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Recent progress In tissue engineering
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Tissue engineering is a newly emerging biomedical technique that

involves the artificial manipulation of cells to promote tissue and organ

regeneration. Its medical significance will undoubtedly increase in the

21st century. This review summarizes recent progress that has been

made in tissue engineering as well as its future implications.
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v Recently, tissue engineering has become a
recognized technique, and many researchers
with different areas of expertise are entering
this medical field, thereby increasing its
scientific implications. The objective of tissue
engineering is to regenerate natural tissues
from living cells to replace defective or lost
tissues and organs. This can be seen as the
third medical therapy in regenerative medi-
cine following the two major clinical thera-
pies, organ transplantation and reconstruc-
tive surgery. As a regenerative therapy, tissue
engineering avoids the problems associated
with organ transplantation, such as donor
shortages and permanent immunosuppresive
medication, and it does not require the im-
plantation of artificial biomaterials, which
might have poor biocompatibility. Tissue en-
gineering with these advantages gives tissue
regeneration its promise and makes the tech-
nique widely acceptable as a new medical
therapy in the 21st century.

Tissue regeneration

Tissue engineering can be classified into two
main areas: tissue regeneration and organ
substitution (bioartificial organs)?! (Table 1).
Once a tissue can be reconstructed on a large
scale in vitro, it can then be supplied directly
to patients requiring new tissue. This is an
ideal therapeutic concept but, at present, only
dermis, epidermis and articular cartilage
have been successfully reconstructed in vitro.
Recently, bioreactor systems have been devel-
oped in combination with three-dimensional
(3D) cell scaffolds for in vitro tissue construc-
tion2. Tissue construction is greatly influenced

by the microgravity in the cell culture
system3. When seeded into a tube-shaped
biodegradable scaffold and cultured in vitro
under a pulsatile stress, smooth muscle cells
(SMCs) give rise to a blood vessel, with the
cells and their extracellular matrix (ECM)
being normally arranged in the direction of
pulsatile stress#. These findings clearly suggest
that once an appropriate ‘field’ is given to
stimulate cell arrangement, the cells sponta-
neously create the corresponding tissue while
preparing their surrounding environment
via ECM production. However, there are still
practical limitations to in vitro tissue engineer-
ing because present technology only enables
the proliferation of one cell type, and only
the formation of simple avascular structures
is possible.

Tissue regeneration in vivo utilizes the nat-
ural healing process of the body, which subse-
quently achieves natural regeneration of tis-
sues and organs. If in vivo tissue regeneration
works well, it could provide a more realistic
and clinically acceptable approach than in
vitro tissue regeneration. In vivo regeneration
of tissues is currently being researched based
on a combination of various technologies and
methodologies?.

In addition to the controlled release of
growth factors and cell scaffolding, which is
discussed later in this review, a third impor-
tant technology in organ and tissue regener-
ation in vivo concerns a ‘physical barrier’. When
a tissue defect occurs, the surrounding area is
gradually filled with fibrous tissue and subse-
quent repair of the defect by natural tissue
cannot occur. However, a biomedical mem-
brane inserted around the tissue defect can
physically prevent undesirable tissue ingrowth,
therefore permitting tissue regeneration. This
technique has been demonstrated for guided
tissue regeneration (GTR) of the peripheral
nerves, and periodontium and alveolar bone®.

Finally, in vivo tissue regeneration that uti-
lizes angiogenetic growth factors and their
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Table 1. Recent technology and methodology for tissue engineering

Purpose

Tissue regeneration

In vivo assistance and promotion of
natural healing process

Ischemia therapy

Organ substitution Immunoisolation

(Bioartifical organs) Nutrition and oxygen supply for

transplanted cells

Temporary assistance for organ function

In vitro production of tissue constructs

Necessary technology and methodology

Cell scaffolding, bioreactor, microgravity

Cell scaffolding, controlled release
Physical barrier

Angiogenesis

Biological barrier
Angiogenesis

Extracorporeal system

genes can be used in therapies for ischemic diseases such
as myocardial infarction and arteriosclerosis obliterans
(ASO)7; growth factors are discussed later in this review.

Organ substitution

The second method of tissue engineering is the substitu-
tion of organ functions by using allo- or xenogeneic cells,
leading to the development of ‘bioartificial organs’. One of
the key technologies for in vivo or in vitro organ substitu-
tion is immunoisolation, which provides protection of the
transplanted cells from host attack of the humoral and cel-
lular immune systems and also maintains the function of
the transplanted cells. Permeation of active complement
components into the transplant can be selectively blocked
by incorporating polystyrene sulfonic acid into the im-
munoisolation hydrogel membrane, and a barrier material
able to actively exclude complement has been reporteds.
One promising approach to this issue is to induce pre-vas-
cularization at the site of cell transplantation. To date, the
main target of in vitro organ substitution has been the liver,
and the combination of various liver cells with immunoiso-
lation membranes has been attempted. The bioartificial
liver is clinically used as a temporary assist device until the
functions of the natural liver recover®. Pancreatic islet and
adrenal chromaffin cells are clinically implanted for cell
therapy of diabetes and Parkinson’s disease8.10.11, The next
step in successful cell therapy is the supply of sufficient
nutrients and oxygen to the transplanted cells in the body.

Key factors involved in tissue engineering
Identification of a suitable cell type

The main components required for tissue engineering are
cells, scaffolds and growth factors. One major problem is
the identification of a cell type that is both clinically viable
and suitable for tissue engineering2. Until recently, it was
believed that there are no ‘key’ cells (such as precursor or
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stem cells) involved in tissue regeneration in adult tissue
other than skin, intestinal mucosa and blood cells.
However, key cells have now been discovered in various
tissues. For example, in addition to hematopoietic stem
cells, mesenchymal stem cells (MSCs) are present in the
adult bone marrow. It has been revealed that MSCs have
an inherent potential to differentiate into osteogeneic,
chondrogeneic, adipogeneic and myocardiac cell lineages.
Isolated human MSCs are now commercially available3
and there is a potential to industrialize this MSC system
for medical therapy.

If it is clinically possible to use a patient’s own differen-
tiated MSCs, immunological rejection is no longer an
issue. Recently, various stem cells (e.g. neural stem cells)
have been isolated from the fetus and adult body and both
exhibit potential flexibility in cell differentiation4. Although
stem cells are a promising cell source, they are not used
clinically without their own problems in their application
to tissue engineering. These problems include cell isola-
tion, control of their differentiation and efficiency. The
most probable cell source for tissue engineering is embry-
onic stem (ES) cells, which are more primodial than MSCs
(Ref. 15). ES cells theoretically possess the potential to
differentiate into every cell type present in the body.
However, in relation to their application to tissue engineer-
ing, as with other stem cells, many problems still remain.
Bone marrow transplantation of hematopoietic stem cells
isolated from umbilical cord blood, and articular cartilage
repair by autologous chondrocytes, are being performed
clinically16.17. However, although the use of autologous
cells from individual patients is ideal, such cell harvest is
clinically difficult.

Undoubtedly, the two requirements for tissue regener-
ation and organ substitution are an increase in cell pro-
liferation and the maintenance of their biological func-
tions. Research into the identification of cell growth and
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differentiation factors, and either
the production of these factors on ) %
a large scale or improvement of the
chemical components of cell cul-
ture media and substrates is still
necessary.

Scaffold development

The ECM that surrounds cells in
the body not only physically sup-
ports cells but also regulates their
proliferation, differentiation and
morphogenesis!8. Such a scaffold,
therefore, needs to be developed
for in vitro tissue reconstruction
as well as for cell-mediated tissue
regeneration in vivo. It is almost
impossible for natural regeneration
and repair of tissue defects to take
place if the cells are not supplied
with an ECM substitute. It is poss-
ible that placing a scaffold of arti-
ficial ECM at the defect in advance
could facilitate a series of cell acti-
vities that results in tissue regener-
ation. This has been demonstrated
with a type-l collagen sponge,

Figure 1. Lipid staining (Sudan IIl) of the mouse subcutis six weeks after implantation of (a)

a type-I collagen sponge alone, (b) the sponge containing gelatin microspheres incorporating
0.1 pg of bFGF, (c) the sponge containing basement membrane and (d) the sponge
containing basement membrane plus gelatin microspheres incorporating 0.1 pg of bFGF. The
basement membrane was prepared by surfactant treatment of syngeneic mouse muscle.
Scale bar, 200 pm.

which was shown to be an effective
scaffold and promoted the regener-
ation of various tissuest. It is probable that once cells infil-
trate a scaffold of a desired environment, they themselves
can produce the intact ECM that accelerates their pro-
liferation and differentiation resulting in natural tissue
regeneration. For example, a collagen scaffold containing
a basement membrane preparation plus gelatin micro-
spheres containing basic fibroblast growth factor (bFGF)
successfully induced de novo adipogenesis in fat-free subcu-
taneous tissue of mouse, in marked contrast to a scaffold
containing basement membrane or bFGF-containing gelatin
microspheres alone (Fig. 1). The combination of bFGF-
containing microspheres and basement membrane was re-
quired to enable the mouse subcutis to form adipose tissuel®.

Scaffolds that remain for longer time periods can,
however, physically hinder tissue regeneration and the
degradability of the scaffold in vivo needs to be con-
trolled20. The pore size of spongy scaffold also has a great
effect on cell infiltration and subsequent tissue regen-
eration2l. Further research on the scaffold design will,
therefore, be required because the chemical nature and
structure of non-woven scaffolds affect tissue engineering
both in vitro and in vivo. Hydrogels containing a peptide

sequence have been designed to promote adhesion of
specific cells22,

Growth factors

Successful tissue regeneration cannot always be achieved
by the combination of cells and their scaffold alone. In
such cases, a suitable growth factor to promote tissue
regeneration is required. However, a successful method
of supplying a growth factor that has, for instance, poor
stability in vivo, remains to be found. One possible strategy
is the controlled release of a growth factor at the site of
regeneration over an extended time period. Drug delivery
systems (DDS) enable growth factors and genes to exert
their biological functions effectively in vivol. Some re-
searchers have found that the controlled release of growth
factors and their plasmid DNA induces effective angiogenesis
and bone regeneration.

Future direction for tissue engineering

Although various cell types can be used, their application
to in vivo tissue and organ regeneration based on recent
technologies and methodologies is not always successful.
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Every tissue and organ has its own individual metabolic
rate. The heart, kidney, brain and lung, in addition to other
organs in the body, perform extremely complex functions.
These organs therefore consume three-quarters of the total
body energy, although their total mass is only ~7.7% of
total body weight. Conversely, the mass percentage of the
muscle, skin and bone is ~92.3% of total body weight but
their energy consumption is only about one-quarter of
total body energy. For example, because the energy con-
sumption rate of the skin and cartilage is low, only a small
supply of oxygen is required for their survival and func-
tional maintenance. Few blood vessels are observed in such
simple tissues, which are composed of one or two cell
types. As a result, in vivo regeneration works successfully
for both tissues. The histological characteristics of tissues
could, therefore, cause regeneration when artificially induced.

Pre-vascularization

Regeneration of in vivo tissues or organs with high energy-
demands requires the construction of a vascular network
throughout the regenerated site to enable sufficient nutri-
tion and oxygen supply. A recent trial involved the pre-vas-
cularization of a site of cell transplantion that was induced
by the controlled release of bFGF within a gelatin hydro-
gel2l, Pancreatic islets and hepatocytes were then trans-
planted into the prevascularized site but could not survive
for long time periods or maintain their biological
functions23. However, this trial aimed to regenerate 2D
or pseudo-3D tissue structures. A new methodology that
arranges functional cells around sterically networked blood
vessels is required to create a 3D tissue structure.

Development of multi-cell-type regeneration

The liver, kidney and lung all comprise tubular structures
in addition to a 3D vascular network. In these tubular
structures, cell polarity is maintained and the various cell
types that comprise the structure remain in communi-
cation. However, further technological and methodological
progress will be needed because there is no way to create
such a tissue structure using a combination of the technol-
ogies currently available. Cunha and colleagues reported
that organ culture of epithelial and mesenchymal cells iso-
lated at an embryonic stage gave rise to a prostate tissue24.
Although embryonic cells are generally more potent than
adult cells, there is further information to be gained about
the morphogenesis of cells from detailed investigation of
embryonic events.

‘Internal medicine’ tissue engineering

Approaches to regenerative medicine based on conventional
ideas and strategy is termed ‘surgical’ tissue engineering.
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The tissue regeneration ability of primates is not always
inferior to that of lower-level animals. When injured, tissue
is gradually repaired by the excessive formation of fibrous
tissues (scar formation), which eventually suppresses natu-
ral tissue regeneration. This histological event is often
observed in fibrotic diseases. If such fibrosis could be sup-
pressed, or if the hypertropically formed tissue could be
excluded, it is envisioned that natural tissue could regener-
ate at the treated site. This strategy is defined as ‘internal
medicine’ tissue engineering; this would not only con-
tribute to a complete cure for fibrotic diseases but would
also permit natural tissue regeneration thereafter. It has
been reported that injection of hepatocyte growth factor
represses the fibrotic change in murine lung fibrosis, which
is induced by bleomycin25. Therefore, drugs composed of
proteins or genes are required for internal medicine tissue
engineering and there is no doubt that DDS technologies
will have a major role in this. In addition to drug release,
DDSs can also prolong the lifetime of a drug and target
drugs to a specific site. For example, DDS technologies
could assist internal medicine tissue regeneration by
targeting a drug to the necessary site and prolonging its
lifetime in vivo.

Conclusions

There is no doubt that tissue engineering has an enormous
potential to make significant contributions to society over
the next decade. However, tissue engineering is still in in-
fancy and it will take time and further progression in tech-
nology and methodology to come to full fruition in the
21st century. The scientific, clinical and social benefits of
regenerative medicine have yet to be realized.
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