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Abstract Craniofacial structures are essential for
many physiological functions, including vision, olfac-
tion, hearing, and food intake. In addition, facial fea-
tures are critical for the development of personal
identity, communication, and social interaction. Thus,
damage to the face resulting from traumatic injury or
disease can be particularly devastating to a patient’s
quality of life, and the development of methods to
restore normal craniofacial structures is essential. In
recent years, facial transplantation using microsurgical
techniques has become a reality, but this technique is
limited by a shortage of donor tissue and the need for
chronic administration of immunosuppressive drugs to
prevent graft rejection. Recent advances in tissue engi-
neering and regenerative medicine provide opportuni-
ties to create biological substitutes that can be used in
reconstructive surgery. This field applies the principles
of cell transplantation, material science, and bioengi-
neering to develop tissues and organs in the laboratory
that can then be implanted into a patient to replace dam-
aged or missing structures. In this chapter, we will dis-
cuss these techniques in detail, and we will illustrate
how they can be used to revolutionize the concepts of
facial reconstruction.

Abbreviations

AFPS  Amniotic-fluid and placental-derived stem
BSM  Bladder submucosa

EC Endothelial cells

ECM  Extracellular matrix

ES Embryonic stem

FDA  Food and Drug Administration
iPS induced Pluripotent State
MEFs Mouse embryonic fibroblasts
PGA  Polyglycolic acid
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PLA Polylactic acid

PLGA Poly(lactic-co-glycolic acid)

SIS Small-intestinal submucosa
VEGF Vascular endothelial growth factor

43.1 Introduction

The face is the most prominent part of the body, and it
plays many important roles. Physiologically, it is the
entry point of both the respiratory and digestive sys-
tems, and contains structures that are essential in respi-
ration and food intake. In addition, the sensory organs
for vision, olfaction, hearing, and taste are housed in the
craniofacial area. Psychologically, the face is essential
for development and maintenance of personal identity,
which is critical for social communication, expression
of emotion, and mutual interaction. Therefore, when the
facial area is damaged or disfigured due to disease pro-
cesses or injury, a patient’s quality of life is severely
decreased and the ego is frequently disturbed.

Conditions involving birth defects, injuries,
diseases, or certain therapeutic modalities such as
surgery or radiation therapy often cause facial disfig-
urement, which result in severe physiological and
psychological trauma.'* Facial reconstructive surgery
aims to restore the function and esthetics of each sub-
unit of the face using tissue substitutes. As such, the
reconstruction is usually customized for each individ-
ual patient. Various surgical methods have been used
in facial reconstruction, including grafts, vascularized
tissue flaps, microvascular free flaps, or combinations
of these.>* When larger facial defects are encountered,
extensive reconstruction might be the treatment of
choice, and this often requires multiple surgeries and
different reconstructive approaches. Despite the recent
progress in reconstructive surgery, the results of large-
scale facial reconstruction remain unsatisfactory.” The
application of free tissue transfers, expanders, and tis-
sue prefabrication allows for facial defect coverage;
however, functional deficits are not restored to the
normal state. Moreover, regardless of the methods
used, the structure and composition of the tissues that
make up the face are specific, and it is not easy to
transfer tissues from other parts of the body. In addi-
tion, tissues in the facial area are composite structures
consisting of multiple tissue types that require coordi-
nated function.

In order to achieve replacement of the tissues,
according to Gille’s rule of replacing “like tissues with
alike,” transplantation of the face from human donors
is currently a novel approach for reconstruction of
severe defects in patients after trauma, burn injuries,
cancer, or congenital malformations. Since the first
human face transplant was performed, several addi-
tional cases have been reported worldwide.®’ Despite
the current success in face transplantation, several
challenges must be addressed before the technique can
be applied in mainstream clinical medicine. These
include the availability of a suitable donor, complex
surgical techniques, use of immunosuppressive medi-
cation, and ethical and psychosocial issues.

In recent years, advances in tissue engineering and
regenerative medicine have provided various opportuni-
ties in medicine. The science of tissue engineering aims
to generate tissues that would replace the structure and
function of failing organs.*'° Using techniques from cell
biology, material science, and transplantation, investiga-
tors have been able to construct tissue substitutes in the
laboratory that can restore the normal structure and func-
tion of missing or diseased organs. This has been accom-
plished by combining cells, biomaterial “scaffolds” on
which the cells can attach and grow, and appropriate sig-
naling molecules in bioreactors. Although this field is still
in the early stages of development, some successful
approaches have already been applied to the human body,
which suggests that this type of treatment is promising
and may be used in the future.'"

The use of tissue engineering techniques for the
craniofacial area has several advantages. First, replace-
ment tissues could be custom-designed for different
individuals depending on their needs. For example, the
use of an appropriate scaffold to guide tissue growth
might simplify the reconstruction of a variety of facial
contours and shapes, and this could lead to reconstructed
tissues that are more similar to a patient’s natural facial
structure. New interactive biomaterial scaffolds are now
being investigated in order to accomplish this goal.'* In
addition, if autologous cells were used to engineer
replacement facial tissues, the use of immunosuppres-
sant medications after tissue transplantation could be
reduced or eliminated.” However, the generation of
complex tissues such as those present in the craniofacial
area remains a challenge. Normal tissue is made up of
numerous cell types that are arranged in a specific and
well-organized manner, and this structural complexity is
often difficult to replicate in the laboratory. Within the
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living body, cell—cell and tissue—tissue interactions are
dynamic and topographically oriented, and thus in order
to engineer a functional tissue, it is necessary to estab-
lish an environment that is capable of providing tempo-
ral and spatial cues appropriate for tissue formation. In
addition, in order for a tissue to be functional, it must be
integrated to the vascular and nervous systems within
the body. Tissue engineering provides an encouraging
and exciting basis toward reconstructive options in facial
reconstruction. This chapter will introduce the basic
principles of tissue engineering and outline the current
advances in this field. In addition, evolving methods for
using tissue engineering technologies to reconstruct
craniofacial tissues and organs will be discussed.

43.2 The Basics of Tissue Engineering

Tissue engineering employs aspects of cell biology and
transplantation, materials science, and engineering to
develop biological substitutes that can restore and main-
tain the normal function of damaged tissues and organs.
It includes techniques such as the injection of functional
cells into a nonfunctional body site to stimulate regen-
eration and the use of biocompatible materials to create
new tissues and organs. These biomaterials can be natu-
ral or synthetic matrices, often termed scaffolds, which
encourage the body’s natural ability to repair itself and
assist in determination of the orientation and direction
of new tissue growth. Often, tissue engineering uses a
combination of both of these techniques. For example,
biomaterial matrices seeded with cells can be implanted
into the body to encourage the growth or regeneration of
functional tissue.

43.2.1 Biomaterials Used in Tissue
Engineering

The design and selection of a biomaterial for use in
regenerative medicine is critical for the proper devel-
opment of engineered tissues. The selected biomaterial
must be capable of controlling the structure and func-
tion of the engineered tissue in a predesigned manner
by interacting with transplanted cells and/or host cells.
In addition, it should be biocompatible, able to pro-
mote cellular interaction and tissue development, and

it should possess the proper mechanical and physical
properties required for tissue support and function in
the body site of interest.

Appropriate biomaterials should be biodegradable
and bioresorbable to support the reconstruction of a
completely normal tissue without inflammation. Thus,
the degradation rate and the concentration of degrada-
tion products in the tissues surrounding the implant
must be maintained at a tolerable level.'® Such behav-
ior avoids the risk of inflammatory or foreign-body
responses that are often associated with the permanent
presence of a foreign material in the body. In addition,
the biomaterial should provide appropriate regulation
of cell behavior (e.g., adhesion, proliferation, migra-
tion, differentiation) in order to promote the develop-
ment of functional new tissue. Cell behavior in
engineered tissues is regulated by multiple interactions
with the microenvironment, including interactions with
cell-adhesion ligands'” and with soluble growth fac-
tors.'® Cell-adhesion promoting factors (e.g., Arg-Gly-
Asp [RGD]) can be presented by the biomaterial itself
or incorporated into the biomaterial in order to control
cell behavior through ligand-induced cell receptor sig-
naling processes.” In vivo, the biomaterials must
provide temporary mechanical support sufficient to
withstand forces exerted by the surrounding tissue and
maintain a potential space for tissue development. The
mechanical support of the biomaterials should be
maintained until the engineered tissue has formed suf-
ficient structural integrity to support itself.’ This can
be achieved by an appropriate choice of mechanical
and degradation properties of the biomaterials.?

Finally, the chosen biomaterial must have proper-
ties that allow it to be processed into specific configu-
rations. A large ratio of surface area to volume is often
desirable to allow the delivery of a high density of
cells. A high porosity, interconnected pore structure
with specific pore sizes promotes tissue ingrowth from
the surrounding host tissue. Several techniques, such
as electrospinning, have been developed, and they
allow precise control of porosity, pore size, and pore
structure.?

Various biomaterials have been used in tissue
engineering and regenerative medicine. These include
naturally derived materials, such as collagen and alg-
inate; acellular tissue matrices, such as bladder submu-
cosa (BSM) and small-intestinal submucosa (SIS); and
synthetic polymers, such as polyglycolic acid (PGA),
polylactic acid (PLA), and poly(lactic-co-glycolic
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acid) (PLGA). Naturally derived materials and acellu-
lar tissue matrices have the potential advantage of bio-
logic recognition. However, synthetic polymers can be
produced quickly and reproducibly on a large scale
with controlled properties of strength, degradation
rate, and microstructure.

Collagen is the most abundant and ubiquitous struc-
tural protein in the body, and it may be readily purified
from both animal and human tissues with an enzyme
treatment and salt/acid extraction.”” Collagen has long
been known to exhibit minimal inflammatory and anti-
genic responses,” and it has been approved by the US
Food and Drug Administration (FDA) for many types
of medical applications, including wound dressings
and artificial skin.’' Collagen contains cell-adhesion
domain sequences (e.g., RGD) that exhibit specific
cellular interactions. This may help to retain the phe-
notype and activity of many types of cells, including
fibroblasts* and chondrocytes.*

Alginate, a polysaccharide isolated from seaweed,
has been used as an injectable cell delivery vehicle*
and a cell immobilization matrix* owing to its gentle
gelling properties in the presence of divalent ions such
as calcium. Alginate is a family of copolymers of
D-mannuronate and L-guluronate. The physical and
mechanical properties of alginate gel are strongly cor-
related with the proportion and length of the polygu-
luronate block in the alginate chains.* Efforts have
been made to synthesize biodegradable alginate hydro-
gels with mechanical properties that are controllable in
a wide range by intermolecular covalent cross-linking
and with cell-adhesion peptides coupled to their
backbones.*

Acellular tissue matrices are collagen-rich matrices
prepared by removing cellular components from tis-
sues. The most common tissue that has been used for
this purpose has been bladder tissue. The matrices are
prepared by removing the cellular material from a seg-
ment of bladder tissue using mechanical and chemical
processes.’’ " The resulting matrix can be used alone
or seeded with cells. The matrices slowly degrade
after implantation and are replaced and remodeled by
extracellular matrix (ECM) proteins synthesized and
secreted by transplanted or ingrowing cells. Acellular
tissue matrices support cell ingrowth and regeneration
of many tissue types with no evidence of immunogenic
rejection.’**! Because the structures of the proteins
(e.g., collagen, elastin) in acellular matrices are well
conserved and normally arranged, the mechanical

properties of the acellular matrices are not significantly
different from those of native bladder submucosa.*’

Polyesters of naturally occurring a-hydroxy acids,
including PGA, PLA, and PLGA, are widely used in
regenerative medicine. These polymers have gained
FDA approval for human use in a variety of applica-
tions, including sutures.*” The degradation products of
PGA, PLA, and PLGA are nontoxic, natural metabo-
lites that are eventually eliminated from the body in
the form of carbon dioxide and water.” Because these
polymers are thermoplastics, they can easily be formed
into a three-dimensional scaffold with a desired micro-
structure, gross shape, and dimension by various tech-
niques, including molding, extrusion,” solvent
casting,* phase-separation techniques, and gas-foam-
ing techniques.”” More recently, techniques such as
electrospinning have been used to quickly create highly
porous scaffolds in various conformations.?>74¢

Many applications require a scaffold with high
porosity and a high ratio of surface area to volume. This
need has been addressed by processing biomaterials
into configurations of fiber meshes and porous sponges
using the techniques described previously. A drawback
of the synthetic polymers is lack of biologic recogni-
tion. As an approach toward incorporating cell recogni-
tion domains into these materials, copolymers with
amino acids have been synthesized.'***#” Other biode-
gradable synthetic polymers, including poly(anhydrides)
and poly(ortho esters), can also be used to fabricate
scaffolds with controlled properties.*®

43.2.2 Cells Used in Tissue Engineering
Applications

When cells are used for tissue engineering, donor tis-
sue is removed and dissociated into individual cells,
which are then implanted directly into the host or
expanded in culture, attached to a support matrix, and
then implanted as a cell-scaffold construct. The donor
tissue can be heterologous, allogeneic, or autologous.

Autologous cells are the ideal choice, as their use
circumvents many of the inflammatory and rejection
issues associated with a nonself donor. In the past, one
of the limitations of applying cell-based regenerative
medicine techniques to organ replacement was the
inherent difficulty of growing certain human cell types
in large quantities. However, the discovery of native
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targeted progenitor cells in virtually every organ of the
body has led to improved culture techniques that have
overcome this problem for a number of cell types.
Native targeted progenitor cells are tissue-specific uni-
potent cells derived from most organs. By noting the
location of the progenitor cells, as well as by exploring
the conditions that promote differentiation and/or self-
renewal, it has been possible to overcome some of the
obstacles that limit cell expansion in vitro. For exam-
ple, urothelial cell culture has been improved in this
way. Urothelial cells could be grown in the laboratory
setting in the past, but only with limited success. It was
believed that urothelial cells had a natural senescence
that was hard to overcome. Several protocols have
been developed over the last 2 decades that have
improved urothelial growth and expansion.*->* Using
these methods of cell culture, it is possible to expand a
urothelial strain from a single specimen that initially
covers a surface area of 1 cm? to one covering a surface
area of 4,202 m? (the equivalent area of one football
field) within 8 weeks.*

An advantage of native targeted progenitor cells is
that they are already programmed to become the cell
type needed, and no in vitro differentiation steps are
necessary for their use in the organ of origin. An addi-
tional advantage in using native cells is that they can be
obtained from the specific organ to be regenerated,
expanded, and used in the same patient without rejec-
tion, in an autologous manner.****3% However, a major
concern has been that, in cases where cells must be
expanded from a diseased organ, there may no longer
be enough normal cells present in that organ to begin
the expansion process. Recent research suggests that
this may not be the case, however. For example, one
study has shown that cultured neuropathic bladder
smooth muscle cells possess and maintain different
characteristics than normal smooth muscle cells in vitro,
as demonstrated by growth assays, contractility, and
adherence tests in vitro.”” Despite these differences,
when neuropathic smooth muscle cells were cultured
in vitro, and then seeded onto matrices and implanted
in vivo, the tissue-engineered constructs showed the
same properties as the constructs engineered with nor-
mal cells.” It is now known that genetically normal
progenitor cells, which are the reservoirs for new cell
formation, are present even in diseased tissue. These
normal progenitors are programmed to give rise to nor-
mal tissue, regardless of whether they reside in a nor-
mal or diseased environment. Therefore, the stem cell

niche and its role in normal tissue regeneration remains
a fertile area of ongoing investigation.

Most current strategies for tissue engineering
depend upon a sample of autologous cells from the
diseased organ of the host. In some instances, primary
autologous human cells cannot be expanded from a
particular organ, such as the pancreas, or there is not
enough normal tissue remaining in the diseased organ
to use for the procedures described above. In addition,
the use of autologous cells from tissues containing
malignancies is not recommended, as abnormal cells
could be harvested and would grow within the newly
generated organ as well. In these situations, pluripo-
tent human stem cells are envisioned to be an ideal
source of cells, as they can differentiate into nearly any
replacement tissue in the body.

Embryonic stem (ES) cells exhibit two remarkable
properties: the ability to proliferate in an undifferenti-
ated, but still pluripotent state (self-renewal), and the
ability to differentiate into a large number of special-
ized cell types.”! They can be isolated from the inner
cell mass of the embryo during the blastocyst stage,
which occurs 5 days postfertilization. Many protocols
for differentiation of ES cells into specific cell types in
culture have been published. However, many uses of
these cells are currently banned in a number of coun-
tries due to the ethical dilemmas that are associated
with the manipulation of embryos in culture.

Adult stem cells, especially hematopoietic stem
cells, are the best understood cell type in stem cell
biology.” Despite this, adult stem cell research remains
an area of intense study, as their potential for therapy
may be applicable to a myriad of degenerative disor-
ders. Within the past decade, adult stem cell popula-
tions have been found in many adult tissues other than
the bone marrow and the gastrointestinal tract, includ-
ing the brain,”®’ skin,” and muscle.” Many other types
of adult stem cells have been identified in organs all
over the body and are thought to serve as the primary
repair entities for their corresponding organs.”” The dis-
covery of such tissue-specific progenitors has opened
up new avenues for research.

A notable exception to the tissue-specificity of adult
stem cells is the mesenchymal stem cell, also known as
the multipotent adult progenitor cell. This cell type is
derived from bone marrow stroma.”®” Such cells can
differentiate in vitro into numerous tissue types®*¢! and
can also differentiate developmentally if injected into
a blastocyst. Multipotent adult progenitor cells can
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develop into a variety of tissues including neuronal,*
adipose,” muscle,’*® liver,*** lungs,® spleen,’” and
gut tissue,” but notably not bone marrow or gonads.

Research into adult stem cells has, however, pro-
gressed slowly, mainly because investigators have had
great difficulty in maintaining adult non-mesenchymal
stem cells in culture. Some cells, such as those of the
liver, pancreas, and nerve, have very low proliferative
capacity in vitro, and the functionality of some cell
types is reduced after the cells are cultivated. Isolation
of cells has also been problematic, because stem cells
are present in extremely low numbers in adult tis-
sue.*% While the clinical utility of adult stem cells is
currently limited, great potential exists for future use
of such cells in tissue-specific regenerative therapies.
The advantage of adult stem cells is that they can be
used in autologous therapies, thus avoiding any com-
plications associated with immune rejection.

The isolation of multipotent human and mouse
amniotic-fluid and placental-derived stem (AFPS)
cells that are capable of extensive self-renewal and
giverise to cells from all three germ layers was reported
in 2007.* Undifferentiated AFPS cells expand exten-
sively without a feeder cell layer and double every
36 h. Unlike human embryonic stem cells, AFPS cells
do not form tumors in vivo. Lines maintained for over
250 population doublings retained long telomeres and
a normal complement of chromosomes. AFPS cell
lines can be induced to differentiate into cells repre-
senting each embryonic germ layer, including cells of
the adipogenic, osteogenic, myogenic, endothelial,
neural-like, and hepatic lineages. Since the discovery
of the AFPS cells, other groups have published on the
potential of the cells to differentiate to other lineages,
such as cartilage,” kidney,”" and lung.”> Muscle differ-
entiated AFPS cells were also noted to prevent com-
pensatory bladder hypertrophy in a cryo-injured rodent
bladder model.”

Recently, exciting reports of the successful trans-
formation of adult cells into pluripotent stem cells
through a type of genetic “reprogramming” have been
published. Reprogramming is a technique that involves
dedifferentiation of adult somatic cells to produce
patient-specific pluripotent stem cells, without the use
of embryos. Cells generated by reprogramming would
be genetically identical to the somatic cells (and thus,
the patient who donated these cells) and would not
be rejected. Yamanaka was the first to discover that
mouse embryonic fibroblasts (MEFs) and adult mouse

fibroblasts could be reprogrammed into an “induced
pluripotent state (iPS).”* iPS cells in this study pos-
sessed the immortal growth characteristics of self-
renewing ES cells, expressed genes specific for ES
cells, and generated embryoid bodies in vitro and tera-
tomas in vivo. Another study shows that teratomas
induced by these cells contained differentiated cell
types representing all three embryonic germ layers.
More importantly, the reprogrammed cells from this
experiment were able to form viable chimeras and
contribute to the germ line like ES cells, suggesting
that these iPS cells were completely reprogrammed.”
It has recently been shown that reprogramming of
human cells is possible.”®*”” However, despite these
advances, a number of questions must be answered
before iPS cells can be used in human therapies. One
concern is that these cells contain three to six retroviral
integrations, which may increase the risk of eventual
tumorigenesis. Although this is an exciting phenome-
non, our understanding of the mechanisms involved in
reprogramming is still limited.

43.2.3 Generation of Tissue-Engineered
Constructs

The basic strategy for engineering a tissue or organ
involves seeding a biomaterial scaffold with appropri-
ate cell types. This construct is then incubated for a
period of time to allow the cells to attach to the scaf-
fold and begin to grow. However, simply placing the
cells onto a scaffold in a culture dish may not be the
most efficient or effective method for growing tissue
in vitro. For example, it has been shown that a number
of cell types, such as muscle, may require exposure to
mechanical forces in order to mature and develop the
proper cellular orientation required for a functional
tissue. In addition, oxygen and nutrient exchange is
limited in a culture dish, and this may hamper the
development of normal tissue. Finally, in order to engi-
neer more complex tissues and organs that are made up
of a number of different cell types, it is necessary to
place each cell type in a very specific spatial orienta-
tion within a construct, and the simple culture dish
method of in vitro tissue culture does not provide this
capability. Therefore, over the last few years, a number
of new technologies for creating a tissue-engineered
construct have been developed.
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Bioreactors for tissue engineering applications are
designed to provide mechanical stimulation and
mimic physiological conditions in vitro, as exposure
to stimuli such as pulsatile flow and pressure changes
has been shown to enhance tissue formation, organi-
zation, and function.”®'® These components work in
concert to provide an environment that allows precon-
ditioning of cells on scaffolds in vitro and promotes
the enhancement of cell-matrix interaction, cellular
proliferation, and organization. Various tissues have
been grown using bioreactors. For example, Lee and
colleagues have shown that engineered heart valves
become more completely endothelialized when they
are preconditioned in a bioreactor system that mimics
physiological blood flow,'”" and similarly, several
studies have shown that a more complete endothelial
layer forms in engineered blood vessels when they are
preconditioned in a bioreactor.*'” In addition, biore-
actors have been shown to improve the function of
engineered muscle tissue, including bladder mus-
cle.!™1% Ladd and colleagues have shown that human
skin can be expanded through a gentle stretching pro-
cess in a bioreactor system to generate significantly
larger pieces of skin for grafting.’ Further develop-
ment of bioreactors for both skin and muscle is par-
ticularly important in facial reconstruction using
tissue engineering, as these are integral components
of most craniofacial structures.

Another concern in tissue engineering is appro-
priate nutrient and gas exchange for the growing
tissue, both during culture and immediately after

implantation but before the new tissue becomes
fully vascularized. While bioreactors can address
this concern in vitro, it has been difficult to resolve
this issue in vivo, and the size of most tissue con-
structs has been limited by the diffusion distance of
oxygen within them. While the biological approach
using vascular endothelial growth factor (VEGF)
and endothelial cells is able to stimulate and pro-
mote neovascularization, it is unable to provide vas-
cular supply to a large tissue mass within a short
period of time. Recently, Oh et al. have developed a
novel scaffold material that generates a sustained
release of oxygen over a period of time, and their
research indicates that use of this material may allow
for prolonged cell survival and growth in the period
after implantation but before adequate vasculature
has developed (Fig. 43.1).1%

It is known that the cells within a tissue have a very
specific spatial organization, and this organization is
required for appropriate tissue function. Recently, a bio-
printing technique was developed to deliver cells and
biomaterials to target locations to achieve spatial orien-
tation of tissue constructs (Fig. 43.2). Natural materials
such as alginate and collagen have been used as “bio-
inks” in this technique, which is based on inkjet technol-
ogy.'1% Using this technology, these scaffold materials
can be “printed” into a desired scaffold shape using a
modified inkjet printer. In addition, several groups have
shown that living cells can also be printed using this
technology.'® """ This exciting technique can be modi-
fied so that a three-dimensional construct containing a

Fig. 43.1 (a) Oxygen-generating particles are incorporated
into a polymeric biomaterial. This material is designed to gener-
ate a sustained release of oxygen over time. (b) Oxygen bubbles

are released from a polymeric material containing oxygen-
generating particles
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a Thermal inkjet print head
Ink in .
reservoir Heating element

Viable
cell

Orifice

Fig. 43.2 (a) A schematic drawing of cell delivery system.
Individual cells are pushed through the nozzle (orifice) by the

bubbles generated by the heating element of the thermal inkjet
print head. (b) Single cells are delivered to target locations layer

Bubble

b Layer-by-layer assembly

by layer to form a three-dimensional structure. (¢) Micro CT
scan of a mouse 18 weeks after implantation of printed con-
structs consisting of amniotic-fluid stem cell-derived bone cells

Portable frame

Fig. 43.3 A schematic drawing of a
portable skin bioprinter. A multi-nozzle
printhead, a digital camera, and infrared
sensors are integrated into a portable
printing operation frame. The printhead
consists of multiple cartridges loaded with
various skin printing materials. The portable
operation frame has a computer-driven
moveable module

precise arrangement of cells, growth factors, and extra-
cellular matrix material can be printed.''"'"* Such con-
structs may eventually be implanted into a host to serve
as the backbone for a new tissue or organ. Our group is
currently developing a bioprinting system that will allow
for on-site, in situ repair of burn injuries using tissue-
engineered skin grafts produced with a portable skin
printing system (Fig. 43.3). This printing system will

Printhead

deliver several dermal cell types and matrices simulta-
neously onto the injured skin to generate anatomically
and functionally adequate dermal tissues. The amount
and ratio of cells and matrices, as well as the thickness
of the skin layers to be printed, can be precisely con-
trolled using the inkjet bioprinter. The delivery of major
skin tissue elements onto the injured site will allow for a
rapid restoration of the skin and may minimize scarring
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and enhance cosmetic recovery. Such a system could
eventually be modified to print skin grafts for other
applications, including restoration of skin during facial
reconstruction.

43.3 Reconstruction of Specific
Craniofacial Structures Using
Tissue Engineering

43.3.1 Skin

The skin, along with the mucosa, is the outermost layer
of tissue in the facial area. The skin and the mucosa serve
as barriers against exogenous pathogens and irritants,
and they prevent the loss of body fluid and other compo-
nents. In clinical situations, the loss of this covering
layer, as in burn wounds, can cause severe metabolic dis-
turbances that lead to increased morbidity and mortality.
These issues are encountered in facial transplantation as
well. If allogeneic skin grafts are used, the risk of immu-
nologic rejection and pathogen transmission are always
present. In addition, the shortage of donor skin and
mucosa limits the clinical application of this technique.
Tissue engineering techniques could potentially resolve
some of these issues. Currently, many research
groups are attempting to construct composite skin
equivalents.""*'"” By culturing epithelial cells and der-
mal tissues, it is possible to generate a functional skin or
mucosa equivalent that could be used clinically.''®!"
Skin equivalents produced by these approaches seem to
have intact dermal—epithelial junctions, and have been
studied both in experimental and clinical settings. The
epithelium of these skin equivalents usually contains
several stratified cell layers resembling normal skin.'*
Moreover, skin equivalents that contain both epidermis
and dermis could be grafted using a simple procedure.
Similar progress has been reported in the development
of mucosal equivalents as well.'*-'* Engineered-mucosal
equivalents used for intraoral reconstructions are able to
promote vascular network formation. Histologically, the
differentiation pattern of the epithelium mimics that of
the original tissue.”” However, the current engineered-
mucosal tissue seems to be thinner than normal tissue
and lacks prominent epithelial ridges.'” Methods for
improving microstructure formation within the tissue
equivalent are under investigation.

43.3.2 Soft Tissue and Bone

In addition to the skin coverage, underlying soft tis-
sue and bone play important roles in maintaining the
facial contours and function. Application of tissue
engineering methods in regenerating musculoskeletal
tissue has demonstrated that both bone and cartilage
can be generated both in vitro and in vivo.'*'*%"*" In
addition, in order to engineer tissue with appropriate
physiological and mechanical properties for use in
the facial area, a significant effort must be made to
integrate different tissues into the reconstructive pro-
cess. The esthetics of the face and the ability to
express emotion are mainly governed by the underly-
ing musculoskeletal function. To ensure that muscle
and skeletal tissue work coordinately, soft tissue, car-
tilage, and bone must be integrated properly so that
they will function together. In order to achieve this
using regenerative medicine and tissue engineering,
numerous distinct cell types must be combined with
scaffolds composed of different materials and struc-
tural designs so that tissue heterogeneity that exists in
native organs can be developed in a controlled man-
ner. In such cases, tissue interface engineering tech-
niques could be applied.'?*!? Using these techniques,
scaffolds are created to minimize stress on the implant
by effectively balancing the weight and strength loads
between various tissues.

It is well known that the wound healing process in
the body employs different strategies than the regen-
erative process. In wound healing, a fibrovascular tis-
sue layer, or scar tissue, is generated in the defective
region rather than normal tissue. The formation of scar
tissue results in inadequate fixation at the junction
between soft tissues and bone, which leads to restricted
movement. Similarly, in engineered tissue, to provide
a layer where the muscle and tendon can directly con-
nect with cartilage and bone could promote tissue inte-
gration. In addition, the approach might be ideal for
cell—cell interactions that mediate interface regenera-
tion.”**3" Moreover, the interaction between osteo-
blasts and fibroblasts is associated with recruitment
and differentiation of progenitor cells into fibrochon-
drocytes, which could facilitate the formation of tissue
structure.

On the other hand, in order to successfully engi-
neer an integrated tissue composed of both soft
tissue and bone, the structural features and material
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characteristics of the implanted scaffold must be
well identified. The development of a biomimetic
scaffold serves as a critical benchmark for the out-
come of engineered tissue."””'** An optimally
designed supporting scaffold should be able to pro-
vide structural and mechanical support as well as an
appropriate environment for facilitating cell growth
and differentiation.'*>* Triphasic scaffolds com-
posed of three different regions designed for soft tis-
sue, fibrocartilage, and bone, respectively, might be
a way to accomplish this.!”’ The feasibility of the
triphasic scaffold has been demonstrated both
in vitro and in vivo. It is suggested that the applica-
tion of integrative scaffolds might play a decisive
role in functional tissue engineering.'**!* Finally, in
order for engineered tissue to be used in clinic, the
issue of scale-up challenges must be addressed.
Tissue engineering approaches used to repair small
defects may not necessarily be ideal for use in repair-
ing larger defects, which are frequently encountered
in the clinic. Larger defects require tissue grafts with
greater dimensions, but the nutrient diffusion through
the immature vascular system in these large grafts
might be limited. The ability to ensure that the engi-
neered tissue is supplied with sufficient metabolic
exchange is the first step to animate the transplanted
tissue graft. In addition, the differences between
various animals and humans must be considered
since most successful tissue engineering approaches
are first demonstrated in animal models. Moreover,
for the purpose of facial reconstruction, the assem-
bly of different tissue-engineered products designed
for specific parts of the face might be another chal-
lenge. Although some attempts have been made
toward this direction, few successful reports have
been noted. The ability to regenerate a complex tis-
sue on a large scale is an extraordinary achievement,
and will revolutionize the next generation of facial
reconstruction.

43.3.3 Vascularization

Most structures in the face are highly vascularized. In
particular, the craniofacial area contains predominantly
skeletal muscle, which is vascularized by numerous
branching vascular networks nearby. To maintain the

function of the tissues around the craniofacial area,
adequate blood supply is required to meet the meta-
bolic demands of the structures. Thus, the creation of
highly vascularized tissue is required to allow engi-
neered grafts to remain viable in vivo."" Currently, it
has been shown that smaller engineered tissues are
able to recruit vascular support from the host to main-
tain their physiological demands.'"'*!'*> However, for
larger implants, vascular structures derived from host
cells cannot develop quickly enough to support the
entire implant. The development of a new approach to
the vascularization of tissue-engineered implants is
required. However, the growth of a new microvascular
system has been one of the major limitations to the
successful introduction of tissue engineering products
to clinical practice.

Numerous efforts have been made to overcome this
limitation and attempts to enhance angiogenesis within
the host tissue have been pursued using several
approaches. These include the delivery of growth fac-
tors and cytokines that play central regulatory roles in
the process of angiogenesis, which is thought to induce
ingrowth of capillaries and blood vessels into an engi-
neered implant, thus diminishing hypoxia-related cell
damage. The delivery of such angiogenic factors has
been achieved either by incorporating the desired fac-
tors into the scaffold material to be used or by genetic
modification of the cells to be used in the engineering
process, which forces the cells to express factors such
as vascular endothelial growth factor (VEGF). VEGF
is one of the most potent angiogenic factors.'*" A recent
study by Mooney’s group evaluated controlled release
of VEGF by incorporating VEGF directly into PLGA
scaffolds or by incorporating VEGF encapsulated in
PLGA microspheres into scaffolds.'* VEGF incorpo-
rated into scaffolds resulted in rapid release of the
cytokine, whereas the pre-encapsulated group showed
a delayed release. These studies demonstrated the
delivery of VEGF in a controlled and localized fashion
in vivo. This angiogenic factor delivery system was
applied to bone regeneration and its potent ability to
enhance angiogenesis within implanted scaffolds was
followed by enhanced bone regeneration. This outlines
anovel approach for engineering tissues in hypovascu-
lar environments.'* In another study, VEGF delivery
was tested in a study in which human vascular endothe-
lial cells (EC) and skeletal myoblasts transfected with
adenovirus encoding the gene for VEGF were injected
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subcutaneously in athymic mice.'* The transfected
cells formed a vascularized muscle tissue mass, while
the non-transfected cells resulted in less angiogenesis
and led to the growth of a significantly smaller tissue
mass. This study demonstrates that the use of cells pro-
ducing biological factors can be another powerful tool
in tissue engineering. Another approach involved the
development of a method to form and stabilize endothe-
lial vessel networks in vitro in engineered skeletal
muscle tissue.'**!'** This study used a 3D multiculture
system consisting of myoblasts, embryonic fibroblasts,
and EC co-seeded on highly porous biodegradable
polymer scaffolds. These results showed that prevas-
cularization of the implants improved angiogenesis
and cell survival within the scaffolds. Moreover, they
emphasize that cocultures with EC and muscle cells
may also be important for inducing differentiation of
engineered tissues. A breakthrough in engineering
vasculature could provide a solution to regenerate
bulky skeletal muscle, which increases the potential
for clinical application to facial reconstruction.

43.3.4 Innervation

In the craniofacial area, proper innervation of muscle is
critical. For example, the ability to form facial expres-
sions, as well as many physiological functions such as
mastication, requires functional coordination between
many different muscles. Under normal circumstances,
most of the muscles in the face are innervated by the
facial nerve. If the facial nerve is damaged, these mus-
cles would atrophy and lose the capacity for conscious
movement. Therefore, when engineering components
for facial reconstruction, the establishment of proper
nerve connections between the muscular tissues of the
host and the implanted tissues is required.

In some cases, the peripheral nervous system has
been shown to regenerate and achieve functional recov-
ery when injury occurs. Nonetheless, nerve recovery
often takes a long time and functional recovery might be
incomplete. Using tissue engineering, it may be possible
to restore proper innervation of the muscle. However,
there are several important issues to be addressed. The
first issue is the regeneration and elongation of the motor
axon, and the second is the regeneration of the neuro-
muscular junction. For successful regeneration, the

neuron itself must survive and be able to restart the
axonal growth process after injury. If the axon fails to
regrow, then the connection between the central nervous
system and the musculature will not be reestablished,
and control over muscular function will not be restored.
For this to happen, the growing axon must receive ade-
quate nutritional and trophic support from the distal
nerve stump. Next, the regenerated axon must be able to
reinnervate the target muscle by forming a neuromuscu-
lar junction. Once this occurs and signaling is restored,
the muscle must regenerate from atrophy caused by
denervation.'*® The process is complicated by the fact
that even if the axon is successfully regenerated, misdi-
rected axonal guidance might cause a muscle to become
reinnervated by an inappropriate axon.'*¢ This usually
results if an axon is misrouted along the improper fas-
cicle or if a muscle is simultaneously reinnervated by
several motor neurons.'*” Thus, a number of situations
might lead to dysfunctional innervations of muscle and
make complete recovery impossible.

Currently, microsurgical treatment with nerve grafts
is sometimes effective in repairing nerve damage.'*
Autologous nerve grafts are regarded as the treatment
of choice in grafting procedures. Nonetheless, even
with this treatment, residual disability is often encoun-
tered. Furthermore, there are several problems with
this approach, including functional deficit and func-
tional impairment at the donor site created by the graft
harvest, and the frequent shortage of suitable graft
nerve tissue.

In light of these disadvantages, the development of
a tissue-engineered nerve conduit that serves as an
alternative to the autologous nerve graft is the subject
of intense interest. In order to prepare an artificial
nerve guide that is suitable for nerve regeneration, sev-
eral concepts should be considered. For example, the
nerve guidance conduit must provide an appropriate
scaffold for axon regeneration. Based on numerous
clinical experiences, it is well known that physical
support is vital for axon regeneration. In addition,
because trophic support from the distal stump is impor-
tant, the engineered nerve conduit must be permeable
to these critical factors. Researchers are currently
studying methods of controlling the interaction
between the surrounding environment and the growing
axons in the conduit. It has been shown that the appli-
cation of permeable scaffolds for engineering nerve
conduits might facilitate nerve regeneration. In this



458

T-L.Yangetal.

design, metabolic exchange and diffusion of growth
and trophic factors could be achieved. Moreover, after
a functional axon has regenerated, the scaffold must
degrade in a controlled manner. The scaffold should
provide a stable conduit for support and directional
guidance during axon regeneration, so that the nerve is
able to grow and reorganize its connections. If the deg-
radation rate of this scaffold is too fast, the regenerated
nerve might undergo biological, mechanical, or chemi-
cal damage. Therefore, the appropriate material for a
nerve conduit must fit the above criteria to be suitable
for clinical application.

Numerous studies have investigated the application
of synthetic materials in nerve grafting. Scaffolds
made of silicone were the first synthetic material
employed in this manner. The silicone scaffold was
developed for nerve reconstruction 2 decades ago'®
and it was shown to be useful in several studies.
However, silicone is not a biodegradable material, and
a foreign-body response to it may occur after implan-
tation. Nerve grafts made of biodegradable materials
are a more promising alternative for this reason.
A variety of biodegradable materials have been tested
in nerve regeneration. For example, conduits made of
collagen, PGA, PLLA, and PLCL have been exam-
ined.”® In addition, acellular matrices obtained from
the decellularization of donor nerve tissue have also
been successfully applied in nerve regeneration.'!
Successful results using these conduits have been
reported clinically.'” These results suggest that biode-
gradable conduits are a promising treatment for pro-
moting the repair of motor nerve defects. More
importantly, the results demonstrated that the axon
regeneration assisted by biodegradable materials is
similar to that achieved by autologous grafts. Many of
these materials are now approved by the US Food and
Drug Administration for human application, and they
are frequently used in other clinical treatments.

Another key to reestablishing the innervation of a
muscle is the formation of a neuromuscular junction
between the motor neuron and the target muscle fiber.
Experimentally, it has been shown that in coculture of
myotubes and neural cells, neuromuscular-like junc-
tions could be generated.'” This indicated that the
regeneration of neuromuscular junctions might be pos-
sible. Nonetheless, until now, the development of
neruomuscluar junctions using tissue engineering
strategies is still under investigation. It is well known
that the formation of the neuromuscular junction is

affected by numerous factors, such as chemotropic and
electrical stimulation,™ but it is not yet known how
these stimulatory factors should be delivered. It is crit-
ical that these factors are delivered in a proper tempo-
ral and spatial manner for the successful establishment
of a functional neuromuscular junction. Elucidation of
this process is the next step in investigating the factors
involved in complete regeneration of muscle innerva-
tion. It is likely that this process will require applica-
tion of appropriate developmental and trophic factors,
as well as the application of electrical, chemotactic,
and mechanical stimulation.

43.4 Conclusions

Tissue engineering techniques have the potential to
revolutionize reconstructive surgery, including facial
reconstruction. The ability to generate new tissue struc-
tures that are genetically matched to each individual
patient would render the current concerns in organ
transplantation, such as donor shortages and the
need for immunosuppressive therapy, obsolete. Some
engineered tissues and organs, such as skin substitutes
and urinary bladders, have already been introduced to
the clinic, and the design of new tissue engineering
approaches that one day may restore the original archi-
tecture and function of other, more complex tissues is
still underway. However, although many advances have
been made in the field to date, there are still numerous
challenges that need to be addressed before the use of
engineered tissue can be made a reality in facial recon-
struction. In order to engineer fully functional facial
structures, further research into the fundamental mech-
anisms of cellular interaction within facial tissues,
including skin, muscle, cartilage, and bone, must be
performed. In addition, the developmental biology and
the intricate interactions between cells, scaffolds, and
growth factors must be defined in order to generate the
complex composite tissue structures required for facial
reconstruction. In addition, adequate oxygen and nutri-
ents to a newly implanted engineered tissue construct is
critical, and this might be accomplished either by
designing novel oxygen-generating biomaterials or by
accelerating angiogenesis through the use of angiogenic
growth factors and cytokines. Importantly, the mecha-
nisms governing the establishment of new nerve signal-
ing pathways between the host tissues and the implant
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must be studied in more detail, as proper innervations
are required for the facial structures to work together to
provide natural movement and facial expression.

Acknowledgments

The authors wish to thank Dr. Jennifer L.

Olson for editorial assistance with this manuscript.

References

10.

13.

14.

15.

16.

18.

. Sarwer D, Bartlett S, Whitaker L, Paige K, Pertschuk M,

Wadden T. Adult psychological functioning of individuals
born with craniofacial anomalies. Plast Reconstr Surg.
1999;103:412-418.

. Dropkin M. Body image and quality of life after head and

neck cancer surgery. Cancer Pract. 1999;7:309-313.

. Wallace CG, Wei FC. The current status, evolution and

future of facial reconstruction. Chang Gung Med J. 2008;
31:441-449.

Menick F. Artistry in aesthetic surgery aesthetic perception
and the subunit principle. Clin Plast Surg. 1987;14:723-735.

. Birgfeld C, Low D. Total face reconstruction using a pre-

expanded, bilateral, extended, parascapular free flap. Ann
Plast Surg. 2006;56:565-568.

. Devauchelle B, Badet L, Lengele B, et al. First human face

allograft: Early report. Lancet. 2006;368:203-209.

. Siemionow M, Papay F, Alam D, et al. Near-total human

face transplantation for a severely disfigured patient in the
USA. Lancet. 2009;374:203-209.

.Langer R, Vacanti J, Vacanti C, Atala A, Freed L,

Vunjak-Novakovic G. Tissue engineering: Biomedical
applications. Tissue Eng. 1995;1:151-161.

. Ladd MR, Lee SJ, Atala A, Yoo JJ. Bioreactor maintained

living skin matrix. Tissue Eng A. 2009;15:861-868.
Atala A. Tissue engineering of artificial organs. J Endourol.
2000;14:49-57.

. Atala A, Bauer SB, Soker S, Yoo JJ, Retik AB. Tissue-

engineered autologous bladders for patients needing cysto-
plasty. Lancet. 2006;367:1241-1246.

. Macchiarini P, Jungebluth P, Go T, et al. Clinical trans-

plantation of a tissue-engineered airway. Lancet. 2008;372:
2023-2030.

Langer R, Vacanti JP. Tissue engineering. Science. 1993;260:
920-926.

Zaky SH, Cancedda R. Engineering craniofacial structures:
Facing the challenge. J Dent Res. 2009;88:1077-1091.
Buxton PG, Cobourne MT. Regenerative approaches in the
craniofacial region: Manipulating cellular progenitors for
oro-facial repair. Oral Dis. 2007;13:452-460.

Bergsma JE, Rozema FR, Bos RR, Boering G, de Bruijn WC,
Pennings AJ. In vivo degradation and biocompatibility study
of in vitro pre-degraded as-polymerized polyactide particles
[see comment]. Biomaterials. 1995;16:267-274.

. Hynes RO. Integrins: Versatility, modulation, and signaling

in cell adhesion. Cell. 1992;69:11-25.

Deuel TE. Growth factors. In: Lanza R, Langer R, Chick WL,
eds. Principles of Tissue Engineering. New York: Academic;
1997:133-149.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Barrera DA, Zylstra E, Lansbury PT, Langer R. Synthesis
and RGD peptide modification of a new biodegradable
copolymer poly (lactic acid-co-lysine). J Am Chem Soc.
1993;115:11010-11011.

Cook AD, Hrkach JS, Gao NN, et al. Characterization and
development of RGD-peptide-modified poly(lactic acid-
co-lysine) as an interactive, resorbable biomaterial.
J Biomed Mater Res. 1997;35:513-523.

Atala A. Engineering tissues, organs and cells. J Tissue Eng
Regen Med. 2007;1:83-96.

Kim BS, Mooney DJ. Development of biocompatible syn-
thetic extracellular matrices for tissue engineering. Trends
Biotechnol. 1998;16:224-230.

Yoo JJ, Lee JE, Kim HJ, et al. Comparative in vitro and
in vivo studies using a bioactive poly(epsilon-caprolactone)-
organosiloxane nanohybrid containing calcium salt.
J Biomed Mater Res B Appl Biomater. 2007;83:189-198.
Lee SJ, Van Dyke M, Atala A, Yoo JJ. Host cell mobiliza-
tion for in situ tissue regeneration. Rejuvenation Res.
2008;11:747-756.

Choi JS, Lee SJ, Christ GJ, Atala A, Yoo JJ. The influence
of electrospun aligned poly(epsilon-caprolactone)/colla-
gen nanofiber meshes on the formation of self-aligned
skeletal muscle myotubes. Biomaterials. 2008;29:
2899-2906.

Lee SJ, LiuJ, Oh SH, Soker S, Atala A, Yoo JJ. Development
of a composite vascular scaffolding system that withstands
physiological vascular conditions. Biomaterials. 2008;29:
2891-2898.

Lee SJ, Oh SH, Liu J, Soker S, Atala A, Yoo JJ. The use of
thermal treatments to enhance the mechanical properties of
electrospunpoly(epsilon-caprolactone)scaffolds. Biomaterials.
2008;29:1422-1430.

Lee SJ, Yoo JJ, Lim GJ, Atala A, Stitzel J. In vitro evalu-
ation of electrospun nanofiber scaffolds for vascular
graft application. J Biomed Mater Res A. 2007;83:
999-1008.

Li ST. Biologic biomaterials: Tissue derived biomaterials
(collagen). In: JD B, ed. The Biomedical Engineering
Handbook. Boca Raton, FL: CRS Press; 1995:627-647.
Furthmayr H, Timpl R. Immunochemistry of collagens and
procollagens. Int Rev Connect Tissue Res. 1976;7:61-99.
Cen L, Liu W, Cui L, Zhang W, Cao Y. Collagen tissue
engineering: Development of novel biomaterials and appli-
cations. Pediatr Res. 2008;63:492-496.

Silver FH, Pins G. Cell growth on collagen: A review of
tissue engineering using scaffolds containing extracel-
lular matrix. J Long Term Effects Med Implants. 1992;2:
67-80.

Sams AE, Nixon AJ. Chondrocyte-laden collagen scaffolds
for resurfacing extensive articular cartilage defects.
Osteoarthritis Cartilage. 1995;3:47-59.

Smidsrod O, Skjak-Braek G. Alginate as immobilization
matrix for cells. Trends Biotechnol. 1990;8:71-78.

Lim F, Sun AM. Microencapsulated islets as bioartificial
endocrine pancreas. Science. 1980; 2010: 908-910.
Rowley JA, Madlambayan G, Mooney DJ. Alginate hydro-
gelsas synthetic extracellular matrix materials. Biomaterials.
1999;20:45-53.

Dahms SE, Piechota HJ, Dahiya R, Lue TF, Tanagho EA.
Composition and biomechanical properties of the bladder



460

T-L.Yangetal.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

5

—_

52.

53.

54.

55.

56.

acellular matrix graft: Comparative analysis in rat, pig and
human. Br J Urol. 1998;82:411-419.

Piechota HJ, Dahms SE, Nunes LS, Dahiya R, Lue TF,
Tanagho EA. In vitro functional properties of the rat blad-
der regenerated by the bladder acellular matrix graft.
J Urol. 1998;159:1717-1724.

Yoo JJ, Meng J, Oberpenning F, Atala A. Bladder augmen-
tation using allogenic bladder submucosa seeded with cells.
Urology. 1998;51:221-225.

Chen F, Yoo JJ, Atala A. Acellular collagen matrix as a pos-
sible “off the shelf”” biomaterial for urethral repair. Urology.
1999;54:407-410.

Probst M, Dahiya R, Carrier S, Tanagho EA. Reproduction
of functional smooth muscle tissue and partial bladder
replacement. Br J Urol. 1997;79:505-515.

Gilding D. Biodegradable polymers. In: Williams D, ed.
Biocompatibility of Clinical Implant Materials. Boca
Raton, FL: CRC Press; 1981:209-232.

Freed LE, Vunjak-Novakovic G, BironRJ, etal. Biodegradable
polymer scaffolds for tissue engineering. Biotechnology
(NY). 1994;12:689-693.

Mikos AG, Lyman MD, Freed LE, Langer R. Wetting of
poly(L-lactic acid) and poly(DL-lactic-co-glycolic acid)
foams for tissue culture. Biomaterials. 1994;15:55-58.
Harris LD, Kim BS, Mooney DJ. Open pore biodegradable
matrices formed with gas foaming. J Biomed Mater Res.
1998;42:396-402.

Han D, Gouma PI. Electrospun bioscaffolds that mimic the
topology of extracellular matrix. Nanomedicine. 2006;2:
37-41.

Intveld PJA, Shen ZR, Takens GAIJ. Glycine glycolic
acid based copolymers. J Polym Sci Polym Chem. 1994;32:
1063-1069.

Peppas NA, Langer R. New challenges in biomaterials [see
comment]. Science. 1994;263:1715-1720.

Cilento BG, Freeman MR, Schneck FX, Retik AB, Atala A.
Phenotypic and cytogenetic characterization of human
bladder urothelia expanded in vitro. J Urol. 1994;152
(2 Pt 2):665-670.

Scriven SD, Booth C, Thomas DF, Trejdosiewicz LK,
Southgate J. Reconstitution of human urothelium from
monolayer cultures. J Urol. 1997;158(3 Pt 2):1147-1152.

. Liebert M, Hubbel A, Chung M, et al. Expression of mal is

associated with urothelial differentiation in vitro: Identification
by differential display reverse-transcriptase polymerase chain
reaction. Differentiation. 1997;61:177-185.

Puthenveettil JA, Burger MS, Reznikoff CA. Replicative
senescence in human uroepithelial cells. Adv Exp Med Biol.
1999;462:83-91.

Atala A, Vacanti JP, Peters CA, Mandell J, Retik AB,
Freeman MR. Formation of urothelial structures in vivo
from dissociated cells attached to biodegradable polymer
scaffolds in vitro. J Urol. 1992;148(2 Pt 2):658-662.
Atala A, Cima LG, Kim W, et al. Injectable alginate seeded
with chondrocytes as a potential treatment for vesicoureteral
reflux. J Urol. 1993;150(2 Pt 2):745-747.

Atala A, Freeman MR, Vacanti JP, Shepard J, Retik AB.
Implantation in vivo and retrieval of artificial structures
consisting of rabbit and human urothelium and human
bladder muscle. J Urol. 1993;150(2 pt 2):608-612.

Atala A, Kim W, Paige KT, Vacanti CA, Retik AB.
Endoscopic treatment of vesicoureteral reflux with a chon-
drocyte-alginate suspension. J Urol. 1994;152(2 pt 2):
641-643. Discussion 4.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7

—_

72.

73.

74.

75.

76.

7.

Atala A, Schlussel RN, Retik AB. Renal cell growth in vivo
after attachment to biodegradable polymer scaffolds.
J Urol. 1995;153:4.

Atala A, Guzman L, Retik AB. A novel inert collagen matrix
for hypospadias repair. J Urol. 1999;162(3 Pt 2):1148-1151.
Atala A. Tissue engineering in the genitourinary system.
In: Atala A, Mooney DJ, eds. Tissue engineering. Boston,
MA: Birkhauser Press; 1997:149.

Atala A. Autologous cell transplantation for urologic
reconstruction. J Urol. 1998;159:2-3.

Yoo JJ, Atala A. A novel gene delivery system using urothe-
lial tissue engineered neo-organs. J Urol. 1997;158
(3 Pt 2):1066-1070.

Fauza DO, Fishman SJ, Mehegan K, Atala A.
Videofetoscopically assisted fetal tissue engineering:
Skin replacement. J Pediatr Surg. 1998;33:357-361.
Fauza DO, Fishman SJ, Mehegan K, Atala A.
Videofetoscopically assisted fetal tissue engineering:
Bladder augmentation. J Pediatr Surg. 1998;33:7-12.
Machluf M, Atala A. Emerging concepts for tissue and
organ transplantation. Graft. 1998;1:31-37.

Amiel GE, Atala A. Current and future modalities for
functional renal replacement. Urol Clin North Am. 1999;26:
235-246.

Kershen RT, Atala A. New advances in injectable therapies
for the treatment of incontinence and vesicoureteral reflux.
Urol Clin North Am. 1999;26:81-94.

Oberpenning F, Meng J, Yoo JJ, Atala A. De novo reconsti-
tution of a functional mammalian urinary bladder by tissue
engineering [see comment]. Nat Biotechnol. 1999;17:
149-155.

Park HJ, Yoo JJ, Kershen RT, Moreland R, Atala A.
Reconstitution of human corporal smooth muscle and endothe-
lial cells in vivo. J Urol. 1999;162(3 Pt 2):1106-1109.

Lin HK, Cowan R, Moore P, et al. Characterization of neu-
ropathic bladder smooth muscle cells in culture. J Urol.
2004;171:1348-1352.

Lai JY, Yoon CY, Yoo JJ, Wulf T, Atala A. Phenotypic
and functional characterization of in vivo tissue
engineered smooth muscle from normal and pathologi-
cal bladders. J Urol. 2002;168(4 Pt 2):1853-1857.
Discussion 8.

. Brivanlou AH, Gage FH, Jaenisch R, Jessell T, Melton D,

Rossant J. Stem cells. Setting standards for human
embryonic stem cells [see comment]. Science. 2003;300:
913-916.

Ballas CB, Zielske SP, Gerson SL. Adult bone marrow
stem cells for cell and gene therapies: Implications for
greater use. J Cell Biochem Suppl. 2002;38:20-28.

Jiao J, Chen DF. Induction of neurogenesis in nonconven-
tional neurogenic regions of the adult central nervous sys-
tem by niche astrocyte-produced signals. Stem Cells.
2008;26:1221-1230.

Taupin P. Therapeutic potential of adult neural stem cells.
Recent Pat CNS Drug Discov. 2006;1:299-303.

Jensen UB, Yan X, Triel C, Woo SH, Christensen R,
Owens DM. A distinct population of clonogenic and
multipotent murine follicular keratinocytes residing in the
upper isthmus. J Cell Sci. 2008;121(Pt 5):609-617.
Crisan M, Casteilla L, Lehr L, et al. A reservoir of brown
adipocyte progenitors in human skeletal muscle. Stem
Cells. 2008;26:2425-2433.

Weiner LP. Definitions and criteria for stem cells. Meth Mol
Biol. 2008;438:3-8.



43

Tissue Engineering for Facial Reconstruction

461

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Devine SM. Mesenchymal stem cells: Will they have a role
in the clinic? J Cell Biochem Suppl. 2002;38:73-79.

Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE,
Keene CD, Ortiz-Gonzalez XR. Pluripotency of mesen-
chymal stem cells derived from adult marrow [see com-
ment][erratum appears in Nature. 2007;447:879-880].
Nature. 2002;418:41-49.

Caplan Al. Adult mesenchymal stem cells for tissue engi-
neering versus regenerative medicine. J Cell Physiol.
2007;213:341-347.

da Silva Meirelles L, Caplan Al, Nardi NB. In search of the
in vivo identity of mesenchymal stem cells. Stem Cells.
2008;26:2287-2299.

Duan X, Chang JH, Ge S, Faulkner RL, Kim J, Kitabatake Y.
Disrupted-in-schizophrenia 1 regulates integration of newly
generated neurons in the adult brain [see comment]. Cell.
2007;130:1146-1158.

Luttun A, Ross JJ, Verfaillie C, Aranguren X, Prosper F. Unit
22 F.9: Differentiation of multipotent adult progenitor cells
into functional endothelial and smooth muscle cells. Current
Protocols in Immunology. Hoboken, NJ: Wiley; 2006.
Mimeault M, Batra SK. Recent progress on tissue-resident
adult stem cell biology and their therapeutic implications.
Stem Cell Rev. 2008;4:27-49.

Ikeda E, Yagi K, Kojima M, et al. Multipotent cells from
the human third molar: Feasibility of cell-based therapy for
liver disease. Differentiation. 2008;76:495-505.
Nolen-Walston RD, Kim CF, Mazan MR, et al. Cellular
kinetics and modeling of bronchioalveolar stem cell response
during lung regeneration. Am J Physiol Lung Cell Mol
Physiol. 2008;294:1.1158-L.1165.

in’t Anker P, Noort WA, Scherjon SA, Kleijburg-van der
Keur C, Kruisselbrink AB, van Bezooijen RL. Mesenchymal
stem cells in human second-trimester bone marrow, liver,
lung, and spleen exhibit a similar immunophenotype but a
heterogeneous  multilineage differentiation  potentia.
Haematologica. 2003;88:845-852.

Hristov M, Zernecke A, Schober A, Weber C. Adult pro-
genitor cells in vascular remodeling during atherosclerosis.
Biol Chem. 2008;389:837-844.

De Coppi P, Bartsch G Jr, Siddiqui MM, Xu T, Santos CC,
Perin L. Isolation of amniotic stem cell lines with poten-
tial for therapy [see comment]. Nat Biotechnol. 2007;25:
100-106.

Kolambkar YM, Peister A, Soker S, Atala A, Guldberg RE.
Chondrogenic differentiation of amniotic fluid-derived
stem cells. J Mol Histol. 2007;38:405-413.

Perin L, Giuliani S, Jin D, et al. Renal differentiation of
amniotic fluid stem cells. Cell Prolif. 2007;40:936-948.
Warburton D, Perin L, Defilippo R, Bellusci S, Shi W, Driscoll B.
Stem/progenitor cells in lung development, injury repair, and
regeneration. Proc Am Thorac Soc. 2008;5:703-706.

De Coppi P, Callegari A, Chiavegato A, et al. Amniotic
fluid and bone marrow derived mesenchymal stem cells can
be converted to smooth muscle cells in the cryo-injured rat
bladder and prevent compensatory hypertrophy of surviv-
ing smooth muscle cells. J Urol. 2007;177:369-376.
Takahashi K, Yamanaka S. Induction of pluripotent stem
cells from mouse embryonic and adult fibroblast cultures
by defined factors. Cell. 2006;126:663-676.

Wernig M, Meissner A, Foreman R, et al. In vitro repro-
gramming of fibroblasts into a pluripotent ES-cell-like
state. Nature. 2007;448:318-324.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Takahashi K, Tanabe K, Ohnuki M, et al. Induction of
pluripotent stem cells from adult human fibroblasts by
defined factors. Cell. 2007;131:861-872.

Yu J, Vodyanik MA, Smuga-Otto K, et al. Induced pluripo-
tent stem cell lines derived from human somatic cells.
Science. 2007;318:1917-1920.

Engelmayr GC Jr, Hildebrand DK, Sutherland FW, Mayer JE Jr,
Sacks MS. A novel bioreactor for the dynamic flexural
stimulation of tissue engineered heart valve biomaterials.
Biomaterials. 2003;24:2523-2532.

Hoerstrup SP, Sodian R, Daebritz S, Wang J, Bacha EA,
Martin DP. Functional living trileaflet heart valves grown
in vitro. Circulation. 2000;102(19 Suppl 3):11144-11149.
Hoerstrup SP, Sodian R, Sperling JS, Vacanti JP, Mayer JE
Jr. New pulsatile bioreactor for in vitro formation of tissue
engineered heart valves. Tissue Eng. 2000;6:75-79.

Lee DJ, Steen J, Jordan JE, et al. Endothelialization of heart
valve matrix using a computer-assisted pulsatile bioreactor.
Tissue Eng A. 2009;15:807-814.

Tillman BW, Yazdani SK, Lee SJ, Geary RL, Atala A, Yoo JJ.
The in vivo stability of electrospun polycaprolactone-colla-
gen scaffolds in vascular reconstruction. Biomaterials.
2009;30:583-588.

Farhat WA, Chen J, Haig J, et al. Porcine bladder acellular
matrix (ACM): Protein expression, mechanical properties.
Biomed Mater. 2008;3:025015.

Wallis MC, Lorenzo AJ, Farhat WA, Bagli DJ, Khoury AE,
Pippi Salle JL. Risk assessment of incidentally detected
complex renal cysts in children: Potential role for a modifi-
cation of the Bosniak classification. J Urol. 2008;180:
317-321.

Donnelly K, Khodabukus A, Philp A, Deldicque L,
Dennis RG, Baar K. A novel bioreactor for stimulating
skeletal muscle in vitro. Tissue Eng C Meth. 2010;16:
711-718.

Oh SH, Ward CL, Atala A, Yoo JJ, Harrison BS. Oxygen
generating scaffolds for enhancing engineered tissue sur-
vival. Biomaterials. 2009;30:757-762.

Campbell PG, Weiss LE. Tissue engineering with the
aid of inkjet printers. Expert Opin Biol Ther. 2007;7:
1123-1127.

Boland T, Xu T, Damon B, Cui X. Application of inkjet print-
ing to tissue engineering. Biotechnol J. 2006;1:910-917.
Nakamura M, Kobayashi A, Takagi F, et al. Biocompatible
inkjet printing technique for designed seeding of individual
living cells. Tissue Eng. 2005;11:1658-1666.

Laflamme MA, Gold J, Xu C, et al. Formation of human
myocardium in the rat heart from human embryonic stem
cells. Am J Pathol. 2005;167:663-671.

Xu T, Rohozinski J, Zhao W, Moorefield EC, Atala A,
Yoo JJ. Inkjet-mediated gene transfection into living cells
combined with targeted delivery. Tissue Eng A. 2009;
15:95-101.

Ilkhanizadeh S, Teixeira Al, Hermanson O. Inkjet printing
of macromolecules on hydrogels to steer neural stem cell
differentiation. Biomaterials. 2007;28:3936-3943.

Roth EA, Xu T, Das M, Gregory C, Hickman JJ, Boland T.
Inkjet printing for high-throughput cell patterning.
Biomaterials. 2004;25:3707-3715.

Dai N, Williamson M, Khammo N, Adams E, Coombes A.
Composite cell support membranes based on collagen
and polycaprolactone for tissue engineering of skin.
Biomaterials. 2004;25:4263-4271.



462

T-L.Yangetal.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Yang E, Seo Y, Youn H, Lee D, Park S, Park J. Tissue engi-
neered artificial skin composed of dermis and epidermis.
Artif Organs. 2000;24:7-17.

El-Ghalbzouri A, Gibbs S, Lamme E, Van Blitterswijk C,
Ponec M. Effect of fibroblasts on epidermal regeneration.
Br J Dermatol. 2002;147:230-243.

Izumi K, Tobita T, Feinberg S. Isolation of human oral
keratinocyte progenitor / stem cells. J Dent Res. 2007;86:
341-346.

Mansbridge J. Tissue-engineered skin substitutes in regen-
erative medicine. Curr Opin Biotechnol. 2009;20:563-567.
Mansbridge J. Skin tissue engineering. J Biomater Sci
Polym Ed. 2008;19:955-968.

Gibbs S, van den Hoogenband H, Kirtschig G, et al.
Autologous full-thickness skin substitute for healing
chronic wounds. Br J Dermatol. 2006;155:267-274.
Scheller E, Krebsbach P, Kohn D. Tissue engineering: State
of the art in oral rehabilitation. J Oral Rehabil. 2009;36:
368-389.

Sauerbier S, Gutwald R, Wiedmann-Al-Ahmad M, Lauer G,
Schmelzeisen R. Clin application tissue engineered trans-
plants I mucosa. Clin Oral Implants Res. 2006;17:625-632.
Song J, Izumi K, Lanigan T, Feinberg S. Development and
characterization of a canine oral mucosa equivalent in a
serum free environment. J Biomed Mater Res A. 2004;
71:143-153.

Izumi K, Feinberg S, lida A, Yoshizawa M. Intraoral grafting
of an ex vivo produced oral mucosa equivalent: A prelimi-
nary report. Int J Oral Maxillofac Surg. 2003;32:188-197.
Liu J, Lamme E, Steegers-Theunissen R, et al. Cleft palate
cells can regenerate a palatal mucosa in vitro. J Dent Res.
2008;87:788-792.

Crane G, Ishaug S, Mikos A. Bone tissue engineering. Nat
Med. 1995;1:1322-1324.

Freed L, Marquis J, Nohria A, Emmanual J, Mikos A,
Langer R. Neocartilage formation in vitro and in vivo using
cells cultured on synthetic biodegradable polymers.
J Biomed Mater Res. 1993;27:11-23.

Thomopoulos S, Williams G, Gimbel J, Favata M,
Soslowsky L. Variation of biomechanical, structural, and
compositional properties along the tendon to bone insertion
site. J Orthop Res. 2003;21:413-419.

Woo S, Gomez M, Seguchi Y, Endo C, Akeson W. Measurement
of mechanical properties of ligament substance from a bone-
ligament-bone preparation. J Orthop Res. 1983;1:22-29.
Kobayashi M, Watanabe N, Oshima Y, Kajikawa Y,
Kawata M, Kubo T. The fate of host and graft cells in
early healing of bone tunnel after tendon graft. Am J
Sports Med. 2005;33:1892-1897.

Wang I, Shan J, Choi R, et al. Role of osteoblast-fibroblast
interactions in the formation of the ligament-to-bone inter-
face. J Orthop Res. 2007;25:1609-1620.

Geckil H, Xu F, Zhang X, Moon S, Demirci U. Engineering
hydrogels as extracellular matrix mimics. Nanomedicine
(Lond). 2010;5:469-484.

Ma P. Biomimetic materials for tissue engineering. Adv
Drug Deliv Rev. 2008;60:184-198.

von der Mark K, Park J, Bauer S, Schmuki P. Nanoscale
engineering of biomimetic surfaces: Cues from the extra-
cellular matrix. Cell Tissue Res. 2010;339:131-153.
Kumbar S, James R, Nukavarapu S, Laurencin C.
Biomed Mater Electrospun nanofiber scaffolds engineering
soft tissues. Biomed Mater. 2008;3:034002.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Zhang YZ, Su B, Venugopal J, Ramakrishna S, Lim CT.
Biomimetic and bioactive nanofibrous scaffolds from elec-
trospun composite nanofibers. Int J Nanomedicine. 2007;2:
623-638.

SpalazziJ, Doty S, Moffat K, Levine W, Lu H. Development
of controlled matrix heterogeneity on a triphasic scaffold
for orthopedic interface tissue engineering. Tissue Eng B
Rev. 2006;12:3497-3508.

Spalazzi J, Dionisio K, Jiang J, Lu H. Osteoblast and chon-
drocyte interactions during coculture on scaffolds. /EEE
Eng Med Biol Mag. 2003;22:27-34.

Jiang J, Tang A, Ateshian G, Guo X, Hung C, Lu H.
Bioactive stratified polymer ceramic-hydrogel scaffold for
integrative osteochondral repair. Ann Biomed Eng. 2010;38:
2183-2196.

Phelps E, Landazuri N, Thulé P, Taylor W, Garcia A.
Bioartificial matrices for therapeutic vascularization. Proc
Natl Acad Sci USA. 2010;107:3323-3328.

Nomi M, Atala A, Coppi P, Soker S. Principals of neovas-
cularization for tissue engineering. Mol Aspects Med. 2002;
23:463-483.

Ohashi K, Yokoyama T, Yamato M, et al. Engineering
functional two- and three-dimensional liver systems in vivo
using hepatic tissue sheets. Nat Med. 2007;13:880-885.
Levenberg S, RouwkemaJ, Macdonald M, et al. Engineering
vascularized skeletal muscle tissue. Nat Biotechnol. 2005;
23:879-884.

Amiel G, Komura M, Shapira O, et al. Engineering of blood
vessels from acellular collagen matrices coated with human
endothelial cells. Tissue Eng. 2006;12:2355-2365.

Fu S, Gordon T. The cellular and molecular basis of periph-
eral nerve regeneration. Mol Neurobiol. 1997;14:67-116.
Brushart T, Seiler W. Selective reinnervation of distal motor
stumps by peripheral motor axons. Exp Neurol. 1987;97:
289-300.

Ito M, Kudo M. Reinnervation by axon collaterals from
single facial motoneurons to multiple targets following axo-
tomy in the adult guinea pig. Acta Anat. 1994;151:124-130.
Kretschmer T, Antoniadis G, Braun V, Rath S, Richter H.
Evaluation of iatrogenic lesions in 722 surgically treated
cases of peripheral nerve trauma. J Neurosurg. 2001;94:
905-912.

Lundborg G, Longo F, Varon S. Nerve regeneration model
and trophic factors in vivo. Brain Res. 1982;232:157-161.
Gibson K, Remson L, Smith A, Satterlee N, Strain G,
Daniloff J. Comparison of nerve regeneration through
different types of neural prostheses. Microsurgery. 1991;12:
80-85.

Kim B, Yoo J, Atala A. Peripheral nerve regeneration using
acellular nerve grafts. J Biomed Mater Res A. 2004;68:
201-209.

Inada Y, Hosoi H, Yamashita A, et al. Regeneration of
peripheral motor nerve gaps with a polyglycolic acid-colla-
gen tube: Technical case report. Neurosurgery. 2007;61:
E1105-E1107.

Wagner S, Dorchies O, Stoeckel H. Functional maturation
of nicotinic acetylcholine receptors as an indicator of,
murine muscular differentiation in a new nerve—muscle co-
culture, system. Pflugers Arch. 2003;447:14-22.

Pedrotty D, Koh J, Davis B. Engineering skeletal myo-
blasts: Roles of three-dimensional culture and electrical
stimulation. Am J Physiol Heart Circ Physiol. 2005;288:
H1620-H1626.



	43: Tissue Engineering for Facial Reconstruction
	43.1 Introduction
	43.2 The Basics of Tissue Engineering
	43.2.1 Biomaterials Used in Tissue Engineering
	43.2.2 Cells Used in Tissue Engineering Applications
	43.2.3 Generation of Tissue-Engineered Constructs

	43.3 Reconstruction of Specific Craniofacial Structures Using Tissue Engineering
	43.3.1 Skin
	43.3.2 Soft Tissue and Bone
	43.3.3 Vascularization
	43.3.4 Innervation

	43.4 Conclusions
	References


