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Abstract This article reviews the important developments in the field of tissue engineering over the last 10 years.
Research in the area of biomaterials is examined from the perspective of providing the foundation for the development of
tissue engineering. Early efforts combining cells with biocompatible materials are described and applications of this
technology presented, with particular focus on uses in orthopaedics and maxillofacial surgery. The basic principles of
tissue engineering and state-of-the-art technology in cell biology and materials science as used currently in the field are
presented. Finally, futures challenges are outlined from the perspective of integrating technologies from medicine,
biology, and engineering, in hopes of translating tissue engineering to clinical applications. J. Cell. Biochem. Suppls.
30/31:297–303, 1998. r 1998 Wiley-Liss, Inc.
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Interest in the field of tissue engineering has
grown tremendously since its inception slightly
more than 10 years ago. While the number of
researchers in this field has greatly increased
during this time and the potential applications
have become more widespread, there is a com-
mon theme in this work: the concept that the
repair and regeneration of biological tissues
can be guided through application and control
of cells, materials, and chemoactive proteins.
As such, tissue engineering is, at its core, an
interdisciplinary field, requiring the interac-
tions of physicians, scientists, and engineers.

The motivation for this field has come largely
from physicians who are keenly aware of the
scarcity of transplant tissue for use in the re-
placement of tissue lost to cancer or trauma
and in the repair of birth defects. This scarcity
in combination with potential rejection of allo-
graft tissue makes it preferable to use autolo-
gous tissue, which is also at a premium. What
is needed is a significant amount of autologous
tissue which can be obtained without compro-
mising the function of a donor site. The goal,
then, is to harvest a relatively small piece of
tissue and remove the cells and then to expand

the cell population so that the cells can be
reimplanted using a carrier material and gener-
ate a substantial amount of tissue. The neogen-
eration of tissue requires a keen understanding
of extracellular matrix as both a structural
framework and a regulator of cell behavior.
Consequently, this requires considerable input
from biological scientists who give insight on
the structure of extracellular matrix of the na-
tive tissue and the behavior of cells during in
vitro culture and after in vivo implantation.
This process also requires the active participa-
tion of engineers who fabricate and process
materials to use as scaffolds for guiding tissue
development and develop paradigms for assess-
ing the functional capacity of generated tissue.

HISTORY OF TISSUE ENGINEERING

The roots of tissue engineering can be traced
to the field of biomaterials, which is the study of
materials used in the body and of the effects
such materials have on the host and of the
biological environment on the material. In many
cases, the objective was to use materials that
were as inert as possible, and therefore not
degraded or harmful to the host. Tissue engi-
neering, in a sense, began with the use of bioac-
tive materials, that is, materials designed to
interact with the body to encourage tissue re-
pair. An important early example is docu-
mented in a series of three articles by Yannas
and colleagues [Yannas et al., 1980a,b; Dagal-
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akis et al., 1980], which describe the design and
fabrication of an artificial skin analogue from
collagen and glycosaminoglycan (GAG). The
first use of the term ‘‘tissue engineering’’ was in
reference to an observation of an organization
of an endothelium-like structure on the surface
of a polymethylmathacrylate (PMMA) ophthal-
mic prosthesis [Wolter and Meyer, 1984]. When
used currently, the term tissue engineering has
come to imply some combination of cells, scaf-
fold material, and bioactive peptides used to
guide the repair or formation of tissue. Two
early examples were the growth chondrocytes
on a polyglycolic acid (PGA) mesh [Cima et al.,
1991] and the culture of hepatocytes in hollow
fibers [Jauregui and Gann, 1991]. A report on
the early efforts in the field and an explanation
of the concepts to a general audience [Langer
and Vacanti, 1993] brought the field to promi-
nence in a relatively short time.

During the 7 years since the initial report of
these studies, the principles of tissue engineer-

ing have been applied to virtually every organ
system in the body (Fig. 1). Considerable atten-
tion has been focused on orthopaedic and maxil-
lofacial applications, including engineering of
bone [Nakahara et al., 1992], cartilage [Cima et
al., 1991], tendon [Cao et al., 1995], ligament
[Huang et al., 1993], and skin [Bell et al., 1981],
as well as significant contributions in the cardio-
vascular area with engineering of heart valves
[Fabiani et al., 1995] and blood vessels [Kemp-
czinski et al., 1985]; endocrinology, with encap-
sulation of pancreatic islets cells [Lanza et al.,
1995]; gastrointenstinal system, with the
growth of hepatocytes on synthetic scaffolds
[Nyberg et al., 1993]; the nervous system, in-
cluding guided peripheral nerve regeneration
[Guenard et al., 1992] and spinal cord repair
[Aebischer et al., 1988]; dental applications such
as periodontal tissue repair [Anderegg et al.,
1995] and dentin regeneration [Nakashima,
1994]; and studies in ophthalmology to engi-
neer cornea [Chang et al., 1995] and lens tissue

Fig. 1. Schematic diagram illustrating various organ systems for which tissue-engineered constructs have been designed and
fabricated. Color plate on page 336.
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[Nishi et al., 1998]. These efforts have led to a
steady increase in the number of publications
per year, which specifically refer to tissue engi-
neering (Fig. 2). This indicates that the term
tissue engineering is steadily becoming a part
of the vocabulary of the scientific community
and interest in this work is still growing, even
as the field itself it is still in its infancy.

CRITICAL COMPONENTS:
CELLS AND MATERIALS

Most tissue-engineered constructs are com-
posed of at least two important components: a
group of cells, and a material scaffold on which
they can grow. Elements play an important role
in the development of new tissue. The cellular
component is necessary for the generation of
new tissue through production of extracellular
matrix and is responsible for the long-term
maintenance of this matrix. The scaffold mate-
rial provides mechanical stability of the con-
struct in the short term and provides a tem-
plate for the three-dimensional organization
for the developing tissue. The interaction of
these two components, such as the coordination
of polymer degradation rates with cellular bio-
synthetic rates and the cell-seeding characteris-
tics of polymers, is critical for the success of an
engineered tissue construct.

As in native tissue, cells within a construct
respond and adapt to the physical and biologi-
cal stimuli to which they are exposed in vivo.

This is, in fact, one of the great strength of a
tissue engineering approach. A noncellular im-
plant or material is subject to degradation by
enzymes, hydrolysis, or fatigue, which will ulti-
mately impede its performance. By contrast, a
tissue-engineered construct contains cells that
have the capacity to repair and remodel its
extracellular matrix such that its properties
should not degrade with time.

As stated above, the cellular component of a
tissue-engineered construct is ultimately re-
sponsible for performing the function of the
tissue it was designed to replace. This function
may be primarily mechanical, as in the case of
structural tissues like bone, cartilage, and skin,
or biological, as in liver, pancreas, or nerve. The
process of assembling a tissue-engineered con-
struct then begins with the identification of the
relevant cell type and the process of isolation of
these cells from native tissue. Given that the
goal is to replace or repair a sizable defect while
only harvesting a small tissue sample, the next
critical step involves obtaining enough cells
from the available tissue.

Expansion of the cell population in vitro then
becomes an important step in the process of
building a construct. The ease or difficulty of
expansion is highly dependent on the cell type—
fibroblasts for use in skin or tendon constructs
may multiply quickly, in contrast to neurons
used in nerve repair. In this process, it is impor-
tant to ensure that the expanded cell popula-
tion retains its phenotypic function. This is of
great concern for chondrocytes, which will dedif-
ferentiate upon repeated passaging [Benya and
Schaffer, 1982], as well as other cell types.

The issue of phenotype expression and dedif-
ferentiation has led to the investigation of plu-
ripotent stem cells as a source for engineered
tissues. These have included mensenchymal
stem cells, which are capable of differentiating
into bone, cartilage, tendon, and muscle
[Caplan, 1990]; hematopoietic stem cells, which
give rise to bone [Lazarus et al., 1995]; and
neural stem cells, which give rise to neurons,
astrocytes, and oligodendrocytes [Hulspas et
al., 1997]. For these stem cells, the regulation of
lineage formation becomes critical to control-
ling the development of tissue. A common ap-
proach to this issue is the use of polypeptide
growth factors, which are known to support
various terminal phenotype. These include the
transforming growth factors-b (TGF-b), which
have been used to support the chondrocytic

Fig. 2. Number of peer-reviewed journal articles since 1989
that specifically have tissue engineering listed as a keyword.
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phenotype [Yaeger et al., 1997] and recruit na-
tive cells to the chondrocyte lineage in vivo
[Hunziker and Rosenberg, 1996]; the bone mor-
phogenetic proteins (BMP), which have been
shown to induce in vivo bone formation [Zeg-
zula et al., 1997]; and fibroblast growth factors
(FGF), which are known to support angiogen-
esis [Sellke et al., 1998].

The formation of tissue produced by im-
planted cells is influenced greatly by the scaf-
fold onto which they are seeded. As with growth
factors, the scaffold itself can regulate cell phe-
notype, as evidenced by the re-expression of the
chondrocyte phenotype in agarose after dediffer-
entiation during monolayer culture [Benya and
Schaffer, 1982]. The primary purposes of the
scaffold materials are to provide mechanical
stability to the construct in the short term and
to provide a framework for three-dimensional
organization of the developing tissue. As the
tissue develops, the new extracellular matrix
takes on both roles. Consequently, it is often
preferable to use a biodegradable material scaf-
fold such that, in the long term, all implanted
materials are gone and all that remains is the
generated tissue.

A variety of biodegradable materials have
been used for tissue scaffolds, including ceram-
ics and polymers. The primary use of ceramics
has been in tissue engineering of bone, where
porous formulations of hydroxyapatite have
been used to carry osteoprogenitor cells derived
from periosteum or bone marrow. Typically, ce-
ramic materials have long degradation times in
vivo, often on the order of years. Polymers have
seen widespread use as scaffold materials be-
cause of their good processing characteristics.
These materials have a range degradation times
from very short (days) to long (several months).
Typically, polymers scaffolds are in the form of
fibrous meshes, porous sponges or foams, or
hydrogels. The more common polymers used in
fibrous meshes and foams include the linear
polyesters, including polyglycolic acid (PGA),
polylactic acid (PLA), and polycarpolactone
(PCL); polyethylene glycol (PEG); and natural
polymers, such as collagen and hyaluronic acid
(HA). Polymeric hydrogels have the distinct
advantage of being injectable, permitting less
invasive delivery of the construct, and thereby
reducing surgical risks. Common hydrogel sub-
strates include the coplymers of polyethylene
oxide and polypropylene oxide known as Pluron-

ics and natural polymers including alginate
and agarose.

Scaffold materials play a critical role in pro-
viding mechanical stability to constructs prior
to synthesis of new extracellular matrix by the
cells. It is then desirable to match the mechani-
cal properties of the material with that of the
tissue. Consequently, scaffolds for bone often
contain ceramic hydroxyapatite, which has high
stiffness like bone; scaffolds for cartilage and
tendon tend to be made from more compliant
polymers. In addition to mechanical stability,
scaffold materials often serve to reduce im-
mune response to allogenic cells. The most no-
table example of this is encapsulation of pancre-
atic islet cells for diabetes treatment.

As the demand for new and more sophisti-
cated scaffolds develops, materials are being
designed which have a more active role in guid-
ing tissue development. Instead of merely hold-
ing cells in place, these bioactive matrices are
designed to encourage cell attachment to the
polymer through cell surface adhesion proteins.
Toward this end, polymers have been synthe-
sized that have an integrin polypeptide se-
quence (RGD) in the backbone [Shakesheff et
al., 1998, Hern and Hubbel, 1998] or branches
[Harrison et al., 1997] or constructed entirely of
polypeptide sequences [Petka et al., 1998]. This
allows the scaffold to effectively mimic the extra-
celluar matrix and induce attachment of cells
directly to the material. This may be particu-
larly important in tissues that bear mechanical
loads, as it would allow physical stimuli to be
sensed by the cells in the developing tissue in a
more physiologic manner.

FUTURE CHALLENGES

While the field of tissue engineering has made
significant strides in its first decade of exis-
tence, many challenges exist in the biology and
engineering that must be addressed to bring
these technologies to clinical practice. The pro-
cesses by which cells seeded onto degradable
scaffolds and generate new tissue are still being
defined. These processes are known to involve
the production of extracellular matrix, but the
regulation of matrix production, pattern forma-
tion, and morphogenesis in tissue engineering
remains largely unexplored. It has been sug-
gested that tissue neogenesis in engineered con-
structs may involve the same processes present
in tissue development during embryogenesis.
This is supported by studies in which periosteal
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cells on a polyglycolic acid scaffold appeared to
first generate hypertrophic cartilage prior to
mineralized bone formation [Vacanti et al.,
1995], reminiscent of endochondral ossification
observed during skeletal morphogenesis. Such
an observation raises a variety of biological
questions on many levels: What are the levels
of BMPs in the construct during tissue neogen-
esis? What is the time sequence of expression of
tissue-specific markers such as osteocalcin, os-
teopontin, and bone sialoprotein? What are the
roles of hox and Indian hedgehog genes in regu-
lating this process? To what extent does this
recapitulate the developmental process of bone
formation? Understanding these issues will aid
not only in describing the observed phenomena,
but will lead to the next step in tissue engineer-
ing—controlling these events to more effec-
tively guide tissue formation. Clearly, cell and
developmental biologists will play a prominent
role in this expanding area of tissue engineer-
ing.

In addition to understanding the process of
tissue generation, it is similarly important to
increase the level of sophistication of tech-
niques used to characterize engineered tissues.
The most commonly used tool for evaluation of
tissue is simple histology. This allows research-
ers to determine the extent to which the mor-
phology of the generated tissue resembles na-
tive tissue. Although clearly a critical step in
evaluating the tissue, it should not be the only
step or even the last. Immunohistochemistry
allows for the detection of tissue-specific pro-
teins, such as type II collagen for cartilage,
bone sialoprotein for bone, or neurofilament
protein for neurons. In addition, it is desirable
to determine the presence of matrix compo-
nents, but also to quantify their levels in gener-
ated tissues. Several common biochemical as-
says are available for quantification of total
collagen (hydroxyproline), proteoglycan (glycos-
aminoglycan), and elastin, in structural tissues,
and these could easily be applied to engineered
tissues as well. Similarly, enzyme-linked immu-
nosorbet assay (ELISA) techniques using anti-
bodies to tissue-specific proteins would also per-
mit quantitation of these components in
generated tissue. Further, characterization of
the quality of matrix composition, such as the
size distribution of proteoglycans or the fre-
quency of collagen cross-links, will give further
insight as to whether the structure of the na-
tive tissue has been reproduced in the gener-

ated tissue. Most of the techniques described
above are part of a standard repertoire used in
the analysis of structural and connective tis-
sues. The collaboration of biochemists and tis-
sue engineers to translate these approaches to
understand generated tissues is then of great
potential interest to both fields.

An understanding of the structure of engi-
neered constructs needs to be closely associated
with an assessment of tissue function. Indeed,
the entire motivation for the field of tissue
engineering is to restore function of tissue lost
to disease, accident, or malformations. There-
fore, it is critical to determine the extent to
which the functional properties of generated
tissues are similar to those of native tissue.
Given that the focus of many tissue engineering
applications is structural tissues, such as bone,
cartilage, tendon, skin, and muscle, this neces-
sitates the analysis of the biomechanical
properties of generated tissues. As with the
discussion of biochemical composition, an under-
standing of the biomechanical properties of en-
gineered tissue must start with an understand-
ing of the mechanical properties of the native
tissue. And as with the previous discussion,
this requires an assessment of the level of so-
phistication that adequately describes the sys-
tem. Tissues with nonlinear or time-dependent
mechanical responses may not be adequately
described by a modulus determined at equilib-
rium or at a single strain rate. Indeed, soft
tissues such as skin, tendon, muscle, and carti-
lage require viscoelastic or poroelastic param-
eters in addition to the modulus to describe
their mechanical behavior. Consequently, these
parameters must also be evaluated to ad-
equately describe the behavior of correspond-
ing engineered tissues.

The concept of assessing tissue function can
be extended to nonstructural tissues as well,
and similar questions can be asked: Do tissue-
engineered nerves have similar conductances
to native nerves? Are flow patterns through
engineered heart valves similar to those of natu-
ral valves? Do encapsulated islet cells sense
and respond to blood glucose levels by produc-
ing insulin? Do transport kinetics through en-
gineered epithelium match those of native epi-
thelium? To address these issues requires
interaction with physiologists and bioengi-
neers, who can assist in developing paradigms
for the functional assessment of engineered tis-
sues.
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Confronted by these questions, it is clear that
many challenges still confront researchers in
tissue engineering, despite the considerable ac-
complishments in the field in its short exis-
tence. From the molecular level of gene expres-
sion and polymer design to the macroscopic
level of organ physiology, and at every level in
between, researchers in tissue engineering are
challenged to understand the biological and
physical processes underlying tissue formation.
However, it is precisely these challenges and
questions that will push the field to greater
accomplishments in the future. Through the
interaction of physicians, scientists, and engi-
neers, the field of tissue engineering will con-
tinue to expand its limits and applications,
which will ultimately lead to new strategies
and therapies for the treatment of debility and
disease.
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