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Preface

Current clinical technologies, especially donor transplants and artificial organs, have
been excellent life-saving and life-extending therapies to treat patients who need
to reconstitute diseased or devastated organs or tissues as a result of an accident,
trauma, and cancer, or to correct congenital structural anomalies. For long, most
scientists and clinicians believed that damaged or lost tissues could only be replaced
by organ transplantation or with totally artificial parts. Although advances in surgical
techniques, immunosuppression, and postoperative care have improved survival and
quality of life, there are still problems associated with the use of biological grafts,
such as donor site morbidity, donor scarcity, and tissue rejection. With regard to
prostheses, a variety of synthetic and natural materials have been developed for
replacement of lost tissues, but the results have not always been satisfactory. For
instance, there is a great concern over the long-term performance of artificial
devices. Treatments for end-stage renal failure by kidney dialyzers are based solely
on unphysiological driving forces and are not able to mimic active molecular
transport accomplished by renal tubular cells. Silicone for breast reconstruction
after surgical mastectomy or lumpectomy for treatment of breast cancer may cause
foreign body reactions and infection. Autologous adipose tissues have been clinically
used to regenerate adipose tissues in depressed regions in the breast, but this therapy
has problems of absorption and subsequent volume loss of transplanted adipose
tissues. Such serious problems remaining unsolved and the need for improved
treatments have motivated research aimed at alternative approaches creating new
tissues. Tissue engineering emerged as a promising alternative in which organs or
tissues can be repaired, replaced, or regenerated. The tissue engineering paradigm
is to isolate specific cells through a small biopsy from a patient, to grow them on
a three-dimensional scaffold under precisely controlled culture conditions, to deliver
the construct to the desired site in the patient’s body, and to direct new tissue
formation into the scaffold that can be absorbed over time.

To avoid confusion, a brief explanation will be required for the relationship
among tissue engineering, regenerative medicine, cell therapy, and embryonic stem
(ES) cells. In recent years, ES cells have attracted surprisingly much attention
because the pluripotent cells are anticipated to be able to differentiate into any cells
responsible for formation of all kinds of tissues and organs present in the body.
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For instance, Parkinson’s disease and insulin-dependent diabetes might be cured
using ES cells. This emerging therapy is called “regenerative medicine”. In some
limited cases, injection of cells to patients is sufficient for the medical treatment.
This is termed “cell therapy” or “cellular therapy”. However, in many other cases
where lost tissues or organs have three-dimensional, bulky complex structure, cell
injection alone is not effective as a cure because of quick scattering of injected cells
from the site of injection. In such cases, we have to provide a guiding and scaffold-
ing framework for cells to adhere to, expand, differentiate, and produce matrices for
neotissue formation. This is the principle of tissue engineering. We can say there-
fore that regenerative medicine involves two concepts both of which make use of
cells for therapies. One is cellular therapy (no use of scaffold) and the other is tissue
engineering (assisted by scaffold). Obviously, the creation of three-dimensional
complex tissues starting from ES cells also needs the technology of tissue engineer-
ing, but it will be several decades before advances of cell biology enable the wide-
spread human use of ES cells.

It is worthwhile historically reflecting on what has happened in tissue
engineering. In the spring of 1987, the Engineering Directorate of the National
Science Foundation (NSF) of USA held a Panel discussion focusing on future direc-
tions in bioengineering. The target research areas appeared to overlap and the Panel
coined the term “tissue engineering” to consolidate their efforts. It was this panel
meeting in the spring of 1987 that produced the first documented use of the term
“tissue engineering”. On the basis of this initial Panel discussion, a Panel meeting
on Tissue Engineering was held at the NSF in October 1987 [1]. The United States
gave birth to the field of tissue engineering through pioneering efforts in reparative
surgery and biomaterials engineering. In 1993, Langer and Vacanti presented an
overview on tissue engineering showing how this interdisciplinary field had applied
the principles of engineering and the life sciences to the development of biological
substitutes that restore and improve tissue function [2]. As such, the goal of tissue
engineering is to create cell-scaffold constructs to direct tissue regeneration and to
restore function through the delivery of living elements, which become integrated
into the patient. Since then, tissue engineering has attracted many scientists and
surgeons with the hope of revolutionizing methods of healthcare treatment and
dramatically improving the quality of life for millions of people throughout the
world. Indeed, earlier work has successfully demonstrated creation of new tissues
by using cells on biodegradable polymer scaffolds.

A review article by Lysaght and Reyes in 2001 demonstrated that at the
beginning of 2001, tissue engineering R&D was being pursued by 3300 scientists
and support staff in more than 70 companies with a combined annual expenditure of
over $600 million [3]. Furthermore, the aggregate investment in the sector since 1990
exceeded $3.5 billion and the sector witnessed the entry of many new startup firms.
As many as 16 startup firms focusing on this sector reached the milestone of initial
public offerings (IPOs) and had a combined market capitalization of $2.6 billion.
However, until the time of writing, tissue engineering has not yet delivered
many products for better healthcare nor many successful companies making them,
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although the tissue engineering concepts have been around for 20 years, with serious
activity for about 15 years. Lysaght and Hazlehurst wrote in a review published in
2004 [4]:

... As recently as February 2003, the normally skeptical Economist reported,
“these are exciting times for tissue engineers. The technology for growing human
body parts is advancing rapidly. Already it is possible to cultivate sheets of
human skin. And huge efforts are underway to develop even more complex struc-
tures, such as heart valves and whole organs such as the liver” (The Economist,
February 1, 2003). Such highly favorable media treatment has its benefits, but
research-minded professionals increasingly recognized a disconnect with the
realities. And such disconnects rarely lead to happy endings. . ..

Technical knowledge and skill must develop if tissue engineering is to become a
successful reality. Numerous research areas are critical for the success of tissue
engineering. Many research centers of tissue engineering in the world have devoted
much of their efforts to challenges in cell technologies. Engineered tissues are possi-
bly produced from both autologous and allogeneic cells. Allogeneic products are
amenable to large-scale manufacturing at single sites, while autologous therapies will
likely lead to more of a service industry, with a heavy emphasis on local or regional
cell banking/expansion. Probably because of this difference, two large American
companies (e.g., ATS and Organogenesis) focused on allogeneic products, but bank-
rupted in 2002. One of the major reasons for the bankruptcy may be their overinvest-
ment in the overestimated market for their expensive tissue engineering products. In
a cost-controlled healthcare environment, only those technologies capable of provid-
ing a major enhancement to quality of life and a reduction in expenditure will be
driven forward.

In a review article, Breuer et al. described as follows [5]:

... The holy grail of any tissue-engineering project would be the successful
clinical application and use of the neotissue. Shin’oka et al. have applied the
techniques used in creating a tissue-engineered heart valve to construct autolo-
gous vascular grafts for use as venous conduits in more than 40 children with
varying forms of complex congenital heart disease. . . . They used a copoly-
mer of either PGA and &-caprolactone [P(CL/LA)] or P(CL/LA) reinforced
with poly-L-lactide (PLLA) to construct their tubular grafts. . . . Shin’oka’s
first operation was performed in May 1999. Immediate postoperative results
have been excellent, and there are now long-term follow-up results for these
patients. Serial postoperative angiographic, computerized tomography, or
magnetic resonance imaging examinations revealed no dilatation or rupture of
grafts, and there have been no complications related to the tissue-engineered
autografts. Although histological evaluation is not possible, no unwanted cal-
cification or microcalcification has been found by current imaging studies in
these patients. Shin’oka’s results demonstrate the clinical utility and feasibility
of tissue engineering in medicine. . . . Despite the excellent results of Shin’oka
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et al. and Dohmen et al., the clinical application of cardiovascular tissue-
engineering techniques is premature by U.S. standards. The development of
standards for preclinical trials to provide justification for establishing FDA
clinical investigations of tissue-engineered products is in its infancy. The rapid
development of cardiovascular tissue-engineering research has far outpaced
the ability of regulatory agencies to develop policies to govern product devel-
opment. The completion of preclinical studies that provide a firm foundation
on which to base clinical trials is essential for the rational and responsible
development of this promising technology. . . .

'The motivation for writing this book was to address, as a collaborative engineer
of the Shin’oka team, the reason why progress in tissue engineering has been so
slow, with still so limited clinical applications of engineered tissues. This book is
composed of four chapters. Chapter 1 provides an overview of contemporary tissue
engineering research. This chapter will be helpful to readers new to the field who are
very enthusiastic about tissue engineering. The most recent advances in animal
experiments and human trials associated with tissue engineering are described in
Chapter 2. This may help readers to understand current activities of tissue engineer-
ing applications, but readers will also learn how small numbers of engineered tissues
have been applied to patients. This means that tissue engineering is still at an early
stage in terms of clinical applications and needs much more of a contribution from
different fields. Chapter 3 covers a large number of scientific papers published on
basic technologies related to the tissue engineering area. However, the number of
papers referred to in this book had to be drastically limited because of the extraordi-
narily vast number of publications in this field. The last chapter, the most important
in this book, is devoted to demonstrating which technologies are the real bottlenecks
that retard the clinical application of tissue engineering. Chapter 4 is therefore sub-
stantially different from Chapters 2 and 3 which are a brief compilation of literature
on current tissue engineering research. In contrast, Chapter 4 involves thoughts and
suggestions of the author of this book for developing the engineering systems needed
to produce functional engineered tissues on the basis of his long-standing experience
in research, including absorbable biomaterials, drug delivery, artificial organs, and
tissue engineering. This writing style discriminates this work from other tissue engi-
neering books that mostly consist of many chapters written by different contributors.

The author wishes that this book will serve as a base for directing future research
of tissue engineering toward revolutionizing healthcare, especially repair of damaged
and lost tissues as well as regeneration of neotissues with complex structures.
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List of Abbreviations

MATERIALS

Synthetic Polymers

PGA poly(glycolide), poly(glycolic acid)

PLA poly(lactide), poly(lactic acid)

PLLA poly(L-lactide), poly(L-lactic acid)

PDLLA poly(p,L-lactide), poly(p,L-lactic acid)
PGLA(PLGA) glycolide-lactide copolymer(lactide-glycolide copolymer)
PCL poly(e-caprolactone)

P(LA/CL) lactide-ge-caprolactone copolymer

PEG [PEO] poly(ethylene glycol) [poly(ethylene oxide)]
PTFE polytetrafluoroethylene

PTMC poly(1,3-trimethylene carbonate)

Natural Polymers

HAc hyaluronic acid or hyaluronate
CS chondroitin sulfate

GAG glycosaminoglycan

PHA poly(B-hydroxyalakanoate)
FN fibronectin

LN laminin

FGF fibroblast growth factor

bFGF basic fibroblast growth factor
BMP bone morphogenetic protein
EGF epidermal growth factor
VEGF vascular endothelial growth factor
TGF transforming growth factor
KGF keratinocyte growth factor
ALP alkaline phosphatase

0) osteopontin

OCN osteocalcin

MMP matrix metalloprotease

GFP green fluorescent protein
EGFP enhanced GFP

IL interleukin

RGD arginine-glycine-aspartic acid
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Ceramics

HAp
TCP

List of Abbreviations

hydroxyapatite
tricalcium phosphate

Low-molecular-weight molecules

GA glutaraldehyde

WSC water soluble carbodiimide

EDAC 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide

NHS N-hydroxysuccinimide

TISSUES

ECM extracellular matrix

CNS central nervous system

PNS peripheral nervous system

ACL anterior crucial ligament

SIS small intestine submucosa

CELLS

ES embryonic stem

MSC mesenchymal stem cell, marrow-derived stem cell

BMSC bone marrow-derived stem cell, bone marrow-derived mesenchymal
stem cell, bone-marrow stromal cell

ADAS adipose-derived adult stem

NSC neural stem cell

MNC mononuclear cell

EPC endothelial progenitor cell

EC endothelial cell

HUVEC human umbilical vein endothelial cell

ucC urothelial cell

CELL CULTURE

2-D two dimensional

3.D three dimensional

FCS (BFS) fetal calf serum (bovine fetus serum)

PBS phosphate buffered solution

DMEM Dulbecco’s modified Eagle’s medium

MEM Minimal essential medium

AA ascorbic acid

PRP platelet-rich plasma



List of Abbreviations

RWV rotating-wall vessel

RT-PCR reverse transcription polymerase chain reaction
MISCELLANEOUS

BSE bovine spongiform encephalitis

PERV porcine endogenous retrovirus

GTR guided tissue regeneration

GBR guided bone regeneration

MW molecular weight
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