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ABSTRACT
Tissue engineering is a field of research with interdisciplinary cooperation between clinicians, cell biologists,
and materials research scientists. Many medical specialties apply tissue engineering techniques for the development of artificial replacement tissue. Stages of development extend from basic research and preclinical studies to clinical application. Despite numerous established tissue replacement methods in otorhinolaryngology,
head and neck surgery, tissue engineering techniques opens up new ways for cell and tissue repair in this
medical field. Autologous cartilage still remains the gold standard in plastic reconstructive surgery of the nose
and external ear. The limited amount of patient cartilage obtainable for reconstructive head and neck surgery have rendered cartilage one of the most important targets for tissue engineering in head and neck
surgery. Although successful in vitro generation of bioartificial cartilage is possible today, these transplants
are affected by resorption after implantation into the patient. Replacement of bone in the facial or cranial region may be necessary after tumor resections, traumas, inflammations or in cases of malformations. Tissue
engineering of bone could combine the advantages of autologous bone grafts with a minimal requirement for
second interventions. Three different approaches are currently available for treating bone defects with the
aid of tissue engineering: (1) matrix-based therapy, (2) factor-based therapy, and (3) cell-based therapy. All
three treatment strategies can be used either alone or in combination for reconstruction or regeneration of
bone. The use of respiratory epithelium generated in vitro is mainly indicated in reconstructive surgery of the
trachea and larynx. Bioartificial respiratory epithelium could be used for functionalizing tracheal prostheses
as well as direct epithelial coverage for scar prophylaxis after laser surgery of shorter stenoses. Before clincal application animal experiments have to prove feasability and safety of the different experimental protocols. All diseases accompanied by permanently reduced salivation are possible treatment targets for tissue engineering. Radiogenic xerostomia after radiotherapy of malignant head and neck tumors is of particular
importance here due to the high number of affected patients. The number of new diseases is estimated to be
over 500,000 cases worldwide. Causal treatment options for radiation-induced salivary gland damage are not
yet available; thus, various study groups are currently investigating whether cell therapy concepts can be developed with tissue engineering methods. Tissue engineering opens up new ways to generate vital and functional transplants. Various basic problems have still to be solved before clinically applying in vitro fabricated
tissue. Only a fraction of all somatic organ-specific cell types can be grown in sufficient amounts in vitro. The
inadequate in vitro oxygen and nutrition supply is another limiting factor for the fabrication of complex tissues or organ systems. Tissue survival is doubtful after implantation, if its supply is not ensured by a capillary network.
INTRODUCTION
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of cell, tissue, and organ
functions is among the most important challenges of modern medicine. New treatment approaches like organ transplanHE REPLACEMENT OR RESTORATION
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tation or implant management can now improve the quality of
life and prolong survival in many patients.
Despite advances in transplantation medicine, the survival of
patients with terminal organ failure is jeopardized, particularly
by the lack of suitable donor organs. In the mid-nineties, for
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example, about 39,000 people were waiting for a kidney in all
of Europe, more than 9,500 in Germany alone (109). In the
meantime, expensive replacement therapies like dialysis are required in cases of kidney failure. Moreover, life-long immunosuppression still remains indispensable after organ transplantation, and may involve such complications as therapy-resistant
infections and even the development of malignant tumors. Rejection reactions are common despite modern immunosuppressives (51).
Implants have thus far not achieved the quality, longevity,
or functionality of natural body parts. Since they are foreign
bodies in the organism, material-specific compatibility problems can adversely affect their clinical application. Inserting an
implant in an organism always triggers a tissue reaction. Ideally, it hardly differs from the processes in normal wound healing. An unfavorable course may involve the formation of a hard
connective-tissue capsule around the implant or a chronic inflammation (11). This could result in an implant loss necessitating further reconstructive measures.
An alternative to human transplants is now available in the
form of animal cells, tissues, and organs, one example being
the use of porcine hepatocytes in bridging systems for liver replacement (32,57,82). However, xenografting as an interspecies
transplantation of cells, tissues and organs is currently no alternative for replacing of human tissue. It involves incalculable risks like the transmission of porcine endogenous retroviruses (PERV) associated with the use of porcine transplants.
Like any other retrovirus, PERV can also introduce genes into
the host genotype and thus damage the human organism in a
hitherto unknown manner (113).
The patient’s own tissue is ideal for replacement in view of
its immunological safety. However, it is of limited availability
and usually insufficient for repairing larger defects. This problem would be solved by generating the patient’s own tissue in
the therapeutically required amount and quality. Researchers
have worked for decades on cultivating and generating human
cells and tissue outside the human organism (44). At the beginning of the last century, Ljuggren was first to succeed in
keeping human pieces of skin alive in physiological medium
for several weeks and replanting them. Growing cells from
tissue explants in vitro was pursued as a possible approach for
tissue cultivation in the sixties. A substantial increase of the tissue surface could not be achieved, however (162). Improved
cell culturing techniques first achieved a proliferation of skin
cells over several generations. In 1975, Rheinwald and Green
described the successfully grown skin cells as a well-differentiated multilayered cell clone that could be cultivated over 20
to 50 generations (147). These advances led to the first therapeutic application of in vitro generated skin grafts for severe
burn injury victims in the early eighties (8,31). In vitro-generated skin grafts have since become the sole means for survival
of life-threatening burns worldwide (43,144).
Tissue Engineering is the bonding of laboratory-generated
tissues, cells and molecules to one or more biomaterials to correct a defect or compensate for a functional loss in an organism (98).
Since the mid-eighties, tissue engineering has been an independent field of research with interdisciplinary cooperation
between clinicians, cell biologists, and materials research scientists. Current concepts for generating bioartificial tissue are
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decidedly manifold. Most require proliferative human cells that
are grown after isolation by suitable cell culturing techniques
until they are numerous enough for seeding onto a matrix structure. These scaffold materials are constructed largely as porous
networks or sponges of collagen, fibrin, or other components
of the natural extracellular matrix (ECM). However, synthetics
like polytetrafluoroethylene (PTFE) or polyethylene terephthalate (PET) are also used for making cell and tissue scaffolds
(187). Most tissue engineering concepts aim at resorption of the
scaffold material by the cells and their metabolites to avoid the
long-term disadvantages associated with implants.
Many medical specialties apply tissue engineering techniques for the development of artificial replacement tissue.
Stages of development extend from basic research (e.g., pancreas) and preclinical studies (e.g., cardiac valves) to clinical
application (e.g., skin and cartilage). Despite numerous established tissue replacement methods, new concepts based on tissue engineering techniques must be developed in otolaryngology, head and neck surgery.

CELL AND TISSUE CULTURE
The successful propagation of human cells and tissue in vitro,
the control of their differentiation, and the maintenance of specific functions are the decisive prerequisites for generating clinically relevant transplants with the aid of tissue engineering
(117).

Culture flasks
Basically all cells and tissue should be cultured in disposable vessels for tissue engineering. The advantage is that patient-related systems are already used from the start when developing new replacement tissue, and the standards of “good
manufacturing practice” are met. The currently applied flasks,
dishes, and tubes consist largely of specially pretreated polysterol. The manufacturer modifies the normally hydrophobic
surface of these vessels by gamma irradiation, chemical methods, or arc treatment, possibly applying the plasma procedure
in a vacuum. Pretreatment of culture flasks with certain substances such as polylysine, fibronectin, collagen, or gelatin
makes it possible to improve the tissue-specific conditions in
vitro. In tissue engineering, this type of culture flask preparation is usually of secondary importance except for cell proliferation, since here the scaffold structures are used as a substrate
for cells and tissue.

Culture media
Cells and tissues removed from an organism require in vitro
conditions conducive to proliferation, differentiation, and typical cell functions. Thus, the cells and tissues must be supplied
with all substances they cannot synthesize themselves. Cell culture media are mostly composed of amino acids, salts, vitamins,
and other additives. All harmful cell products must be neutralized in vitro as long as possible by appropriate buffers like
NaHCO3. The osmolarity and electrolyte concentration decisively influence the differentiation of cultured tissue (75,116).
These parameters should therefore be individually adjusted to
the cultured tissue. Antibiotics and antimycotics can be added
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for prophylaxis against infections to compensate for the lack of
an immune system in vitro.
The addition of serum, for example, fetal calf serum (FCS),
or growth factors is usually necessary for the proliferation of
cells. At the same time, however, these mitogenic stimuli lead
to dedifferentiation of cells and tissues in vitro (92,115). To
achieve differentiation of proliferated cells for tissue engineering, FCS, and growth factors should be reduced in the medium
or replaced by suitable differentiation factors (117). Serum additives of animal origin also have other disadvantages: FCS is
extracted from the blood of bovine fetuses by centrifugation.
Sterilization by filtration can remove mycoplasmas from the
serum, but the endotoxin content remains unaffected (103).
Moreover, the risk estimation for bovine products is still incomplete. Thus, there is a potential risk of infection with pathogens of prion diseases like the new variant of the CreutzfeldtJacob syndrome. A possible solution may be the application of
serum-free media or the patient’s own serum (60).

Rotating bioreactors were developed to investigate in vitro
conditions in a state of weightlessness (137,157). The rotation
speed of the culture flasks can be adjusted so that the cultivated
material is in a constant state of free fall. These systems were
tested for tissue engineering or cartilage with the idea that, under these conditions, it may be possible to achieve definable
fluid dynamics with a more efficient supply of nutrients and
gases to the cultivated cell–polymer construct (52,53). Suitable
rotation modules were used as culture flasks for growing cartilage in the Russian space station “Mir” to investigate the real
influence of weightlessness during in vitro generation of new
tissue. The cartilage constructs cultivated in “Mir” were smaller
and had poorer biomechanical properties than the control group
cultivated in the same reactor system on Earth (54,55).

Perfusion cultures and bioreactors

All materials used to make scaffolds for tissue engineering
must be classified as biomaterials. They are by definition nonvital materials selected for interaction with a biological system (186). Biomaterials can be modified by suitable procedures to generate cell or tissue scaffolds for tissue engineering.
The different steps in the process usually relate to the form,
the mechanical properties, and the surface structure of the material, and aim at providing highly physiological guiding structures for cell ingrowth. The architecture of the scaffold material is defined by certain structural elements like pores, fibers,
or membranes. These can be constructed according to stochastic, fractal, or periodic principles (187,189). Complex
scaffold structures can be constructed by a combination of
simple subsystems. Flat two-dimensional cell scaffolds can be
transformed into a three-dimensional construct by coiling, for
example. Several such units can be combined to form superstructures (188).

A capillary system constantly supplies nutrients to the tissue
in vivo. Conventional culture systems are an inadequate substitute for these physiological conditions. This results in an at
least partial loss of cell- and tissue-specific functions (90,91).
To solve this problem, perfusion culture systems were developed that ensure a constant supply of fresh nutrient solution and
concomitant drainage of the stale culture medium and noxious
metabolites (Fig. 1) (114,118). The cells or tissues are placed
on tissue scaffolds (yellow arrow), and can then be put into the
perfusion container. The tissue scaffold forms a barrier between
the upper and lower perfusion space so that gradients can be
generated by applying various media. Physiological conditions
can thus be copied in vitro, particularly for epithelial cultures.
The medium is oxygenated by diffusion via the walls of the relatively long silicone tubes.

BIOMATERIALS AND SCAFFOLDS

FIG. 1. Open perfusion chamber with inserted tissue scaffold (arrow). The perfusion chamber shown can also be used as a gradient culture system. The cells or tissues cultivated on the tissue scaffold can be perfused from both a luminal (dark medium)
and a basal (clear medium) direction (with permission of Professor W. W. Minuth, Institute for Anatomy, University of
Regensburg, Germany).
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Many different biomaterials are now used to generate cell
and tissue scaffolds for tissue engineering. The most frequent
are biodegradable polymers in the form of nets, fleeces, or
foams of polyglycolic acid, or polyactide and natural polymers
like collagen or hyaluronic acid. Ceramic materials like hydroxyapatite are used primarily for tissue engineering of bone
(178).
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cells and tissues can be influenced by reactive chemical groups
or ligands. For example, the amount of protein bound to the
scaffold surface is responsible for the accumulation of further
adhesion molecules, especially integrins. Since the expression
of various integrin subtypes is cell type-specific (74), the attachment behavior of a particular cell population can be controlled by selection of the protein coating.

Biodegradation
Most approaches for generating new tissue in vitro are currently based on the concept of cultivating the patient’s own cells
on biodegradable and absorbable scaffolds in the form of the
organ to be replaced. Precise knowledge of the mechanisms involved in the degradation of the cell scaffold is of decisive importance for tissue engineering, since resultant degradation
products or pH changes can drastically impair cell vitality and
proliferation (106).
Biodegradable polymers can be broken down by various
mechanisms (187): mechanical influences, temperature, or radiation induce degradation by splitting covalent bonds. The resultant free radicals cause further disintegration of the polymer
chains.
Hydrolysis leads to degradation of polymers with hydrolytically unstable bonds like ester or amide groups. As a rule, the
hydrolytic degradation is controlled by diffusion of H2 O; the
degradation kinetics are in first approximation independent of
the exposed surface of the polymer. Acids and bases as well as
enzymes and temperature changes can act as catalyzers of hydrolytic degradation. Aliphatic polyesters are relatively sensitive to hydrolysis. Polyester urethanes can, for example, be degraded in physiological surroundings by hydrolysis of the
aliphatic polyester segments. In contrast, aromatic polyesters
like PET react less sensitively to hydrolytic influences, since
their aromatic groups lend them greater hydrophobicity.
As a rule, enzymatic degradation requires specific groups of
molecules that can be recognized by the enzyme. Depending
on the enzyme, degradation takes place by hydrolysis, oxidation, or direct chain cleavage. Since the enzymes cannot diffuse into the polymer due to their high molecular weight, the
degradation kinetics of enzymatically degraded polymers are
determined by the surface accessible to adsorption.

Generating and modifying scaffold structures
Three-dimensional cell and tissue scaffolds can now be constructed by various engineering techniques like crosslinking of
fibers or leaching (105). As in implant designing, rapid prototyping can be used to generate individual cell and tissue scaffolds
from different biomaterials (50,183). The data needed for the
three-dimensional scaffold geometry are imported from CT or
MRI data sets and converted to production data by system-specific software. These data then control a 3D dosing system, a socalled bioplotter, which doses a material into a different medium.
The tip spatially positions and connects drops or microfilaments
of polymer solutions, pastes, dispersions and aqueous systems like
cell suspensions or hydrogels. The generation of scaffold material by rapid prototyping can one day be integrated into the cell
culture process through the further development of bioreactors.
The surfaces of scaffold materials can be modified as in the
preparation of culture flasks. The degree of on- or ingrowth of

CARTILAGE
Autologous cartilage still remains the gold standard in plastic reconstructive surgery of the nose and external ear (133).
The cartilage is usually taken from the rib, the auricle, or the
nasal septum (121,145). As a rule, this requires a second session, which may lead to additional complications like wound
infections, an unsatisfactory cosmetic result at the donor site,
and postoperative pain. The removal of rib cartilage involves
the additional risk of pneumothorax as well as possible changes
in the thorax contour with subsequent functional disorders
(126,170).
The limited amount of patient cartilage obtainable for reconstructive head and neck surgery and the much more frequent
indications for cartilage replacement in orthopedic surgery,
traumatology, and rheumatology have rendered cartilage one of
the most important targets for tissue engineering.
Cartilage is an avascular tissue composed of chondrocytes
embedded in an extracellular matrix of collagens, proteoglycans, and noncollagenous proteins. In the head and neck region,
cartilage serves primarily as a supporting structure. Mechanical loads like compression, traction, or torsion play a subordinate role compared to articular cartilage.
Cartilage has a low regeneration potential due to the lack of
perfusion and the limited number of chondrocytes in the extracellular matrix (ECM), which also evidence low mitotic activity (41,58).
Most strategies for tissue engineering of cartilage are based
on the use of biodegradable polymers as temporary scaffold materials for differentiated chondrocytes or precursor cells (175).
The removed cells are grown in culture, applied to the scaffold
material in vitro and then transplanted. The differentiated cells
should then produce their tissue-specific matrix components in
vivo. The tissue thus obtained should resemble native cartilage
as closely as possible in its morphological and functional properties.

Cultivating human chondrocytes
Cartilage is obtained from septal grafts for most tissue engineering approaches in otolaryngology, head and neck surgery
(64,150,160). Removal of the connective tissue and perichondrium is followed by mechanical mincing—with a scalpel, for
example—into approx. 1 3 1-mm pieces of cartilage. These are
incubated for 12 to 18 h in an enzyme solution consisting of a
mixture of various enzymes that digest cartilage matrix (type
II collagenase, hyaluronidase, etc.). After further purification
steps, the chondrocytes exist in the form of a cell suspension.
Sittinger et al. was able to isolate about 0.5 3 106 cells with
more than 85% vitality from 0.5 cm3 cartilage specimens and
achieve a 100 to 100,000 times higher cell count in vitro within
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8 weeks (161). For this purpose, the chondrocytes were cultivated in DMEM with an admixture of FCS. This medium had
already been used by Bruckner et al. as well as by Elima and
Vuorio (17,48). Other study groups describe the use of Ham’s
F12 medium (95,169) or RPMI (27) for cultivating chondrocytes.
Strong proliferation of chondrocytes leads to a loss of their
tissue-specific features, dedifferentiation, after a few days
(182). Cells must have their typical characteristics, however,
for in vitro generation of functional tissue. Knowledge about
controlling the proliferation and differentiation of human chondrocytes in vitro is therefore of decisive importance for tissue
engineering.

Proliferation and differentiation of chondrocytes
in vitro
Through endochondral ossification, mesenchymal precursor
cells that synthesize type I and II collagen develop in vivo into
chondrocytes that largely form type II collagen after complete
differentiation. They initially produce type II and 3 collagens
in a hypertrophic state, then type I and 3 collagens after the
termination of hypertrophy (Fig. 2).
Similar processes are also observed in vitro. In monolayer
cultures, chondrocytes rapidly take on an elongated fibroblastoid shape with cell processes in which actin filaments of the
cytoskeleton form stress fibers (110). The cartilage-specific
synthesis of type II collagen is stopped (182), and the chondrocytes produce type I and III collagens instead (4,33,111).
The chondrocytes start to reproduce at this dedifferentiated
stage. Their proliferative activity can be increased by adding
certain medium components like fetal calf serum (see earlier)
or suitable growth factors (see next section).
Redifferentiation of cells is possible under culture conditions
that permit three-dimensional chondrocyte grouping, as, for example, in an agarose gel. They regain their round shape and
again synthesize type II collagen and proteoglycans (4,9). The
number of differentiated chondrocytes in vitro is also influenced
by the primary cell count in the monolayer via autocrine stimulation mechanisms (76).

Influence of growth factors and hormones
Chondrocytes and their precursor cells are subject to various
regulatory influences. Growth factors are important for main-

taining cartilage in the human organism under different functional conditions (171). Insulin-like growth factor stimulates
chondrocyte proliferation in vitro and in vivo and increases the
synthesis of the ECM (128,136). Transforming growth factor
beta (TGF-b) is a multifunctional protein that regulates many
cell properties in a time- and dose-dependent manner, especially
proliferation, differentiation,and metabolism of the ECM (124).
In monolayer cultures TGF-b can both increase and inhibit the
synthesis of type II collagen (73,96,148,180). In 3D cultures of
bovine chondrocytes, the addition of TGF-b enhances the development of cartilaginous tissue with an increased content of
type II collagen and sulfated glycosaminoglycans (194). Fibroblast growth factor (FGF) is a strong mitogenic stimulus for
chondrocytes in joint cartilage, where it regulates both anabolic
and catabolic functions (88,130,153). FGF induces the differentiation of mesenchymal stem cells to chondrocytes with increased production of type II collagen and proteoglycans in fulllayer cartilage defects (56). Pharmacologically dosed insulin
stimulates the proliferation and proteogycan synthesis of chondrocytes (164,195).

Extracellular matrix and scaffold structures
One of the most important prerequisites for in vitro generation of cartilage tissue is the redifferentiation of proliferated
chondrocytes by adequate spatial orientation of the cells. This
is mediated primarily by the 3D shape and the porosity of the
scaffold structure. The experimentally determined porosity of
cartilage is 78% (3,19). Highly porous scaffold materials imitate these conditions and, through a high surface–volume ratio,
ensure maximal adhesion and proliferation of the seeded chondrocytes and provide adequate space for the synthesized ECM
(2). Since the cartilage lacks vascularization, its nutrient supply and metabolism are maintained by diffusion processes.
Thus, the scaffold structures must not be diffusion barriers. This
is particularly important when cultivating large numbers of cells
for the generation of clinically relevant cartilage grafts.
The mechanical properties of the scaffold material should be
able to withstand the physiological forces at the implantation
site until normal cartilage forms. Native cartilage has a compression modulus of about 0.79 Mpa and a shearing modulus
of 0.68 MPa (3,119). Recent studies have shown that the biomechanical properties of in vitro generated cartilage grafts can
correspond to these strength factors (45).

FIG. 2. Depiction of the differentiation of chondrocytes in vitro [modified according to (29)].
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In vitro generated cartilage grafts
3-D cartilage constructs have thus far been fabricated primarily by chondrocytes proliferating on biodegradable polymers. The Boston study group of Vacanti and Puelacher reported the first relevant results for the head and neck reason in
1992 and 1994. They had succeeded in fabricating shaped cartilage constructs for the auricle (176) and trachea (177) as well
as for the mandibular joint and nasal septum (139,140). The initial material comprised chondrocytes isolated from bovine articular cartilage. However, Rotter et al. and Haisch et al. were
able to show that these results can also be obtained with human cells (64,149). All these approaches involve seeding chondrocytes onto a scaffold in vitro and transplanting it into an
athymic nude mouse model so that the cell–polymer construct
can develop into normal cartilage.
Autologous chondrocyte implantation (16) has now been approved by the Federal Drug Administration for treating articular cartilage defects (13). In otolaryngology, head and neck surgery, treatment with chondrocyte suspensions is less important
than implantation of custom-shaped grafts. At present, the clinical application of cartilage grafts fabricated in vitro is still restricted to individual cases.
In 1997, the Department of Otorhinolaryngology of the Charité Hospital, Berlin, Germany, made the first attempt to treat a
patient with an auricle fabricated in vitro (Fig. 3). However, the
cosmetic result was not satisfactory, since the bioartificial cartilage had a stable shape for only 3 weeks and was then partially resorbed (66). In 2000, a study on reconstructing a traumatic auricular defect with cartilage generated in vitro
originated from the Department of Plastic and Hand Surgery at
the University of Freiburg in Germany (134). Questions about
the postoperative outcome have yet to be answered.
Thus, it has apparently not yet been possible to adequately
protect the new cartilage in its graft bed against rejection reactions and resorption processes. This is attributed not only to the
macrophage-mediated cellular reactions associated with physiological wound healing but also to antibodies against different
collagen types (28,123). One way of protecting the cartilage
graft against resorption may be to encapsulate the tissue to provide an adequate immune barrier. A suitable method was described by Lim and Sun for microencapsulation of pancreas
tissue. The alginate polylysine method enabled successful encapsulation of Langerhans islet cells and prevented unwanted
immunoreactions (102). The alginate extracted from sea algae
is unsuitable for encapsulating cartilage because of its mechanical properties and possible toxic by-products (65). In 1996,
Dautzenberg et al. described a method for tissue encapsulation
with sodium cellulosesulphate (NaCs) and polydiallyldimethylammonium chloride (PDADMAC). Both substances spontaneously form capsule membranes that have been found to exhibit mechanical stress resistance and biocompatibility under
physiological conditions (38,39). This microencapsulation was
first tested in native human cartilage grafts by Haisch et al.,
and investigated in an animal model. Encapsulated and unencapsulated pieces of cartilage were implanted in athymic nude
mice for up to 16 weeks. The histological workup disclosed
progressive resorption of the chondrocytes and cartilage matrix.
Scattered calcification of the cartilage ground substance and
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chondrocyte necroses were also detected as signs of progressive cartilage degeneration. Connective tissue filaments were
seen after 12 weeks with vessels, granulocytes, and macrophages proliferating far into the central regions of the cartilage
grafts. Encapsulated cartilage, on the other hand, only showed
a more marked inflammatory reaction at the capsule membrane
(Fig. 4). Resorptive reactions could be detected only where the
polyelectrolyte membrane was torn. Thus, encapsulation with
NaCs/PDADMAC membranes is a promising solution to the
problem of postoperative resorption of in vitro-fabricated cartilage grafts.

BONE
Replacement of bone in the facial or cranial region may be
necessary after tumor resections, traumas, inflammations, or in
cases of malformations. The ideal replacement material should
be mechanically stable to ensure adequate protection of the
brain, for example, directly after implantation. A light weight
and low heat conduction reduce the risk of pressure- or heatdependent damage to surrounding tissue. The replacement material can ideally be molded intraoperatively, and easily fixed
by osteosynthesis. For postoperative imaging diagnostics, implants should be radiolucent and nonmagnetic for the MRI.
Since few replacement materials have met these demands thus
far, autologous bone grafts from the outer table or iliac crest,
for example, rank high in the reconstruction of bony defects of
the facial skull and cranium (154). However, autologous bone
grafts usually require a second intervention that can cause cosmetically unfavorable scars or recurrent pain (71). Removal of
bone grafts from the skull cap may involve seromas, hematomas, wound-healing impairments, dura lesions, subarachnoid
bleeding, and opening of the sagittal sinus, as well as intracerebral hemorrhages (138,156). Tissue engineering of bone
could combine the advantages of autologous bone grafts with
a minimal requirement for second interventions.
Three different approaches are currently available for treating bone defects with the aid of tissue engineering: (1) matrixbased therapy, (2) factor-based therapy, and (3) cell-based therapy. All three treatment strategies can be used either alone or
in combination for reconstruction or regeneration of bone.

Replacement of bone matrix—osteoconduction
Matrix-based treatment approaches require implants that replace the missing bone structure with the highest possible precision. After implantation, bone precursor cells and osteoblasts
should migrate into the implant material. This process is designated as osteoconduction (30). The development of biocompatible ceramic materials like hydroxyapatite and tricalcium
phosphate enabled the clinical application of osteoconduction
for regeneration of bone (21,72). The porous structure of the
biomaterials used facilitates not only the ingrowth of cells but
also their 3D orientation in the implant. The decisive disadvantage of a procedure aimed only at replacing the bone matrix is the lack of biological activity, for example, osteoinduction. This is the main objective of factor-based treatment
strategies.
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FIG. 3. Tissue engineered auricular construct in the front and back view. Fibrin gels were combined with resorbable polymer
scaffolds for fabrication (64).

Osteoinductive proteins—bone morphogenetic proteins
In the sixties, Urist was able to demonstrate that reproducible
intramuscular (heterotopic) osteoinduction by bone implants is
only possible after demineralizing the bone (173). Partial or
complete decalcification of the bone tissue enables osteoinductively effective proteins to diffuse from the bone matrix and
induce cell differentiation in the surrounding tissue (125,174).
Wozney et al. first isolated, characterized, and cloned some
of the bone morphogenetic proteins (BMPs) from bone at the
end of the eighties (191). Of the more than 15 BMPs identified
thus far, only six (BMP-2 to -7) have osteogenic properties.
BMP-2 and BMP-7 are considered to be the strongest osteoinductive proteins. Based on their amino acid sequence, the BMPs
are largely assigned to the protein family of the growth factor
TGF-b (34,131). BMPs induce chemotaxis of undifferentiated
perivascular mesenchymal cells in soft tissue and undifferentiated stem cells in bone marrow by binding of the BMP mole-

cule to specific serine/threonine kinase receptor complexes at
their membrane surface (143). The increase of this receptor
binding leads to proliferation of the target cells with subsequent
differentiation into precursor chondrocytes and osteocytes.
Within a few days enchondral ossification then leads to the development of bone tissue that can transform functionally and
contains hematopoietic bone marrow. BMPs offer manifold
modes of application for bone replacement. Bone formation can
be induced orthotopically as well as heterotopically (in muscle
tissue, for example). Bone can thus be formed at a distance from
the defect through intramuscular BMP injection and then later
transplanted into the bone defect freely or with a vessel
(89,166).
An important prerequisite for clinical application of osteoinductive proteins is the development of suitable release systems and scaffold materials. Different biomechanical demands
must be considered in connection with the implant bed. Investigations with Escherichia coli-expressed BMP-2 have shown
that bone induction can be achieved with nearly all commercially available bone replacement matrices (94,146). BMPs
have now been approved for orthopedic indications in Australia.
In Europe, they will probably be applied for ENT interventions,
maxillofacial surgery, and dental implantology (Figs. 5 and 6)
within the next 2–3 years at the earliest (167,168).

Osteoblasts and mesenchymal stem cells

FIG. 4. Native cartilage with polyelectrolyte membrane encapsulation ( R ) and surrounding connective tissue (C) after
8 weeks in vivo.

The first cell-based concepts for bone replacement were realized with unfractionated fresh autologous or donor bone marrow (81,127,132,184,190). Bone marrow contains osteogenic
precursor cells that have the potential for inducing bone regeneration (10). In the clinical application, bone marrow is obtained from the iliac crest and implanted directly into the bone
defect. For tissue engineering, precursor cells from bone marrow as well as differentiated osteoblasts can be combined with
biomaterials such as demineralized bone matrix.
Osteoblasts are either take from bone biopsies or obtained
through predifferentiation of precursor cells or periosteal
cells—by addition of dexamethasone and ascorbic acid, for ex-
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FIG. 5. Postoperative computed tomography after experimental sinus floor augmentation and placement of dental titanium implants in miniature pigs without autologous bone transplants. Miniature pigs have a maxillary sinus (S) similar to humans. On
the test side (T), recombinant osteogenic protein-1 (rhOP-1 corresponds to BMP-7) and bovine spongy bone mineral (BioOss® )
were inserted submucosally into the sinus floor. The control side (K) was managed with BioOss® and a placebo solution. Augmentation of the maxillary sinus floor can be seen on both sides (167) (with permission of Dr. H. Terheyden, Department of
Maxillofacial Surgery of the University of Kiel, Germany).

ample (18,108). As in the cultivation of cartilage, osteoblasts
are seeded onto biodegradable polymer constructs in vitro. In
the animal model, a full-layer skull defect could be managed
by a polyglycolic acid scaffold seeded with predifferentiated
osteoblasts. Marked bone regeneration was evident in vivo 12
weeks after implantation (15). For biomechanical reasons,
slowly degradable or nondegradable scaffold materials were
also tested for tissue engineering of bone (155). PET was one
of the scaffold materials examined for human osteoblasts in the
light of defined geometrical properties (tensile strength, mesh
size). The differentiation of osteoblasts could be influenced by
the appropriate surface modification, for example, hydroxyapatite coating (141).
Various study groups have described techniques for isolating human stem cells from bone marrow or periosteum in the
last 10 years (18,69,122,135). These cells possess a decidedly
high proliferation potential and can differentiate in the direction of highly diverse tissues such as bone, cartilage, tendons,
muscles, or fat. The isolation of mesenchymal stem cells (MSC)
is carried out with the aid of density gradient centrifugation and
cell culturing techniques to separate the adherent MSC from the
nonadherent cells. Human MSC show a characteristic pattern
of different cell surface markers like growth factors, cytokine
receptors, integrins, and other adhesion molecules (19,135). It
is now possible to grow more than 30 populations in vitro from

the bone marrow aspirate of an adult MSC and to thus achieve
cell counts exceeding one billion. During this expansion process, the cells remain phenotypically stable without losing their
osteogenic or chondrogenic potential (18,135). In experimental
studies, femoral defects in rats and rabbits were repaired using
hydroxyapatite scaffolds seeded with MSC. Compared to the
control group without MSC, the group with MSC-seeded implants showed bone regeneration and better biomechanical
properties. The cell-free controls had good vascularization but
no appreciable osteoneogenesis (20,85).
The future clinical application of bone generated in vitro can
basically be achieved not only with osteogenic precursor cells
and MSC but also with differentiated osteoblasts. It has not yet
been clarified which cell type has the greatest proliferation and
differentiation potential in vitro, and may thus be regarded as
the ideal cell source for tissue engineering of bone.

RESPIRATORY EPITHELIUM
The use of respiratory epithelium generated in vitro is mainly
indicated in reconstructive surgery of the trachea and larynx.
The management of tracheal defects is still inadequate, if their
length exceeds the critical threshold for an end-to-end anastomosis as for example after resection of a tracheal stenosis. De-

557

TISSUE ENGINEERING IN OTORHINOLARYNGOLOGY

nasal septum (40,47,165), or even laryngeal transplantation
(163). For these indications, future tissue engineering could provide specific replacement tissue-like composite grafts from cartilage and respiratory epithelium as an epiglottis or other laryngeal structures. Such composite grafts could also be used to
close septum perforations.

Cell and tissue culture of human
respiratory epithelium

FIG. 6. Compared to the control side, RhOP-1 improves the
osseous integration of the implants (calcified hard surface, toluidine blue—with permission of Dr. H. Terheyden, Department
of Maxillofacial Surgery of the University of Kiel, Germany).

spite extensive studies, it has not yet been possible to develop
tracheal prostheses for long-term clinical application (12). The
risks of using alloplastic materials in the trachea include rapid
obstruction of the prosthesis lumen by ingrowing connective
tissue with the formation of a new stenosis, defective tissue integration in the anastomotic region, and long-term rejection
(42,77). Moreover, the problem of coating the prosthesis lumen
with a functioning respiratory epithelium has not yet been
solved. Together with the sol-gel layer, the ciliary beat is the
decisive factor for mucociliary clearance in the respiratory tract
(6), which should not be impaired even after reconstructive surgery of the trachea (70). Bioartificial respiratory epithelium
could be used for functionalizing tracheal prostheses as well as
direct epithelial coverage for scar prophylaxis after laser surgery of shorter stenoses (46).
The restoration of individual laryngeal functions after partial resection or laryngectomy usually requires extensive reconstructive measures like the use of free microvascular transplants (62,63), autologous composite grafts from the trachea or

As a cell suspension, cultivated epithelium of the nasal mucosa forms a monolayer without a basal membrane. In the further course, the epithelial cells become cubic and lose their cilia
(83,192,193). This phenomenon was confirmed in both in vitro
and animal experimental studies. After cell seeding, that is, after placing a suspension of single epithelial cells on scaffold
material, for example, in the lumen of a tracheal prosthesis, they
could be coated with cubic to highly prismatic epithelium. Epithelial cells with normal ciliary activity were not detected
(87,129). Too low a cell density of the seeded nasal mucosa
cells (84,142) and insufficient supplementation of the culture
medium with growth-promoting factors like vitamin A (35)
have been discussed as possible factors responsible for the loss
of the cilia in the monolayer cultures. Moreover, the epithelial
cells are detached from the basal membrane by enzymatic separation, but since this has a regulating effect on the differentiation of epithelial cells (14,68), the loss of this cell–matrix interaction can be seen as another decisive factor for the
dedifferentiation of the nasal mucosa cells in the monolayer culture. The use of tissue cultures may be a solution to this problem (Fig. 7). Small pieces of tissue about 2 3 2–4 3 4 mm in
size are cultivated here instead of a suspension from single cells.
Due to the fact that connective tissue always remains attached
to the epithelial explant with this approach, fibroblasts initially
sprout from the piece of tissue. Ciliated cells gradually proliferated in this fibroblast layer (23). Although this system has the
advantage of better in vitro differentiation of respiratory epithelium in the tissue culture, it fails to provide adequate cell
proliferation for tissue engineering. Combining certain elements
of both culturing procedures, such as in vitro reaggregation of
single nasal mucosa cells to cell clusters (83), should be examined as another alternative for tissue engineering. Additional

FIG. 7. Tissue culture of human nasal mucosa. Mucosa explants isolated from conchotomy preparations and placed on a scaffold material like collagen film. Fibroblasts initially grow from the explant edge (dotted light line) to the collagen film edge. Epithelial cells (dotted dark line) with detectable ciliary beat grow on this feeder layer (23).
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optimization can be achieved by less aggressive enzymatic cell
separation or by using the most physiological culturing procedures possible like air–liquid interphase culture (80,151). In the
future, a pluripotent cell population may even be created by isolation and proliferation of stem cells from the deeper airways
(49).

Scaffold materials for respiratory epithelium
As in the cultivation of skin grafts (104), collagen matrices
are used as scaffold materials for tissue engineering of respiratory epithelium. They partially fulfill the function of mesenchymal components in vitro. Studies on embryonal epithelial
tissue have repeatedly shown that direct epithelial–mesenchymal contact is required for the development of a basal membrane (5,59). A collagen scaffold used in the cultivation of human nasal mucosa explants primarily supports the adhesion and
proliferation of fibroblasts. The resultant autologous fibroblast
layer serves as a feeder layer for the epithelial cells. This interaction between connective tissue components and respiratory
epithelium is an important prerequisite for the formation of tissue-specific features like ciliary beat (67). In our studies, epithelial cells seeded on collagen film had an active ciliary beat
for up to 8 weeks in vitro (23).
Collagen scaffold structures do not have much mechanical
strength, if they are not reinforced by other biomaterials. However, the tissue construct must be sufficiently stable, if bioartificial respiratory epithelium is to be used, for example, in future endoscopic transplantations. This could be achieved with
slowly degradable or nondegradable scaffold materials. In 1992,
Chopra et al. examined in vitro the possibility of attaching
Dacron® -coated polyurethane with tracheal mucosa taken at autopsies. Epithelial cells grew on the prosthesis material after 5
to 7 days, but ciliated cells were not detected among the seeded
cells (35). Although clinically successful in vascular prostheses for over 30 years, PET has not proven suitable as a material for tracheal prostheses particularly due to frequent restenosis and insufficient epithelial sprouting (61,77). Scaffold
material porosity is an important impact parameter for preserving the tissue-specific features of the respiratory epithelium.
Human nasal mucosa explants on PET nets with a mesh size of
50 to 300 mm had the highest ciliated cell density on nets with
a 150-mm mesh size. The growth behavior of fibroblasts sprouting from the tissue explant was also markedly dependent on the
mesh size of the textile scaffold. Fibroblasts grew more rapidly
and more densely on nets with narrower mesh sizes (50–100
mm). In comparison, reduced, “controlled” seeding of fibroblasts on nets with 150-mm mesh size seems to have a positive
effect on the differentiation of epithelial cells (24,141).
Complete in vitro generation of human tracheal (93) segments may not be possible, since the mechanical properties of
connective and supporting tissues produced in vitro have not
yet been identified. However, it may soon be possible to repair
circumscribed epithelial defects like those after laser removal
of short tracheal stenoses or velum formations.

ORAL MUCOSA
Radial forearm flaps and jejunum grafts are among the most
common free transplants used for reconstruction of the upper

aerodigestive tract after tumor operations. Despite their widespread clinical use, skin and jejunum mucosa are not ideal for
mucosa replacement in the aerodigestive tract. Both types of
tissue easily dry out, and may thus lead to more difficult food
passage during swallowing. Moreover, the possible hairiness of
a skin transplant is very disturbing in the oral cavity. A solution for these problems may be the prelamination of forearm
flaps with keratinocytes from the oral mucosa (101). In tissue
culture, oral keratinocytes growing from mucosa biopsies are
seeded on collagen film after 14 days. After another 2 days,
this construct is implanted in a subcutaneous pouch at the donor
site of the forearm flap. The oral keratinocytes are thus in direct contact with the forearm fascia, and the film above it
is next to the skin. Following a healing period, only the
kerotinocyte-containing fascia segment is lifted with the vessel
pedicle. The donor site can then be primarily closed using the
previously tunneled forearm skin with the advantage that complete skin removal, for example, from the groin is no longer
necessary. Only a few patients have thus far been managed with
such prelaminated fascia flaps. A normal mucosa epithelium
was detected both clinically and histologically. No data is
presently available on whether this bioartificial mucosa will survive adjuvant radiotherapy.
In oral and maxillofacial surgery, mucosa transplants fabricated in vitro have been used since the beginning of the 1990s
to manage intraoral mucosa defects (100,172).

SALIVARY GLANDS
All diseases accompanied by permanently reduced salivation
are possible treatment targets for tissue engineering. Radiogenic
xerostomia after radiotherapy of malignant head and neck tumors is of particular importance here due to the high number
of affected patients. The number of new diseases is estimated
to be over 500,000 cases worldwide (181). Causal treatment options for radiation-induced salivary gland damage are not yet
available; thus, various study groups are currently investigating, whether cell therapy concepts can be developed with tissue engineering methods (7,25).
The basic requirement for their therapeutic application is the
in vitro preservation and increase of functional, that is, salivaproducing, tissue. The first trials with static tissue cultures of
the human submandibular gland showed a significant increase
of autolytic processes after 48 h in vitro (78,79). The culture
duration was extended to 2–3 weeks with the preservation of
differentiated submandibular tissue by using fibronectin,
laminin, and collagen type I and IV as matrix components and
by adding various growth factors like EGF and FGF (97,158).
In tissue cultures of human submandibular and parotid tissue,
Dardick et al. determined that basically all salivary gland cell
types (acinic cells, ductal epithelia, and myoepithelia) can be
cultured within 28 days and proliferated by adding the b-adrenergic drug isoprotenerol (IPR) (37). Additional effects of
IPR stimulation were a high squamous metaplasia rate of cultivated salivary gland cells [37] and stimulation of amylase secretion in vitro (36). However, it is doubtful whether sufficient
amounts of functional salivary gland cells can be achieved for
seeding on scaffold materials due to the great difficulty of growing human salivary gland tissue in vitro (152).

559

TISSUE ENGINEERING IN OTORHINOLARYNGOLOGY
Tissue engineering concepts for salivary glands were presented independently by two different study groups for the first
time in 1998. Microcarriers were seeded with individual enzymatic human parotid cells with the intention of fabricating autologous salivary gland organoids for minimally invasive application, for example, for injection into the oral mucosa of
irradiated patients (22). The parotid cells retained their tissuespecific differentiation properties for up to 3 weeks in vitro on
the two microcarriers used here. In all adherent cells, cytokeratin was detected as a sign of epithelial differentiation. Differentiation was assumed to be preserved in this cell population
because of the high concentrations of tissue polypeptide antigens in medium supernatant, a specific marker of ductal epithelia in salivary glands. However, this concept for fabricating
salivary gland organoids cannot be used for therapeutic purposes (26) due to the amylase decrease in the medium indicating a continuous reduction in the secretory functions of acinic
cells in vitro. Comparable results were achieved after implantation of a collagen sponge seeded with salivary gland cells in
an animal model. Amylase production was detected up to 3
weeks after implantation (86). These results show that it is currently possible to maintain vital and functional salivary gland
tissue both in vitro and in vivo for a relatively short time. Thus,
a clinical application still appears to be unrealistic at the moment. The use of an allogeneic immortalized submandibular cell
line (HSG) has been suggested as an alternative to autologous
salivary gland cells (7). Different polymers (PLA, PGA) were
seeded with HSG cells in vitro (1). A tube closed at one end
made of a porous slowly degradable biomaterial is being conTABLE 1.

CULTIVABILIT Y

Organ/tissue

AND

Peripheral nerves CNS
Heart

Neurons, astrocytes
Cardiomyocytes

Vessels
Nose, trachea

Vascular fibroblasts, endothelial
cells, smooth muscle cells
Respiratory epithelial cells

Lungs

Pneumocytes

Liver

Hepatocytes

Pancreas

Islet cells

Salivary glands

Duct epithelium, acinar cells,
myoepithelia
Enterocytes, endocrine cells

Kidney

Epithelial cells of renal tubules
Mesangial cells

Bladder Ureter

Urothelial cells

Skin Hair
Cartilage

Skin fibroblast, epithelial cells of
the epidermis
Chondrocytes

Bone

Osteoblasts

a Modified

from (112).

CONCLUSIONS AND PERSPECTIVES
Tissue engineering opens up new ways to generate vital and
functional transplants. Various basic problems must still be
solved before clinically applying in vitro fabricated tissue. Only
a fraction of all somatic organ-specific cell types can be grown
in sufficient amounts in vitro (Table 1). Availability, isolation,
and proliferation of human stem cells thus play a decisive role
in tissue engineering (99). Whether pluripotent adult precursor
cells or embryonal stem cells will be available in the future not
only depends on advances in research but also on political decisions. The combination of genetic and tissue engineering
methods, for example, in the generation of immortalized cells,
may be another option for developing cell-based therapeutic
procedures (120,185).
The inadequate in vitro oxygen and nutrition supply is
another limiting factor for the fabrication of complex
tissues or organ systems. Tissue survival is doubtful after
implantation, if its supply is not ensured by a capillary network.

IN VITRO PROLIFERATION POTENTIAL

Characteristic cell types

Intestine

sidered as a scaffold for clinical use. However, the problem is
the almost unlimited growth potential of HSG cells developed
from a tumor cell line (159). Clinical application of these cells
is contraindicated due to their incalculable oncogenic potential.
Considering the problems described here, causal cell-based
therapy of radiation-induced xerostomia still remains a vision
of the future.

OF

D IFFERENT PRIMARY HUMAN CELLS a

Cultivability proliferation potential in vitro
Cultivable for several weeks, limited growth
Cultivable for several weeks, appreciable
proliferation only in fetal cardiomyocytes
Cultivable for weeks to months, relatively high
proliferation capacity
Cultivable in differentiated form for up to 8 weeks
as a tissue culture, limited growth
Cultivable for at least 1 week, in vitro proliferation
of adult pneumocytes not yet possible
Cultivable for several weeks, appreciable
proliferation potential only in fetal hepatocytes
Difficult to isolate larger amounts of cells,
sufficient growth is not yet possible in vitro
Cultivable for up to 6 weeks, detectable
proliferation only in duct epithelium
High proliferation potential due to organ-specific
precursor cells in isolated intestinal cells
Limited cultivation and proliferation potential
Cultivable for weeks to months, relatively high
proliferation capacity
Readily cultivable, good proliferation on “feeder
cells”
Cultivable for several months, high proliferation
capacity
Cultivable for weeks to months, relatively high
proliferation capacity, rapid dedifferentiation in vitro
Good cultivability, high proliferation capacity
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In the meantime, tissue engineering has also gained considerable economic importance. As in other biotechnological
branches, an increasing number of new companies will be established in the coming years. According to a survey by the
journal Business Week (issue from July 27, 1998, p. 61), the
market potential of tissue engineering products in the United
States is estimated to be 80 billion dollars (179). In 1998, the
capital assets of American tissue engineering companies exceeded 3.5 billion dollars with an annual growth rate of 22.5%
(107).
Tissue engineering companies or institutes will settle at appropriately certified hospitals to grow replacement tissue under
GMP conditions close to clinical partners. Only close cooperation between disciplines in science, medicine, and industry will
enable the clinical application of results obtained from tissue
engineering research.
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