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The Development of Newborn Porcine Models
for Evaluation of Tissue-Engineered Small Intestine

Mitchell R. Ladd, MD, PhD,1,* Laura Y. Martin, MD,1,* Adam Werts, DVM, PhD,1 Cait Costello, PhD,2

Chhinder P. Sodhi, PhD,1 William B. Fulton, MS,1 John C. March, PhD,2 and David J. Hackam, MD, PhD1

Short bowel syndrome (SBS) is a major cause of morbidity and mortality in the pediatric population, for which
treatment options are limited. To develop novel approaches for the treatment of SBS, we now focus on the
development of a tissue-engineered intestine (also known as an ‘‘artificial intestine’’), in which intestinal stem
cells are cultured onto an absorbable bioscaffold, followed by implantation into the host. To enhance the
translational potential of these preclinical studies, we have developed three clinically relevant models in
neonatal piglets, which approximate the size of the human infant and were evaluated after implantation and
establishment of intestinal continuity over the long term. The models included (1) a staged, multioperation
approach; (2) a single operation with a de-functionalized loop of small intestine; and (3) a single operation with
an intestinal bypass. The first model had complications related to multiple operations in a short time period,
including surgical site infections and wound hernias. The second model avoided wound complications, but was
associated with high ostomy output, local skin breakdown, and systemic dehydration with associated electrolyte
imbalances. The third model was the most effective, although resulted in stoma prolapse. In summary, we have
now developed and evaluated three operative methods for the long-term evaluation of the artificial intestine in
the piglet, and conclude that a single operation with a de-functionalized loop of small intestine may be an
optimal approach for evaluation over the long term.
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Introduction

Short bowel syndrome (SBS) is a devastating condition
in which the absorptive surface of the intestinal mucosa is

insufficient to meet the nutritional needs of the patient, re-
sulting in inadequate growth and development.1–4 In children,
the leading causes of SBS include necrotizing enterocolitis
(an inflammatory condition that leads to inflammation and
necrosis of large amounts of the small intestine), congenital
intestinal atresia, intestinal volvulus, and gastroschisis.1–4

SBS remains a significant cause of morbidity and mortality in
the pediatric population in which the estimated 5-year mor-
tality approaches 40%,2,3,5,6 with most deaths occurring from
sepsis and liver failure. Current therapy for SBS aims to re-
store enteral autonomy, by medical, dietary, or surgical in-
tervention.2,3,5,7 Unfortunately, these therapies are ineffective
for many patients, ultimately requiring an intestinal transplant
with its numerous associated complications.2,6,7

The development of a tissue-engineered small intestine
(also known as an artificial intestine) has emerged as a po-
tential investigative option for the treatment of children with
SBS.8–15 The requirements for the successful development of
a functional intestinal graft in the laboratory include the fol-
lowing: (1) a source of progenitor cells with the capacity to
grow and differentiate into a well-differentiated absorptive
intestinal mucosal surface, (2) a scaffold capable of support-
ing cellular growth, (3) adequate vascularization of the newly
engineered tissue, and (4) an intact neural network to promote
peristalsis.9–17 Most investigators have utilized rodent models
to evaluate the potential efficacy of each of these components,
and while such studies have yielded some very useful proof-
of-concept data, they have been limited by the physical and
structural differences between rodents and humans. While
there have been reports of successful placement of tissue-
engineered small intestinal constructs in large animals, most
prior studies have been limited by replacing only a small
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portion of the intestinal circumference.12,18,19 We therefore
now sought to develop a large animal model for the long-term
placement and evaluation of a tissue-engineered small intes-
tinal graft using the neonatal piglet, which shares structural
and physiological properties with the newborn human infant.
Specifically, we designed three different surgical approaches
and evaluated clinically relevant outcomes of each, to define
the optimal operative technique for testing the artificial gut,
and ultimately its use in humans.

Materials, Methods, and Model Design

Scaffold synthesis

Scaffolds were synthesized from either poly(ethylene-co-
vinyl acetate) (PEVA; Sigma-Aldrich, 340502) or poly(glycerol
sebacate) (PGS; Sigma-Aldrich, 900210) into structures with a
three-dimensional crypt-villus architecture that bears remark-
able similarity to the native intestine as we have previously
reported.20–22 In brief, laser ablation (Versalaser; Universal
Laser Systems, Scottsdale, AZ) was used to create a template
array of 500mm deep, high aspect ratio holes on a polymethyl-
methacrylate (PMMA) template. Polydimethylsiloxane
(PDMS; Dow Corning, MI) was used to fabricate*8 cm · 4 cm
replicas of the final bioscaffold with a full villus array as de-
scribed previously.23 Molten agarose (3% in water; Sigma, St
Louis, MO) was then poured over the PDMS scaffolds and
cooled at room temperature to form hydrogel replicas of the
initial PMMA molds. Scaffolds were then fabricated using a
modified version of a porogen leaching/thermally induced
phase separation technique.21 The polymer solution was then
poured into the mold and processed according to previously
published methods to create the final porous scaffold.21 For
PEVA scaffolds, a 10% PEVA solution in chloroform was
used and for PGS scaffolds, either a 20% or 30% PGS solution
in chloroform was used. For both polymers, just before pouring
in the mold, the solutions were mixed with preminced sodium
bicarbonate powder (400 mg/mL) as the porogen. For PGS
scaffolds, either a 2% or 4% 4,4¢-methylenebis(phenyl iso-
cyanate) (MDI; Sigma-Aldrich, 256439) crosslinker was
dissolved before adding the porogen to optimize their stiffness
and degradation.

Surgical techniques for implantation
of the tissue-engineered intestinal constructs

All experiments were approved by the Johns Hopkins
University Animal Care and Use Committee (Protocol
numbers SW15M208 and SW16M440). Experiments were
performed on piglets (at the ages described below), which
were obtained from Archer Farms (Darlington, MD). Piglets
were housed in single or paired enclosures before and/or
after surgery. All surgeries were performed under isoflurane
anesthesia using a Narkomed system (North American
Drager, Houston, TX). Twenty-four hours prior to surgery,
piglets were given a liquid only diet, a weight-based pe-
diatric Miralax bowel preparation, and were made Nil Per
Os at least 8 hours before an operation. Preoperatively and
postoperatively, animals were fed enterally with milk or
Ensure (depending on age of the animal) and transitioned to
solid food when appropriate. Additional supplementation of
electrolyte solution, fiber, and protein supplements is further
detailed in the ‘‘Materials, Methods, and Model Design’’

section. Euthanasia was performed with Euthasol (100 mg/
kg) after sedation with ketamine/xylazine (20 mg/kg and
2 mg/kg, respectively) at the completion of experiment, or
sooner if there were signs of distress.

The following experimental surgical models detailed be-
low were developed to evaluate the performance of a
composite graft of synthetic scaffold seeded with progenitor
cells after implantation into piglets.

Model 1: omental implantation model. The omental im-
plantation model subjected piglets to three sequential pro-
cedures: the harvest of stem cells, omental implantation of
constructs, and connection of construct to the intestine with
an omental pedicle (n = 5, Fig. 1). Four-day-old piglets un-
derwent laparotomy for isolation of stem cells from the
distal small bowel. A longitudinal full thickness midline
skin incision was made, and a 3 cm segment of distal ileum,
20 cm upstream from the ileocecal valve, was resected. The
intestine was then primarily reanastomosed in an end-to-end
manner with vicryl sutures. The midline incision was closed
in layers with PDS, vicryl, and biosyn skin closure. In-
testinal crypts were then isolated from the resected intestine
(using the first cell isolation technique described below),
expanded in culture, and seeded onto PEVA scaffolds
in vitro for 5 days. At 9 days of age, a second laparotomy
was performed to implant the grafts in the omentum. After
laparotomy, the omentum was freed from its attachments to
the spleen to create a flap in which the graft was implanted.
Vascularization of the implant was assessed at multiple time
points in different animals. At 6 weeks, one piglet achieved
placement of the graft into continuity with native intestine.
To place the graft in continuity, a third laparotomy was
performed, the graft was mobilized en bloc with its vascu-
larizing omentum, and then anastomosed in an end-to-end
manner with native ileum using vicryl suture. The surgeries
and outcomes for Model 1 are summarized in Table 1.

Model 2: single surgery construct implantation in continuity
with intestinal diversion. The second surgical model had the
goal of placing constructs in continuity with the small in-
testine using a single operation (Figs. 2 and 3). The graft and
anastomoses were then protected from the fecal stream by
performing a proximal ileostomy (n = 5). In addition, we at-
tempted to create a distal mucus fistula for possible serial
endoscopic interrogation of the graft while piglets were still
living. Moreover, we foresaw that if the animals survived to
the point of testing absorptive function, the proximal ostomy
could be reversed, therefore routing the fecal stream through
the construct, while the remaining distal ostomy would still
allow for ongoing endoscopic interrogation of the implanted
graft. In animals receiving cell-seeded scaffolds, stem cell
isolation was performed during the operation (using the
second cell isolation techniques described below), after which
they were seeded onto a scaffold intraoperatively before be-
ing directly anastomosed with native intestine. Two slightly
varying surgical methods were employed in model 2.

Double-loop ostomy (n = 4) method (Fig. 2). Surgery was
performed through a single longitudinal midline incision.
Grafts were placed in direct continuity with a diverted loop
of intestine that was isolated by creating a proximal double-
barrel diverting loop stoma for fecal diversion and a distal
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double-barrel mucous fistula for drainage of distal mucous
secretions. The distal double-barrel ostomy also served as an
access point for attempts at evaluation of the grafts. Three
animals were placed into the intestinal reanastomosis-only
control group to test the surgical model without placement
of scaffold. After incision, a 20 cm segment of bowel was
identified 40 cm proximal to the ileocecal valve. Sites for
diverting stoma and mucous fistula were identified and
brought through the skin, but not opened or matured. A 3 cm
segment of ileum from within the diverted loop was then
resected. For the reanastomosis-only control group, an end-
to-end anastomosis of the native ileum was performed. The
omentum was then mobilized away from the spleen to wrap
around the anastomoses. The abdomen was closed in layers.
Then, the stoma and mucous fistula were opened and ma-
tured. In this model, a fourth animal underwent placement of
scaffold (20% PGS, 2% MDI, unseeded). In this animal, the
above surgery was performed, except that after resection of
the 3 cm ileal segment from the diverted loop, the scaffold
was anastomosed in an end-to-end manner proximally and
distally with the native ileum. Finally, omentum was mobi-
lized to envelope the scaffold and anastomoses. The details of
the operations performed for this group are in Table 2.

Of note, after operating on the first animal in the method
described in model 2, it was clear that the animals would
have high ostomy output (4–5 L per day) requiring aggres-
sive fluid replacement. Thus, for the remaining animals in

this cohort, we placed left external jugular tunneled broviac
catheters for maintaining intravenous access, and fluid and
medicine administration.

End ileostomy with distal mucous fistula method (Fig. 3,
n = 1). A single animal underwent this method at 6 weeks of
age. This animal had a scaffold (20% PGS, 4% MDI, unseeded)
placed in intestinal continuity downstream of a mucous fistula.
The surgery was performed similarly to the double-loop ostomy
method with the following two differences. First, a transverse
laparotomy was made. Second, the proximal diverting stoma
and distal mucous fistula were performed as end stomas (as
opposed to two double-barrel ostomies) with no intervening
bowel between the two (Fig. 3). The enterotomy was per-
formed 40 cm upstream from the ileocecal valve. At a point
5 cm distal to the mucous fistula, a 3 cm segment of bowel was
resected and then the construct was placed in an end-to-end
manner, such that it was 5 cm distal to the mucous fistula.
Omentum was mobilized to envelope the construct.

Model 3: single surgery construct implantation in continuity
with intestinal bypass (Thiry-Vella loop). In this surgical
model (n = 6), which is a modified form of the Thiry-Vella
loop, a de-functionalized intestinal loop was brought to the
skin with two mucous fistulas to drain the secretions of the
loop and then bypassed by the remainder of the bowel24–30

(Fig. 4). In this manner, the loop was entirely excluded from

FIG. 1. (A) Schematic of
the operative stages for pig
model 1. (B) Scaffold con-
struct implanted in the
omentum (indicated by ar-
row). (C) The scaffold was
anastomosed to the small
bowel on both ends, putting
it into continuity with the
intestinal stream (arrow in-
dicates small bowel lumen
being sewn to one end of the
scaffold indicated by the
arrowhead). (D) At euthana-
sia, 5 days after placement in
continuity, the scaffold had
strictured and was no longer
patent. The proximal bowel
was significantly dilated with
downstream decompression
of the bowel.

NEWBORN PORCINE MODELS FOR TISSUE-ENGINEERED SMALL INTESTINE 333



continuity with the intestine and was not exposed to the
fecal stream. Two pigs underwent placement of scaffold
consisting of 20% PGS, 4% MDI (n = 1) or 30% PGS, 4%
MDI (n = 1) without seeded cells. Four pigs underwent
placement of seeded scaffolds (grafts) with 30% PGS, 4%
MDI. Following transverse laparotomy incision, the ileo-
cecal valve was identified. A 20 cm segment of intestine was

identified and isolated, with distal transection 25 cm proxi-
mal to ileocecal valve and proximal transection 45 cm
proximal to ileocecal valve. Intestinal continuity was re-
stored with end-to-end anastomosis of the proximal and
distal ileal ends, leaving the loop completely out of conti-
nuity with the native intestine. Two sites for mucous fistulas
were then identified on the skin, and the ends of the de-

Table 1. The First Model Involving Removal of Intestinal Tissue, Implantation

into the Omentum, and Finally Anastomosis in Continuity with the Small Bowel

Animal Gender Surgeries

Age at
surgeries

(days)

Age at
euthanasia

(days) Euthanasia reason
Weights

(kg) Complications
Construct
outcome

1 (228) Female (1) 10 cm SBR 4 1.4 (1) Wound infection
(2) 5-Day organoid

seeded PEVA
scaffold in omentum

9 1.9 (2) Wound dehiscence
and hernia
postoperatively

(3) Exploration, no
scaffold found,
euthanasia

54 54 No construct for
anastomosis

9.4 Not present

2 (226) Female (1) 10 cm SBR 4 1.46
(2) 5-Day organoid

seeded PEVA
scaffold in omentum

9 1.9 (2) Small bowel injury,
SBR, and
anastomosis during
operation; wound
dehiscence and hernia
postoperatively

(3) Placed construct in
continuity,
rectopexy, hernia
repair

44 6.1 Rectal prolapse
occurred, age
39–44 days

49 Recurrent rectal
prolapse

Stricture at
construct
anastomosis

3 (225) Female (1) 10 cm SBR 4 1.86
(2) 5-Day organoid

seeded PEVA
scaffold in omentum

9 2.4 (2) Wound dehiscence
and hernia
postoperatively

(3) Exploration,
attempted
anastomosis of
construct to small
bowel, but construct
separated from
fibrous capsule;
euthanasia

37 37 Construct without
ability to
anastomose;
prolonged
anesthesia time

7.1 Construct
separated
from fibrous
omental
capsule

4 (227) Female (1) 10 cm SBR 4 1.24
(2) 5-Day organoid

seeded PEVA
scaffold in omentum

9 1.9 (2) Scaffold had
bacterial
colonization on
implantation; wound
infection, wound
dehiscence, hernia

Euthanasia 29 Found down;
hypoglycemic

3.0 Construct
explanted
from
omentum

5 (229) Female (1) Unseeded scaffold
implantation into
omentum

4 1.6

(2) Exploration of
scaffold

22 4.5 Scaffold
not well
incorporated/
encapsulated
at this time

(3) Reexploration of
scaffold, euthanasia

54 54 Decision to change
scaffold material
due to poor
incorporation of
PEVA scaffolds

12.4 Vascular
imaging with
cardiogreen,
explantation
of scaffold

The scaffolds used in these animals were made of PEVA.
SBR, small bowel resection; PEVA, poly(ethylene-co-vinyl acetate).
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FIG. 2. (A) Illustration of surgical
model 2 double-loop ostomy method
with diverting double-barrel, loop
ileostomy and double-barrel, loop
mucous fistulas. (B) Intraoperative
image of PGS graft being anasto-
mosed to native intestine. (C) Com-
pleted anastomosis of graft to
intestine. (D) The omentum has been
mobilized and wrapped around the
graft. (E) At euthanasia, 16 days after
implantation, due to complications
from high ostomy output, the graft can
be seen (within dotted outline) still
wrapped in omentum. The graft had
completely strictured and some adja-
cent bowel had adhered to the inferior
portion of the scaffold. The proximal
and distal limbs of the isolated loop
can be seen going up to the ostomy
openings at the abdominal wall. PGS,
poly(glycerol sebacate).

FIG. 3. (A) Illustration of
surgical model 2 end ileost-
omy with distal mucous fis-
tula method. (B) Abdominal
wall at the completion of
surgery demonstrating the
end ileostomy and mucous
fistula. (C) At 1 month, the
graft (within dotted outline)
demonstrated a dense fibrotic
capsule and was not well in-
corporated with the intestine.
The proximal limb proceeds
to the abdominal wall where
it forms the mucous fistula.
(D) The graft (within dotted
outline) explanted with at-
tached small intestine.
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functionalized loop were brought through the fascial open-
ings. A 3 cm segment of bowel was then removed from
within the de-functionalized loop. In those animals receiv-
ing no scaffold, the bowel was primarily reanastomosed. In
animals receiving the scaffold alone, the scaffold was
anastomosed in an end-to-end manner with native intestine
of the de-functionalized loop. In animals receiving cell-
seeded scaffolds (grafts), the resected 3 cm segment of il-
eum was used to isolate stem cells as described in method 2
below. Following isolation, the cells were seeded on the
matrigel-coated scaffold at 37�C for *30 min. The graft
was then anastomosed in an end-to-end manner proximally
and distally with the native ileum of the isolated intestinal
loop. For seeded scaffolds, any remaining cell solution at
this point was carefully injected through an angiocatheter
into the lumen of the scaffold. In all cases, the omentum was
then mobilized to wrap the entire construct. All mesenteric
defects were closed, and both mucous fistulas were tacked
to the abdominal fascia. The laparotomies were closed in
layers. Both mucous fistulas were then matured.

Laser angiography for evaluation of perfusion

One animal in surgical model 1 and one animal in model 3
underwent laser angiography using the Spy Elite Imaging
System (Novdaq Technologies, Inc., Richmond, Canada;
model LC3000) with indocyanine green (2.5 mg/mL; Milli-
poreSigma, 21980). This was performed at 7 weeks in surgical
model 1, after which the animal was euthanized. In surgical
model 3, the procedure was performed at 6 weeks.

Enteroid isolation and scaffold seeding

Scaffolds were sterilized by soaking in 70% ethanol at room
temperature under ultraviolet light for 30 min. After steriliza-
tion, they were rinsed in a culture hood with sterile phosphate-
buffered saline (PBS) five times for 20 min each. Following the
rinses, the scaffolds were coated with a 1:10 dilution of ma-
trigel (Corning, 356237) into PBS for 30–60 min at 37�C.

Cells for seeding were isolated using two different tech-
niques depending on the surgical model. The first technique
used for surgical model 1 isolated primary intestinal crypts

FIG. 4. (A) Illustration of surgical model
3, the Thiry-Vella loop. (B) Graft being
anastomosed to native intestine. (C) Primary
anastomosis of the bypass segment of in-
testine. (D) Both the bypass and graft im-
plantation completed, but before stoma
maturation. (E) The ostomies were brought
through the abdominal wall. The omentum
was wrapped around the graft.
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similar to the methods described by Sato and collagues,31,32 and
were performed using sterile technique in a cell culture hood. In
brief, the resected segment of bowel had its luminal contents
washed out using PBS with 0.5mg/mL Amphotericin B (Gibco,
15290-026), 50mg/mL gentamicin (Amresco, E737), and 1%
Pen/Strep (Quality Biological, 120-095-721). The mesentery
was removed from the intestinal tissue and then the intestine
was minced and placed in a conical tube with digestion media
consisting of Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, 11965-092) with 1% Pen/Strep and 4 mM ethylenedi-
aminetetraaceticacid (Quality Biological, 351-027-721) for
30–45 min at 4�C on a rotator. After incubation in digestion
media, the conical tube containing the minced intestine was
placed on ice to allow the cellular material to settle. The su-
pernatant was discarded and then PBS (plus 10% fetal bovine
serum [FBS]; Corning, 35-011-CV) was added and the tissue
was vigorously triturated. After trituration, the tissue was
centrifuged at 200 g for 5 min. These steps were repeated (re-
moval of supernatant, addition of washing PBS, trituration, and
centrifugation) until the tissue separated into layers with a clear
sandy, light-colored layer appearing at the top of the pellet. This
layer was carefully pipetted off and placed on a 70-mm filter,
which was on top of a 50-mL conical tube. The filter was rinsed
with 2–3 mL of enteroid base media consisting of Advanced
DMEM/F12 (Gibco, 12634-010), 20% embryonic stem cell FBS
(heat inactivated at 56�C for 30 min; Hyclone, SH3007003E),
2 mM l-glutamine (Gibco, 25030-081), 50mg/mL gentamicin,
0.5mg/mL Amphotericin B, 50 mM HEPES (Quality Biological,
118-089-721), 1 mM N-acetylcysteine (Fisher Scientific, 50-
131-8141), 1· N-2 supplement (Gibco, 17502-048), and 1· B27
supplement (Gibco, 12587-010). The filter was then wrapped in
parafilm on top of the conical tube and it was centrifuged at 200 g
for 5 min. The cell solution that passed through the filter was the
desired crypt cell population.

The cells were washed in enteroid base media and spun down
at 200 g for 5 min. Afterward, the cells were labeled using Vy-
brant CM-Dil (Vybrant, V22888) following the manufacturer’s
instructions and incubating at 37�C for 15–20 min. After stain-
ing, the cells were washed in enteroid base media by centrifuging
at 200 g for 5 min and resuspending in enteroid base media thrice.
After the final wash, the cells were resuspended in a sufficient
volume of enteroid base media to completely cover the scaffold
and the cells were allowed to attach for 3 h at 37�C in the cell
culture incubator. After 3 h, the media were gently changed to
enteroid growth media, which contained enteroid base media
plus 50 ng/mL Wnt3A (Fisher Scientific, 1324-WN-10/CF),
50 ng/mL Noggin (Novus Biological, NBP2-35098), 100 ng/mL
R-Spondin (Fisher Scientific, 3474RS050), and 100 ng/mL
epidermal growth factor (EMD Millipore, 324831). For surgical
model 1, the cells were cultured in the growth medium for four
days before reimplantation.

For surgical models 2 and 3, a second cell isolation tech-
nique was used due to the need for rapid isolation and re-
implantation during the same surgery. The second cell
isolation technique was adapted from methods used by Sala
et al.12 In brief, the intestine was taken from the operating
suite to the laboratory where isolation was performed with
sterile instruments in a sterile cell culture hood. The lumen
was thoroughly rinsed with Hanks’ Balanced Salt Solution
(HBSS; Sigma, H9394) until it was free of stool. Afterward,
the mesentery was removed and the bowel was minced in a
cell culture plate until the pieces were *2 mm or less in size.

The minced tissue was then rinsed 3–5 more times with HBSS
in a conical tube with the tissue being allowed to settle be-
tween washes. After washing, the tissue was digested with
0.25 mg/mL Dispase (Gibco, 17105-041) and 800 U/mL type
I collagenase (Worthington, LS004196) at 37�C for 30 min on
a shaker. After 30 min, the digestion was halted by adding cold
modified enteroid base media consisting of Advanced DMEM/
F12, 2 mM Glutamax (Invitrogen, 35050-061), 10 mM HEPES,
1· N-2 supplement, 1· B27 supplement, and 1· Primocin
(Invivogen, ant-pm-2). The tissue was then centrifuged at
400 g for 5 min and resuspended in a sufficient volume of
modified enteroid base media to completely cover the scaffold
for seeding. At this point, the cells were returned to the oper-
ating suite where they were applied to the scaffold for*30 min
before implantation of the construct.

Before implantation, all scaffolds were tubularized with
nonabsorbable suture such that they were *3–4 cm in
length. The diameter of the scaffold was adjusted to match
the caliber of the bowel to which it was being anastomosed.

Histology, immunohistochemistry, and confocal imaging

Seeded scaffolds were imaged by fixing in 4% parafor-
maldehyde (PFA; Electron Microscopy Sciences, 15710) for
1 h at room temperature with 0.1% Triton-x 100 for per-
meabilization. The scaffolds were then rinsed, blocked with
5% donkey serum for 1 h, and then incubated with primary
antibody at a dilution of 1:250 at 4�C overnight. They were
then washed and incubated with secondary antibody at a
dilution of 1:1000 overnight at 4�C. Finally, the scaffolds
were rinsed, counterstained with 4¢,6-diamidino-2-phenylindole
(DAPI; Biolegend, 422801), and imaged on the confocal
microscope as whole specimens.

Explanted tissue was prepared by fixation in 4% PFA at
4�C overnight. Afterward, the tissue was either processed
through serial ethanol and histoclear washes into paraffin by
a tissue processor (ThermoScientific; Mircom STP 120) or
equilibrated with 30% sucrose at 4�C overnight. For samples
that went through the tissue processor, they were next em-
bedded in paraffin for sectioning. Samples in sucrose were
then removed and embedded either in O.C.T. compound
(Fisher Healthcare; Tissue-Plus) with liquid nitrogen and
kept at -20�C until cryosectioning or embedded in 3%
agarose for vibratome sectioning.

Fifty to hundred micrometer sections were cut using a vi-
bratome, whereas thinner sections (10–50mm) were cut using a
cryotome (ThermoScientific; Cryostar NX50) or microtome
(Carl-Zeiss; SLEE Cut 6062). Sections made with cryotome or
vibratome then underwent immunohistochemical staining by
blocking with 5% donkey serum for 1 h, primary antibody in-
cubation overnight at 4�C at a dilution of 1:250, secondary an-
tibody staining at a dilution of 1:1000 overnight at 4�C, and
staining with DAPI, and finally were coverslipped with gelvatol
for imaging. Paraffin-embedded sections were first de-
paraffinized and then underwent antigen retrieval with citric acid.
After antigen retrieval, the sections were stained with the same
sequence as sections made with the cryotome or vibratome. All
images were obtained using a Nikon Eclipse Ti microscope
(Nikon, Melville, NY). Antibodies to the following antigens were
used: Ki67 (Abcam, ab15580-100), sucrase-isomaltase (Santa
Cruz, sc-27603), muc2 (Santa Cruz, sc-15334), E-Cadherin
(R&D, AF748), proliferating cell nuclear antigen (Santa Cruz, sc-
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56), PeCAM/CD31 (BD Biosciences, 550274), smooth muscle
a-actin (Sigma, SAB2500963), Endothelin A receptor (Abcam,
ab76259), Endothelin B receptor (Abcam, ab65972), vimentin
(Santa Cruz, sc-7558), and BrdU (Novus, NB500-169). F-actin
was stained with rhodamine phalloidin (Sigma, R415).

Electron microscopy

Specimens for scanning electron microscopy (LEO FE-
SEM 153; Zeiss) were fixed in 5% glutaraldehyde in 3 mM
MgCl2 and 0.1 M sodium cacodylate buffer, pH 7.2, over-
night at 4�C. Afterward, they were rinsed thrice for 15 min
each in 3 mM MgCl2 and 3% sucrose in 0.1 M sodium ca-
codylate buffer. Next, specimens were fixed in 1% osmium
tetroxide in 3 mM MgCl2 in 0.1 M sodium cacodylate buffer
for 1 h on ice. After osmium tetroxide fixing, the specimens
were rinsed twice in deionized water for 5 min each before
undergoing dehydration in graded series of ethanol. The
final three changes in the dehydration were a 1:1 ratio of
100% ethanol and hexamethyldisilazane. Finally, the sam-
ples were placed in a dessicator to dry. Once dry, the
samples were mounted on stands with carbon tape and then
sputter-coated with gold-palladium before imaging.

Results

Scaffold optimization

Pig enteroids were successfully isolated from the intestine
and were able to be cultured in vitro (Fig. 5A, B). In ad-

dition, these cells were cryopreserved and thawed and
maintained viability.

In surgical model 1, we evaluated the PEVA scaffolds.
While nonabsorbable, the scaffolds had excellent handling
properties, were durable, and showed good support of cel-
lular growth in vitro (Fig. 5C, D). However, in vivo, we
found that the tissue failed to integrate well with the scaffold
(Fig. 6) and thus we limited our evaluation to five animals
(Table 1). In addition, while there was some vascularization
to the tissue (Figs. 7 and 8A), the majority of omental tissue
was easily sheered from the material (Fig. 6B), suggesting
that poor vascularization of the neointestine had occurred.
Because of these findings, we decided to fabricate our
scaffolds with a biodegradable polymer.

PGS was chosen because it has been used for other soft
tissue engineering applications, it is an elastomer that is easy
to manipulate surgically, and has been shown to have good
biocompatibility in vivo.33 PGS had good in vitro cellular
integration as demonstrated with immunohistochemistry (IHC)
(Fig. 5E, F). However, placement of scaffolds containing 20%
PGS and 2% MDI crosslinker resulted in rapid degradation
in vivo by gross examination and electron microscopy (Fig. 9).
Subsequent experiments with higher concentrations of PGS
(up to 30%) and MDI (up to 4%) resulted in slower degra-
dation, but at the expense of some of the tissue integration,
which was noted on gross examination (Fig. 6). Ultimately, we
settled on a PGS concentration of 30% and MDI concentration
of 4% for our final construct.

FIG. 5. (A, B) Intestinal stem cells could
be successfully isolated from pig intestine
(H266) and maintained in culture. (C, D)
Intestinal stem cells from surgical model 1
on PEVA scaffolds after being labeled with
a cell tag. (E) 200· magnification of cells
isolated from surgical models 2 and 3 on
PGS scaffolds. (F) Higher magnification
view region highlighted in red box of image
(E). All images are counterstained with
DAPI. PEVA, poly(ethylene-co-vinyl ace-
tate; DAPI, 4¢,6-diamidino-2-phenylindole.
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Surgical outcomes

Model 1: omental implant model. In this model, we de-
termined that the PEVA scaffold had the aforementioned
shortcomings, although we were able to successfully place

the artificial intestine into continuity with native bowel for
several days (Fig. 8C). Ultimately, however, the construct
scarred down and caused an obstruction, prompting eutha-
nasia after 5 days of continuity (Fig. 6C). The individual
outcomes of the omental implant model can be viewed in

FIG. 6. Gross images of explanted grafts. (A–C) PEVA grafts. (A) Cell-seeded PEVA graft that was explanted from the
omentum after 3 weeks. A red rubber catheter had been put in the lumen to try to prevent it from scarring down. Note the
adherent omentum and supportive tissue. (B) Cell-seeded PEVA graft after explantation from the omentum at 4 weeks. This
graft did not incorporate well and stripped from the surrounding tissue quite easily, leaving behind this somewhat bare graft
seen here. (C) Cell-seeded PEVA graft from animal 226, which had been implanted in the omentum for 35 days before
anastomosis in continuity with the small bowel. The graft remained in continuity for 5 days before euthanasia and then was
explanted. The graft had significant stricture and inflammatory reaction. (D–F) PGS grafts performed better overall compared
to PEVA grafts; however, the results were heterogeneous with some scaffolds having some degree of tissue integration and
others that had almost none. (D) A seeded PGS graft shows improved integration over PEVA scaffolds after 3 weeks of
implantation in surgical models 2 and 3. (E) Seeded PGS graft at 4 weeks with poor tissue integration. The scaffold has scarred
into a tight cylinder with no lumen and was completely surrounded by native bowel lumen. (F) Unseeded PGS graft after
implantation in surgical model 3 for 6 weeks demonstrated significant inflammation. It also had fibrosed down to a very narrow
lumen. Clearly, while these particular scaffolds were good starting points for continuing our tissue-engineered small intestine
work in large animals, the scaffolds will need further optimization before it will be successful in large animals.

FIG. 7. (A) Graft demonstrated in
the omentum of animal 229 (Table 1)
at the time of euthanasia. (B) Laser
angiography of the vasculature dem-
onstrating a well-vascularized graft in
the omentum after implantation for 7
weeks.
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FIG. 8. Immunohistochemistry after explanation of the grafts. (A) Staining for SMA demonstrating possible myofibroblast
growth in animal 227 three weeks after graft implantation. In addition, sucrase-isomaltase staining is observed on the mucosal or
luminal side of the graft. CD31 demonstrates the beginning of neovascularization of the graft. (B) The graft from 227 demonstrating
separation of the scaffold from surrounding tissue upon harvest. The graft demonstrates staining for myofibroblast marker vimentin,
goblet cell marker Muc2, and proliferation marker PCNA. (C) Graft from 226, *7 weeks after implantation, demonstrating
positive staining for goblet cell marker Muc2, enterocyte marker SI, and for proliferation by BrdU. (D) Staining of a cell-seeded
PGS graft from H173 4 weeks after implantation, demonstrating a small amount of neovascularization. (E) Cell-seeded graft from
H267 demonstrating the scaffold architecture and a small amount of staining for the epithelial marker E-cadherin and proliferation
marker Ki67 after implantation for 4 weeks. (F) Unseeded graft from H58 demonstrating the presence of myofibroblasts (SMA-
positive cells) and the beginning of neovascularization in the presence of epithelial cells. All images are counterstained with DAPI.
SI, sucrase-isomaltase; SMA, smooth muscle actin; Ecad, E-Cadherin; PCNA, proliferating cell nuclear antigen.

FIG. 9. (A) SEM of 20% PGS scaffold at baseline. The villus dimensions were*100mm wide at the base, 30–40mm wide at the
tip, and about 250–300mm in height. (B) SEM of 20% PGS scaffold after implantation for 2 weeks (in animal 413) demonstrating
scaffold degradation. Villus dimensions are roughly equal at 2 weeks, but the scaffold base has diminished (dotted lines indicating
thickness of the base) and degradation is apparent (arrows). SEM, scanning electron microscopy.
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Table 1. It is also noteworthy that we encountered surgical
complications with the longitudinal incision and serial sur-
geries. Four of the five pigs developed hernias as they grew
larger and the longitudinal incisions bore more weight. The
incidence of wound infection was also high. As a result of
these negative outcomes, we developed a new model to
reduce the number of surgeries required and limit the need
for reoperation through the same wound. In addition, due to
increased inflammation and scarring noted with prolene
suture closure, we transitioned to the use of PDS.

Model 2: single surgery construct implantation in continuity
with intestinal diversion. In response to the high incidence of
wound complications seen with serial surgeries, we sought to
develop a single-staged surgical model and develop a method
that could be translated most directly into human trials. In this
model, the goal was to implant the scaffold directly into in-
testinal continuity and wrap it in omentum to develop sup-
portive blood supply. To protect the graft from the fecal
stream while this was occurring, the graft was placed down-
stream of a diverting ostomy. To more easily evaluate the
scaffold without surgery at each stage, we also decided to
create a distal mucous fistula such that the graft was isolated
in an ileal loop (Fig. 2). In this model, we noted that rates
of hernia and dehiscence were improved compared to use
of longitudinal incisions. In addition, given the high intra-
abdominal pressure encountered in the pigs, we found that
attaching the stomas to the abdominal wall helped reduce the
rate of stoma prolapse. However, this model had unforeseen
consequences in pigs due to extremely high stoma output from
the distal ileum. The output seen in pigs was significantly
higher than that seen in humans with ileal stomas, along the
order of 4–5 L per day. As a result, there were significant
problems with electrolyte aberrations, dehydration, and skin
breakdown. The same complications occurred with surgical
model 2, end ileostomy with distal mucous fistula method.
Ultimately, we were able to treat these complications suc-
cessfully by daily administration of Ensure, 3 L of water re-
pletion with glucose, sodium, and bicarbonate solution, as
well as daily fiber, and imodium. Absorbent pads were placed
on the abdomen at the site of the stomas and changed twice
daily. These measures improved the electrolyte imbalances
and skin breakdown. In this manner, we produced a model of
diverting stoma that could be sustainable in pigs. However,
given the time and resources necessary to sustain this model,
we ultimately explored additional surgical options in the form
of our final model. The outcomes of surgical model 2 can be
seen in Table 2.

Model 3: single surgery construct implantation in continuity
with intestinal bypass (Thiry-Vella loop). In this model, we
completely isolated a bypassed loop containing the scaffold,
with reanastomosis of native intestine proximal and distal to
the loop. While we recognized internal hernia to be a potential
complication, with careful tacking of the intestine and closure
of the mesenteric defects, we did not have any internal hernias
during the monitoring period of this study. In addition, due to
ongoing complications with longitudinal incisions in the sec-
ond model, including hernias and eviscerations in older and
larger pigs, we altered our surgical technique to be performed
through transverse incisions (this transition was made with
surgical model 2, end ileostomy with distal mucous fistula

method). Using this incision, we did not have any further
hernias or eviscerations. The individual experimental condi-
tions and outcomes of surgical model 3 can be viewed in
Table 2. The results from this model were mixed, with some
scaffolds incorporating well and others scarring with signifi-
cant immune reaction (Fig. 6D–F). Also, some pigs showed
evidence of cellular proliferation, vascularization, and epi-
thelialization in IHC staining (Fig. 8D–F). However, on gross
examination, the grafts did not incorporate well when placed
directly in continuity with the intestine, with evidence of
collapse and fibrosis (Fig. 6D–F). It should be noted that in
three animals that had isolated ileal loops (one in model 2 and
two in model 3), sepsis developed for unclear reasons, which
we empirically attributed to bacterial overgrowth, mucosal at-
rophy, and bacterial translocation associated with the isolated
loop and permeable graft. In an attempt to mitigate bacterial
overgrowth and mucosal atrophy, we empirically began flush-
ing the loop with glucose, but have not yet formally evaluated
the effects that these interventions may have had on outcomes.
In addition, as can be noted in Table 2, five out of the six
animals in surgical model 3 developed reducible ostomy pro-
lapses at both ostomy sites 2–3 weeks postoperatively, despite
suturing the bowel proximal to the ostomy site to the abdominal
wall. It should be noted that the initial intent of models 2 and 3
was to perform time points of 4, 6, and 8 weeks. However, due
to the numerous complications that developed and the evolving
approaches to address them, it was difficult to reach our longest
time point. In addition, while we aimed to euthanize animals at
4 or 6 weeks, we occasionally made clinical judgments to eu-
thanize an animal earlier to avoid an unexpected death or
emergent euthanasia procedure. This resulted in the majority of
animals surviving for 4–6 weeks after surgery with our longest
time point of 7 weeks in animal 12 (H174).

Discussion

This article describes the development of an experi-
mental model of SBS in the newborn piglet, and provides a
translationally relevant platform for the study of an artificial
intestine for the treatment of this disorder. The studies represent
an extension of other studies in the field by now focusing on a
newborn (as opposed to adult) model, by studying large animals
(as opposed to rodents), and by performing long-term studies
(weeks as opposed to days). We believe these features of this
study will increase its translational potential. The major findings
of these studies included the feasibility of scaffold implantation
into direct continuity with native intestine, the development of a
sustainable model for stoma maintenance in newborn piglets,
and the development of a successful diverting ileostomy model
in piglets. Furthermore, we describe a third surgical model in
which we showed the feasibility of placing the scaffold directly
into a blind loop of intestine, while restoring intestinal conti-
nuity. Taken together, these studies reveal the scope of three
potentially useful approaches for the study of SBS and place-
ment of an artificial intestine in the piglet.

It is noteworthy that these results leave room to address
additional physiological responses induced by the individual
models. Specifically, in some older swine, we found similar
results to Agopian et al. with implanted scaffolds causing
significant immune reaction and fibrosis,34 yet this was not
observed in the younger piglets. In addition, these studies
provide some insights into the effects of age, innate variability
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in the immune response, the local inflammatory response due
to anastomosis of bare scaffold with native intestine, or bac-
terial contamination of the scaffold with gut flora that can be
investigated further. We are particularly interested in whether
bacterial overgrowth in bypassed loops could play a role in the
success or failure of the graft.

The development of an experimental model to study the
function of an artificial intestine also provides a platform in
which to address several important yet unanswered questions in
the field of tissue engineering. Specifically, does successful
engraftment depend on the age of the donor and/or recipient
animal? Could immunosuppression be necessary even when
autotransplanting tissue to prevent the initial immune response?
Is the omentum capable of generating vasculature complex
enough to support full-sized intestinal constructs? Are there
differences between fetal versus adult tissue sources, both with
autotransplantation and allotransplantation? Would the admin-
istration of anti-inflammatory agents improve outcome of the
implanted grafts? Questions such as these—which are impor-
tant to answer if we are to ever bring an artificial intestine to
clinical use—can now be investigated further using the large
animal models presented in this study. Future studies will focus
on the inflammatory response to the implanted grafts.

In conclusion, we have now described the development of
three porcine surgical models to evaluate full segment con-
structs, two of which, to our knowledge, have not been pre-
viously described in large animals for this purpose. In addition,
these models were employed to test tissue-engineered grafts in
intestinal continuity over long time periods, on the order of 4–
6 weeks. These studies provide a rationale for further assess-
ment of the absorptive and mechanical properties of these
implanted grafts, so as to enhance the development of an ar-
tificial intestine for the treatment of SBS.
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