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The field of tissue engineering has made considerable strides
since it was first described in the late 1980s. The advent and
subsequent boom in stem cell biology, emergence of novel
technologies for biomaterial development and further
understanding of developmental biology have contributed
to this accelerated progress. However, continued efforts to
translate tissue-engineering strategies into clinical therapies
have been hampered by the problems associated with scaling
up laboratory methods to produce large, complex tissues. The
significant challenges faced by tissue engineers include the
production of an intact vasculature within a tissue-engineered
construct and recapitulation of the size and complexity of a
whole organ. Here we review the basic components necessary
for bioengineering organs—biomaterials, cells and bioactive
molecules—and discuss various approaches for augmenting
these principles to achieve organ level tissue engineering.
Ultimately, the successful translation of tissue-engineered
constructs into everyday clinical practice will depend upon the
ability of the tissue engineer to “scale up” every aspect of the
research and development process.

The unmet demand for organs and replacement tissue is well
known. Millions of surgical procedures are performed each year
to replace or reconstruct damaged tissue resulting from chronic
disease, injury, congenital malformations and cancer. However,
the gap between those patients waiting for an organ and those
actually receiving a transplant continues to widen each year.!
Reconstructive and reparative procedures are limited in efficacy
because of the underlying disease or injury and synthetic devices
are plagued by infection, rejection and breakdown.

Tissue engineering offers a potential solution to the shortage
of organ donors and the problems inherent in trying to repair
damaged tissues.? While substantial progress has been made in
the field of tissue engineering, its impact in the clinic has been
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modest.?> Only recently have a significant number of bioengi-
neered products entered clinical trials or become commercially
available.” Multiple small-scale studies have proven that tissue
engineering can, in fact, be taken to the bedside,’ but primarily
for very specialized indications. Further progress is needed before
the utilization of bioengineered products becomes a widespread
clinical reality.

One of the principle challenges to clinical translation of tis-
sue engineering is the difficulty recreating the complexity and
scale of human-sized, clinically effective tissues and organs. In
this article, we will review the three building blocks of tissue
engineering strategies: biomaterials, cells and bioactive molecules
(Fig. 1) and discuss strategies for using each of these components
to create complex, clinically translatable tissues and organs.

Biomaterials—Bioactive Scaffolds
for Engineering Complex Tissues

The role of biomaterials in the field of tissue engineering has
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evolved from the early ideas of an inert scaffolding device
in which biomatrices are actively contributing to the regenera-
tion of tissue.'>'? Ideally, a biomaterial must provide a structured
environment with tissue-specific mechanical properties and a
biocompatible, porous niche for cells and small molecules that
are capable of integrating with surrounding tissues and stimulat-
ing regeneration of normal tissue.”® As knowledge of the complex
functions served by the extracellular matrix (ECM) expands, fur-
ther insight is gained into the challenge for the tissue engineer
in making a truly biomimetic scaffold. Given the ECM’s role
in cell proliferation, differentiation, migration and polarity,'*"
the choice of a biomaterial in all tissue engineering applications
is as important in guiding cell behavior as soluble factors in the
wound environment or bioactive molecules added to the engi-
neered construct.

The vast collection of synthetic and natural biomaterials used
currently for tissue engineering studies continues to expand and
evolve as new technologies emerge and old materials are used in
new ways. Commonly used natural products such as alginate
and collagen have been patterned using inkjet printing technol-
ogy to construct custom-designed scaffolds and to direct cellular
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Figure 1. Organ-level tissue engineering paradigm. The basic strategy used by scientists to bioengineer tissues has changed little from the very
beginnings of the field of tissue engineering. A biomaterial is utilized as a structural and mechanical scaffold into which a specific cell population is in-
corporated. Growth factors and other bioactive molecules can be added to the construct. After a period of maturation either in vivo or in a bioreactor,
the anticipated end product is a tissue-engineered organ that serves as a functional replacement for damaged or missing tissue.

positioning and growth via patterned collagen placement.*'®

Inkjet printing has also been used to print individual live cells in
a defined two-dimensional pattern and to direct stem cell fate
via growth factor patterning on a hydrogel substrate.?” Another
jet-based technology, bio-electrospraying, has been used to viably
process primary smooth muscle cells and adult stem cells and
has the potential to deliver cells in situ within simultaneously
fabricated fiber-based scaffolds.?** These promising technologies
allow precise spatial control of cells, polymers and growth fac-
tors, which theoretically can reproduce organ-level complexity.””
Organ printing techniques have been suggested to potentially
eliminate the solid biomaterial component from the tradi-
tional tissue engineering paradigm.* In a process referred to as
“directed tissue self-assembly,” individual tissue spheroids can be
bioprinted in pre-designed patterns such that upon fusion of the
spheroids specific structural elements can form including tubular
vascular-like structures (Fig. 2A).%

Another biomaterial having the potential to accelerate prog-
ress in organ level tissue engineering is decellularized tissue
matrices (Fig. 2B). By removing cellular components from
donor tissue, all traces of human antigens are removed thus
making the remaining matrix immunocompatible and eliminat-
ing the need for immunosuppression after transplantation.*'”
These decellularized scaffolds enable exploitation of the intact
three-dimensional structure of the ECM as a template for whole
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organ regeneration. Acellular dermal and bladder matrices have
been widely used as natural materials for bioengineering of these
relatively thin tissues,?*° but current decellularization protocols
have been difficult to translate to larger, more complex tissues
and organs. Recently, functional architecture was maintained in
decellularized cadaveric rat hearts that were seeded with neonatal
cardiac cells and shown to have contractile activity after eight
days in a perfusion bioreactor, indicating that whole organ decel-
lularization is possible.” This impressive feat has been emulated
with the successful whole organ decellularization of multiple
other larger organ types including liver, kidney, pancreas and
intestine, which ranged in size up to 30 cm.*

One major challenge as size scale increases is vascularizing
cells in the center of a given construct. The development of a
functional microvascular network is a prerequisite for the inte-
gration and formation of surrounding stromal tissue. The issue
of vascularization in tissue engineering continues be one of the
greatest unsolved yet intensely investigated areas in the field. The
de novo creation of a functional vasculature is a daunting task
that continues to be an obstacle for tissue engineers. We believe
the challenge of scaffold vascularization can be addressed with
the use of native tissue to provide an intact vascular network
(Fig. 2C). While some progress has been made in this arena,**
we have developed a method to circumvent this issue of de novo
vasculature creation using autologous microcirculatory beds.**

Volume 6 Issue 3



These explanted microcirculatory beds (EMBs) A
consisting of an afferent artery, capillary beds
and a single efferent vein can be harvested,
maintained and seeded with mesenchymal stem
cells in a bioreactor and then reimplanted. As

expendable microcirculatory beds are routinely
used by surgeons as microvascular free flaps,
this technique offers the potential of harvest
ing autologous tissue, manipulating the tissue ex
vivo with tissue-specific cells and growth factors
and reimplanting the tissue at a heterotopic loca-
tion using standard microsurgical techniques.
Our laboratory is pursuing this strategy for
organ-level tissue engineering in combination
with traditional biomaterials in an effort to fur-
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ther expand and manipulate these microcircula-

tory beds. Strategies have also been developed to
expand the encapsulated native vasculature and
further increase the dimensions of the resulting
bioengineered construct.

Cells—Facilitating the Repair
of Heterogeneous Organs

The concept of using cells to replace damaged
or missing tissue based on their functional

Figure 2. Biomaterial strategies for organ-level tissue engineering. Several emerging tech-
nologies in biomaterial scaffolds offer the promise of scaling up the size and complexity of
tissue engineered constructs. “Organ printing” (A) is the use of inkjet printing techniques,
which allows precise control over placement of cells and polymers deposited within a
“bioink” and has been used to form tubular vascular structures. Recent advances in decel-
lularization protocols using detergent perfusion have demonstrated promising results in
the complete removal of cells from large visceral organs (B). These decellularized matrices
maintain their structure and mechanical properties without containing immunogenic
donor cells. The use of autologous explanted microcirculatory beds (EMBs) allows tissue
engineers to circumvent the challenges of creating vasculature de novo (C). EMBs can be
harvested, implanted within a hydrogel scaffold, manipulated ex vivo including cell perfu-
sion and reimplanted at the site of tissue damage.

characteristics®* preceded the field of tis-
sue engineering as it was described by Langer
and Vacanti in 1993.2 The use of cells in bioengineering tissue
has since undergone remarkable expansion and evolution with
the development of and continuing advances in stem cell biol-
ogy. The breadth of cell populations available for use in tissue
engineering constructs has increased tremendously from early
reports using adult differentiated cell types.?”*® Most recently
39,40 41,42 and

induced pluripotent stem cells (iPS)*%4 have been used in tissue

embryonic stem cells,*° adult mesenchymal stem cells,
engineering efforts.

Our laboratories have recently focused on adipose-derived
stromal cells (ASCs) for tissue engineering.*** Research from
the early 1960s described a stromal-vascular fraction (SVF) iso-
lated from fat that contained fibroblast-like cells.” Subsequent
examination of this SVF cell type led scientists to believe that
they represented an adipose progenitor cell whose fate was lim-
ited to adipose tissue.”? In 2001, the understanding of the poten-
tial of these SVF cells greatly changed as Zuk et al. demonstrated
the ability of these cells to undergo adipogenic differentiation but
also chondrogenic, myogenic and osteogenic differentiation.”
The potential multipotency of ASCs has expanded tremendously
since these early studies as scientists continue to fine tune and
improve the differentiation of each pathway.’*® Cell surface
receptors in ASCs have been shown to be similar to those of
bone marrow-derived mesenchymal stem cells (BM-MSCs).5*¢!
However, ASCs hold several advantages over BM-MSCs in that
they are readily available in large quantities and can be harvested
with minimally invasive procedures, thus making them more
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amenable to clinical use. Like BM-MSCs, ASCs can also be safely
and effectively transplanted into an autologous host.

Recent clinical studies have focused on the use of human
adipose-derived stromal cells to replace bone loss.®* Specifically,
hASCs seeded on a PLGA scaffold were recently used to treat a
young gitl after severe mandibular trauma. In small pilot studies,
defects of the cranium,” maxilla® and mandible® have shown
accelerated healing with the use of hASCs.% In these case reports,
however, the method of hASC usage has varied dramatically,
from the combination with bone chips to the use of recombinant
proteins. Such reconstructions eliminate the need for alloplastic
materials, and thus reduce the risk of infection, breakdown or
rejection. In our laboratory, we have observed convincingly that
ASCs, whether derived from mouse or human origin, contribute
to osseous healing of mouse cranial defects.*"’

Despite these intriguing case reports and accumulating trans-
lational research, there is a paucity of data defining the mecha-
nisms through which ASCs and other stem and progenitor cells
contribute to regeneration of damaged tissue. Do cells directly
form the tissue of interest to heal a defect? Do engrafted cells
exhibit mainly paracrine functions to produce potent pro-regen-
erative cytokines? In the case of our calvarial defect model, care-
ful examination of calvarial defects engrafted with ASCs yields
some valuable insights into the potential derivation of healing. In
this case, bone is often observed to mineralize from the edges of a
cranial defect inwards, which suggests that the host calvarium is
the prime contributor to the bone regenerate.
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Figure 3. Patient-specific tissue engineering. The recent discovery of
iPS technology has offered the potential of patient-specific cell therapy.
A small skin biopsy could be obtained from a patient in need of an
organ or tissue replacement, from which dermal fibroblasts would be
isolated and expanded in vitro. These fibroblasts can then be repro-
grammed into iPS cells whose pluripotency could be exploited to dif-
ferentiate the iPS cells into any patient-specific cell type (i.e., neurons,
hepatocytes, etc.). The patient-specific cells can then be incorporated
into a biomaterial scaffold and implanted back to the patient at the
damaged tissue site.

One exciting advance in tissue engineering is the recent dis-
covery of the ability to transform adult somatic cells, back to
an embryonic-like pluripotent cell that can differentiate into
ectoderm, endoderm as well as mesodermal tissues creating
“induced” pluripotent stem (iPS) cells.®** Considering the ease
and reproducibility of generating iPS cells as well as the lack of
ethical concerns, experts have raised the hope that iPS cells might
fulfill much of the promise of human ES cells in regenerative
medicine.”” These cells represent a potential mechanism by which
to use readily available cells from a patient in need of an organ,
transform them into iPS cells, expand them and design a tissue-
engineered construct containing entirely autologous cells (Fig. 3).

One of the primary obstacles in transitioning a cell-based tis-
sue engineered construct to commercial production is the scale
up of cultured cell populations.” In an early report by Vacanti
et al. taking tissue engineering to the bedside, a patient’s distal
thumb was reconstructed using autologous periosteal cells.”?
However, these autologous cells were grown in culture for nine
weeks before they could be expanded enough to reimplant into
the patient. In order to make a significant clinical impact, the
ex vivo expansion of cells must be accelerated. While prolifera-
tion rates are cell-specific, the speed of autologous cell expansion
will likely continue to be a rate-limiting step in the time to their
therapeutic application. One potential means of avoiding the
time-consuming process of in vitro cell expansion is to use ASCs
for cell-based constructs. A small volume of lipoaspirate allows
for the harvest of a large number of these cells thus negating the
need for expansion in culture prior to implantation. Additionally,
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the automation of cell culture may provide a means to ensure the
safety and efficiency of cell expansion for commercial production
of bioengineered constructs.”>”

Bioactive Molecules—
Orchestrating the Regeneration of Intricate Tissues

Organ level tissue engineering requires a microenvironment that
not only provides substrates for cell proliferation but also affords
signaling cues directing morphogenesis and cell differentiation
into tissue-specific structures. Growth factors play a key role in
tissue regeneration and are expressed during different phases of
tissue development.

As discussed in the previous section, vascularization is a criti-
cal bottleneck for tissue engineered constructs. Vascular endo-
thelial growth factor (VEGF) has been widely incorporated as
a component of biomaterials to promote vessel growth in vari-
ous tissue engineering strategies.””” Several other growth factors
have been used to promote the proliferation of vascular structures
in vitro, such as fibroblast growth factor-1 (FGF-1), insulin-like
growth factor-1 (IGF-1), hepatocye growth factor (HGF), angio-
poetin-1 and platelet-derived growth factor (PDGF).78-%

Organ-level morphogenesis also requires the presence of
tissue-specific signals particularly growth factors to induce the
formation of new tissue. Recent research efforts have focused on
biomatrices incorporating growth factors to restore and regener-
ate multiple tissues.®% In bone tissue engineering, growth fac-
tors including members of the bone morphogenic protein (BMP)
family have been used to enhance and facilitate bone formation.
Our laboratory has utilized several bioactive factors for bone
engineering including bone morphogenic protein 2 (BMP-2)
and retinoic acid and have demonstrated that these molecules
enhance bone formation in critical-size calvarial defects.”” Using
similar approaches in the bioengineering of cartilage, nerve and
skin, multiple groups have used potent growth factors such as
transforming growth factor-beta (TGF), FGF and epidermal
growth factor (EGF) to successfully induce tissue-specific growth
after injury.®%

Bioengineering efforts have typically focused on the delivery
of single factors for tissue regeneration. However, it is likely that
a complex organ, which comprises multiple microstructural ele-
ments, requires the orchestrated interplay of multiple molecules
to generate a functional substitute (Fig. 4). Several studies have
shown that the combination of multiple growth factors in a poly-
meric scaffold reveals superior results than those seen with single
factor treatment. Dual delivery of BMP-2 and TGFf3 incorpo-
rated in a biodegradable hydrogel lead to significant in vivo bone
formation by bone marrow stromal cells, whereas these growth
factors applied individually produced no osteogenic effect.®
Using a similar approach to engineer muscle tissue, sustained
IGF-1 delivery alone was found to enhance muscle fiber regenera-
tion, while the combined delivery of both VEGF and IGF-1 led
to parallel angiogenesis, reinnervation and myogenesis.®”

The effects of growth factors on cell differentiation, prolifera-
tion and migration are also strongly dependent upon the timing,
release kinetics and spatial distribution of expression. The ability
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Figure 4. Controlled growth factor release from a biomaterial scaffold. A time-dependant release of multiple growth factors is necessary to facilitate
the regeneration of a complex organ. Here the delivery of an angiogenic growth factor (circle) is followed by the delayed release of a tissue specific
growth factor (triangle). The spatial control of growth factor concentration can also be incorporated into the biomaterial to allow for guided cell

to control timing and concentration of multiple growth factors
within the same scaffold would allow fine tuning of the complex-
ity within a bioengineered tissue. Intelligent hydrogel matrices
that comprise these features have been developed to facilitate
regeneration.**® In a recent study, an alginate/P_ LA scaffold
incorporating VEGF and BMP-2 was seeded with human bone
marrow MSCs and used to study bone regeneration in a criti-
cal-size bone defect.”® The encapsulation of VEGF into alginate
fibers lead to an accelerated release rate at the beginning whereas
the P LA encapsulated BMP-2 showed a slower and prolonged
release rate. This approach showed a significant increase in the
quantity of regenerated bone compared to individual growth fac-
tor application.”

As investigators begin to explore the clinical application of
growth factors in tissue engineered constructs, the ease of produc-
tion and stability of these biofactors are important considerations.
The engineering of biomaterials incorporating growth factors
will be limited if recombinant growth factors cannot be easily
mass produced as active proteins. This issue can be addressed
through protein modifications that not only allow for easier pro-
duction but also improve functionality.”** Another challeng-
ing issue is the ability to retain the active growth factor at the
site of implantation. Collagen-binding domains (CBD) can be
fused with growth factors and have been shown to increase reten-
tion and prolong growth factor release. A CBD-FGF-1 chimera
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significantly increased the proliferation of smooth muscle cells in
a collagen matrix as compared to the native growth factor.” The
heparin-binding capacity of growth factors can also be utilized
for incorporation into microparticles and biomatrices to ensure a

prolonged and controlled release over time.*

Conclusions and Perspectives for the Future

Progress in tissue engineering as a field of basic scientific inquiry
continues to surpass the development of tissue engineering as
an industry. While the concept of scaling up tissues in terms
of size and complexity is appreciated by most tissue engineers,
the practical challenges involved are familiar only to those who
have attempted to transition a tissue engineered product to the
commercial sector. As tissue engineering companies continue to
rebound from previous financial challenges, a focus on low-cost
production strategies will be critical for the successful mass pro-
duction of effective tissue engineered products. Tissue engineer-
ing requires a multidisciplinary approach—materials science,
cell biology, chemistry and clinical medicine. More importantly,
the translation of tissue engineering to the patient in need of
organ replacement also requires integration of the industry per-
spective at every step of research and development to allow this
exciting and highly promising field to reach its full therapeutic
potential.
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