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Abstract

Purpose: Management of long gap esophageal atresia poses challenges. The surgical techniques for
esophageal replacement are associated with complications and high morbidity. The aim of this study
was to develop protocols to obtain single layer sheets of esophageal epithelial cells (EECs) and to
investigate their survival on collagen scaffolds.

Methods: Esophageal epithelial cells were sourced from adult Sprague-Dawley rats. Briefly, the
esophagus was treated with dispase to separate the epithelial layer and further trypsined to obtained
EEC. The esophageal epithelial cells were cultured in vitro and seeded on to new generation of 3-
dimensional collagen scaffolds.

Results: Esophageal epithelial cells organized after 48 hours in culture and formed clusters after 72 to
96 hours. Organization of the EEC was completed after 7 days in culture and characteristic sheets of
EEC with the histologic morphology of mature esophageal epithelium were obtained after 14 days of
culture. Immunohistochemistry demonstrated pure EEC culture using cytokeratin (CK-14) markers. The
esophageal epithelial cells transferred on to collagen polymers demonstrated excellent viability after 8
weeks of in vitro culture.

Conclusion: Successful protocols for EEC isolation and proliferation have been established. The
engineering of sheets of EEC and the viability of EEC on collagen scaffolds for 8 weeks in vitro, which
are prerequisites for esophagus tissue engineering, was demonstrated.

© 2009 Elsevier Inc. All rights reserved.

Esophageal atresia is relatively a common congenital long gap esophageal atresia still poses challenges in
malformation occurring in 1:3000 to 5000 births [1]. surgical management. In patients with long gap atresia,
Although the surgical repair to bridge the gap by primary delayed repair (after tacking the end of the esophagus to
anastomosis is successful in most cases, reconstruction of the prevertebral fascia or the Foker technique), myotomy,

and esophageal replacement with strategies that include
gastric, jejunum, or colon transposition are the possible
) options [2-4]. Unfortunately, these strategies are associated
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The need for viable alternatives exists, and a tissue-
engineered esophagus could overcome these limitations.

The esophagus is composed of the following 3 layers:
the mucous layer, submucosa, and muscularis externa.
One component of the mucous layer is the epithelial
lining of stratified squamous cells. Within the stratified
squamous epithelial lining, the state of differentiation
varies spatially, with the basal layer containing epithelial
progenitor cells and the outer layer consisting of epithelial
cells that are terminally differentiated. As cells move from
the inner to the outer layers, cytokeratin (CK) expression
changes and proliferative ability decreases [8]. The
submucosa of the esophagus consists of dense irregular
connective tissue. Esophageal glands are concentrated in
the cranial half of the esophagus in this layer and consist
of compound tubulo-alveolar glands that secretes a
slightly acid mucus to lubricate the lumen. The muscularis
externa is bilaminar with an inner concentric and outer
longitudinal arrangement. Remarkably and atypically, the
type of muscle forming the muscularis externa changes
from skeletal muscle proximally to smooth muscle
distally. Hence, although the esophagus is a simple
tubular organ, it presents tremendous variations in
histologic morphology along its entire length (from the
pharynx to the gastroesophageal junction) that offer
challenges in tissue engineering.

Attempts at tissue engineering of the esophagus have
demonstrated the feasibility of esophageal regeneration. In
vivo esophageal repair has been performed with patch or
circumferential implantation of synthetic as well as natural
scaffolds such as: polyglycolic acid, acellular porcine aorta,
small intestine submucosa, and a silicone/collagen hybrid
[9-13]. Studies using patch grafts have shown that coverage
of grafts by adjacent epithelium is a slow process that
requires 3 to 4 weeks. On the other hand, circumferential
grafts have been associated with complications ranging from
stricture to dilation, including little or no muscle regeneration
in these implants. Furthermore, when autologous epithelial
cells were seeded into the silicone/collagen hybrid scaffold,
epithelialization occurred within a period of 2 weeks after
implantation and was associated with increased regeneration
of the mesenchymal tissue [14]. Studies have also investi-
gated the in vitro interaction of esophageal epithelial cells
with scaffolds such as collagen and/or polyglycolic acid
scaffolds [15,16].

Because treatment of pathologic conditions such as long
gap esophageal atresia requires a larger patch of tissue-
engineered esophagus, the purpose of this study was to
isolate esophageal epithelial cells and to produce sheets of
esophageal epithelium in vitro. Furthermore, this study
aimed to evaluate the viability of isolated esophageal cells
seeded under low density on the new generation 3-
dimensional collagen polymers and to determine the period
these cells could be maintained viable on collagen polymers
in vitro, which is a prerequisite for future composite scaffold-
hetrocellular esophagus tissue engineering.

1. Materials and methods
1.1. Epithelial cell isolation and characterization

Rat esophageal epithelial cells (REECs) were isolated by
modifying a previously published protocol [17]. Briefly, a rat
esophagus was harvested from a Sprague-Dawley rat as
approved by the Animal Care and Use Committee at Ministry
of Science and Research, Vienna, Austria. The esophagus was
rinsed well in 4°C PBS (Phosphate buffered saline) (Sigma-
Aldrich, St Louis, Mo) containing antibiotics (100 U/mL of
penicillin G sodium, 100 mg/mL of streptomycin sulfate, and
0.25 mg/mL of amphotericin B; Sigma-Aldrich, St Louis,
Mo) and incubated overnight at 4°C in dispase (50 case-
inolytic U/mL; BD Biosciences, Bedford, Mass) containing
antibiotics. The next day, the epithelium was mechanically
separated from the connective tissue and cut longitudinally
using an operating microscope or loops to magnify the
structures. The epithelium was then treated for 10 minutes
with 0.05% trypsin in 0.53 mmol/L of EDTA (Sigma-Aldrich,
St Louis, Mo) at 37°C, followed by continual pipetting for
10 minutes. Culture media plus 10% fetal bovine serum
(Sigma-Aldrich, St Louis, Mo) was added to neutralize the
trypsin, and the cells were pelleted by centrifugation (1000
revolutions per minute for 5 minutes). Finally, the cells were
resuspended in culture media and plated on collagen-
precoated 24-well plates. The culture media consisted of
EpiLife basal media (Cascade Biologics, Portland, Ore) to
which calcium was added to reach a concentration of 0.06
mmol/L calcium, supplemented with Human Keratinocyte
Growth Supplement (Cascade Biologics, Portland, Ore),
bovine pituitary extract (0.2%), insulin (5 ug/mL), hydro-
cortisone (0.18 pg/mL), human epidermal growth factor
(0.2 ng/mL), transferrin (5 ug/mL), triiodothyronine (6.51
ng/mL) (Sigma-Aldrich, St Louis, Mo), and glutamine-
penicillin-streptomycin/amphotericin-B (Sigma-Aldrich, St
Louis, Mo). Cells were grown at 37°C in 5% carbon dioxide.
The media was changed every alternative day.

To confirm REEC identity, cultured cells were fixed in
acetone (Merck, Darmstadt, Germany) and stained using an
anti—CK-14 antibody (sc-23878, Santa Cruz Biotechnology,
Santa Cruz, Calif). The control consisted of a sample
incubated with concentration-matched mouse IgG (sc-2025,
Santa Cruz Biotechnology, Santa Cruz, Calif) instead of the
primary antibody. Cells were then incubated with a
(Fluorescein isothiocyanate)-conjugated rabbit antimouse
(F0232, Dako, Glostrup, Denmark) and To-Pro-3-iodide
(Invitrogen, Carlsbad, Calif) was used as a nuclear counter-
stain. Cells were imaged using a fluorescent microscope.

1.2. Collagen scaffold

OptiMaix-3D collagen scaffolds (OptiMaix 3D001315,
Matricel GmbH, Herzogenrath, Germany) 13 mm in
diameter and 1.5-mm thick were used as scaffolds for
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REEC seeding. OptiMaix-3D scaffolds provide a unique 3-
dimensional matrix for in vitro investigation because of a
patented manufacturing process that involves unidirectional
solidification and freeze-drying of an aqueous dispersion
containing 1.5 weight percentage of porcine collagen
(mainly type I) and low amounts of elastin [18]. Briefly,
the collagen dispersion is cooled and frozen using a defined
temperature gradient that is maintained during cooling. This
temperature gradient creates a 1-dimensional heat flow in the
direction of the temperature gradient. By adding an organic
acid, ice crystals are induced to grow in a dendritic crystal
morphology without side branches. These finger-shaped ice
crystals sublime during freeze-drying that result in oriented
pores. Most collagen fibers in the dispersion are concentrated
between the ice fingers thereby forming the final structure of
the scaffold. Through this process, a controlled, homoge-
neous, and well-organized pore structure with pore sizes
between 25 and 100 um can be produced (Fig. 1).

1.3. Cell seeding protocol
OptiMaix is sterilized using ethylene oxide because it

does not distort the porous structure and is packaged for
direct use. Scaffolds were removed from sterile packaging

Fig. 1  SEM image of OptiMaix 3D collagen scaffolds with pore
diameters of 50 um (original magnification, x200; bar, 100 um)
showing geometric orientation of the scaffold produces using
patented unidirectional solidification and freeze-drying technique.

B

Fig. 2 A, OptiMaix 3D collagen scaffold disks 13-mm diameter
and 1.5-mm thickness. B, Disks are folded and sutured using
monofilament sutures as tubes for seeding of REEC on the
inner surface.

and sewn into tubes to mimic the esophagus structure
(Fig. 2). Care was taken during bending of the scaffold to
prevent tears because of excessive and forceful bending.
Also, care was taken while suturing under operating
microscope using microsurgical instruments to avoid tears
in the scaffold at the entry and exit point of the sutures. All
tubes were precoated with 25 mg/mL collagen
(11179179001, Roche Diagnostics, Mannheim, Germany)
for 1 hour at 37°C and 7-day-old REECs were seeded on the
inner surface of the sewn tubes at a low density of 60,000
cells/em?. The tubes were attached to the tissue culture
dishes using collagen. The cells were allowed to adhere for
30 minutes before introducing media into the wells.
Precaution was taken to provide media sufficient enough to
cover the scaffold, to prevent its dislodgement from the
culture plates initially. Media was changed every alternative
day, and disks were removed in regular weekly intervals (1,
2,3,4,5,6, 7, and 8 weeks) for histochemical analysis.

2. Results

Rat esophageal epithelial cells were successfully isolated
and cultured. The cells displayed a spherical morphology
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Fig. 3 A, Epithelial cell formed cluster on plates that were not
coated and (B) spread out as cobblestone-shaped cells on plates that
were precoated with collagen (phase contrast, original magnifica-
tion x60).

after isolation when placed in culture. After 1 week, cells in
non-precoated culture dishes congregated to form clusters
(Fig. 3A), whereas in precoated dishes, REEC exhibited a
cobblestone morphological characteristic of epithelial cells

Fig. 4 Single sheet of esophageal epithelial layer spread across
the tissue culture plates after 14 days of in vitro culture (phase
contrast, original magnification x60).

Fig. 5 Positive expression of REECs using CK-14 markers
(immunofluorescence) after 7 days of in vitro culture (oil, original
magnification x100).

(Fig. 3B). Cells maintained further in culture differentiated to
mature epithelium after 14 days and filled the entire wells
with a single squamous epithelial layer (Fig. 4). Squamous
epithelial cells that were stained using CK marker CK-14
after 7 days in culture demonstrated pure cultures and
positive staining of cells (Fig. 5).

Rat esophageal epithelial cells were seeded successfully
on the inner surface of OptiMaix 3D scaffolds that were

Fig. 6 A, Cluster of REECs on collagen scaffolds after 8 weeks
of in vitro culture, demonstrating positive expression for CK-14
(immunohistochemistry) and (B) isolated cells (oil, original
magnification x100).
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folded into tubes mimicking the esophagus. Scaffold
suturing was successful using 5-0 monofilament sutures
with care taken to apply controlled tension during knot
tying while approximating the edges of the disk.
Caprosyn (Syneture, Norwalk, Conn) 5-0 monofilament
absorbable sutures were found to be the ideal to produce
tubes from OptiMaix 3D (13-mm diameter and 1.5-mm
thickness) disks.

Cell-polymer constructs removed at 1, 2, 3, 4, 5, 6, 7, and
8 weeks of in vitro culture were examined histologically for
viable cells and investigated for expression of CK-14. Rat
esophageal epithelial cells seeded on scaffolds expressed
CK-14 on all cell-polymer constructs investigated up to the
eighth week of in vitro culture, with most of the cells
adherent to the inner surface of the scaffold tube where they
were initially seeded. No cell migration through the thickness
of the scaffold was observed. Rat esophageal epithelial cells
were found to survive in groups as well as in isolation on the
polymer scaffold even after 8 weeks (Fig. 6). Furthermore,
immunohistochemical evaluation confirmed the presence of
only one cell type (REEC) on the scaffold, confirming the
purity of the isolated cells.

3. Discussion

There is a need for tissue engineering of esophageal tissue
as it has widespread application for the pediatric and adult
patients. Long gap atresia, cancer, Barrett’s esophagus, and
esophagus strictures and stenosis (corrosive esophagitis after
alkaline ingestions) are some pathologic states that may
necessitate esophagus replacement [19,20]. However,
attempts to replace the esophagus with natural, synthetic,
and experimental substitutes have been futile because of
problems such as leakage, infections, or stenosis being
associated with them [21-23].

Esophagus is a muscular tube that transverses 3
anatomical planes (neck, thorax, and abdomen) and serves
as a conduit to transport food and fluids from the mouth to
the stomach. It comprises of 3 main kinds of cells, that is,
squamous epithelial cells, fibroblasts, and smooth muscle
cells. Attempts to tissue engineer the esophagus requires
composite scaffolds that will ensure the proper orientation
of these cells with the distribution of the epithelial cells
toward the lumen, fibroblasts within the submucosal, and
circular and longitudinal smooth muscles toward the
periphery. Before composite scaffolds are reconstituted,
viability of each of the 3 cell types must be evaluated on
scaffolds in in vitro conditions. Furthermore, for the
engineering of long-term implants, which neither leak nor
had stenosis, epithelialization over the entire lumen of the
implanted scaffold will be of paramount importance [24].
Because epithelial cells are considered to be the most
important of the class of esophageal cells in providing
natural esophageal functions in tissue-engineered substi-

tutes, it is necessary to evaluate the formation of epithelial
layers under in vitro conditions and to investigate the
sustained viability of these cells on scaffolds.

The in vitro production of single sheet of esophageal
epithelial layer on tissue culture plates shows promising
results in the attempts to tissue engineer esophagus
epithelium. Confluence of the individual cells to form
epithelial sheets in this study was evident from the seventh
day in culture with mature morphology of squamous
epithelial cells evident from the 14th day. Collagen
precoating of tissue culture dishes has a positive influence
on the formation of sheets and the even distribution of cells
[25]. However, tissue culture plates that were not precoated
showed weak attachment of cells. Groups of cells in closer
proximity to each other demonstrated cluster formation and
growth of cells in layers above the cells that were attached.
These 2 observations are important because epithelial sheets
may be transferred to scaffolds to (@) cover an entire surface
thus preventing leaks in tissue-engineered constructs and (b)
be layered on top of one another to engineer multilayered
esophageal epithelial sheets.

Because complete epithelialization of the scaffold is
necessary to prevent leaks, it is necessary to investigate the
survivability of epithelial cell on scaffolds before in vivo
implantation. Furthermore, complete epithelialized scaffolds
of larger sizes will require the viable epithelial cells toward
the center of the scaffolds. The in vitro survivability of
epithelial cells on porous scaffolds (used for this purpose), up
to 8 weeks after seeding, demonstrated the ability of these
cells to exist isolated or in groups throughout the scaffold.
Also, the expression of CK-14 in the epithelial cells was
confirmed, which demonstrated phenotypic preservation 8
weeks after seeding on scaffolds maintained in vitro.
Cytokeratin-14 of the seeded epithelial cells demonstrated
positive expression in the entire cell population and verified
the purity of the cell population seeded.

Scaffold designing and production using synthetic
materials (to mimic natural materials that demonstrate
better organization of esophageal epithelial cells) will play
a major role in the progress of esophagus tissue engineering
[26]. Although attention is being focused on the esophageal
epithelial layer, better understanding of the complex
mechanical properties of the nonlinear and anisotropic
esophageal tissue with regard to axial extension and its
correlation to pressure-radial-axis force will be necessary
[27] to produce scaffolds that meet the required mechanical
demands. At the same time, the viscoelasticity of the
esophageal tissue will have to be estimated during ramp and
relaxation phases [28]. Besides mechanical properties,
orientated scaffold architecture will have to be developed
to support the myoarchitecture of the esophageal wall.
Recent studies to investigate the myoarchitecture of bovine
esophageal wall with diffusion spectrum imaging and
tractography have shown that esophageal myoanatomy
consists of crossing myofibers exhibiting a decreasing
degree of helicity as a function of axial position and that
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this unique geometric construct provides a mechanism to
resist distension [29].

Using a biopsy to obtain cells, expanding them in culture,
seeding them onto a biopolymer, and using it for tissue repair
in host are the goals of tissue engineering [30]. Esophageal
epithelial sheet formations and the survival of esophageal
epithelial cells for a period of 8 weeks on scaffolds in vitro,
using this principle, demonstrate promising results as part of
the efforts in producing a tissue-engineered esophagus.
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