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ABSTRACT

Objective: Porcine-derived small intestine submucosa (SIS) extracellular matrix
(ECM) surgical patches claim to have greater regenerative properties compared
with dermal extracellular matrices. We hypothesized that using SIS-ECM in a bio-
engineered composite tracheal graft would allow better incorporation into the
native tissue.

Methods: Two types of size-matched polycaprolactone support scaffolds were de-
signed: rigid and flexible. The SIS-ECM was wrapped around the polycaprolactone
supports lining the inside and outside of the graft. The grafts were implanted in
4 Yorkshire pigs, replacing an �2 cm segment of native trachea. Airway patency
was evaluated with computed tomography scans and explanted grafts were exam-
ined grossly and histologically.

Results: All animals survived through the immediate postoperative period. Gener-
ally, extraluminal examination showed a smooth transition between native and graft
without significant volumetric loss. Animals that received the flexible design sur-
vived �10 days longer than those that received the rigid design; however, severe
perianastomotic intraluminal granulation tissue was observed. The rigid design
had less significant intraluminal granulation tissue development at the distal anas-
tomosis, but partial dehiscence had occurred at the proximal anastomosis inter-
rupting graft incorporation.

Conclusions: The generally good extraluminal graft incorporation in our composite
tracheal graft highlights some increased regenerative capabilities of SIS-ECM. How-
ever, the presence of intraluminal granulation tissue indicates that its use as an off-
the-shelf, unaltered substrate in an airway graft is still not ideal. Further research
must be conducted to determine whether a modification of the substrate is
possible to enhance luminal airway incorporation and to exert control over the
mechanisms responsible for granulation tissue development. (JTCVS Open
2021;5:152-60)
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A composite tracheal graft of 3D-printed PCL with
SIS-ECM was orthotopically implanted.
CENTRAL MESSAGE

SIS-ECM has some increased
regenerative capabilities over
dermal ECM; however, its off-the-
shelf use as an airway graft lacks
appropriate properties for
luminal integration and
epithelialization.
PERSPECTIVE
The findings of this study highlight the impor-
tance of rigorous testing of surgical patch mate-
rials in airway reconstruction before use in human
patients. Although these second-generation
ECMs promise increased regenerative potential,
more studies both to further increase regenera-
tive effects and decrease intraluminal granulation
are needed before wider clinical adoption.

See Commentary on page 161.
The morbidity and mortality due to chronic airway stenosis
is significant.1 Tracheal stenosis is caused by prolonged
intubation, tracheostomy complications, cancer, infection,
inflammatory conditions, and congenital malformations.2-4

It has been estimated that up to 10% of patients will develop
postintubation tracheal stenosis.5 Of these cases, 1%-2%
are symptomatic or severe, but it is difficult to estimate
how many involve long segments of the trachea.6 Recon-
structing a long segment of the trachea poses a unique sur-
gical problem because often it is not possible to simply
resect a significant length of the trachea and be left with
enough length for a primary end to end anastomosis. Sur-
geons have utilized decellularized extracellular matrix
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Abbreviations and Acronyms
3D ¼ 3-dimensional
CT ¼ computed tomography
ECM ¼ extracellular matrix
PCL ¼ polycaprolactone
SIS ¼ small intestine submucosa
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(ECM) materials to make up for the needed length in rare
cases,7 and this is a logical move because these materials
are already successfully used in many other surgical graft-
ing applications in place of synthetic materials or autolo-
gous tissue transplants.

In general, ECMs make excellent replacements for tissue
reconstruction since they are derived from native tissues.
Although processed to remove cells, the structural integrity
of the tissue remains and therefore it contains components
readily found in native tissues. These physiochemical prop-
erties of ECMs can help to accelerate integration of the graft
and healing of the wound.8,9 The process of decellulariza-
tion removes the cellular components from the source
tissues, greatly reducing the potential of immunogenic reac-
tions.10 Because these decellularized ECMs are largely
composed of highly conserved dense structural proteins
such as collagen, they are both shelf-stable and cross-
species compatible, further reducing the immunogenic
complications and the logistics associated with using fresh
human donor-derived tissue.

A second-generation of decellularized ECM patches
are derived from porcine small intestine submucosa
(SIS). These are processed using an improved decellula-
rization process that further reduces cell remnants such as
nuclear and cell membrane fragments that can stimulate
an apoptotic response in the surrounding native tissue.11

The SIS-ECM patches are not treated with a cross-
linking glutaraldehyde solution, leaving native binding
sites intact and available for interaction with the recipi-
ent’s cells, theoretically increasing the regenerative
capacity of these ECMs and minimizing possible inflam-
matory reactions.12 SIS-ECMs are also thinner than
dermal ECMs, allowing for more rapid remodeling of
the patch.

Successfully using ECMs in tracheal reconstruction re-
quires careful consideration of the structural elements of
the native trachea. The trachea is a long flexible fibrous
tube made mostly of dense but elastic connective tissues
which easily accommodates changes in length and flexion
associated with normal physiological movements. Cartilage
rings located at regular intervals along the length of the tra-
chea provide radial rigidity that maintain airway patency
and prevent malacia and collapse. Although dermal ECMs
can provide some rigidity due to mechanical properties
inherent to their thickness, preventing malacia when used
in a tracheal graft necessitates the use of an additional sup-
port structure.13

Previously, our group has used polycaprolactone (PCL)-
supported ECMs to repair partial tracheal defects in a large
animal model.13,14 In our previous studies, our PCL scaf-
folds produced on a 3-dimensional (3D) printer were suc-
cessful in mitigating graft malacia and maintained an
open airway throughout study duration. In some instances,
it appeared that the bovine dermal ECM caused extensive
perianastomotic granulation tissue, resulting in obstructive
stenosis.14

Therefore, in this study we sought to build on our
previous work and explored the feasibility of using SIS-
ECMs in a composite PCL-ECM graft to replace a circum-
ferential section of the trachea in the large animal model.
The porcine-derived SIS-ECM is expected to have fewer
immunogenic concerns when used in the pig implant
model due to matching donor and recipient species and
the increased regenerative properties of this second-
generation ECM type are hypothesized to reduce or elim-
inate granulation tissue development. In addition, we also
hypothesize that the SIS-ECM will provide a better sub-
strate for airway epithelial migration because of the simi-
larity in cell type to the mucous-producing epithelial layer
found in native SIS.
MATERIALS AND METHODS
Feasibility of using SIS-ECM in a trachea graft was assessed with a

small group of animals. All animal work was carried out adhering to animal

use guidelines set by the Mount Sinai Institutional Animal Care and Use

Committee. Four female Yorkshire pigs (approximate age 2 months,

approximate weight 30 kg) were purchased from Animal Biotech Indus-

tries (Doylestown, Pa). Animals were acclimated to the facility for several

days before any procedures were started.

Graft Design and Preparation
To ensure size-matched grafts, animals underwent pre-operative

computed tomography (CT) scans. Trachea lumen diameter and trachea

wall thickness were measured from several CT scan slices and averaged.

Two types of PCL supports (rigid [n ¼ 2] or flexible [n ¼ 2]) were de-

signed using the computer-aided drawing program Autodesk Fusion

360 (Autodesk, San Rafael, Calif) to match the average size of the tra-

cheas (Figure 1). The drawings were exported to the 3D printer as stereo-

lithography files, a standard file format widely used in computer-aided

manufacturing including 3D printing and rapid prototyping. The PCL

supports were printed by melt extrusion on a MakerBot Replicator 2

desktop 3D printer (MakerBot Industries, New York, NY) and sanitized

overnight by submersion in hydrogen peroxide followed by 1 hour of ul-

traviolet light exposure in a laminar flow hood. A section of a SIS-ECM

sheet (Cook Biotech, West Lafayette, Ind) was cut based on the dimen-

sions of the PCL support such that a single sheet could be used to create

nested cylinders that would wrap around the PCL support, lining the in-

side and outside of the graft. Excess material was trimmed, and the seams

of the ECM were approximated and secured using interrupted sutures.

Printing of each support structure took less than an hour and the overall

time for graft preparation, including printing, sterilizing, and attaching

ECM was approximately 24 hours. The resulting composite grafts were

rehydrated in sterile saline before implantation.
JTCVS Open c Volume 5, Number C 153



FIGURE 1. Three-dimensional (3D) rendering of polycaprolactone printed grafts for (A) the rigid scaffold and (B) the flexible scaffold. The grafts were

designed in Autodesk Fusion 360. After scanning the animals, the diameters of the grafts were size-matched to the trachea of each animal. The grafts were

then 3D printed by fused deposition using a MakerBot benchtop printer.
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Surgical Approach
Implantation followed previously reported procedures (Figure 2).

Sedated and intubated animals were place in a supine position on the oper-

ating table. The trachea was accessed via midline cervical incision and

strap muscle separation. Dissection of remaining surrounding structures

further exposed the trachea. For each animal, a 4-ring circumferential

tracheal segment was removed and replaced with the graft. Cross-table

ventilation was used while the proximal anastomosis to the graft was

completed. After securing the proximal anastomosis, the endotracheal

tube was re-advanced through the graft and into the distal trachea. The

distal anastomosis was completed around the endotracheal tube. Integrity

of the anastomosis was assessed by flooding the surgical site with sterile

saline and ventilating to 20-30 cm H2O of pressure. Strap muscles were

re-approximated, a Penrose drain was placed, and the incision was closed

in layers. Prophylactic antibiotic ointment was applied to the incision.

Postoperative Care
Animals stayed in the operating room while sedation was reversed and

for extubation. After extubation, animals were moved to individual recov-

ery pens where breathing and oxygen saturation were closely monitored.

Once fully awake and stable, animals were given food and water. On post-

operative day 1, animals weremoved to standard housing. On postoperative
FIGURE 2. Surgical approach for orthotopic transplantation of the tracheal graf

a midline incision and strap muscles were separated. Approximately 2 cm of the

secured, whereas cross-table ventilation was provided. C, The distal anastomosis
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day 2, the drain was removed. Animals were examined daily by the veter-

inary staff and closely monitored for signs of respiratory distress and infec-

tion. Postoperative pain medication, dexamethasone, and guaifenesin were

administered by the veterinary staff. CT scans were scheduled for every

2 weeks postoperation.

Sample Preparation
Following death, a full necropsy on each animal was performed by a

member of the veterinary staff. The graft, trachea, and surrounding struc-

tures were visualized in situ before removal and gross examination. Sam-

ples were then fixed in formalin, paraffin embedded, and sectioned.

Sections from the trachea and graft were cut such that the transition be-

tween native tissue and graft could be examined. Sections were stained

with hematoxylin and eosin for overall morphology.
RESULTS
Clinical Outcomes

All animals remained clinically stable during the imme-
diate postoperative period and up until postoperative day
12, showing no signs of infection or respiratory distress.
t follows our previous reported procedure. A, The tracheawas exposed with

native trachea was marked for removal. B, The proximal anastomosis was

was secured after the endotracheal tube was re-advanced through the graft.
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On postoperative day 13, 1 animal from the rigid scaffold
group was found dead. A CT scan of the other animal in
this group showed a patent graft with no stenosis, but indi-
cations of partial dehiscence at the proximal anastomosis.
Although this animal was still clinically stable, showing
no signs of distress, the consensus after consultation with
the veterinary team was to electively put to death the animal
to avoid sudden death. CT scans at postoperative day 13 of
the animals with the flexible graft showed patent grafts, but
significant intraluminal granulation tissue at both proximal
and distal anastomoses, which was partially occluding the
airway. Stenting was done in an animal with>50% occlu-
sion to maintain airway patency. At postoperative day 21,
the animal that received the stenting began to display severe
signs of respiratory distress and was humanely killed. CT
scanning on postoperative day 24 of the remaining animal
showed >50% occlusion, thus stenting was planned.
Although the animal appeared clinically stable with barely
detectable stridor, the animal was found dead on postoper-
ative day 26, before the stenting procedure could be
performed.

Gross Examination
From the outside, the tracheas of all animals appeared

intact with well-healed distal anastomoses and seamless
transition without significant size differences between graft
and native trachea.Well-healed proximal anastomoses were
observed in the flexible graft group, whereas partial dehis-
cence (�50%) at the proximal anastomosis was observed
in both animals in the rigid graft group. In 1 rigid graft an-
imal, there was fistulous communication between the
trachea and esophagus at the partial dehiscence. For all an-
imals, the PCL scaffold was still firmly seated and intact and
neither support type showed evidence of malacia or midg-
raft stenosis. Significant peri-anastomotic intraluminal
granulation tissue was observed in the flexible graft group,
whereas the rigid graft group showed less significant intra-
luminal granulation tissue at the dehiscence and even a
smooth transition between graft and native at the distal
anastomosis (Figure 3).

Histologic Examination
Extraluminal granulation tissue was organized, densely

collagenous, and mildly inflamed. There was an abundance
of inflammatory cells on a background of fibroplasia and a
maturing capillary bed. Examination of both animals that
received the rigid grafts showed extensive infection with
intralesional bacteria at the site of dehiscence at the prox-
imal anastomosis with loosely arranged plump spindle cells
infiltrated by lymphocytes, neutrophils, and macrophages.
Similar findings but with significantly less granulation tis-
sue were observed at the site of distal anastomosis. In
both animals that received the flexible grafts, the significant
luminal granulation tissue at both the proximal and distal
anastomoses contained loosely arranged plump spindle
cells infiltrated by macrophages in well-vascularized, but
immature tissue. In all animals, regardless of graft type,
mineralization of the luminal ECM layer was observed as
a homogenous to granular brittle material (Figure 4).

DISCUSSION
Long-segment tracheal repair or replacement necessi-

tates the use of grafting material due to inherent anatomical
limitations. Donor transplant material has not been success-
ful and other autologous techniques for tracheal replace-
ment have had limited success.15-17 As such, surgeons
have looked to using off-the-shelf synthetic and natural sur-
gical grafting materials.18,19 In this study, summarized in
Figure 5, we examined the feasibility of using a composite
tracheal graft composed of a 3D-printed PCL scaffold sup-
porting a porcine-derived SIS-ECM. These grafts were im-
planted orthotopically in a pig model to assess their
mechanical and regenerative functionality. Table 1 high-
lights differences in the graft design attributes used in this
study compared with our pervious study using dermal
ECM.14 The large animal model is necessary to create a
clinically relevant model to human anatomy.20,21 Our
work is also novel in that we are testing our bioengineered
grafts in an orthotopic transplantation model.
Although a high number of sudden deaths and sudden

onset of clinical symptoms could be considered a detractor
of this model, we believe that they can be a means to an
accelerated graft evaluation provided that early observa-
tions are noted. Future implantation work will closely
monitor the animals during the immediate postoperative
period with more frequent CT scanning to better capture
any changes as they occur.
The PCL supports were easily customized and quickly

manufactured with a benchtop 3D printer without the
need for postprinting processing or surface treatments to re-
move residual monomers. Benchtop 3D printers themselves
are financially accessible, with simple single-nozzle models
costing around $2000. Print feedstock materials are also
quite accessible, many costing well under $1 per gram.
Many benchtop fused filament 3D printers are capable of
using a variety of plastic polymers as feedstock and hobby-
ists most commonly use polylactic acid and acrylonitrile
butadiene styrene because their high melting point and stiff-
ness result in 3D printed parts that hold their shape well un-
der a variety of conditions. PCL is a less common feedstock
in hobby 3D printing due to its relatively low (�60�C)
melting point and lower strength that gives its printed
products more flexibility. PCL is biocompatible and biode-
gradable and is still a great material for fused filament
fabrication in 3D printers. PCL has been shown to be
biocompatible and has been Food and Drug Administration
approved for implantation in the human body.22 Under
physiological conditions, PCL is degraded by hydrolysis
JTCVS Open c Volume 5, Number C 155



FIGURE 3. Upon gross examination of the explanted trachea grafts at necropsy, intraluminal incorporation into the native tissue was extremely variable,

although both graft designs were made from the same materials. The rigid scaffolds (A) appeared to have a smooth transition between the graft and native

tissue at the distal anastomosis (arrow), whereas the proximal anastomosis showed dehiscence. On the other hand, the flexible scaffolds (B) showed sig-

nificant intraluminal granulation tissue development protruding into the airway at both proximal and distal anastomoses that substantially occluded the

airway. Variability in the anastomotic healing between the 2 graft design types indicates that scaffold rigidity is an important factor in successful trachea

graft designs.
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in a relatively slow and predictable timeline, without pro-
ducing toxic degradation products.23,24 These properties
make it a useful material to use as temporary support for
maintaining mechanical strength to support a patent
tracheal lumen while the body has a chance to grow new
cartilage.

Table 2 summarizes the outcome measures for this study
and includes a comparison to our previous study. The design
of the graft appeared to be an important factor in success-
fully accommodating the longitudinal traction and shear
forces at the anastomoses. The flexible graft was apparently
able to minimize forces both at the proximal and distal anas-
tomoses, whereas the rigid graft was unable to accommo-
date forces at the proximal anastomosis resulting in
dehiscence. In the pig model, we are unable to immobilize
neck movement as would be done with human patients;
thus, the normal range of motion is resumed as soon as seda-
tion is reversed, immediately subjecting the graft and anas-
tomoses to mechanical stresses. In humans, the normal
156 JTCVS Open c March 2021
range of neck motion between flexion and extension can
cause the trachea to stretch almost 2 cm. Much of this
change occurs in the section of trachea between the vocal
folds and the sternal notch and we expect a similar degree
of movement to occur in pigs.25,26 Although we expect
the principal force to be tensional, some shear forces are
also developed due to the bending of the trachea. The native
trachea of both humans and pigs is extremely elastic and
pliable in the longitudinal direction, allowing for this mo-
tion. Thus, it is unsurprising that the flexible design of the
graft, which more closely mimics the longitudinal extensi-
bility of the native trachea, was better able to accommodate
this change in length without resulting in dehiscence.

The extraluminal incorporation of the graft highlighted
the improved regeneration potential of the SIS-ECM with
a smooth transition from native tissue to graft without
significant volumetric loss, less hemorrhagic granulation
tissue, and reduced inflammation indicative of wound reso-
lution (Figure 4, D). However, the success of the flexible



FIGURE 4. Representative hematoxylin and eosin histological images of the anastomotic interface between graft and native trachea of the rigid scaffold

graft (A and B) and the flexible scaffold graft (C and D). A, The distal anastomosis shows mild granulation tissue suggestive of progress toward good wound

resolution and graft incorporation. B, Closer to the proximal anastomosis, where the dehiscence occurred, extraluminal granulation tissue was more hem-

orrhagic and infectious material was observed in the lumen. C, The hemorrhagic granulation tissue protruded into the lumen; the arrow indicates a calcified

remnant of the small intestine submucosa extracellular matrix. D, Extraluminal granulation tissue is significantly less inflamed and less hemorrhagic, sug-

gesting that the exterior of the graft was becoming well incorporated; the arrow indicates void spaces where the polycaprolactone scaffold was located.

Functional airway epithelium was not observed in any of the grafts likely because both granulation tissue and anastomotic dehiscence can significantly

impede the migration of native epithelium. L, Lumen. Scale bar ¼ 1 mm.
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graft was significantly hindered by the formation of intralu-
minal granulation tissue, evident upon gross examination of
the trachea lumen, at both the proximal and distal anasto-
moses. In the rigid graft, intraluminal granulation tissue
was only evident upon close examination in histologic sec-
tions. Differences in the growth of granulation tissue be-
tween the 2 groups of animals may be in part explained
by the longer survival time of 1 group over the other; how-
ever, additional factors such as anastomotic tension or a
foreign body reaction could also be at play. Because the
granulation tissue was seen as early as 13 days postopera-
tively in the flexible group, we hypothesize that mechanical
stress at the anastomosis is a major contributor. The obser-
vation of less-extensive granulation tissue at the distal end
of the rigid grafts suggests that tension at that distal anasto-
mosis was reduced by the proximal dehiscence and supports
a mechanical cause for the granulation tissue formation.27

Granulation tissue formation is a significant problem in
surgical interventions of the airway. Whereas granulation
tissue is part of the normal wound healing process,
persistent granulation tissue and/or significantly hypertro-
phic intraluminal granulation tissue can obstruct the airway,
leading to sudden mortality. The cause of airway granula-
tion formation is not completely understood, but several
mechanisms have been proposed, including a systemic
immune response mediated by B- and T-cells, a local tissue
response mediated by abnormal fibroblasts, and a hypoxia-
mediated hypertrophic angiogenic response.28-30 In this
study, dexamethasone was given to the animals for several
days postoperatively in an effort to reduce granulation
tissue formation. Due to the untargeted nature of systemic
steroids, this treatment is not ideal because it can have
off-target effects such as delayed healing and increased
chance of infection.
Based on the results of this study, it appears that using

SIS-ECM in place of dermal ECM provides no measurable
advantages with regard to intraluminal incorporation. In
addition, commercial SIS-ECM is manufactured by
combining up to 4 layers of tissue together to increase
strength, but it is still significantly thinner than dermal
JTCVS Open c Volume 5, Number C 157



FIGURE 5. Orthotopic transplantation of a composite trachea graft was studied in a large animal model. Size-matched scaffolds were 3–dimensional (3D)-

printed using polycaprolactone (PCL) by measuring trachea dimensions from preoperative scans. The PCL scaffolds (flexible [n¼ 2] and rigid [n¼ 2]) were

wrapped intra- and extraluminally with extracellular matrix (ECM) patches derived from porcine small intestine submucosa (SIS). The rigid PCL scaffold

was unsuccessful at accommodating tension and shear forces, resulting in dehiscence at the proximal anastomosis. The flexible graft was able to accom-

modate these forces without dehiscence, but suffered from extensive intraluminal granulation tissue development. Although SIS-ECM is a second-

generation ECM patch, this study was unable to observe any increased regenerative capabilities of the ECMs as-is compared with our previous experienced

with dermal ECM.

TABLE 1. Summary of graft design attributes in this study compared

with the previous study.14 Extracellular matrix (ECM) types included

dermal and small intestine submucosa (SIS)

Attribute This study Previous study14

Coverage 360� 360� 360�

Graft length (cm) 2 2 2

Scaffold design Rigid Flexible Rigid

ECM type SIS SIS Dermal

ECM location Intra- and

extraluminal

Intra- and

extraluminal

Intraluminal

only
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ECM. Our design of enclosing the PCL supports in the SIS-
ECM to further increase graft strength and ensure an airtight
graft, created a dead space between the outer and inner
ECM layers. The lack of direct contact of the inner ECM
layer to native tissue could have contributed to a delayed
integration into the surrounding tissue. This may have
contributed to our observation of calcification of the inner
ECM layers, although other literature concerning SIS-
ECM show that it is more resistant to calcification than
other ECM types.31-34 Calcification of the inner ECM
layer may have also contributed to granulation tissue



TABLE 2. Outcome summary for all animals. In this study, 2 animals received the rigid scaffold design and 2 animals received the flexible scaffold

design, both using small intestine submucosa extracellularmatrix (ECM). Two animals from the previous study received a rigid scaffold designwith

dermal ECM14

Study Scaffold design Survival days Extraluminal observations

Intraluminal

observations

This study Rigid (n ¼ 2)

Flexible (n ¼ 2)

13.5 (13-14)

23.5 (21-26)

Smooth transition from graft to native at distal anastomosis

Fistula (n ¼ 1)

Smooth transition between graft and native at both anastomoses

Mild granulation

Mild granulation

ECM calcification

Severe granulation

ECM calcification

Previous

study

Rigid (n ¼ 2) 29.0 (24-34) Well-incorporated with native tissue at both anastomoses

Mild granulation

Necrotic foci

Severe granulation

Values for survival days are presented as mean (range).
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development by increasing the mechanical stiffness of the
graft interior.

The SIS-ECM used in this study was chosen due to its
ease of accessibility because it is a commercially available
product. In addition, the decellularization process for these
and other commercial ECMs are presumed to be very care-
fully standardized to ensure batch-to-batch consistency.
Physiochemical properties of ECMs (including, but not
limited to degree of cross-linking, amount of DNA and
cellular debris, collagen structure and content, and structure
and content of noncollagenous proteins) can vary due to the
specific process used and will be different depending on the
manufacturer or laboratory. Quantification of these physio-
chemical properties in future studies of other ECM types
may provide valuable data. Unfortunately, the successful
use of ECMs in certain applications does not guarantee its
success in other applications. Although we expected that
this new generation of ECM would perform much better
than the dermal ECMs in our graft, we did not find that to
be the case.

Relying on cues innate to the ECM substrates to enhance
luminal epithelial migration and integration into native tis-
sue is not adequate for airway tissue engineering. The
airway is a harsh environment, exposed to constant mechan-
ical stress from movement as well as microbial stresses
from contact with the outside environment. Mucus clear-
ance is difficult because the grafted length does not contain
ciliated cells that would move the mucus out of the airway.
This, in conjunction with the presence of surface irregular-
ities at the anastomoses can contribute to increased collec-
tion of infectious material at the graft-native interface. All
these factors may result in persistent and hypertrophic gran-
ulation tissue, which in turn delays epithelialization and
healing of the anastomoses. Further work must focus on
modifying the grafting materials to include stronger cues
for implant integration so that these obstacles can be over-
come. These cues can be translated from other tissue
engineered strategies such as incorporating cells that can
mediate the immune response and generate proregenerative
paracrine signaling molecules that attract surrounding cells
to the implanted grafts to speed up integration into the recip-
ient’s native tissue. Direct incorporation of chemotactic fac-
tors may also be used and would help to avoid the
complexities associated with donor- or patient-derived
cells.
Previously, we have had longer survival time with partial

circumference grafts. Several factors may have contributed
to this success, including a relatively smaller graft surface
area as well as maintaining some continuity of the native tis-
sue in the uninjured intact tissue opposite the partial graft.
Based on our feasibility study here and our previous studies,
it is difficult to definitively choose the best design for a full
circumferential graft, but usingmechanistic studies to eluci-
date the mechanisms driving trachea wound healing and
graft incorporation will help to refine the design both in
structure and materials.

CONCLUSIONS
SIS-ECM combined with a 3D-printed PCL scaffold with

a flexible design provided adequate structural integrity to a
circumferential tracheal graft to prevent graft malacia and
was well-incorporated externally with the native trachea.
There was a significant intraluminal response to the matrix
that precludes its use as an immediate airway replacement
solution in its unaltered, off-the-shelf state. Incorporation
of biological factors or cells into these scaffolds and
ECMs can potentially decrease the granulation tissue for-
mation and enhance tissue regeneration. Due to the lack
of information on tracheal healing and granulation tissue
formation, further studies are needed to determine mecha-
nisms responsible for granulation tissue development and
to systematically assess the properties of and recipient’s
response to various acellular scaffolds before consideration
of wider, clinical adoption for tracheal reconstruction.
JTCVS Open c Volume 5, Number C 159
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