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Tissue Engineering represents an interdisciplinary field of science,
which brings together Life science and Engineering. Originally
understood as a primarily biomaterial driven discipline, today it is
generally accepted that Tissue Engineering is a highly complex field, in
which biomaterial science, life science and engineering interact to find
new strategies for important clinical applications.

From a historical point of view, an interesting evolution took place
in which some paradigm shifts give evidence for the tremendous change
in our understanding of health and disease. In ancient time during the
concept of animistic medicine, not only the assistance of healing but
also the use of engineering when healing was not successful is known
for long time: even from Neolithic times it has been described that
bone fractures were healed obviously by use of bares, and even more
interesting, already at that time patient care should be established.
It is interesting to realize that even within animistic medicine; the
use of different materials was already applied to cure patients. In
addition to the use of bares to stabilize various fractures, also highly
interventional procedures such as trephinations are documented from
all over the world; surprisingly there is evidence that such patients
could survive these procedures, without any anesthetic or antiseptic
aid [1]. Even if the intention of such procedures were almost animistic,
there is evidence that at least some trephinations were performed for
medical reasons, in our recent understanding [2]. However, in general,
the reasons for such interventions are not in line with our modern
anatomic or anatomic-pathological viewpoint. This changed with the
use of prosthesis to treat amputations, which are documented from the
time of ancient Egyptians. Even if animistic medicine was always the
leading concept in the understanding of health and disease, the use of
limb prostheses after amputation, played an important role in giving
back the anatomical shape, the social and psychological wellbeing, as
well as the physiological function, the latter more or less successful
[3]. The use of limb prostheses marked the important shift to the
paradigm of replacement of damaged or loss tissue by materials. Such
replacements are also documented in the dental field, even if there
is an ongoing debate regarding the intention and the authenticity
of metal fillings, or inlays within the jaw in ancient cultures [4,5].
Especially, the development of the prostheses of the upper limbs
with mechanical constructions to enable movement of the prosthetic
fingers, demonstrates the great efforts which were done to optimize
the functional performance of prosthesis, during the Middle-Age. An
important issue for the performance of these replacement strategies
was represented by the proper and save fixation of the prosthesis to
the body, and the interference between the prostheses material and the
tissue of the stump.

During the following centuries, a real revolution took place which
leads to the development of our modern scientific based medicine.
However, some crucial questions remained unsolved, namely the
replacement of damaged tissue, the interface between prosthesis, and
the human body and their functionality. In this historical context,
material science has become an applied science, as generally a clinical
application represents the aim of research activity. From the biomaterial

viewpoint, the material based replacement of damaged tissues and
organs still bared the problem of functionality, even if biomaterial
properties were adopted and the amount of materials needed for
replacement- strategies were diminished. From the biological point
of view, biocompatibility represents one of the most important issues
in the evaluation of the performance of implanted biomaterials,
regardless, if they are limb prostheses, plates for fracture healing or
vascular stents. However, the field of biocompatibility deals always
with the borderline between the body and the implant, and measures
the range of foreignness or cytotoxicity of the implant, which means
that there will be an interface between the body and the material which
may avoid proper integration in the body. Therefore, great efforts were
made within the last two decades to provide materials with improved
biocompatibility, durability and expanded clinical applications [5].
Not only in hard tissue like bone but also in soft tissue replacement,
such as the matrix assisted autologous chondrocyte transplantation,
the interface between the implant and the unaffected cartilage remains
evident, which is reflected by the fact that the long-term clinical
outcome is dependent from patient-specific and defect-specific factors
[6].

The change from the absence of cytotoxicity, which was given by
optimal biocompatibility to the demand of biofunctionality, marked
a further paradigm change, which opened innovative perspectives
for tissue regeneration due to the biomimetic concept [7]. The term
biomimetic concept describes the simulation of natural functions
of tissues, especially such functions given by the interplay between
structural and functional elements of interfaces in nature. In the
biology of such interfaces, components of the extracellular matrix,
cells and there products plays an important role, since rearrangements
or degradation of extracellular matrix components, several enzymes
liberated by the cells, as well as the potential changes of the pH-value
in a specific microenvironment take place. In this context, there was a
huge challenge for the material science since the biomimetic concept
required biodegradable materials that are capable to respond to changes
in that microenvironment. The evolution in that direction was given
by the development of the so-called smart or biomimetic biomaterials.
One key feature of such biomaterials is to capture the degree of
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complexity needed to mimic the extracellular matrix of nature tissue.
Actually, it is an ongoing challenge to design biomaterials which are
capable to recreate the molecular architecture of extracellular matrix,
including the recreation of the dynamic mechanisms of extracellular
matrix response to changes within the microenvironment [8,9]. A
second element of the biomimetic concept is not to use biomaterials
in a pure state, but with incorporated “trigger’-molecules such as
signaling molecules and growth factors, with the aim to create a
functional tissue or organ like implant. For this purpose, essential
growth factors such as bone morphogenetic proteins are already well
known for tissue engineering strategies, which are partly already in
clinical application [10]. One important aim of Tissue Engineering in
this context, represents the creation of functional tissue like constructs
ex vivo, which will be implanted. This development was possible due
to the broad scientific activity in the field of bioreactors. Bioreactors
enable not only the scientific analyses of tissue like structures under
different conditions, but also enable the reliable and standardized
synthesis of such tissue like structures in an up-scaled manner, which
represent an crucial prerequisite for its clinical use.

With the application of growth factors and signaling molecules, the
material-system and its effective application became more complex,
because the beneficial effects of such different “trigger”-molecules are
dependent on several parameters:

e many of such molecules revealed there effects by interaction
with receptors of the target cells, in consequence, the effects are
dependent from the receptor expression of these target cells;

e such molecules act in a dose dependent manner, which means
that there is an optimal dose for the best effects,

e Such molecules underwent rapid turnover, so that there
is sensitivity for their effect given by the half-life of these
molecules. Taken these obstacles together it becomes clear,
that for the proper use of signaling molecules or growth
factors, it is mandatory that the right dose is at the right
time at the right place, and most important that the effector
cells are present in a sensitive manner. To reach this goal, an
entire understanding of the basic mechanisms in interface
biology, as well as regeneration and healing is important. In
this context, today it is generally accepted that regeneration
recapitulates in part developmental processes, which means
that it is essential to understand developmental processes, as an
important prerequisite for the design of effective biomaterials
with incorporated “trigger”-molecules [11]. In our own work,
we could demonstrate that the processes of the growth plate
of the long bones represent a suitable model for the targeting
of potential growth factors, or signaling molecules for tissue
engineering purposes [12]. However, with the detection of a
potent signaling molecule or growth factor the challenge goes
on, because to solve the problems for effective application
described above, techniques and methods known from drug
delivery should be applied. From this more pharmaceutical
point of view, it is important to develop a manner of delivery
which allows an optimal dosing, and most important which
allows the release of the functional molecule [13]. Furthermore,
the stability of the active agent should be analyzed under
physiological and storage conditions [14].

The third element of modern tissue engineering strategies is
represented by the cellularity of the biomaterial, primarily given
by autologous cells, how it is clinically used, for example, in matrix

assisted autologous chondrocyte transplantation. Beneath primary
differentiated cells, today different progenitor or stem cells are in the
focus for tissue engineering applications, because there is hope that
these cells proliferate and differentiate by help of various soluble signals
[15]. On the level of clinical application or on the level of clinical trials,
there are already different examples of several combinations from
biomaterials, incorporated bioactive molecules or preceding of cells
respectively. A prime example for the use of a biomaterial combined
with cells are preceded synthetic polymeric vascular grafts, which is
already well known for more than a decade [16], or interconnecting
porous hydroxyapatide loaded with BMP-2 for osteoblast growth, and
differentiation to support fracture healing [17]. The up-coming use of
signaling molecules and growth factors passed into the next step of
evolution, namely the concept of guided tissue engineering. The future
developments will show, if this concept has to be characterized as a
paradigm change. The aim of guided tissue engineering is to induce
cell proliferation, not only within a used scaffold but also to attract
cells, especially progenitor cells from the surrounding tissue to invade
in the damaged tissue, to proliferate and differentiate in this location.
An important idea behind this aim is that with the attraction of cells
from the surrounding tissue, the scaffold or cell-scaffold-construct
became really integrated in the damaged tissue. With that issue, one
of the first problems of biomaterial use could be approached; the
interface-problem of implantations, which is evident since their first
use back in history. If the proper use of active agents, biomaterials and
cells could create a complete integrated construct within the damaged
tissue, then regeneration of a structural and functional new tissue will
be possible. The view to the historical development makes clear that,
on the one hand, there is a growing complexity in the field of tissue
engineering but that on the other hand, this complexity could lead to
clinical applications for tissue engineering strategies. To reach this goal,
further aspects should be taken into account: with the modern tissue
engineering properties which give important input to morphogenesis,
the current in vitro models tends to be not more two-dimensional
but three-dimensional, with heterotopic cell interactions under
different biochemical or physico-mechanical conditions. For a better
understanding of the third dimension during morphogenesis under
these conditions, nondestructive analytical methods such as p-CT
or synchrotron uCT will become more and more attractive, and new
algorithms will be established [18,19]. Furthermore, getting deeper in
the understanding of morphogenesis and its role for tissue regeneration,
we have to take into account that many in situ models are animal models
and that there are critical differences in wound-healing, differentiation
and progenitor cell biology, so that we have to prove if a special animal
model fits really for the human situation [13]. Therefore, the request
for human in situ models will become an innovative challenge. This is
a fascinating field for the pathologist [20] and is closely related to the
question of proper scientific use of surplus tissue, and a state of the art
biobanking in the clinic [21]. With regard to human in situ analyses,
both adult and embryological tissue is of tremendous value and
therefore, the ethical and juridical feasibilities and boundaries, should
be further discussed. Nevertheless, animal models will be necessary
also in the future times for the proof of principal in innovative new
biomaterial developments. For the clinical perspective, the evaluation
of tissue engineering strategies will be of special importance; since
only by the systematic survey of tissue engineering strategies, there
performance could be proofed and optimized. Therefore, the recent
European survey on cellular and engineered tissue therapies gives an
extraordinary example for the recording of extend and indications of
such therapies, and the cellular components used already in the clinic
[22]. In this context, the anatomic-pathological re-evaluation of tissue
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engineering applications could give further information regarding the
morphogenetic properties, and the long-term performance of such
strategies. For these purposes, clinicians, pathologists and scientists
should interact to develop recommendations for the indication and
performance of bioptical analyses. These strategies could help to bring,
even more tissue engineering stratefies into the clinic, and may help to
anchorage them for patient care. In this context, it will be the debate of
the future in what extent we will further need preceded scaffolds, or if
active molecule loaded smart materials will be sufficient to stimulate
regeneration in the damaged area, which means that the body would
become its own bioreactor. To introduce such solutions into the clinic,
we live for this ongoing fascinating challenge - to regenerate critical
tissue defects!
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