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Zusammenfassung

Hintergrund: Der Gewebeersatz des Ösophagus durch chirurgische Techniken (gastric
pull-up oder Coloninterponate) ist häufig mit hoher Morbidität vergesellschaftet. Für das
Tissue engineering (TE) des Ösophagus wurde das Schaf als Versuchstier verwendet,
weil es für fetale Eingriffe geeignet ist. Das Ziel dieser Studie ist es die Durchführung der
fetalen Chirurgie beim Tissue engineering der Speiseröhre zu untersuchen, indem das
Omentum majus des Schaf- Fetus als Bioreaktor verwendet wurde.

Methoden: Für die Eingriffe wurden 120-130 Tage alte Feten von österreichischen
Bergschafen (Gruppe-2, n=3) ausgesucht. Nach einer medianen Laparotomie wurde der
Fetus nach außen gebracht und Biopsien von 1-3 cm wurden vom fetalen Ösophagus
entnommen. Danach erfolgte eine End- zu End Anastomose. Die ösophagealen Biopsien
wurden zu ``organoid units (OU)`` weiterverarbeitet und auf Kollagen-Scaffolds
geseedet, tubularisiert und in das fetale Omentum implantiert. Danach wurde der Fetus
zurückplatziert und die Schwangerschaft wurde fortgesetzt.

Ergebnisse:
1. Chirurgische Eingriffe sind bei 120-130 Tage alten Feten durchführbar.
2. Cervikale Ösophagus-Biopsien von 1-3 cm wurden bei allen 3 Feten
entnommen und das Kollagen-Konstrukt konnte erfolgreich in das Omentum
majus implantiert werden.
3. Die Durchblutung der implantierten Konstrukte wurde erreicht.
4. Es zeigten sich bei den operierten 120-130 Tage alten Feten keine Todesfälle.

Fazit: Im Tissue engineering des Schaf Ösophagus sind fetale Eingriffe durchführbar.
Biopsien von maximal 3 cm sind bei 120-130 Tage alten Feten entnehmbar.
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Abstract
Background: Oesophageal replacement by surgical techniques such as gastric pullup, intestinal or colon replacement is associated with morbidity as these techniques
offer far from perfect solutions. The ovine model for oesophageal tissue engineering
(TE) was selected by our group due to the advantages it offers in performing fetal
interventions. The aim of this study was to investigate the feasibility of the ovine fetal
model for in-situ TE of the oesophagus using the fetal omentum as a bioreactor.
Methods: Fetus from Austrian Mountain Sheep were selected for interventions
between the 120-130- day (Group-2, n=3) of gestation. The fetus was exteriorized
and full thickness biopsies of 1-3 cm were obtained from the fetal oesophagus after
which an end-end anastomosis was performed. The oesophageal biopsies obtained
were processed to organoid units (OU) which were seeded on collagen scaffolds,
tubularized and implanted into the fetal omentum. The fetus was returned and the
pregnancy allowed to continue.
Results: Outcomes of the surgical procedures can be summarized as follows:
1. Surgery is feasible and can be carried out safely in 120-130 day fetuses.
2. Cervical oesophageal biopsies of 1-3 cm were obtained in all 3 fetuses and
the collagen construct could be successfully implanted into the abdomen.
3. Vascularization of the implanted contructs was achieved in all fetuses with
the omental wrap.
4. There were no fetal mortalities in the fetal group operated between the 120130 day of gestation.
Conclusion: Fetal interventions are feasible in ovine oesophageal tissue
engineering. Biopsies of maximum 3 cm are feasible in 120-130 day fetuses.
v
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1. Introduction

Tissue engineering is a method to replace tissues or organs that have been
destroyed by disease, trauma or congenital abnormalities using living elements that
become integrated into the host organism.

The term "tissue engineering" was first used at a National Science Foundation
Meeting in 1987. Later, the definition for this term was made as "...the application of
principles and methods of engineering and life sciences toward fundamental
understanding of structure and function and development of biological substitute to
restore, maintain and improve [human] tissue functions."(2)

Tissue engineering is an interdisciplinary field involving life science (molecular
biology, cytology, genetics, surgery) as well as engineering (mathematics, physics,
chemistry, biomaterial technology, computer engineering).(4) The knowledge and
cooperation of these disciplines is necessary to make understand the complexity of
cell units;(5) This also includes specific profession starting from the production of
scaffolds via the biochemical treatment of the cells through to operation techniques.
There are already several methods to substitute lost or damaged tissue or function
used in clinical routine, such as the transplantation of an organ from one individual to
another (allogeneic), the autologous transfer of healthy tissue to supersede damages
(e.g. flap plastic or the use of gastric pull-up, colon or jejunum transposition in case
of long-gap oesophageal atresia), the replacement of lost function with mechanical
appliances such as prosthetic cardiac vales and joints made of ceramic or titanium .
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Other non-surgical methods to complement an organ`s function are dialysis therapy
or the medicinal substitution of hormones (like Insulin for treatment of Diabetes
mellitus or Thyroxin for hypothyroidism).

These procedures have helped many patients and will continue to do so in the future.
Nevertheless, the outcomes are not satisfactory, for example the long waiting period
for donor organs, the cost and complications of immune therapy after allogeneic
organ transplantation or the fact that the function of an artificial body part can never
be the same as the natural one. Besides long-term treatment with metabolic products
could cause hormone imbalance and lead to acute or chronic complications. Also,
many of these options require lifelong treatment and hence are a huge burden to the
health care system and the patients.

Especially in paediatric population there is the problem that artificial tissues do not
grow with the growing child. The aim in the paediatric population would be the
intrauterine detection of congenital anomalies and engineer the missing tissue to be
able to correct the defect at the time of birth.(3)

1.1 Cell sources

Cells are the determining factor in tissue engineering and regeneration. This is due to
their characteristics concerning the proliferation and differentiation, cell interactions,
bio- molecular production and extracellular matrix formation.

(6)
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Every cell has basic requirements to its environment (which include oxygen, pH,
humidity, temperature, nutrients and osmotic pressure maintenance)
multiplication and function
preserve

its

phenotype

that make

possible. The in-vitro cultivated cells will be able to
under

conditions

that

are

similar

to

its

natural

microenvironment.
Ideal cells for tissue engineering should possess the following qualities: (a) no
interference with the host immune system, (b) proliferation without changes in
phenotype or function and (c) easy accessibility and pluripotentency. Not only
autologous cells (cells sourced from the patient), but also allogeneic (cells from
another individual of the same species) or xenogeneic (cells from another species)
stem cells can be used for tissue engineering.
Autologous stem cells are the optimal source for replacing lost tissue because they
do not interfere with the patient’s immune system. The problem here is to get the
critical number of cells, since cultivated cells have limited capability of proliferation.

Stem cells are undifferentiated cells that have 2 qualities: (a) the capacity of selfrenewal and (b) the possibility to differentiate into any kind of specialised cell types
(=pluripotent). Cellular differentiation of stem cells is unique as it is based on either
intrinsic (genes, which carry coded instructions for a cells structure and function) or
extrinsic signals (these are chemical molecules secreted by other neighboring cell
through physical contact (paracrine regulation).

(8)

Three different kinds of stem cells

exist in human body: Adult stem cells, embryonic stem cells and amniotic fluid
derived embryonic cells (AFEc). (8)
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Adult stem cells are undifferentiated cells that can be found in any organ or tissue
and have the capability to renew, maintain or repair itself (such as liver, bone, muscle
or adipose tissue).

(7)

Their ability of proliferation is not as high as in embryonic stem

cells, but the acquisition of cells is simpler and it offers a direct route to clinical
implementation.

Embryonic stem cells are pluripotent cells isolated from the inner cell mass of the
blastocyst. During the development they give rise to the three primary germ layers:
ectoderm, endoderm and mesoderm. The ectoderm gives rise to the nervous system
and skin, the endoderm gives rise to the intestines, and the mesoderm is composed
of the bones, muscles and cartilages. This indicates that these cells have the
potential to differentiate into any kind of cells within the developing embryo.

Amniotic fluid derived embryonic cells (AFEc) can transform into various types of
tissues and offer the added advantage of application of these cells without disturbing
the embryo. (8)

Keratinocytes, fibroblasts, chondrocytes, endothelial and smooth muscle cells are
commonly used for tissue engineering as they are able to proliferate in less time. On
the contrary it is very difficult or impossible to initiate hepatocytes or cardiomyocytes
to differentiate. (9)
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1.2 Scaffolds

Cells cultivated in-vitro could loose their ability to grow in a 3-dimensional space and
thereby loose the anatomical shape of the organ or tissue. This can be prevented by
seeding cells on highly porous polymer matrices, known as scaffolds, to which they
attach, colonise and proliferate in a defined 3-dimensional structure or space.
Scaffolds offer the structure and function of extracellular matrix and therefore have to
fulfil certain requirements: (a) the pore size of the scaffold has to be large enough for
an adequate vascularisation (nutrition and metabolic transport) and (b) at the same
time offer mechanical stability as well as (c) offer optimal conditions for the cell to
attach, grow and differentiate. It has to provide mechanical properties and a shape
that matches the host tissue.

The scaffold should also be made of biodegradable material so that it degrades to
leave non-toxic residues. Porosity of scaffolds and the mechanical attributes should
be controlled in order to have a significant effect on adhesion, growth and
differentiation of the cells. Besides the microstructure of the scaffold, the stiffness
impaired by the biological activity of the polymers is important factor which is
employed in in-vivo tissue regeneration. (10)

Scaffolds can be produced in any desired form: flat, gelatinous or in any 3dimensional shape.

(23)

For applications in the gastrointestinal tract (oesophagus,

stomach, bowel) the scaffold should have a tubular shape.
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To achieve this, either tubular scaffold can be fabricated or a flat scaffold can be
carefully sutured to form a tube using a sterile synthetic stent.
The first biological active scaffold was produced in 1974.

Few years later, the

characteristics of scaffolds such as their low in-vivo antigenicity, their thrombosisresistant behaviour and the characteristics concerning their degradation were
described. (9)
For the production of scaffolds many different materials (natural and synthetic,
biodegradable and permanent) have been investigated. Examples of natural
materials include collagen, alginate, hydroxyapatite, glycosaminoglycan and fibrin;
whereas synthetic scaffolds may be produced for example from poly-glycolic acid or
poly-lactic acid. Natural materials have the advantage that they can imitate the
cellular milieu. But on the other hand in synthetic scaffolds, it is easier to control the
material characteristics (thickness, loading capacity, pore size, degradation rate and
microstructure). Synthetic scaffolds can be coated with natural materials (termed as
“semi-synthetic scaffolds”) to combine the above listed advantages. (12)
An ideal scaffold should be biocompatible with controlled degradation rate,
absorbable, non-toxic, non-carcinogenic, should not elicit an immune response and
have a flexible 3-dimensional structure to allow migration, adhesion, neoangiogenesis, nutrition, proliferation and differentiation, and be passable for growth
factors and genetic materials. (23)
Although many scaffolds with the qualities listed above were fabricated, only a few
have exhibited desirable biologic activity to initiate tissue regeneration (regeneration
matrix).
6

1.2.1 Scaffolds in TE

The success of a tissue engineered constructs is greatly influenced by the choice of
scaffold material. Decellularized oesophageal matrix has been used as a natural
scaffold for oesophageal tissue engineering on which oesophageal epithelial cells
have been seeded on to create hollow tubular constructs similar to the tubular
structure of the oesophagus.(8)

However, such scaffolds have severe limitations when it comes to the regeneration of
complex hetro-cellular organs such as the oesophagus.

The tissue engineering of the gastrointestinal tract (oesophagus, stomach, and
intestines) is a challenge, as these tubular organs consist of adjacent heterogenic
tissue layers, which fulfil special functions. This fact demands the production of
tubular scaffolds or flat scaffolds are sewed to tubes.

(21)

“Hybrid constructs” are at

present the optimal hypothesized option for engineering these multifunctional tubular
tissues. In hybrid constructs, homogenous cells are seeded on scaffolds and then
these homogenous cell-specific scaffolds are approached to other similar scaffolds.
(21)

Oesophageal atresia is a frequent congenital defect where the oesophagus ends in a
blind-ended pouch with a gap to the lower part often accompanied by a fistula to the
trachea. Short-gap atresia can be managed with direct surgical anastomosis;
however, long-gap atresia in which tissue is deficient may benefit from tissue
engineering replacements.
7

Investigations are being performed keeping various aspects in mind to achieve this
goal of replacement oesophageal tissue. (22)

1.3 Cultivating

1.3.1 Static systems

Initially in tissue engineering the cell cultures were maintained under static in-vitro
conditions. The cells obtained were plated on cell-culture dishes to proliferate and
differentiate. These cells could be then seeded on scaffolds as thin as 2mm to enable
nutrient to reach the cells. In order to use thicker polymers, a dynamic system would
be required for providing nutrition and conditions for optimal attachment and
growth.(12)

1.3.2 Dynamic bioreactors

Bioreactors are systems that use a pump to perfuse media directly through a cellscaffold construct and enable the application of larger scaffolds in tissue engineering.
Important factors such as the specific biological, physical and chemical parameters
for engineering a defined tissue can be controlled in bioreactors. Due to the
automated procedure there is less manipulation necessary and therefore there is a
lower risk of contamination with pathologic microbes.

(14)

This system offers more

advantages which range from preventing stasis to tolerating complex mechanical
tissue manipulation. (13)
8

Figure 1. Schematic view of a dynamic bioreactor used in tissue engineering.
The fresh media is delivered through the tissue generation chamber via a
pump. Due to the continuous flow the cells get adhesive to the matrix.

1.3.3 In-vivo or in-situ bioreactors

In-vivo or in-situ bioreactors utilize the body for tissue regeneration. The
vascularisation of the construct which results from a host response enables the
maintenance of cell nutrition.(13, 15)
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Studies have demonstrated that after construct implantation, about 3 to 4 weeks
time-frame is required until the scaffolds get colonized with epithelial cells from the
neighbouring tissues.
Moreover, this process is shortened to about 2 weeks when hybrid scaffolds are
seeded with autologous cells before implantation.

(16)

In future a combination of in-

vitro and in–vivo culture-systems has been foreseen to offer advantages for tissue
generation.(13)

1.4 Generation of new tissue

The general concept of tissue engineering is the functional or structural regeneration
of tissue achieved by the supply of living elements which are integrated into the body.
In the last two decades most developments have been only cell based or only matrix
based. In present days research groups use a combination of both to acquire new
tissue formations.

1.4.1 Cell based techniques

In such techniques isolated and/or cultured cells are directly injected into the target
organ or blood to achieve their target organ with the help of the bloodstream. The
stroma of the host organ serves as a natural matrix for cell attachment and
proliferation. This procedure enables the use of specific cells that will supply the
needed function and allows manipulation before injection.

(3)

However, the critical

mass of cells needed to replace function is high and may often be difficult to achieve.
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Furthermore there are other limitations for the growth of new tissue within preexisting mature tissue. (17)
Nevertheless, studies have shown that the survival of cells injected directly into
organs such as liver, spleen or pancreas or into subcutaneous tissue avoid surgical
complications and can substitute metabolic function. (17)

However, it is challenging to produce a complex tissue with a simple cell injection.
Other limitations for the application of this technique are conditions, which need a
structural graft for mechanical requirements. (18)

1.4.2 Cell encapsulation techniques (Closed system)

This method of cell transplantation was investigated to protect the cells of the host
immune system. The cells are encapsulated in a semi-permeable membrane which
allows the diffusion of nutrients and waste, but protects the cell from macromolecules
such as antibodies, complement factors and immune cells.

(3)

The major limitation of

this technique is the formation of capsular fibrosis as a result of the immune system
foreign body reaction. This process subsequently leads to an obstruction of diffusion
and nutrition which ends in the necrosis of the cells.

(18)

Animal studies showed a survival- period of pancreatic β-islet cells over 7 months
after implantation, when encapsulated with alginate. Investigations of the explanted
capsules showed a minimal cell-reaction. Over the 7 months immuno-competent
diabetic mice present normoglycemic blood glucose levels.

(20)
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Also, hepatocytes from porcine sources in extra-corporal bio-artificial livers have
demonstrated in clinical studies that this method is efficient in the treatment of
fulminant and subfulminant liver-failure. (19)

1.4.3 Open systems of cell transplantation

The main aspect in open systems is to integrate the implanted tissue into the host
organ to achieve a permanent, living, natural solution for the loss of tissue. For this
purpose, cells are seeded onto natural or synthetic scaffolds and proliferated in-vitro
before implantation. The scaffold should be degraded and replaced by new tissue. To
permit nutrition, the scaffolds should be pre-vascularized or vascularized after
implantation as a natural response of the host tissue or artificially initiated by the
release of angiogenic factors by the scaffold.

In these systems, initially the diffusion ensures for a restricted volume/area sufficient
supply with nutrients, oxygen and other essential substances. Hence, the size of the
polymer construct, density, pore size, and material are important factors for the
integration and later function of the cell-polymer construct.

(3, 12)

2. Materials and methods

The aim of this study was to investigate the feasibility of the ovine fetal model for insitu tissue engineering of the oesophagus using the fetal omentum as a bioreactor.
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2.1 Materials

Collagen-scaffolds for the engineering of the oesophagus were obtained from
Radbound University Nijmengen Medical Centre, Nijmengen, the Netherlands.
The scaffolds were prepared from bovine Type-I collagen using extracts from dilute
acetic acid, sodium chloride, urea and acetone solutions.

2.1.1 Manufacturing of the TYPE I collagen scaffold

Tubular collagen scaffolds were produced by using methods of homogenization,
shaping, freezing and freeze drying.
A 0.67% Type-I collagen suspension was dispersed in 0.25 M acetic acid (Merck,
Darmstadt, Germany) for 16 hours at a temperature of 4 degrees Celsius.

The

suspension was homogenised by using a Potter-Elvehjem homogenizer (Louwers
Glass and Ceramic Technologies, Hapert, Netherlands) which has a 0.35mm large
gap at a temperature of 4° Celsius and was centrifuged for 30 minutes at 160 g. Then
it was put into the dryer for another 30 minutes to vent the suspension. The
suspension was moulded into different shapes and was frozen for 4 hours at a
temperature of -20 degrees Celsius. Then it was freeze-dried in a Zirbus freeze-dryer
(Zirbus Sublimator 500II, Bad Grund, Germany).

3 different scaffolds were

manufactured: a Control porous Single Layer Scaffold, a compressed Dual Layer
Scaffold and a Polymer Hybrid Scaffold.
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2.1.2 Manufacturing of the Dual Layer Scaffold

A non cross-linked control scaffold was used to create a non-porous collagen
scaffold. Again, 0.67% Type-I collagen scaffolds were evenly compressed around a
stylet of stainless steel (ø15mm) by the use of rolling motions on a pure surface.

The scaffolds were removed from the stylet, cross-linked and washed without using
any MES pre- incubation. The new 0.67% Type-I collagen suspension was moulded
into shape and the stylet with the scaffold was carefully inserted. The scaffolds were
frozen, freeze-dried and cross-linked.

2.2 Operation method

The procedures were performed in 3 ovine fetus in which the pregnancy was
controlled so that the procedures could be performed at the 120 day of gestation.
The term pregnancy is 140 days in ovine fetus. Permission was obtained from the
Animal Ethics Committee, Vienna for the investigations.

2.2.1 Tubulisation of the scaffolds

For the tubulisation of the scaffolds a sterile endotracheal tube with an outer diameter
of 8 mm was used as a stent. The tube was inserted into each of the scaffolds. This
method has the advantage that the scaffolds kept their tubular form after the
implantation, and on the other hand it allows the cells to access the inner layer of the
scaffolds through the lumen.
14

2.2.2 Anaesthesia

The premedication the pregnant ewes were administered an intravenous injection of
Propofol and Fentanyl, followed by intravenous application of an antibiotic
(Augmentin®), an analgesic (Rimadyl®), and the opioid analgesic Fentanyl. The
maintenance of the anaesthesia was done with Sevoflurane. The sheep were
positioned on the operation table in supine position with raised head and intubated
with an orotracheal tube (size 8.0 mm). The exact dose and induction of every sheep
is listed in the table below.

2.2.3 Operation technique

Fetus from Austrian Mountain Sheep were selected for interventions between 120130- day (Group-2, n=3) of gestation. The abdomen was shaved and disinfected with
standardized Betaisodona® solution (Mundipharma, Limburg/Lahn, Germany). A
median laparotomy was performed and the skin was dissected from the abdominal
muscles. After that the abdominal muscles and the peritoneum were prepared till the
uterus was in sight. The fetus was exteriorized and the fetal neck was exposed to
obtain full thickness biopsies of 1-3 cm from the oesophagus after which an end-end
anastomosis was performed. The neck incisions were closed and the fetus was
flipped to expose the abdomen.

15

Table 1. Anaesthesia protocol in the pregnant ewes
Experimental

Number 1

Number 2

Number 3

animals

(Female 2 Years)

(Female 3 Years)

(Female 2 Years)

Pre-medication

Propofol i.v. 150mg

Propofol i.v. 150mg

Propofol i.v. 150mg

Ephedrine i.v. 5mg

Fentanyl i.v. 100μg

Fentanyl i.v. 100μg

Fentanyl i.v. 100μg

Antibiotics

Augmentin i.v. 1g

Augmentin i.v. 550mg

Augmentin i.v. 1g

Analgesics

Rimadyl i.v. 116mg

Rimadyl i.v. 110mg

Rimadyl i.v. 116mg

Tramadol i.v. 10 mg

Tramadol i.v. 2mg/kg
Ketasol 2mg/kg

Intravenous fluids

Elomel i.v. 280ml/h

Glucose i.v. 280ml/h

Saline

Anesthetic Gas

Sevoflurane

Sevoflurane

Sevoflurane

Intubation tube

Orotracheal 8 mm

Orotracheal 7.5 mm

Orotracheal 8 mm

Recovery

Penicillin G 3ml s.c.

Penicillin G 3ml s.c.

Penicillin G 3ml s.c.

Tetanus AT 3ml s.c.

Tetanus AT 3ml s.c.

Tetanus AT 3ml s.c.

Rimadyl 3ml s.c.

Rimadyl 116 mg s.c.
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Figure 2. View of the 120 day-old fetus neck exposed after performing a
laparotomy and opening of the amniotic cavity and fetal membranes.

Figure 3. After incising the fetal neck skin, the oesophagus is exposed and a
biopsy is taken for obtaining the organoid units that will be seeded on
scaffolds.
17

A laparotomy was performed and the omentum was exposed. The oesophageal
biopsies obtained were processed under sterile conditions to obtain organoid units
(OU) which were seeded on collagen scaffolds, tubularized and implanted into the
omentum. The fetus was returned and the pregnancy allowed to continue.

The omentum is a strongly vasculated formation of the peritoneum, it is located in the
abdominal cavity between the stomach, the first section of the duodenum and hilum
of liver. It has several functions like the encapsulation of inflamed regions and
protection of the organs. (22)

Figure 4. The scaffolds are tabularized around stents and wrapped in the fetal
omentum for in-situ tissue engineering.
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Figure 5. The fetus is returned and the laparotomy incison is closed with nonabsorbable sutures.

Protocol for the oesophagus Organoid Units (OUs):
- Oesophagus full thickness was cut into full-thickness 2mm x 2mm
- The resected specimens were washed 2 times in 4°C Hanks balanced
salt solution, sedimenting between washes (5 times in PBS).
- Digested with 0.25 mg/mL dispase (Boehringer Ingelheim) and

800

U/mL collagenase type I (Worthington) on an orbital shaker at 37°C for
10 minutes. (Collagenase Type I Sigma)
-

The digestion was immediately stopped with three 4°C washes of a
solution of high-glucose Dulbecco`s modified Eagle`s medium, 4% heat
inactivated fetal bovine serum, and 4% sorbitol. (add Epilife 1:4 with
DMEM)
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- The OUs were centrifuged between washes at 150g for 5 minutes, and
the supernatant was removed.
-

OUs were reconstituted in high-glucose Dulbecco`s modified Eagle`s
medium with 10% heat-inactivated fetal bovine serum, counted with a
hemocytometer. (add Epilife 1:4 with DMEM)

- OUs were loaded at 100,000 units per polymer at 4°C, and maintained
at that temperature until implantation, which occurred in less than 1.5
hours.

2.2.4 Implantation technique

The stented scaffolds were carefully put on the omentum and sewed in a way, that
they are completely coated with it.
The overlapped omentum was sutured with a non-resorbable monofilament and the
laparotomic incision was closed in several layers. After the last suture the wake-up
phase was initiated.

2.2.5 Cell seeding

There were 2 methods used to transfer cells onto the scaffold. The “drop on” method
(the cell suspension is directly pipetted onto the scaffold) and the “drop in” method
(scaffold is dipped into a cell suspension, which allows a homogenous and deep
distribution of the cells on the scaffold). (30)
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3. Results
3.1 Progress and explantation

In all pregnant ewes operated, the pregnancy continued normally and all lambs were
delivered with any obstetric problems. The lambs were euthanized 12 weeks after the
implantation and the constructs were explanted for histological and morphological
evaluation. For this the lamb was sedated with 0.2ml Butaphanol (10mg/ml), 0.1ml
Rompun (Xylazin, 50mg/ml) und 0.5ml Ketamin (100mg/ml) intramuscularly. After
that 10 ml T61 i.v. (narcotic used in veterinary medicine which cause respiratory
paralysis), the laparotomy incision was reopened and the constructs were retrieved
from the omentum.

Figure 6.

View of the construct in the omental wrap 12 weeks after

implantation.
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3.2 Processing of the contructs after the explantation

After the explantation the scaffolds were exposed and immersed in a 50 ml FalconTM
(Becton Dickinson Biosciences, San Jose, CA,USA)

with a phosphate-buffered

saline (PBS) (SIGMA-Aldrich, St. Louise, MO, USA), which has a temperature of 4°
Celsius. After that the constructs were sectioned.

Figure 7. View of the tubularized construct attached to the vascular omental
stalk.
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3.2.1 Cryosection

The cell-polymer constructs were shock-frozen in liquid nitrogen (Air Liquide Austria
GmbH, Schwechat, Austria) and temporary stored in the freezer (Heraeus
Instruments GmbH, Düsseldorf, Germany) at a temperature of -80° Celsius and
subsequently blocked with an embedding agent called Tissue-Tek O.C.T. Compound
(Sakura Finetek Inc., Torrance, CA, USA). Section of 5 μm thickness were obtained
by a HM 560 Cryo-Star freeze-rotary microtome (Microm International GmbH,
Walldorf, Germany).
Two of these sections were put together on a Superfrost plus slide (Menzel,
Braunschweig, Germany) to be able to make later an isotype-control and negative
control. The slides and the rest of the cell-polymer constructs were stored at a
temperature of -20 degrees Celsius until they were stained.

3.2.2 Staining methods for cell detection

Three different staining methods were used. Two were unspecific histological staining
methods (Haematoxylin-Eosin (HE) and Masson`s trichrom stain) and the third was a
specific stain for ovine epithelial cells.
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3.2.2.1 Massom’s trichrom-stain

This staining method is used especially to distinguish between connective tissue,
muscles and collage fibres and is therefore ideal for the presentation of the smooth
muscle cells on the collagen polymer.

(24)

Accustain Trichrom-colours (SIGMA-

Aldrich, St. Louis, MO, USA) were used for the staining.

Protocol for the SIGMA standard method:
- Rinse in order to thaw the 5μm thick cryosections on the Superfrost plus
slide for 5 minutes in PBS and afterwards with Aqua dest.
-

For 15 minutes with Bouins-solution (SIGMA-Aldrich, St. Louis, MO,
USA) at a temperature of 56 degrees Celsius to intensify the final
colour.

- Afterwards cool it under running tap water and wash out the yellow
colour from the sections.
- The staining of the nuclei is done by Weigert`s haematoxylin solution in
5 minutes. After the staining the nuclei appear black.
- Wash the section under running water for another 5 minutes.
- Rinse it with Aqua dest.
- To make the muscle filaments visible dye the section with BiebrichScarlet-acid fuchsin -solution for 5 minutes.
- Rinse it with Aqua dest.
- Put the slides for 5 minutes into the Phosphomolybdic acid -solution.
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- In order to dye the collagen put the slides for another 5 minutes into
aniline-blue solution.
- By putting them for 2 minutes into acetic acid up to 1% the colour
differences get clearer and more transparent.
- Rinse it with Aqua dest. dehydrate it with alcohol and afterwards clarify
it with Xylene.
- Embed the sections in Entellan (Merck KGaA, Darmstadt, Germany).

Figure 8.

Masson Trichome staining of the oesophageal construct after

explantation.
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3.2.2.2 Immunohistochemistry (Streptavidin-Biotin-System)
Immunohistochemistry or IHC refers to the process of detecting antigens in cells of a
tissue section. It is based on the antigen-antibody reaction of the cells.

To make the cells on the polymers visible we used an indirect fluorescence method.
This involves a specific unlabeled primary antibody, a target antigen and a labeled
secondary antibody, which reacts with the primary antibody. First the primary
antibody is put
onto the polymer and binds to the target antigen in the tissue. In a second step the
secondary antibody, which is conjugated to an enzyme is binding to the primary
antibody. As a result of the enzyme-substrate reaction a visible color arises.

As a primary antibody we used the Anti- Cytokeratin pan antibody (Abcam Actin 40),
which makes smooth muscle cells visible. A biotinylated secondary antibody is
binding to the primary one. In the next step an enzyme- conjugated streptavidin is
binding to biotin. Afterwards a chromogenic dye (AEC+) is added, which reacts with
the enzyme and the final product located on the target antigen is red. By staining of
the nuclei by hemalum (=blue), the cell polymer construct can be better histologically
evaluated.

Working steps:
- The cryosections of 7μm thickness are dried at room temperature over night
- fix them 10 minutes by acetone (Merck KGaA, Darmstadt, Germany), afterwards
dry them at room temperature for 5 minutes
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- form a liquid barrier around the scaffold by PAP pen (Dako Inc., Carpinteria, CA,
USA), to fix the antibodies in the inner side, afterwards dry them at room
temperature
- Rinse it for 5 minutes in a PBS solution to rehydrate it and reproduce a physiologic
condition
- 10 minutes by Ultra V Block (Lab Vision Corp., Fremont, CA, USA) to reduce
unspecific background- staining.
- Tip the Ultra V Block away and apply 100μl of the primary antibody, which is
diluted by PBS to 5μg/ml –> Monoclonal mouse anti-human smooth muscle actin
Antibody (abcam Actin40).
The antibody remains for 30 minutes on the slide, which is put in a humidity chamber,
as an evaporation of the reagent would intensify the background- staining
- Wash the antibodies for 3x3 minutes in PBS.
- Incubate it for 10 minutes by secondary antibodies
- Biotinylated goat Anti-Polyvalent (Lab Vision Corp., Fremont, CA, USA) at room
temperature.
- wash it for 3x3 minutes in PBS
- Afterwards add a few drops Streptavidin Peroxidase (Lab Vision Corp., Fremont,
CA, USA), which binds to Biotin and enzymates Chromogen AEC
- wash it 3x3 minutes by PBS
- Cover the sample with 300μl of the Substratchromogen AEC+ (Dako Inc.,
Carpinteria, CA, USA) and incubate it for 4 minutes at room temperature, thereby
a red colour reaction results.
- To stop the colour reactions rinse it carefully with Aqua dest.
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- Dye it for 7 minutes by the counterstaining hemalum (Merck KGaA, Darmstadt,
Germany)
- Wash it under running water to wash out the blue colour
- rinse it for

30 sec with ammonia water and

cover it with

Kaiser´s

Glyceringelantine (Merck KGaA, Darmstadt, Germany)

PCK-26

Figure 9. Inner layer of the construct demonstrating positive pancytokeratin
antibody stains for ovine oesophageal epithelial cells in the construct.

As AEC+ produces in organic compounds a soluble end product, the counterstaining
must not be alcoholic but a mounting medium, which is based on water. It should be
noted that the working steps are the same for the isotype controls, negative controls
as well as the used primary antibodies.
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3.2.2.3 Haematoxylin – Eosin stain (H&E)

The haematoxylin eosin stain is the standard staining method in histology, which
gives an overview of the tissue structure and also allows to make differences
between normal, inflammatory, degenerative or pathological structures. The nuclei
and cartilage matrix are coloured blue while the cell plasma is coloured red.

After 5 minutes of fixation by acetone/methanol (1:1 v/v) the cryosections are rinsed
for 2- 5 minutes by distilled water.
These are then incubated by hemalum (after Meyer) for 7-10 minutes. After a short
rinsing of the cryosections by distilled water and 1% HCl-ethanol the colour change
occurs (violet turns to blue) by putting them under running water for 30 minutes.
Afterwards the specimens are rinsed shortly by distilled water and coloured by eosin
(3g Eosin in 300ml 70% Ethanol). Finally, the cryosections are dehydrated by 96%
and 100% ethanol and covered over Xylol by Canada balsam.

3.3 Analysis using electronic microscope

The electronic microscope showed that after the cross-linking the collagen structure
of the scaffold was very porous with a pore size of 50-120 μm. Although the border
between the compressed and very porous layer could be identified the lumen of the
dual layer scaffold showed a non-porous surface.
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Figure 10.

Hematoylin-eosin staining of the oesophageal construct after

explantation.

Figure 11. Electron microscopic view of tissue ingrowth and integration in the
construct 12 weeks after implantation.
30

3.4 Summary
Outcomes of the surgical procedures can be clearly summarized as follows:
1. Fetal surgery and oesophageal biopsies: Surgery is feasible and
can be carried out safely in 120-130 day fetuses.
2. Biopsy size: Cervical oesophageal biopsies of 1-3 cm were obtained in all
3 fetus and the collagen construct could be successfully implanted into the
abdomen.
3. Omental in-situ tissue engineering: Vascularization of the implanted
contructs was achieved in all fetus with the omental wrap.
4. Fetal mortality: There were no fetal mortalities in the fetal group operated
between the 120-130 day of gestation.

In brief, fetal interventions are feasible in ovine oesophageal tissue engineering.
Biopsies of maximum 3 cm are feasible in 120-130 day fetuses

4. Discussion
Especially congenital defects (e.g. missing tissue or organs) which can be prenatal
diagnosed have the advantage that we have a certain time till the birth of the child to
construct an artificial tissue to implant it after the birth of the child. Such congenital
defects are for example oesophageal atresia, bladder exstrophy and congenital
diaphragmatic hernia. (3)
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The broad range of application possibilities includes ureter substitution and
replacement of tubular organs such as trachea oesophagus and intestinum.

(3)

Tissue engineering utilizes living cells as engineering materials; Missing tissue is
replaced and functionality restored. By means of tissue engineering, damaged,
affected or even missing tissues and organs can be replaced by biological compatible
and functional implants out of primary cells. Once a sufficient number of functional
cells are available, the constructed tissue can be implanted in the patient to
regenerate missing or damaged tissue. This also helps to considerably shorten the
healing time and regenerate missing tissue more quickly.

A normal oesophagus consists of several different cellular layers such as mucosa,
submucosa, mucularis externa and adventitia. The tunica mucosa consists of
epithelium (EP), lamina propria, submucousal (SM) and muscular layers (smooth
muscle). The structure of a normal oesophagus contains four to six cellular layers of
oesophageal EP.

(1)

The composition of the tunica muscularis externa varies in

different parts of the oesophagus, the upper third, part is out of striated muscle, the
middle third of smooth muscle and striated muscle and the inferior third is of
predominantly smooth muscles. The inner layer of the tunica muscularis run
circularly, but the exterior part is longitudinal.

In the fetal phase the oesophagus develops from the embryonic foregut between
pharynx and stomach. Between the 4th and 6th weeks of pregnancy the foregut is
divided by the tracheoesophageal septum into a ventral respiratory tract and a dorsal
oesophageal tract. If any problems occur in this separation, it results in a birth defect
in the form of oesophageal atresia.
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This occurs in approximately 1: 3000 live births.(25) Long gap oesophageal atresia or
damaged oesophageal tissue (scarring and chemical burn) are the main pathologies
in the paediatric age group that require oesophageal substitution.

(27)

The presently

employed procedures are associated with complications such as necrosis of the
transplant, inadequate blood supply and malnutrition caused by loss of functionality.
(26)

The demand for tissue-engineered oesophagus requires studies to be performed

on large animal models to explore the possibility of generating substantial tissue that
could be used for oesophageal replacement.

(8)

Studies have illustrated approach to tissue engineering of the oesophaus based on
fetal cell sources.

(26)

The ovine model for oesophageal tissue engineering was

selected by our group due to the advantages it offers in the performing of fetal
interventions to obtain biopsies from the oesophagus and to allow oesophageal
anastomosis to heal postoperatively without using the option of gastrostomy feeding
regimes or intravenous parenteral nutrition.

5. Conclusion

Powerful developments in the multidisciplinary field of tissue engineering have
yielded improved implementation strategies.

Scientific advances in biomaterials,

stem cells, growth and differentiation factors, and biomimetic environments
contributed to further achievements in this field. Now we are able to fabricate tissues
in the laboratory with the use of cells, scaffolds and biologically active molecules.
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Among the major challenges now facing tissue engineering is the need for more
complex functionality, as well as both functional and biomechanical stability in
laboratory-grown tissues destined for transplantation. The continued success of
tissue engineering, and the eventual development of true human replacement parts,
will grow from the convergence of engineering and basic research advances in
tissue, matrix, growth factor, stem cell, and developmental biology, as well as
materials science and bio informatics.

With the help of previously reported studies it was possible to develop a protocol for
the production of a purified culture, identification of the proper scaffold and the
optimal seeding method for the tissue engineering. The next steps were the transition
from in-vitro to in-vivo studies. For this the foetal omentum was successfully used as
a bioreactor for the cell-polymer construct. This allows a homogeny and deep cell
migration and a neoangiogenesis, which is essential for the long-term survival of the
constructs.

A number of various research areas contribute to the success of tissue engineering.
Much have to be investigated and understood in the field of cytology regarding
cellular differentiation, cell-cell interaction and the components of the extracellular
matrix which influence the cell function.

In future cell banks, which already exist have to widen their range of available cells
and the tissue and cells procurement, storage and cryo- preservation of the cells
have to be improved.
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Extensive cell culture systems have to be constructed, which are compatible to solve
the nutrition transport problem and allow the in-vitro proliferation of a large amount of
cells.

The main goal of the studies is the construction of optimal scaffolds, which can be
used in-vivo.

(26, 3)

Therefore the biocompatibility and biological degradation -rate of

the constructs have to be determined. If desired, several bioactive molecules, as
glycosaminoglycans and growth hormones can be included into the collagen. (22)
In future the ultimate goal of tissue engineering is to gain cells by a biopsy, proliferate
them in a cell culture, seed them on a bio-polymer and use this construct for tissue
reparation in the host. The achieved successes like one layer formations of the
oesophageal epithelial cells and the survival time of cell seeded constructs of 8
weeks in vitro are very promising for the future of oesophagus tissue engineering.

Many implants are made of composite materials or highly porous structures. One key
factor for the success is to find methods, which make these implants reproducible.
The establishment of a controlled system for authorizing releases, which delivers
molecules for a long-term period is important for the administration of several tissue
inducing factors, growth hormones and angiogenesis-modulating compounds. It will
be useful to develop surface analysis systems to study interfaces between cells and
materials and also mathematical models and in-vitro systems, which can predict invivo cellular events.

(26)

Tissue engineering is a technology with obvious advantages and the potential, to
therapy genetic and metabolic organ or tissue deficiencies.

(3)
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