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Acellular porcine small intestinal submucosa (SIS) has been used for esophagoplasty with success in a canine model. However,
it did not lead to complete epithelialization. For better reconstruction, a cellular component is required. Moreover, promotion
of angiogenesis with copper has been widely recognized by basic research as well as clinical studies. In this study, we have
evaluated the feasibility and effectiveness of combined Cu and SIS (SIS-Cu patch) for the esophageal repair using a canine
model. Eighteen male beagle dogs were subjected to surgical resection to produce cervical esophageal defects (5 cm in length,
180° in range). SIS with Cu (5 or 25 pmol L™ copper) or without Cu was patched on the esophageal defects. Barium esopha-
gram and histology exam were carried out to evaluate the effectiveness of the therapy. As shown, the SIS-Cu graft promoted
re-epithelialization, re-vascularization and muscular regeneration. SIS-Cu patch is more effective than SIS alone for esophage-
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al repair, and the SIS+25 pmol L™ Cu group demonstrated additional advantages over the SIS+5 pumol L™ Cu.
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Long gap atresia, cancer, Barrett’s esophagus, and esopha-
geal strictures and stenosis are pathologic statuses that ne-
cessitate esophageal replacement [1]. Many attempts have
been made to design and develop artificial esophageal
prostheses using appropriate biomaterials. At present, tissue
engineered esophagus may be produced from natural, syn-
thetic and composite biomaterials [2-7]. Biocompatibility
of such materials, however, has been poor, and unfavorable
complications including graft stricture and anastomotic
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leakage are common. None of these esophageal prostheses
has been clinically useful.

Porcine small intestinal submucosa (SIS) is an extracel-
lular matrix (ECM)-based collagen material capable of in-
ducing regeneration of various tissues [8]. Acellular SIS has
been used for esophagoplasty with success in a canine mod-
el. Its tissue-specific construction or remodeling has resem-
bled the natural organ in appearance as well as histology [9].
However, it could only result in partial epithelialization for
esophagoplasty at 35 days after the surgery [9].

As prolonged epithelial regeneration may predispose to

life.scichina.com  link.springer.com



Tan B, et al.

stenosis of the artificial esophageal stenosis, timely regen-
eration of epithelium is crucial for esophageal repair [10].
Although harvesting esophageal epithelial cells themselves
may be ideal, pre-existing fibrotic, inflammatory or malig-
nant changes can limit the use of esophageal tissues. Re-
cently, cultured oral mucosal epithelial cell sheets have
successfully reconstructed the ocular surfaces in both ani-
mal experiment and clinical practice [11-14]. Such cell
sheets can also promote esophageal ulcer healing and pre-
vent postoperative esophageal stenosis [15]. However, they
could not promote tissue regeneration of entire or full-
thickness esophagus due to lack of three-dimensional struc-
tures. A tissue-engineered esophageal patch using isolated
autologous oral mucosal epithelial cells (OMECs) seeded
on SIS has shown to be effective for esophageal repair fol-
lowing an artificial defect. Combined SIS and OMECs not
only have resulted in faster recovery as demonstrated by
barium esophagram and regain of body weight, but also
promoted re-epithelialization and skeletal muscle regenera-
tion [16]. However, insufficient numbers of autologous cells
for esophagus engineering and clinical inconvenience still
make alternative approaches highly demanding. Angiogen-
esis or vasculogenesis is an approach to overcome such
problems to provide structural support for delivering oxy-
gen and nutrients to the engineered esophageal grafts.

Promotion of angiogenesis using copper has been widely
recognized by basic research and clinical study [17]. To
overcome the shortcomings of SIS alone, cell sheets and
autologous OMECs discussed above, this study was under-
taken to evaluate the feasibility and effectiveness of com-
bined Cu and SIS (SIS-Cu patch) for esophageal repair in a
beagle dog model. The data obtained demonstrated that the
graft of SIS-Cu can promote re-epithelialization, re-vascu-
larization and muscular regeneration, and is more effective
than SIS alone for esophageal repair.

1 Materials and methods
1.1 Preparation of SIS loaded with Cu

SIS was prepared with standard procedures described pre-
viously [18,19]. Porcine small intestine was obtained and
harvested from healthy home-raised pigs (around 100 kg at
six months) within 4 h of sacrifice. It was cut in approxi-
mately 10 cm in length and washed with a saline solution.
SIS was obtained by mechanical removal of tunica serosa
and tunica muscularis, and cleaned by washing continuous-
ly with a saline solution. The submucous membrane was
submerged in a solution containing methanol and chloro-
form (1:1, v/v) in a fume cupboard for 12 h and rinsed with
the deionized water to remove the organic solvents. Subse-
quently, the membrane was incubated in the 0.05% tryp-
sin/0.05% ethylenediamine tetraacetic acid at 37°C for 12 h
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and rinsed with a saline solution continuously to remove the
trypsin. Subsequently, the membrane was further treated
with 0.5% sodium dodecylsulphate (SDS) in 0.9% sodium
chloride by continuously shaking on a shaker for 4 h. The
detergent was then removed by thoroughly rinsing with a
saline solution. Finally, the submucous membrane was
soaked into 0.1% peroxyacetic acid and 20% ethanol for
30 min and rinsed with saline solution.

Five or 25 umol L™ copper (II) sulfate solution was pre-
pared, then per gram of SIS was soaked in 1 L of the solu-
tion overnight. It was frozen overnight at —70°C, lyophi-
lized (CHRIST, GAMMA 2-16 LSC, Germany), sealed into
hermetic packages, and then sterilized by gamma irradiation
(25 KGY). The copper content of the SIS was determined
by AAS according to standard procedures described previ-
ously.

1.2 Experimental animals

Eighteen male beagle dogs (one year old, weighing ap-
proximately 10 kg each) were purchased from Laboratory
Animal Academy of Sichuan Medical Sciences Institute
(license number, SCXK2004-15). The dogs were given
standard dog food and free access to water. All animal ex-
perimental procedures were approved by Sichuan Universi-
ty Animal Care and Use Committee, following the Princi-
ples of Laboratory Animal Care formulated by the National
Society for Medical Research.

1.3 Surgical procedures

Each dog had received an intramuscular injection of 0.04
mg kg™ atropine and 15 mg kg™' ketamine for premedica-
tion, followed by an intravenous injection of thiopental so-
dium (14-20 mg kg™"). Anesthesia was maintained by inha-
lation of isoflurane and oxygen through an endotracheal
tube. A ventral cervical midline incision was made, and the
esophagus was exposed by a blunt procedure. The removed
esophageal section was around 5 cm in length and 2.5 cm in
width (180° in range). The defect site was patched with one
layer SIS soaked in 5 pmol Cu (SIS+5Cu group, n=6), 25
umol Cu (SIS+25Cu group, n=6), or SIS only (n=6). The
grafts were sutured to the adjacent normal esophagus with
5-0 Prolene in a continuous, simple pattern. The incision
was closed anatomically with 5-0 absorbable (poliglycolid
acid) suture in an interrupted pattern. The specimens of ex-
cised normal esophagus were placed in 10% neutral buff-
ered formalin for later use as controls for immunohisto-
chemical evaluation. Each dog was given intravenous fluids
(60 mL kg™") containing antibiotics (cefazolin, 500 mg, in-
travenously) for 3 d after the operation. The dogs were not
given any food by mouth for 3 d after the surgery, and then
started to eat soft dog food for 7 d, followed by a return to
normal diet.
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1.4 Esophageal function assessment and histological
examination

Body weight of all dogs was closely monitored. Eight
weeks after the operation, they were subjected to barium
esophagram and sacrificed. Esophageal tissue specimens
were obtained. All specimens were fixed in 10% neutrally
buffered formalin for H&E and Masson’s trichrome stain-

ing.

1.5 Assessment of inflammation

Inflammatory cells in the H&E-stained tissue sections were
counted under a microscope. For each section, inflammato-
ry cells were counted from 12 randomly selected micro-
scopic fields.

1.6 Immunohistochemistry

Sections of the paraffin-embedded preparations described
above were also used for immunohistochemical analysis.
Using indirect immunoperoxidase method, immunohisto
chemical staining was carried out with rabbit antihuman
endothelial cell CD31 monoclonal antibody (1:250, Epitm-
ics, USA). Briefly, paraffin-embedded sections were de-
paraffinized, rehydrated, and blocked with 10% normal
serum. Subsequently, the sections were treated with respec-
tive primary monoclonal antibody and secondary antibody
(goat anti rabbit IgG, KPL, Gaithersburg, USA) according
to the manufacturer’s recommendations.

1.7 Measurement of vascular density

The number of microvessels (<20 pym in diameter) in the
patch area was counted under a light microscope (400x
magnification). Five high-power fields in the patch area
were chosen at random, and microvessels were counted in
each field. The number of microvessels in each field was
averaged, and vascular density was expressed as the number
of microvessels per unit area (0.2 mmz) [20].

1.8 Statistical analysis

Data were presented as meanz+standard deviation (SD). Sta-
tistical analysis was performed using a one-way ANOVA,
and the difference between groups was analyzed with
SNK-q test (SPSS for window, version 15.0). P<0.05 was
considered statistically significant.

2 Results
2.1 Therapeutic effect of SIS and SIS with Cu

All dogs had survived the surgery, with cervical wounds
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remaining intact with no evidence of infection or fistula
formation. None of the dogs had developed dysphagia,
vomiting or salivation. All animals showed a weight loss at
7 days after the operation, but had regained their body
weight by 34 days (SIS+5Cu group), 27 days (SIS+25Cu
group), and 51 days (SIS group), respectively (Figure 1).

Barium esophagram showed no evidence of leakage,
stricture or diverticulum formation eight weeks after the
operation. However, the esophageal lumen surface at the
site of the patch graft in the SIS+5Cu and SIS+25Cu groups
appeared to be smoother than that of the SIS group (Figure
2A-C).

The patch graft sites were visible in all dogs sacrificed
eight weeks after the operation. The lumen surface of the
segmental esophageal sample was exposed. A partial fi-
brous mesh protrusion was observed in the SIS group (Fig-
ure 3A). By contrast, the lumen surface of the graft was
smooth in the SIS-Cu groups (Figure 3B and C). The lumen
surface of the SIS+25Cu group (Figure 3C) appeared to be
smoother than that of the other two groups.

2.2 Histological findings

Eight weeks after the operation, partial epithelial coverage
of the grafts, consisting of a substantial number of inflam-
matory cells, was identified in the SIS group (Figure 4,
A1-A3). However, a grade 3 epithelial lining, judged by a
previously published criteria [8], was observed in all exam-
ined dogs from the SIS+5Cu group (Figure 4, B1-B3) and
SIS+25Cu group (Figure 4, C1-C3). Mild inflammation
was detected in SIS+25Cu group. The number of inflam-
matory cells in the SIS group was greater than that of the
SIS+5Cu group or SIS+25Cu group (*¥*, P<0.01). SIS+5Cu
group had more inflammatory cells compared with SIS+
25Cu group (*, P<0.05) (Figure 4D).

For the SIS group, no regeneration of isolated muscle
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Figure 1 Changes in body weight (mean+SD) from O to 56 days among
the SIS, SIS+5Cu and SIS+25Cu groups. Weight loss has occurred rapidly
7 days following the operation in all the dogs. The animals had regained
their body weight respectively by 51 (SIS group), 34 (SIS+5Cu group) and
27 days (SIS+25Cu group) after the operation. *, P<0.01 vs. SIS group; #,
P<0.05 vs. SIS+5Cu group.
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Figure 2 Contrast esophagram eight weeks after operation. There was no
evidence for leakage, stricture or diverticulum formation in each group.
The esophageal lumen surface in both SIS+5Cu (B) and SIS+25Cu groups
(C) appeared to be smoother than the SIS group (A). Arrow indicates the
site of the patch graft.

cells was observed, except that a few short bundles of skel-
etal muscle from adjacent area have extended into the graft
(Figure 5A and B). By contrast, for both SIS+5Cu (Figure
5C and D) and SIS+25Cu groups (Figure SE and F), the
submucosal tissues were well organized, and many bundles
of the skeletal muscles from the adjacent area have extend-
ed into the graft. There were also isolated or clusters of
muscle cells surrounded by collagenous connective tissue
matrix in the SIS+5Cu (Figure 5C and D) and SIS+25Cu
groups (Figure 5E and F).
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Figure 3 Gross anatomy of the removed esophageal segment eight weeks
following the operation. A, The partial fibrous mesh protrusion was ob-
served in the SIS group. B, The lumen surface of the graft appeared to be
smooth in the SIS+5Cu group. C, The lumen surface of the graft in the
SIS+25Cu group was distinctively smoother compared with the other two
groups.

2.3 Increased vascular density in patch areas treated
with SIS-Cu patches

The numbers of CD31" capillaries in the patch area of the
SIS-Cu treated groups were significantly greater compared
with the SIS group (Figure 6A). Both the SIS+5Cu (Figure
6B) and SIS+25Cu (Figure 6C) groups exhibited a signifi-
cant increase in the number of vessels in the patch area. The
microvessel density in the SIS+25Cu group was much
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Figure 4 Epithelialization and postoperative inflammation of the three groups eight weeks after operation. H&E and Masson’s trichrome staining showed
only the partial immature squamous epithelium coverage (down arrowhead | ) in the central graft in the SIS group. There was considerably more accumula-
tion of the inflammatory cells (up arrowhead t) (A1-A3). H&E and Masson’s trichrome staining showed the intact squamous epithelial coverage (down
arrowhead ) and almost no inflammation in the SIS+5Cu (B1-B3) or SIS+25Cu groups (C1-C3), and with underlying well organized fibroblastic cells in

the SIS+25Cu group (C2 and C3). The number of inflammatory cells in the SIS group was larger than that of the SIS+5Cu group or SIS+25Cu group (**,
P<0.01), and that of the SIS+5Cu group was larger than that of the SIS+25Cu group (*, P<0.05) (D).

greater than the SIS+5Cu group. The numbers of mi-
crovessels have measured 4.12+1.03, 6.22+0.58 and
7.88+0.57 in the SIS, SIS+5Cu and SIS+25Cu groups, re-
spectively (Figure 6D).

3 Discussion

Replacement of esophagus for the treatment of congenital
and acquired diseases has remained a great challenge
[21-25]. During the last decade, several organic and syn-
thetic biomaterials have been tried to replace part or full
circumference of the esophagus. These, however, have been
associated with a high rate of complications such as anas-
tomotic leakage [26].

Esophagus is a muscular tube that transverses three ana-
tomical planes (neck, thorax, and abdomen) and serves as a
conduit to transport food and fluids from mouth to the

stomach [27]. To engineer long-term implants with no leak
or stenosis and with epithelialization over the entire lumen
of the implanted scaffold will be of paramount importance
[28]. In particular, stratified squamous epithelial cells pre-
dominantly compose the lumen epithelium and serve as a
barrier or protective layer in response to the mechanical
stresses produced by the food bolus during peristaltic con-
tractions [29]. Therefore, epithelialization on the surface of
artificial scaffold has been considered the most crucial as-
pect for providing natural esophageal functions in tis-
sue-engineered substitutes. It is necessary to evaluate the
formation of epithelial layers under in vivo conditions.

We have developed a tissue engineered esophageal patch
using SIS combined with autologous OMECs to promote
re-epithelialization and muscular regeneration, which has
proven to be more effective than SIS alone for esophageal
repair. Moreover, Cu promotion of angiogenesis has been a
topic for both basic and clinical research, which may over-
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Figure 5 Histological findings eight weeks after the operation. A, H&E staining showed formation of many new blood vessels (down arrowhead | ) but
no regeneration of muscle cells among the collagen fibers in the SIS group. B, Organized undulated collagen fibers (up arrowhead 1) were observed by
Masson’s trichrome staining in the SIS group. H&E staining showed many clusters of muscle cells (triangular arrowhead A) in both SIS+5Cu (C) and
SIS+25Cu group (E). Masson’s trichrome staining showed the clusters of muscle cells (triangular arrowhead A) surrounded by the collagenous connective
tissue matrix (horizontal arrowhead —) in the SIS+5Cu (D) and SIS+25Cu group (F).

come the shortcomings of SIS alone, cell sheets and autol-
ogous OMECs. There was a complete epithelialization with
almost no inflammation in the SIS-Cu groups eight weeks
post operation. By contrast, there was only a partial epithe-
lialization along with evident inflammation in the SIS group.
The promotion of re-epithelialization could greatly enhance
the healing process. Importantly, it can also prevent stenosis
of the artificial esophagus [30,31]. On the other hand, the
mild inflammation found in the SIS-Cu group may delay the
regain of body weight for the dogs.

Both SIS and SIS-Cu have adequately supported the
healing of esophageal defect. None of the dogs had devel-
oped vomiting or salivation. Barium esophagram also has
found no evidence of leakage, stricture or diverticulum in
either SIS-Cu group or SIS group. However, the regain of
body weight after the surgery was faster in the SIS-Cu

groups.

Lack of sufficient vascularization may induce necrosis in
bioengineered tissue thicker than 100-200 mm. In cell-
dense tissue fabrication, it is critical to reconstruct reliable
vascular networks for supplying oxygen and essential nu-
trients with sufficiency while removing metabolic wastes.
New technologies for improving cell-dense tissues accom-
panied with well-organized vascular networks are strongly
desired. Importantly, our data have demonstrated that the
microvessel densities in both SIS+5Cu and SIS+25Cu
groups are greater than that in the SIS group (SIS+25Cu
group in particular).

For investigating whether tissue-engineered esophagus
has functions such as transport of food bolus, efforts need to
be made in the engineering of oriented smooth muscle my-
oarchitecture to mimic the circular and longitudinal config-
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Figure 6 The numbers of CD31" capillaries (triangular arrowhead A) in the patch area of the SIS+5Cu (B) and SIS+25Cu (C) group were greater than that
of the SIS group (A) (**, P<0.01). The SIS+25Cu group had more CD31" capillaries compared with the SIS+5Cu group (*, P<0.05) (D).

urations of the natural organ [31]. Treatment with SIS-Cu
has resulted in evident extension of muscle cell bundles and
occurrence of island muscle cells in the connective tissue
eight weeks after the operation. Although prolonged obser-
vation may also reveal the appearance of isolated muscle
cells in the connective tissue of the SIS group, faster muscle
regeneration is more in favor of esophageal repair.

The data obtained in the present study showed satisfac-
tory repair of the esophagus with SIS combined with Cu.
Although both SIS and SIS-Cu groups have shown effective
repair of an artificial esophageal defect simulating clinical
operation of tumor removal, the SIS-Cu demonstrated more
advantages over the SIS alone. Combined SIS-Cu not only
resulted in a faster recovery, but also promoted re-epitheli-
alization and re-vascularization. The effect is more pre-
dominant in the SIS+25Cu group.

In summary, our study has demonstrated the feasibility
and effectiveness of SIS-Cu for esophageal repair in a ca-
nine model. Our results suggested that this may provide an
alternative treatment for esophageal defects, which has
more advantages over current approach. For future studies,
attempts should be made to introduce an SIS tubular con-
struct (360° in range) for replacement of cervical esophagus
using the same model.
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