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PREFACE

This book is designed to serve as a textbook for a one-semester tissue engineer-
ing class, offered at the senior-undergraduate or first-year graduate level. The first
six chapters of the book are focused on covering fundamental principles of tissue
engineering and include cell sourcing, biomaterial development, tissue fabrication
technology, vascularization strategies, and bioreactors for tissue engineering. These
topics are at the heart of tissue engineering. The latter Chapter 3 are focused on
applications of tissue engineering, which include development of 3D artificial tra-
chea, 3D artificial bladder, and 3D artificial liver tissue.

The contents of this book are modeled after classes I teach in the Department of
Biomedical Engineering at the University of Houston. I teach several classes, one of
which is an introductory class in tissue engineering: BIOE 5323 —Introduction to
Tissue Engineering. BIOE 5323 is designed to serve as an introduction to the field
of tissue engineering and is taken by senior undergraduate and first-year graduate
students. When I first started teaching BIOE 5323, I put together lecture notes to
provide students with a foundation in tissue engineering. Over time, these lecture
notes were converted into book chapters and eventually combined into a complete
textbook.

The book is designed as a textbook for use in a classroom setting. It is designed
as a first text in tissue engineering and as such, does not rely on any other prereq-
uisite classes. The book is self-contained and covers fundamental principles that
are necessary to understand tissue engineering. The book is well suited for a one-
semester class designed for undergraduate students at the senior level or first-year
graduate students.

There is a large question bank that has been included in the book. The ques-
tions have been designed to test students’ understanding of the principles of tissue

xiii
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engineering and their ability to apply these principles toward the fabrication of
3D artificial tissue. Therefore, all the questions are assay-based questions which
require critical thinking; many of the questions are open-ended and can have multi-
ple correct responses. These questions are designed to probe students and test their
creativity in designing processes to fabricate 3D artificial tissue.

RAvi BIRLA
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IMPORTANT TERMINOLOGY
AND CONCEPTS

o TISSUE ENGINEERING — Tissue engineering is a multidisciplinary field
bringing together experts from engineering, life sciences and medicine, utiliz-
ing the building blocks of cells, biomaterials and bioreactors for the develop-
ment of 3D artificial tissue and organs which can be used to augment, repair
and/or replace damaged and/or diseased tissue.

e CELL-MATRIX INTERACTIONS—When a cell sees any given ECM
protein, the cell scans the protein molecule to identify specific binding sites
for which it has integrins; for example, the integrin a5B1 binds to the RGD
site of the fibronectin molecule. Although the fibronectin molecule is large,
there is only a sequence of three amino acids that are recognized by cells
having the a5p1 integrin, the binding of the a5p1 integrin to the RGD site on
the fibronectin molecule is referred to as a specific cell-matrix interaction.

e CELL-CELL INTERACTIONS— Cells communicate with other cells via
cell-cell interactions, and these are critical in maintaining cell phenotype
and tissue function. There are 4 types of cell signaling, known as endocrine,
paracrine, autocrine, and contact-dependent signaling. In addition, cellular
Jjunctions provide various functions at the cell-cell; gap junctions are one
example. The functional coupling of cells with other cells is known as cell-cell
interaction.

e AUTOLOGOUS CELLS—Autologous cells are cells that have been iso-
lated from a tissue biopsy of the person who will also be recipient of these
cells; the donor and recipient for autologous cells is the same.

xxi
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IMPORTANT TERMINOLOGY AND CONCEPTS

ALLOGENEIC CELLS—Allogeneic cells are isolated from a donor and
then transplanted into a recipient patient, with the donor and recipient being
different people.

CELL TRANSPLANTATION—Cell transplantation has been defined
as the process by which cells are delivered to the site of injury in order
to improve the functional performance of injured tissue. Whole blood
transfusions, packed red cell transfusions, platelet transfusions, and bone
marrow transplants are examples of cell therapy.

STEM CELL TRANSPLANTATION—Stem cell transplantation is a spe-
cialized case of cell transplantation, in which the cells being delivered are
stem cells. Use of embryonic stem cells, induced pluripotent stem cells, and
adult stem cells fall under the classification of stem cell transplantation.

CENTRAL DOGMA OF MOLECULAR BIOLOGY—The central
dogma of molecular biology states that DNA is transcribed to RNA, which is
then translated to proteins.

CHARACTERISTICS OF STEM CELLS—Stem cells have three impor-
tant characteristics that distinguish them from other cell types: self-renewal,
unspecialized function, and differentiation potential.

CELL POTENCY —Cell potency refers to the differentiation potential of
stem cells.

BIOMATERIALS —A biomaterial is any substance that simulates the extra-
cellular matrix by functionally interacting with isolated cells to support fab-
rication and maturation of 3D artificial tissue.

TENSILE PROPERTIES OF BIOMATERIALS —The tensile properties
of a material are used very frequently in engineering design as an important
criterion for material selection. The tensile properties of a material provide
information about the strength of the material, its ability to withstand a par-
ticular load, and information about elastic properties. All of these properties
are extremely important for material selection during tissue fabrication.

BIOMATERIAL DEGRADATION— Biomaterial degradation refers to
the gradual breakdown of a biomaterial mediated in a controlled manner to
support the fabrication of 3D artificial tissue

BIOMATERIAL BIOCOMPATIBILITY — The ability of 3D artificial tis-
sue to be accepted by host defense mechanisms upon implantation, while
maintaining functional capacity, is known as biocompatibility.

BIOMIMETIC BIOMATERIALS—A two-part definition of biomimetic
biomaterials has been provided in a recent article: 1) The development of
biomaterials for tissue engineering applications has recently focused on the
design of biomimetic materials that are able to interact with surrounding tis-
sues by biomolecular recognition, 2) The design of biomimetic materials is an
attempt to make the materials such that they are capable of eliciting specific
cellular responses and directing new tissue formation mediated by specific
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interactions, which can be manipulated by altering design parameters instead
of by non-specifically adsorbed ECM proteins.

o CLASSIFICATION OF BIOMATERIALS— Biomaterials are frequently
classified based on source (natural and synthetic), based on degradation
(biodegradable and non-biodegradable), and based on interatomic bonding
forces (metals, polymers, and ceramics).

e BIOMATERIAL PLATFORMS—There are four platforms that have
been widely used for tissue engineering applications: polymeric scaffolds,
biodegradable hydrogels, decellular matrices, and self-organization
strategies.

e DECELLULARIZED MATICES—This strategy is based on the utiliza-
tion of naturally occurring extracellular matrix as the scaffolding material
for 3D tissue formation. Tissue specimens are obtained from cadaveric or
xenogeneic sources, and cells are completely removed using one of several
potential strategies. Removal of cellular components from tissue specimens is
known as decellularization, and the material that is obtained after removal of
the cells is known as an acellular scaffold.

e HYRDOGELS—The term hydrogel is composed of “hydro” (water) and
“gel,” and refers to aqueous (water-containing) gels. To be more precise,
it refers to polymer networks that are insoluble in water; they swell to an
equilibrium volume but retain their shapes.

o POLYMERS — Polymers can be viewed as molecules of a high molecular
weight that are composed of repeating monomer units.

e SELF-ORGANIZATION STRATEGIES—Self-organization is prevalent
in biological systems, it involves the physical interaction of molecules in a
steady-state structure. In a broad sense, self-organization can be viewed as
a process that occurs in the absence of any constraining conditions, thereby
providing a greater degree of freedom and flexibility.

o SMART MATERIALS—The most recent generation of biomaterials has
been designed to respond to changes in the cellular environment. These mate-
rials, known as smart materials, are receptive to changes in the physiological
environment and are adaptive to changes in the degree of tissue maturation.

e TISSUE FABRICATION TECHNOLOGIES—Tissue fabrication
technologies can be classified into six categories, which include scaffold-
free methods, cell patterning techniques, scaffold-based methods, rapid
prototyping technologies, printing technology, and “organ-on-a-chip”
models.

e SELF-ORGANIZATION TECHNOLOGY —Self-organization technol-
ogy is based on the fabrication of extracellular matrix by cells that then
use the newly formed ECM to support artificial tissue fabrication. This
technology is an example of a scaffold-free tissue fabrication process and
does not require external or synthetic scaffolding; rather, scaffolding is
produced by cells.
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CELL PRINTING— Bioprinting process used for 2D cell patterning by
depositing bio-ink on the surface of biopaper.

ORGAN PRINTING — Bioprinting process used for fabrication of 3D tissue
by depositing bio-ink on the surface of biopaper.

SOLID FREEFORM FABRICATION—Solid freeform fabrication refers
to a group of technologies that build 3D scaffolds using a layer-by-layer
approach. Collectively, these technologies are known as rapid prototyping
methods.

SOFT LITHOGRAPHY —Soft lithography is a microfabrication technol-
ogy used to engineer microfluidic devices, particularly microvascular net-
works.

CELL PATTERNING — The process by which the spatial placement of cells
is controlled to create an organized pattern of cell monolayers or 3D tissue
is known as cell patterning.

VASCULOGENESIS — Vasculogenesis refers to initial events in vascular
growth in which endothelial cell precursors (angioblasts) migrate to discrete
locations, differentiate in situ, and assemble into solid endothelial cords, later
forming a plexus with endothelial tubes.

ANGIOGENESIS —Angiogenesis refers to the growth, expansion, and
remodeling of primitive blood vessels formed during vasculogenesis to form
a mature vascular network.

ARTERIOGENESIS —Arteriogenesis is the process by which blood ves-
sels increase in diameter to form muscular arteries and incorporate smooth
muscle cells and vaso-contraction and vaso-relaxation properties.

THERAPEUTIC ANGIOGENESIS — Therapeutic angiogenesis refers to
the stimulation of angiogenesis for therapeutic purposes.

BIOLOGICALLY REPLICATED VASCULARIZATION STRATE-
GIES—Biologically replicated processes are influenced by molecular
biology, with the objective being the understanding of biological phenomena
and defining controlled laboratory conditions to replicate these processes.
These strategies are focused on defining in vitro conditions used to drive
vasculogenesis, angiogenesis, and arteriogenesis.

BIOLOGICALLY MEDIATED VASCULARIZATION STRATEGIES —
The term “biologically mediated” refers to the notion that successful imple-
mentation of these strategies requires intervention and mediation from
recipient of the implanted tissue. Mediation of the vascularization process is
a result of implantation of cells or artificial tissue.

BIOLOGICALLY INSPIRED VASCULARIZATION STRATEGIES —
In this case, inspiration is drawn from biological process with an objective to
replicate these processes using innovative in vitro strategies. The goal is not
to replicate the biological process, but replicate functionality.
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IN VIVO VASCULARIZATION STRATEGIES —The concept of in vivo
vascularization revolves around culturing bioengineered tissue within spe-
cialized chambers that can be implanted to support the formation of new blood
vessels within 3D artificial tissue.

BIOREACTORS —Bioreactors are devices used extensively in tissue
engineering to enable the fabrication of artificial 3D tissue and support the
growth, maturation, and development of artificial tissue during controlled in
vitro culture.

CLASSIFICATION OF BIOREACTORS —Bioreactors are used for cell
culture, scaffold fabrication, scaffold cellularization, and bioreactors for
stretch, perfusion, and electrical stimulation.

DESIGN CONSIDERATIONS FOR BIOREACTORS —The process flow
chart for bioreactor design consists of four steps: 1) definition of stimuli,
2) control of processing variables, 3) sensor technology, and 4) stimulation
protocol.

BIOREACTORS FOR CELL CULTURE—Isolation, culture, and expan-
sion of mammalian cells is a critical prerequisite for tissue fabrication. Auto-
mated cell culture bioreactors are designed to undertake all functions of mam-
malian cell culture using robotic technology.

BIOREACTORS FOR SCAFFOLD FABRICATION— Electrospinning
is one example of bioreactors that have been used for scaffold fabrication.
Electrospinning is a method fabricating individual fibers of a polymer
that can be combined in different configurations to promote 3D scaffold
fabrication.

BIOREACTORS FOR SCAFFOLD CELLULARIZATION—Bioreac-
tors have been developed to aid the cellularization process, and in this
section we will discuss six cellularization methods: 1) direct cell injection,
2) cell entrapment using hydrogels, 3) perfusion seeding, 4) surface acoustic
waves, 5) centrifugal force, and 6) magnetic nanoparticles.

PERFUSION SYSTEMS—1In the human body, the circulatory system acts
as a distribution network for the delivery of nutrients to cells and tissues while
at the same time removing waste products. Perfusion systems are capable of
delivering continuous fluid flow to support the metabolic activity of cells and
3D artificial tissue during controlled in vitro culture.

BIOREACTORS FOR STRETCH—Cells have biological force sensors,
which respond to changes in the force environment, embedded within the cell
membrane; these biological force sensors are known as stretch-activated
channels (SACs). Bioreactors have been developed to deliver controlled
stretch of cells/tissue for the cardiovascular system.

BIOREACTORS FOR ELECTRICAL STIMULATION—During
normal mammalian function, changes in voltage are used as a mechanism
to maintain hemostasis and as a trigger to modulate cell and tissue level
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function. Bioreactors have been developed to deliver controlled electrical
stimulation to support the development and maturation of 3D artificial tissue.

SMALL INTESTINAL SUBMUCOSA —Small intestinal submucosa (SIS)
has been extensively used for bladder tissue engineering. SIS is obtained from
the submucosal layer of a small intestine segment that has been harvested
Jfrom porcine donors. During the preparation of SIS, a segment of the small
intestine layer is harvested, commonly from pigs, and all layers of the tissue,
with the exception of the submucosal layer, are removed mechanically. The
submucosal layer is next subjected to a decellularization protocol to remove
any cells and cellular components, leaving behind an intact ECM.

POLY (LACTIC-CO-GLYCOLIC ACID) (PLGA)— PLGA has been used
extensively as a biomaterial for tissue engineering along with many other
medical applications. PLGA is a degradable copolymer of lactic acid and
glycolic acid; it is often described in terms of the relative percentage of these
two monomers. One of the main advantages of PLGA is the nontoxicity of
its degradation products;, PLGA undergoes hydrolysis, and the degradation
products of this reaction are the monomers lactic acid and glycolic acid, both
of which are easily metabolized by the body.





