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Re-growing limbs and organs in order to
recover from irrevocable physical losses is
no longer just for science fiction characters.
Due to the advancements in regenerative
medicine and tissue engineering, recovery
of this magnitude is now possible. Regenerative medicine is the process of creating
functional tissues to replace tissues or organs that have been damaged by disease,
trauma, or congenital issues, and create
solutions for organs that have become permanently damaged. The terms regenerative medicine and tissue engineering have
become interchangeable; however, tissue
engineering is a concentration or subfield
of regenerative medicine. The focus of tissue engineering is to create constructs that
restore, maintain, or improve damaged tissue or whole organs through the process of
Image
Credit

combining scaffolds, cells, and biologically
active molecules into functional tissue [1,
2].
The Department of Defense (DoD) supports regenerative medicine in the hope of
treating and curing fatal and debihilitating
conditions. According to a study completed
by the U.S. Government Accountability Office, between 2012 and 2014 the DoD was
the second largest funder of regenerative
medicine. The DoD invested $253 million
into 178 projects related to regenerative
medicine and health needs of active-duty
military personnel [3].
According to Stratistics Market Research
Consulting, the global tissue engineering
market is expected to reach $16.82 billion
by 2023 [4]. Three different areas categorize the tissue engineering market: synthetic, biological, and genetically engineered
solutions. Generally, the synthetic products
currently available (e.g., polypropylene

hernia meshes) can be manufactured on
a large scale, but do not provide the environment required for cells inside the body
to properly grow and integrate into the
mesh, resulting in severe scar formation.
The biological solutions (i.e., allografts)
can be integrated into the body, but suffer from problems with variable outcomes
such as premature degradation, immune
system reactions, sourcing of materials,
and high cost [5]. The genetically engineered solutions typically consist of cells
grown in a bioreactor in the lab to create a
functional organ that can be implanted, but
this is hugely expensive and still in early
development. ParaGen Technologies aims
to redefine tissue engineering through the
development of a new type of synthetic
scaffold capable of rapid biointegration and
highly reproducible patient outcomes. The
synthetic scaffold also ensures no immune
rejection and high function regrowth. The
core technology is a nanofiber scaffold that
mimics physical structures (see Figure 1)
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advancements continue to push the fields
of regenerative medicine and tissue engineering forward. These advancements
address cardiovascular disease and neurological conditions or chronic diseases;
repairing, replacing, or regenerating damaged organs and tissues; and the limitations of suitable organs for transplantation
[10].

Figure 1. (Left) Scanning electron microscope image of a decellurized blood vessel demonstrating the fibrous structure found in human tissue. (Right) Polymer nanofiber scaffolds.

found within the body that allows for assimilation and tissue level structural support.
The nanofiber scaffold is made from completely synthetic polymers (e.g., the same
polymers used in resorbable sutures such
as polyglycolide) and resorbs over time so
no foreign material remains in the body.

Background
A 2015 Congressional Research Service
Report found that 52,351 U.S. military
members and civilians were non-lethally
wounded in action between October 2001
and July 2015, during Operation Iraqi Freedom, Operation New Dawn, and Operation
Enduring Freedom [6]. The injuries that
military personnel face can be life-changing, and the DoD and other institutions are
looking to tissue engineering as a means
to repair these injuries. Advances in tissue
engineering and regenerative medicine
can potentially reduce surgical complications, speed healing time, and provide better patient outcomes for wounded soldiers.
The DoD is actively creating solutions for
injuries sustained by military personnel in
areas such as bone regeneration, muscle
function restoration, and burn and wound
care. On the basic research side, the
Armed Forces Institute of Regenerative
Medicine (AFIRM) is a multi-institutional,
interdisciplinary network funded by the
DoD and working to develop advanced
treatment options for severely wounded
servicemen and women. AFIRM has five
research programs: extremity injury treatment, craniomaxillofacial reconstruction,
skin injury treatment, vascular composite
tissue allotransplantation and immunomodulation, and genitourinary and lower abdominal injury treatment. The goal
of AFIRM and its numerous institutions
across the globe is to use tissue engineer-

ing and regenerative medicine to address
cardiovascular disease, neurological conditions, or chronic diseases, and potentially repair, replace, or regenerate damaged
organs and tissues. The DoD also utilizes
the tissue engineering and regenerative
medicine field to treat injuries sustained
by military personnel. However, a survey
assessing the Technology Readiness Level
(TRL) of ongoing DoD projects related to
tissue engineering found that nine out 10
projects are currently at a TRL of 1. It is for
this reason that alternative technologies,
such as synthetic nanofiber scaffolds, are
being investigated and rapidly progressing
through the pre-clinical and clinical stages.
The fields of tissue engineering and regenerative medicine, as applied today, are
relatively new—only about twenty years
old. As the times change and the needs
of healthcare providers shift, so does the
focus and research of regenerative medicine. From the 1900s to the 2000s there
was a change of focus in regenerative
medicine—from symptomatic treatment to
curative treatment [7, 8]. According to Allied Market Research, the global regenerative medicine market is expected to reach
$67.5 billion by 2020. High-cost pressure
on healthcare providers, due to an aging
population and the increasing prevalence
of chronic diseases, continues to drive interest in tissue engineering and regenerative medicine despite early setbacks and
lack of significant progress [2, 7-9]. While
the DoD is one of the largest funders of
regenerative medicine research, their focus is on limb repair and battlefield injuries. However, tissue engineering has the
potential to fix both traumatic injuries and
chronic diseases. According to the Centers
for Disease Control and Prevention, seven
of the top 10 causes of death in 2014 were
in connection to chronic diseases. Several

How does regenerative medicine work?
The repair principles of regenerative medicine are rejuvenation, regeneration, and
replacement [7, 9]. The process begins
with building a scaffold that allows the body
to repair itself, just like the scaffold around
a building allows the workers to repair the
structure. Once a functional scaffold is
created, cells can be added and tissue will
develop with the scaffold if the environment
is right. Tissue engineering has three main
components: cells, scaffolds, and biochemical signaling [1, 11, 12]. In this approach,
cells are seeded on a polymeric scaffold
that is then transplanted into damaged areas to repair them. With this traditional tissue engineering method, scaffolds act not
only as a structural support system, but

Figure 2: Phoenix Advanced Wound Care
dressing.

Figure 3: Atreon Orthopedics’ rotator cuff
repair patch.
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also as a conductor for cell growth. Due to
the significance of the scaffold, it is imperative that the scaffold can mimic the functionality and complexity of natural tissue
(Figure 3). Research is underway for other
approaches to tissue engineering such as
a modular approach, which involves the
assembly of small cell-laden modules that
are combined to form larger structures.
Another approach is the idea of a scaffold-free approach. This approach consists
of growing cells in the lab and getting them
to self-assemble into tissues [13, 14].

ed. No cells from the patient are required
for this production process. However, this
lab culture process can take more than
eight weeks and be very costly. Data pertaining to the recently initiated clinical trial
evaluating their use in angioaccess have
not been reported, but the preclinical studies used to support this ongoing clinical
trial do not suggest that their performance
will be superior to currently available vascular grafts made from expanded polytetrafluoroethylene, more commonly known as
Gore-Tex [15-17].

Current Approaches

Another cell-based approach to making
a vascular graft is being pursued by Cytograft, which grows flat sheets of cells
which they then roll into a tube to form a
blood vessel. This technology has yielded promising preclinical data and led to
human clinical trials [15, 18-20]. Although
these studies confirm the feasibility of
using a tissue engineered vascular graft
(TEVG) in humans, these cell sheet-based
TEVGs have not outperformed current synthetic graft function in humans [21-23]. In
fact, none of the data to date have demonstrated equivalent performance between
the cell sheet TEVGs and currently available synthetic grafts.

Current medical products on the market
utilize decellurized animal and human
tissue. Decellularization is the process
of removing cellular and immunogenic
materials from tissues and organs while
maintaining all the other mechanical and
bioactive properties of the tissue. Think of
it as doing a factory reset on a cellphone.
This removes personal data, but the phone
is still physically intact and can be passed
on to another person for use.
Humacyte is a company developing
lab-grown organs with subsequent decellularization. Their work focuses on
investigational human acellular vessels
that have the potential to be utilized as
commercial-off-the-shelf human vascular
grafts. In the current process used by Humacyte, the blood vessels are formed from
banked human vascular smooth muscle
cells grown into blood vessels in the lab,
which are then decellularized to limit the
chance of immune rejection once implant-

Figure 4. The Tarian Medical hernia mesh
being implanted into a rabbit.

LifeCell is another company in the tissue
engineering and regenerative medicine
market. LifeCell utilizes human cadaver tissue that is processed to remove cells while
preserving the essential biological components and structure of the dermal matrix to
support regeneration in a product called
ALLODERM SELECT™. Allograft tissue
can integrate into the body and has been
used in numerous clinical applications, but
it is extremely costly. A small patch of material can cost several thousands of dollars
and some reconstructive procedures may
use up to a dozen sheets.
ParaGen Technologies’ mission is to eliminate the major problems associated with
synthetic and biological implants, while
incorporating the advantages of each.
The core of this technology is synthetic
nanofiber scaffolds that mimic the physical
structures in the body (see Figure 1) and
allow cells to assimilate and remodel into
native tissue. The nanofiber scaffold acts
to provide tissue level structural support
to cells, thus encouraging cell adhesion
to the scaffolding and proliferation. These
are the key factors that enable tissue regeneration and prevent scar formation.

Figure 5: Vascular Genesis graft used for
vascular access in dialysis patients.

ParaGen Technologies utilizes commercial-off-the-shelf polymers (i.e., the same
polymers used in resorbable sutures) to
create cost-effective nanofibers. Polymers
are processed into fibers using electrospinning—a relatively common manufacturing
process. The novel scaffold technology allows for a controlled degradation profile, a
tailored fiber diameter, a specific pore size,
and mechanical properties that match the
native tissue. The materials are designed
based on the clinical application and the
devices are carefully tailored to address
clinical needs for each indication.
RenovoDerm is developing a portfolio
of wound care devices that increase the
speed of healing for chronic wounds, while
decreasing scar tissue. RenovoDerm’s first
product, the Phoenix Advanced Wound
Care dressing (see Figure 2) received
Food and Drug Administration (FDA)
approval and is currently being used in
wound care clinics. Atreon Orthopedics
(see Figure 3) has developed a scaffold
that improves the rate of healing and overall strength of repair in rotator cuff injuries.
This was tested in a sheep study and is
currently in the process of being submitted
to the FDA. Tarian Medical (see Figure 4)
is developing a scaffold product for stronger hernia repairs with less scarring and
adhesions which is being tested in rabbits.
Lastly, Vascular Genesis (see Figure 5) is
developing synthetic vascular grafts that
remodel into healthy vascular tissue with
a focus on vascular access grafts for patients undergoing hemodialysis. These
vascular grafts are being tested in sheep,
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with the data being presented to the FDA
for an interactive review and consideration
as a “breakthrough device” which will significantly speed up the process for regulatory review.

Conclusion
The field of tissue engineering is progressing and moving into the clinic, which
provides benefits to the DoD and civilians
alike. There are products currently available on the market that fall into the category of tissue engineering such as allografts

and xenografts, but lab-grown organs are
still over a decade away from reaching the
clinic. Additionally, there are challenges for
the DoD to utilize some of these allograft
materials due to the need for cold storage
and short shelf life.
However, there is a new class of synthetic nanofiber scaffolds that are being used
today for advanced wound care (i.e., the
Phoenix Advanced Wound Care Dressing
from RenovoDerm) and a suite of products
for rotator cuff repair, hernia repair, and
vascular graft replacement following on
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its heels. These synthetic nanofiber grafts
are stored in ambient conditions with long
shelf lives, making them great candidates
for remote battlefield use (i.e., medical kits
in the field) and stored at hospital centers
for definitive treatment of injured military
personnel and civilians. The same “plastic”
that has been used for decades in resorbable sutures is now being used to re-grow
organs through a process called tissue engineering. The wait for organ transplants is
over, and tissue engineering is here for a
better tomorrow.
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