by each
technology. The paper concludes by providing recommendations regarding employment of human
and financial capital for research and development of current and future 3D printing technology.

2. Driverless Car Technology and the Organ Donor Supply

2.1. Driverless Car Technology Explained

According to SAE International, the J3016 standard determines the level of automation primarily
by the extent to which the human driver or the vehicle itself controls the dynamic driving task [4].
The dynamic driving task is defined as operational tasks such as steering and braking and tactical
assessments such as determining when to signal, turn, or change lanes but not strategic decisions such
as choosing a destination. Within the six-level standard, the crucial distinction occurs between Level 2
and Level 3. At Levels 2 or below, the human driver performs at least part of the dynamic driving task;
at Levels 3 or above, the vehicle’s automated driving system performs the entire dynamic driving task
(Table 1).
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Table 1. SAE International’s levels of automation.

No Automation—the human driver performs the entire dynamic driving task. This level includes vehicles
with warning or intervention systems such as lane departure warning or braking assistance because this

Level 0 assistance is not sustained and, therefore, does not control the human driver’s basic role. All traditional cars
from the advent of the automobile until today, including most current vehicle models fall into this category.
Driver Assistance—one or more driving modes exist that the human driver can engage that will execute
certain aspects of steering or acceleration/deceleration by employing information about the driving

Level 1 environment via the utilization of a system of onboard sensors. Within this sort of vehicle, the human driver

remains responsible for all driving tasks other than that performed by the vehicle’s limited driving mode.
Jaguar Land Rover’s experimental Range Rover Sport that utilizes an off-road cruise control system is an
example of a Level 1 autonomous vehicle.

Partial Automation—one or more driving modes exist that the human driver can engage that will execute ALL
aspects of BOTH steering and acceleration/deceleration by employing information about the driving

Level 2 environment. Within this system, the human driver is still required to monitor the driving environment—the
tactical driving task—and to serve as a fallback performer (manual intervention). Some experts consider
Tesla’s Autopilot system to be a Level 2 autonomous driving system.

Conditional Automation—one or more driving modes exist that perform all aspects of the dynamic driving
task, including monitoring the driving environment. Like Level 2 automobiles, Level 3 automation systems
still require the human driver to serve as a fallback performer should the system request manual intervention.
Other experts consider Tesla’s Autopilot system to be a Level 3 autonomous driving system.

Level 3

High Automation—one or more driving modes exist that perform all aspects of the dynamic driving task as

well as providing fallback performance should the human driver fail to respond to a request to intervene.
Level 4 In other words, when a problem occurs, the car can resolve the issue without human assistance. The fleet of

self-driving taxis currently

being developed by Ford for release in the US market by 2021 qualify as Level 4 autonomous vehicles.

Full Automation—ALL driving modes are fully automated meaning the vehicle maintains control over the
dynamic driving task under all roadway and environmental conditions. Only strategic tasks such as picking a
destination remain in the hands of the human driver or, in the case of a driverless taxi, the human passenger.
The vehicle that Google is developing through its Waymo subsidiary is expected to utilize Level 5 automation.

Level 5

At a more technical level, driverless cars function by utilizing a system of sensors that monitor
the vehicle’s surroundings to generate data, allowing the automated driving system to operate the
vehicle amid other cars as well as varying road and weather conditions. More specifically, autonomous
vehicles employ radar sensors to monitor the location of nearby vehicles. Video cameras are utilized to
detect traffic lights, read road signs, and track vehicles, pedestrians, and obstacles. Lidar sensors assist
with detection of road edges and lane markings by bouncing light pulses off the car’s surroundings.
Ultrasonic sensors are employed in the wheels to detect the location of curbs, vehicles, and other
obstructions while parking. Controlling driverless cars mean more connectivity and will also allow
more passenger freedom, permitting travelers to engage in other activities while leading to a reduction
in auto accidents, especially those due to distraction and cellphone use (Figure 2).
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More Connectivity Crash Reduction

Driverless cars mean
people can engage in
other activities while
traveling leading to an
increase in connectivity
devices and their use!

Passenger Freedom
With more freedom,
passengers can listen to

‘ music, watch videos,

talk, work on their
computers, conduct

business, or engage in

other pursuits. FreEdom

Figure 2. Adoption of autonomously driven vehicles proposes a reduction in traffic accidents, enhance
connectivity for driver and passenger, and passenger freedom to pursue a range of family, leisure, and
work activities.

2.2. The Current State of Driverless Car Technology

While the number of driverless cars on the road in 2016 number only in the thousands, that number
is expected to grow to 10 million by 2020 [21]. Numerous companies have begun to develop self-driving
car prototypes in both the traditional automotive space (Ford; GM; Mercedes) and the tech space
(Google; Apple). Many more have already built prototypes that they are currently road testing in the
United States, Europe, or Asia. These companies—specifically GM and Toyota—have also begun to
lobby their local governments to revise highway laws to allow driverless cars on the road, paving the
way for adoption by consumer and industrial users [22]. Controlling the system, a central computer
analyses the information from the vehicles numerous sets of sensors in order to steer, accelerate,
and brake the automobile.

Perhaps the best-known driverless car technology, Google’s prototype, has been roadworthy since
2011 and is under development through the wholly owned subsidiary Waymo. While development
timelines have stalled somewhat recently, Google is pursuing corporate partnerships with Honda and
others through which to introduce its autonomous car technology [23]. They currently have at least
160 vehicles on the road [24]. GM is currently working through its Cruise Automation subsidiary to
place thousands of driverless cars on the road in 2018 in partnership with Lyft—a major ride sharing
company [24]. Ford is currently developing a prototype Fusion with plans to place a fully autonomous
model on roads by 2021 [25]. They will triple their autonomous car fleet to 90 in 2017 [24]. Ride
sharing leader Uber already has a number of driverless cars on the road in the United States and has
developed a self-driving semi-truck that successfully delivered a load of 50,000 cans of Budweiser [26].
However, Uber cars have also already been involved in on-road accidents, leading to increased scrutiny
by regulators [27]. In addition to the above cases, Jaguar, BMW, Tesla, Airbus, and a number of other
companies both large and small are also developing and testing driverless vehicles on the highways
and byways of major metropolitan areas [28-31]. Alphabet and the State of Michigan have recently
entered into a collaboration designed to aid in developing infrastructure for self-driving cars as well
as autonomous buses and shuttles. Michigan will dedicate a busy stretch of the interstate between
Detroit and Ann Arbor into a self-driving car and connected corridor.
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Many recent failures of autonomous cars and the injuries and death of drives has raised a
noticeable degree of concern among the public (Figure 3). Failures in navigation and road stability
driving stability are major industry concerns. Action must be taken to resolve issues such as software
failures, security against hackers, and the potential for sensor malfunction. There are several possible
solutions to mitigate problems with ADC technology. One solution is the use of special lane markings
and road signs with hidden functionality that will direct autonomous cars, ensuring higher levels of
safety and greater reliability.

The public strongly favors restl’kilgtlions on the use of autonomous
vehicles.

¢ " ¢ R

. M Strongly Oppose [] Oppose [] Favor [l Strongly Favor
Requiring a person in the driver’s seat 10 34
who could assume control if needed
Requiring driverless vehicles to drive in
dedicated lanes o 12
Restricting driverless vehicles from
traveling near certain areas (e.g., schools)

Figure 3. Public concern with autonomous vehicles remains an industry concern. Figure adapted from

https://www.pewresearch.org/internet/2017/10/04/automation-in-everyday-life/.

One example is 3M’s Connected Roads project. This project is focused on retrofitting existing road
marking technologies to assist autonomous cars with enhanced navigation on existing roads. 3M smart
has specifically designed codes that the vehicle would use in linking back to a central database for
regularly updated road and weather information. These smart codes are currently being tested and
developed by 3M in cooperation with several governmental agencies. PPG Industries has taken a
different approach to ensure road safety. PPE is developing paints and related coatings that improves
vehicle visibility to radar and light detection and ranging (LIDAR) sensors used in autonomous driving
systems. Enhanced LIDAR vehicle designed coatings detection are being tested that promise improved
visibility and reliability for dark colors or in challenging environmental conditions. Still, sensor and
software security, just like with the cars themselves, will continue to be a concern.

2.3. Expected Dilution of Supply Following Introduction of Driverless Cars

In 2008, 100,800 solid organ transplants occurred worldwide according to WHO data on
104 countries comprising 90% of global population—69,400 kidney transplants; 20,200 liver transplants;
5400 heart transplants; 3400 lung transplants; and 2400 pancreas transplants [32,33]. As of 2015,
that number stood at 126,670 organ transplantations worldwide [34]. At that rate of growth—2.3% per
annum—280,672 transplants will occur worldwide in the year 2050. However, in the United States
alone, the need for donor kidneys is rising at a rate of 8% per year [35]. As the world’s population
ages and medical technology offers longer lives to a greater percentage of the global population,
the increased need for transplant donors will stretch the resources of market supply to the breaking
point. The impact of driverless cars may be that breaking point.

The full adoption of driverless cars by 2050 is expected to reduce the number of highway accidents
by as much as 90%. Currently, 15-20% of organ donations come from highway fatalities. At this
rate, the adoption of driverless cars would result in a decline of 14-18% in the supply of organs for
transplant in the United States. The chart below considers the impact at various rates of adoption
(Table 2).
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Table 2. Estimated decline in the supply of organs for transplant in the United States.

% Car Accidents.  25% Adoption  50% Adoption  75% Adoption 90% Adoption

12.5% -3.125% —6.25% -9.375% -11.25%
15% -3.75% -7.5% -11.25% -13.5%
17.5% —4.375% -8.75% -13.125% -15.75%
20% -5% -10% —15% —18%

DIMINUTION in KIDNEYS ! (Based on WHO data for 2015 in United States).
% Car Accidents  25% Adoption  50% Adoption  75% Adoption 90% Adoption

12.5% -811 -1621 —2432 -2918
15% -973 —-1945 -2918 -3502
17.5% -1135 —-2270 —3404 —4085
20% -1297 —2594 -3891 —4669

DIMINUTION in LIVERS (Based on WHO data for 2015 in United States).
% Car Accidents  25% Adoption  50% Adoption  75% Adoption 90% Adoption

12.5% =212 —423 -635 =761
15% —254 -508 -761 -914
17.5% -296 -592 —-888 —-1066
20% -338 -677 -1015 -1218

DIMINUTION in HEARTS (Based on WHO data for 2015 in United States).
% Car Accidents  25% Adoption  50% Adoption  75% Adoption 90% Adoption

12.5% —-88 -176 —264 =317
15% -106 =211 =317 -381
17.5% -123 —247 -370 —444
20% -141 —282 —423 =507

DIMINUTION in LUNGS (Based on WHO data for 2015 in United States).
% Car Accidents  25% Adoption  50% Adoption  75% Adoption 90% Adoption

12.5% -65 -130 -194 —233
15% 78 -155 -233 —-280
17.5% -91 -181 =272 -326
20% -104 =207 =311 =373

DIMINUTION in PANCREAS (Based on WHO data for 2015 in United States).
% Car Accidents  25% Adoption  50% Adoption  75% Adoption 90% Adoption

12.5% =30 =59 -89 -107
15% -36 =71 -107 -128
17.5% —41 -83 -124 -149
20% —47 -95 —-142 -170

1 Assumes each deceased donor donates both kidneys.

Beyond the loss of donors, every patient that must continue to wait for a transplant entails further
cost for medical care while waiting for an organ transplant. Below is a three-year chart of cumulative
hemodialysis costs for patients based on the diminution of kidney donors given the average current
wait time of 3.6 years (Table 3) [36].

When reviewing these numbers, also consider that a 2016 hemodialysis cost of $89,000 USD will
equal $261,433 USD in 2050 dollars based on the 3.22% historic average rate of inflation [33]. This is
2.93 times greater or nearly a tripling of prices. Further, consider that at the current rate of 8% yearly
increase in need for kidney transplant versus 2.3% increase in transplant operations that the likely
overall cost to the global health care system will be significantly larger than these numbers currently
can project. Also, bear in mind that 80% of all hemodialysis costs are currently paid for by the already
severely stretched MEDICARE system. Currently, the cost to MEDICARE is $32 billion USD; factoring
in inflation and the rising number of end stage renal disease (ESRD) patients in 2050, that cost in the
United States will likely rise to several hundred billion dollars [33,35].
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Table 3. Estimated three-year hemodialysis cost impact analysis after adoption of autonomous vehicles.

ONE YEAR CHART
Medical Costs  25% Adoption  50% Adoption  75% Adoption  90% Adoption
12.5% $72,140,063 $144,280,125 $216,420,188 $259,704,225
15% $86,568,075 $173,136,150 $259,704,225 $311,645070  YEAR CHART
17.5% $100,996,088 $201,992,175 $302,988,263 $363,585,915
20% $115,424,100 $230,848,200 $346,272,300 $415,526,760
TWO
Medical Costs  25% Adoption  50% Adoption  75% Adoption  90% Adoption
12.5% $216,420,187 $432,840,375 $649,260,562 $779,112,675
15% $259,704,225 $519,408,450 $779,112,675 $934,935,210  YEAR CHART
17.5% $302,988,262 $605,976,525 $908,964,787 $1,090,757,745
20% $346,272,300 $692,544,600 $1,038,816,900  $1,246,580,280
THREE
Medical Costs ~ 25% Adoption  50% Adoption  75% Adoption  90% Adoption
12.5% $432,840,375 $865,680,750 $1,298,521,125  $1,558,225,350
15% $519,408,450 $1,038,816,900  $1,558,225,350  $1,869,870,420
17.5% $605,976,525 $1,211,953,060  $1,817,929,575  $2,181,515,490
20% $692,544,600 $1,385,089,200  $2,077,633,800  $2,493,160,560

3. Bioartificial Organs as a Solution to Organ Failure

3.1. Overview of Bioartificial Organ Technology

In general, a bioartificial organ advances current extracorporeal biomedical device technology to
incorporate an intracorporeal device. In other words, a biomedical device that utilizes some synthetic
and some organic components is assembled that can be medically inserted into the human body to
replace the function of a deficient or failed organ [37]. Researchers in this area either do or will utilize
MEMS (microelectromechanical systems) and nanotechnology engineering to produce a device that is
small enough to be cost effective, scalable, and easily inserted into a human patient [38,39].

Tissue or organ replacement due to aging, diseases, accidents, and birth defects is a critical
medical problem [39]. Current treatment for organ failure relies mostly on organ transplants from
living or deceased donors [5]. However, there is a chronic shortage of human organs available for
transplant [5,34]. In 2009, 154,324 patients in the USA were waiting for an organ [10]. Only 27,996 of
them (18%) received an organ transplant, and 8863 (25 per day) died while on the waiting list [40].
As of early 2014, approximately 120,000 people in the US were awaiting an organ transplant [41].
Organ transplant surgery and follow-up is also expensive, costing more than $300 billion USD in
2012. [40]. An additional problem is that organ transplantation involves the difficult task of finding a
donor who is a tissue match. This problem could likely be eliminated by using cells taken from the
organ transplant patient’s own body to build a replacement organ [42,43]. This would minimize the
risk of tissue rejection, as well as the need to take lifelong immunosuppressants [42,43].

3.2. Current State of Bioartificial Organ Technology

A number of bioartificial organ technologies already exist and are in use in human patients.
Bioartificial livers (BALs) have existed since 2001, when Dr. Kenneth Matsumara developed a device that
Time named its invention of the year [39]. Since that time, BAL technology has improved dramatically,
and many cases of acute liver failure are currently treated with BALs. However, the present state of
technology functions only as a bridge treatment, allowing patients with diseased livers to wait out a
transplant or for their liver to heal naturally [42].

Many institutions are currently researching a bioartificial pancreas; however, no such device is
presently available for patients. Significant progress has been made in mimicking the function of a
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healthy pancreas, and the Imperial College London is currently conducting ambulatory trials of their
bio-inspired artificial pancreas with type-1 diabetes patients [43]. The state of technology is much the
same with bioartificial kidneys: while no viable device currently exists, many lines of research are
closing in on a workable—and marketable—solution. At present, the FDA is working closely with the
Kidney Project—a joint initiative between UC-San Francisco and Vanderbilt University—to bring the
first bioartificial kidney to market. The development team expects to enter human clinical trials as
soon as later in 2017 [43].

As of 2017, no functional bioartificial heart exists, although wholly synthetic, artificial hearts have
existed since 1982. In 2008, scientists created the first bioartificial hearts from rat cadavers. In 2014,
researchers developed human-sized bioartificial porcine hearts. Currently, however, researchers have
yet to develop a transplantable, bioartificial heart utilizing either porcine or human cadaver hearts [44].

4. Bioprinting as a Solution to Organ Failure

4.1. Current State of Bioprinting Technology

Tissues in the body differ significantly in cellularity, composition and character, and metabolism.
Distinct subpopulations of cells secrete signaling molecules, such as growth factors and other cytokines,
that aid in maintaining cell viability and function (Figure 4). Over the past decade, three-dimension
(3D) bioprinting as an emerging new technology for tissue engineering has made significant progress
towards the regeneration of replacement tissues [45-47]. 3D bioprinting is complicated as there are
critical design considerations such as choice of materials, cell type(s), mitogenic and differentiation
factors, and other technical challenges [48-52]. In bioprinting, various biofabrication methods to
construct a tissue or organ from a patient’s cells or stem cells, including inkjet printing [53-55],
bioextrusion or robocasting [56-58], laser-based printing [59-61], and selective laser sintering [62,63],
have been developed for the 3D printing of live cells and bioscaffolds. Each of these bioprinters has
unique methods for fabricating 3D cell structures with excellent resolution and viability and employing
a variety of bioinks [50,51].

Advances in 3D printing have also enabled the assembly of cells, extracellular matrix and polymeric
materials to form in vitro cellular models for the study of disease pathogenesis, drug efficacy studies,
and new drug discovery [48]. Three-dimensional bioprinting methods, in particular, have made it
possible to precisely control the cellular microenvironment architecture and produce the desired design
characteristics to produce the desired cellular behavior [47,48].

Stereolithography-based 3D bioprinting, for example, is one of the most popularly used
technologies in tissue construct fabrication [49]. This 3D printing technique can create matrices
with suitable mechanical strength in configurations that can spatially support multiple cell types.
This method of bioprinting has enabled the fabrication of bone, cartilage, and skin [50]. Robocasting,
another bioprinting method, has been used to produce may objects (in particular, ceramics) by extruding
a filament of paste (known as an “ink”) through a fine nozzle, and the construct is built layer-by-layer
according to a computer aided design (CAD) model [51,52]. The properties and composition of the ink
are considered to be the most important factors in robocasting, and considerable research effort has
been directed towards the development of novel bioinks [53]. The key challenge has been developing
an optimal method for printing viable cells with high survival rate and producing strong cell-seeded
scaffolds simultaneously. The other key design consideration is the inclusion of bioactive factors (drugs,
growth factors, DNA, and metal nanoparticles) that stimulate or direct cellular behavior [54].
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Figure 4. Bioprinting uses computer-aided design, bioinks, and a bioprinter to produce tissues and

organs (top left). Three-dimensional printed prosthetics using thermoplastics will remain an essential
clinical tool (top right). Examples of bioprinted tissues and organs include ducts (top middle), blood
vessels (lower left), an external ear (lower middle), and bone implants (lower right).

4.2. Opportunities Presented by Bioprinting

According to Grand View Research, is expected to reach $4.1 billion USD by 2026 registering a
compound annual growth rate (CAGR) of 19.5% [55]. More specifically, this growth will be keyed by
the need for donor kidneys due to diseases such as chronic kidney disease (CKD). Dental segments,
prosthetics, and 3D-printed medical devices (syringes, catheters) are seeing the greatest growth [55].
Given a rapidly aging world population with a rapidly growing global middle class that can afford and
will demand cutting-edge healthcare, it is highly likely that the market for bioprinted organs—and
bioprinting in general—will see steady growth throughout the first half of the 21st century [52,53].
Venture capitalists poured $10.6 billion USD into healthcare startups in the first half of 2018 [56].
This sustained market growth provides an ample opportunity for institutional investors with the
patience to invest in healthcare and biotechnology startups [56]. “The risks may be high and returns
may take longer, but as Swiss philosopher Jean-Jacques Rousseau said: although patience is bitter,
its fruit is sweet” [56]. Additionally, of course, such investment will also pay dividends on the
humanitarian side of the equation.

The first bioinks were used in drop-on-demand cell printing were simple salt solutions [57,58].
Bioinks are usually a biopolymer gel used as a carrier for embedded cells and also provide a protective
environment [58]. Bioinks, as a carrier, are then used in a variety of bioprinting technologies including
robocasting, ink jet, direct ink writing, and stereolithography [59]. Examples of bioinks include agarose,
alginate and chitosan-based bioinks, cellulose, collagen, fibrin, hyaluronic acid, and silk. Synthetic
biomaterial that are often used include gellan gum, gelatin methacrylate pluronic, and polyethylene
glycol [60].
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The future of bioprinting resides in integrated bioprinters. Dr. Anthony Atala recently introduced
a tissue-organ printer (ITOP), a device that prints cells within a hydrogel supported by a temporary
scaffold [61]. This printer can produce human-sized tissues containing microchannels that aid in
oxygen and nutrient transport throughout the construct. Cheng et al. (2020) recently developed a
handheld 3D printer that applied a stem-cell-loaded bioink directly onto a wound, such as burns,
to promote tissue healing [62].

Three-dimensional bioprinting has the capacity to produce transformative results for patients
suffering from numerous health conditions not just organ failure [64]. In addition to lives saved
and lives improved, 3D bioprinting also has the capacity to drive significant medical cost savings in
the United States and worldwide. Additionally, the prices of medical procedures and biomedicines
could see a drastic cut in cost if competition accelerates due to 3D printing. In addition to reducing
costs, 3D printers may also simplify treatment reduce inherent inefficiencies. Due to 3D bioprinting’s
humanitarian and financial benefits for human society, it will likely be one of the most important
medical innovations of this generation.

Short-term applications that have seen the greatest impact relate to drug testing (thereby reducing
the need for animal testing), as drug testing can take place on “organ-on-a-chip” technologies [62].
A patients’” own stem cells can be used to generate bioprinted organoids that test the potency and
efficacy of pharmaceutical drugs [64]. This will eliminate the use of animals for drug testing, and more
efficient and reliable results will ensue, as the testing can be done on human tissues [64]. Indeed,
there is the further potential for personalized medicine, where a particular individual’s reaction to a
drug can be gauged, alleviating the incidence of adverse drug reactions, and dosages can be adjusted
to suit the required efficacy [65].

4.3. Commercial Challenges of Organ Replacement Technology

Three-dimensional bioprinting of human tissues and organs—or of anything else for use in
medicine and healthcare—share many of the same challenges that any new biomedical or biotechnical
advancement faces in penetrating the marketplace. First and foremost, researchers—whether in public
institutions or private corporations—must develop the technology to the point where regulators
such as the Food and Drug Administration (FDA) in the United States or the European Medicines
Agency in the European Union will approve products for market. In the case of a bioprinted organ,
this regulatory process will be especially burdensome, as this particular technological use case consists
of a life-or-death scenario for most if not all consumers. Once regulators are appeased, researchers
must convince clinical partners to adopt their products so bioprinted organs can become widely
disseminated and gain traction in the marketplace.

Finally, researchers must work hand-in-hand with clinicians to promote their solution to would- be
patients who may be leery of a new and untested innovation compared to waiting their turn on a donor
list. Furthermore, they must accomplish all of this while balancing the concerns of investors, managers,
and administrators. While not an impossible series of tasks to complete, the opportunity—and inherent
investor patience—is not the same as for other industries with more robust, forecasted growth such as
artificial intelligence.

5. Legal Challenges of Organ Replacement Technology

There are two primary legal risks related to commercializing a 3D-printed human organ: products
liability and patentability. The case of products liability is well understood. Any time a manufacturer
produces a medical device for implantation in the human body, they run the risk of a legally identifiable
defect resulting in rejection or complications that accrue tort liability. These risks, however, can be
readily mitigated via appropriate research and development. The serious legal impediment to
commercializing bioprinted organs is the question of whether or not such organs are patentable.

The primary case law relevant to bioprinting’s patentability is Diamond v Chakrabarty, a Supreme
Court case from 1980 [66]. Under the two-prong test of Chakrabarty, a genetically engineered bacterium
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capable of breaking down crude oil was found to be patentable because it was (A) non-naturally
occurring and (B) the product of human ingenuity. Under this test, one could readily argue that a 3D
printed organ constructed, layer-by-layer, from human stem cells may resemble a natural organ but
contains more than ample structural differences to be considered non-natural. Also, as the assembly
occurs exclusively due to the instructions of complex, human-written, computer code guiding the 3D
printer, the process can also readily be argued to be the result of significant human ingenuity.

However, the elephant in the room for patentability is the America Invents Act (AIA) of
2011 [67]. This particular law has a section that states that no patent may issue on a claim directed
to or encompassing a human organism. Because the AIA is more recent law, it expands upon the
understanding established in Chakrabarty—meaning that the test today is now a three-prong test.
To be patentable, a 3D bioprinted organ must be non-natural, the result of human ingenuity, and not a
human organism. However, to date, neither the Act nor the Courts have defined “human organism”
within the meaning of the AIA, so it remains up in the air whether the United States Patent Office
(USPTO) will allow a patent on a bioprinted organ. Due to the statutes” ambiguous language, investors
and researchers working with bioprinted organs should expect a legal challenge prior to patent
issuance [68].

6. Conclusions and Recommendations

The opportunities offered for personalized medicine by 3D bioprinting and major technological
advancements in tissue engineering including artificial skin [62] and cartilage [69] have been tissue
engineered, and there have been advances in work on the printing of bone [70], parts of the ear [71],
the urinary bladder [72], and heart valves [73]. However, all of these are relatively simple structures,
and such techniques are not easily (if at all) transferrable to engineering complex solid organs, which are
more applicable for drug testing applications and more in demand for organ replacement.

Another possibility exists if, instead of healthy tissue were to be bioprinted, one could add
cancerous tissue and disease models [27] in order to study the efficacy of novel treatments outside
the patient’s body. By incorporating the patient’s own cells, more accurate models and hence more
effective treatments should result.
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