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The use of biomaterials for circumferential esophageal repair is technically challenging in a rat model, and an
optimal scaffold implantation technique with nutritional support is essential. The purpose of this study was to
investigate the effects of three-dimensional printed esophageal grafts and bioreactor cultivation on muscle
regeneration and reepithelialization from circumferential esophageal defects in a rat model. Here, we designed
an artificial esophagus that can enhance the regeneration of esophageal mucosa and muscle through the optimal
combination of a two-layered tubular scaffold and mesenchymal stem cell-based bioreactor system. The graft
was verified by the performance comparison with an omentum-cultured esophageal scaffold. We also applied a
new surgical anastomosis technique and a thyroid gland flap over the implanted scaffold to improve graft
survival. Although no regenerated mucosal layer was observed around the implants of the control group,
histological examination of the regenerative esophagi along the scaffold revealed that the bioreactor system and
omentum-cultured groups showed more than 80% of the mucosal regeneration without a fistula. The re-
generated tissues showed that the integration of the esophageal scaffold and its native esophageal tissue was
intact and were covered with layers of stratified squamous epithelium with several newly developed blood
vessels. Therefore, this study describes a novel approach for circumferential esophageal reconstruction.
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Impact Statement

In vivo functional esophageal reconstruction remains challenging due to anastomosis site leakage and necrosis of the
implanted scaffold in a circumferential esophageal defect. Therefore, it is necessary to develop a tissue-engineered
esophagus that enables regeneration of esophageal mucosa and muscle without leakage of the esophageal anastomosis. In
this study, we proposed an intriguing strategy that combines a mesenchymal stem cell-seeded tubular scaffold with a
bioreactor system for esophageal reconstruction and introduced a new surgical anastomosis technique with the thyroid gland
flap over the implanted scaffold to improve graft survival. We believe that this system should be a powerful platform for
circumferential replacement of the esophagus in a rat model.

Introduction engineering could be emerging as promising alternative
strategies to develop a mimic of each patient’s native
T HE TREATMENT OF ESOPHAGEAL DISORDERS, such as esophagus.®* Although tissue engineering promises to be an
congenital anomalies and esophageal cancer, results in  effective regenerative strategy, there is a lack of positive
circumferential, full-thickness, extended segment loss of the  evidence to replace a circumferential esophageal defect. The
esophagus. Gastric pull-up conduits or colon interpositions use of biomaterials for circumferential esophageal repair is
are used to reestablish the luminal continuity. However, the  technically challenging, and significant expertise is required
use of these esophageal substitutes can cause various sur- to perform surgical procedures and postoperative nutritional
gical morbidities and mortality."? Hence, esophageal tissue  care, particularly in the murine esophagus.’
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The small size of the rat esophagus and lack of peristaltic
activity after nondynamic scaffold implant likely prevent
normal esophageal swallowing. Although the scaffold ex-
hibits complete healing of the circumferential defects in the
rat model, most animals die before the second postoperative
week.® The deaths occurred due to stenosis, graft ob-
struction by foreign material (hair by grooming), and mal-
nutrition. Moreover, anastomosis site leakage inevitably
causes extremely high mortality because of neck and me-
diastinal contamination, which results in sepsis or adjacent
airway edema and obstruction.

Therefore, the engineered scaffold should have charac-
teristics similar to the native organ, and an optimal scaffold
implantation technique with nutritional support is necessary
in the rat model. The viscoelasticity of the implanted esoph-
agus should be adequate for the repetitive ramp-relaxation
of the peristaltic movement through the esophagus. The
dilatation and burst strength of the scaffold should match
the native esophagus because it should not leak or shrink.”®
From the technical perspective of surgery and postoperative
care, watertight anastomosis is essential to prevent leakage,
and a postoperative alternative feeding route such as a na-
sogastric tube should be considered to prevent food or saliva

.
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contamination at the anastomosis site with optimal nutrition.
Once the artificial tissue structure is transplanted in vivo, a
reliable vascular vehicle is required during this initial stage.’
To overcome these problems, we fabricated a novel two-
layered tubular scaffold as an artificial esophagus consisting
of electrospun nanofibers (inner layer) and three-dimensional
(3D) printed strands (outer layer) (Fig. 1A). Human adipose-
derived mesenchymal stem cells (hMSCs) were seeded onto
the inner layer of the scaffold to promote reepithelialization
(Fig. 1B). We hypothesized that the inner nanofiber
structure can act as a template for the mucosal layer by
providing topographical cues for cell migration and that
the 3D printed strand (outer) can provide mechanical
strength and flexibility as the framework of the esophagus.
To achieve full regeneration of the esophageal mucosa and
muscle layer, further bioactivity for esophageal recon-
struction was conferred to this scaffold through bioreactor
cultivation as well as coverage of the thyroid gland flap on
the implanted scaffold (Fig. 1C). We also compared the ef-
ficacy of bioreactor systems with the performance of existing
omentum-cultured scaffolding technology (Fig. 1D).'°
Therefore, the purpose of this study was to evaluate the
potential of a bioreactor system and a surgical technique,
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hMSC seeding =

Incubation in bioreactor

:'.’“: ) N

¥y o 2

e

M

H
Trachea —»| 14— Scaffold
H
‘ 77 | | l+—Esophagus
H )

Esophageal transplantation in vivo

Tranplantation into omentum
(for 1 weeks)

FIG. 1. Schematic illustration of the process used to fabricate two-layered tubular scaffolds and esophageal transplan-
tation including tissue-engineered technique thereon. (A) The first step involved the fabrication of the inner membrane of
the scaffold by electrospinning using PU. After fabricating the inner membrane by electrospinning, the structural strength of
the tubular scaffold was reinforced by adding strands to the outer surface of the membrane using a 3D printing system
without solvent. (B) hMSCs (encapsulated in Matrigel®) were seeded onto the inner layers of the two-layered tubular
scaffold. These scaffolds were incubated into bioreactor system (C) and omentum tissue (D), respectively, and then, the
tissue-engineered esophaguses were implanted into the cervical esophagus. hMSCs, human adipose-derived mesenchymal
stem cells; PU, polyurethane. Color images are available online.
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including thyroid gland flap and esophageal anastomosis,
using a tissue-engineered scaffold that was developed by
combining a 3D printed reinforcement framework in a rat
model for circumferential esophageal reconstruction.

Materials and Methods
Preparation of the hybrid esophageal tube

Biotubular esophageal scaffolds were fabricated by com-
bining electrospinning and 3D printing. First, the inner mem-
brane of the tubular scaffold was fabricated by electrospun
polyurethane (PU; Pellethane, Lubrizol) with rotating stainless
steel mandrels (diameter =2 mm) as the collector that had been
described previously.'' Briefly, the PU polymer was dis-
solved in N,N-dimethylformamide (DMF; Junsei Chemical
Co., Japan) by stirring at room temperature for 8h, re-
sulting in a 20% (w/v) solution. The working distance
between the needle tip and rotating collector was set to be
30cm, where 15kV was engaged by a power supply
(SHV200 RD-40k; Convertech, Korea). The feeding rate
was set to 0.5 mL/h. The linear speed of the outer surface
of the rotating collector was 3.14 m/s. The nanofibers were
collected on the surface of the rotating mandrels. After
fabricating the inner membrane by electrospinning, the
structural strength of the tubular scaffold was reinforced
by adding strands to the outer surface of the membrane using
a 3D ]l)rinting system, without a solvent, as described previ-
ously.'? Briefly, PCL (polycaprolactone; Sigma) polymer was
melted in a heating cylinder, and then, strands were squeezed
out by high pressure (~7 bar) under the control of a bio-
plotting system (EnvisionTEC, Germany). Finally, this
two-layered scaffold was removed from the mandrel, and a
hollow tubular structure was acquired. They were also
sterilized by soaking in 70% ethanol under ultraviolet light.

Characterization

The tubular scaffolds were visualized using a scanning
electron microscopy (SEM; Model S-3000N; Hitachi, Ja-
pan). Before scanning, all the scaffolds were sputter-coated
with gold, and the accelerating voltage was set at SkV to
view the surface morphologies. The average fiber and pore
size of the scaffolds were estimated from the SEM digital
images obtained by ImageJ software (NIH) according to the
scale bar in the image and the proportion between the fiber/
pore size and scale bar. Thirty measurements were exam-
ined over five tubular scaffolds, and the results are expressed
as the means * standard deviation.

Mechanical test

A compliance test was carried out to evaluate the me-
chanical properties of the fabricated tubular scaffolds. While
the intraluminal pressure was increased, the changes in the
external diameter of the tubular scaffold were measured by
digital image processing. Briefly, the pressure was applied
using a 50-mL syringe pump and monitored with a digital
pressure gauge (ZSESOF; SMC Korea). Before performing
the compliance test, the scaffolds were preconditioned with
100 mmHg intraluminal pressure by injecting phosphate-
buffered saline (PBS; Sigma-Aldrich) into the tubular
scaffolds three times. Next, PBS was slowly (~ 10 mmHg/
min) injected into the scaffolds to produce a pressure up to

100 mmHg. The recorded images were analyzed by the Im-
ageJ (NIH) to calculate the changes in their diameter. Finally,
the compliance (C) of the scaffold was evaluated based on the
equation of C=(AD/D,)/P, where D, is the original external
diameter of the tube, AD is the change in the external di-
ameter, and P is the pressure. Note that the increment of
pressure was based on P=0mmHg. The tensile stress of 3D
printed/nanofiber scaffolds was measured using an ultimate
tensile test machine (AG-5000G; Shimadzu, Japan) equipped
with a 10-kgf load cell at a crosshead displacement speed of
20 mm/min. The esophagus of a normal rat was used as a
control group. Specimens were prepared in 2 cm lengths and
fixed to the grips at 5 mm on both ends of the sample (n=4).

Dynamic cultivation of the hMSC-seeded
tubular scaffold

Once the 3D printed esophageal scaffolds were prepared,
they were sterilized under ultraviolet light for 1h, prewet
with ethanol for 10 min, and washed three times in PBS.
Human adipose-derived mesenchymal stem cells (hMSCs,
R7788-110; STEMPRO®), purchased from Gibco™, were
used without modification (Passage No. 3). To achieve ef-
ficient attachment on the inner surface of the scaffold, dis-
sociated hMSCs were suspended at a density of 1x 10° cells/
mL in Matrigel (354234; Corning) containing growth me-
dium (MesenPRO RS™, Basal Medium/Growth supple-
ment), and the suspension was then applied in an even
coating on the inner surfaces of the scaffolds. Cell-seeded
scaffolds were tightly fitted into acrylic holders in the culture
chambers of a custom-made bioreactor. The culture chamber
was then filled with growth medium, and 0.1 dyne/cm?* flow-
induced shear stress with a pattern of 1min/2 min for en-
gagement/resting was applied at 37°C under a humidified
atmosphere with 5% CO, (Supplementary Table S1). Cell
viability on the two-layered tubular scaffold (inner surface)
without dynamic culture was determined after 5 days using a
LIVE/DEAD® Viability Assay Kit (Molecular Probes) ac-
cording to the manufacturer’s instructions. Images were ob-
tained via confocal microscopy (LSM510 META; Carl Zeiss)
using the z-stack tool. Cell proliferation was analyzed on days
1, 3, and 7 using a CCK-8 assay (Dojindo, Japan) without a
bioreactor system. A 10% CCK-8 solution was added to the
prepared sample and incubated at 37°C for 2 h. Aliquots from
each sample (100mL) were transferred into a 96-well plate,
and their absorbance was measured at a wavelength of
450nm using a Multiscan microplate reader (Thermo
Scientific). The surface morphology of the hMSC-seeded
scaffolds on day 3 was observed by SEM operated at an
accelerating voltage of 25kV. Before the evaluation of the
morphology, the hMSCs on the cross-sectioned tubular
scaffold were fixed with 2.5% glutaraldehyde (Sigma) and
OsOy (Sigma) for 24 h, followed by ethanol dehydration. The
fixed hMSCs in scaffold specimens was coated with platinum
using a sputter coater (SC 7680; Quorum Technologies,
United Kingdom) under argon atmosphere conditions.

Animal Study

Orthotopic esophageal scaffold implantation
into the cervical esophagus

After 1 week of gastrostomy, the hybrid esophageal scaffold
implantation was performed. Detailed surgical procedures for
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T-tube insertion-gastrostomy are described in Supplementary
Materials and Methods. To facilitate the penetration of blood
vessels and tissues, they were transplanted into the omentum of
arat model for 1 week. Before transplantation, the hMSCs (cell
density: 1x 10° cells/mL in Matrigel) were inoculated into the
inner wall of each scaffold and were incubated in the bioreactor
system for 3 days. Adult Sprague-Dawley rats (Orient Bio,
Seoul, Korea) that weighed 398 to 420g for esophageal
transplantation were used in the study. The animals were di-
vided into five groups (n=7 per group) as follows: (1) im-
plantation of the naked scaffold (control), (2) coverage of the
thyroid gland flaps after scaffold implantation (flap), (3) cov-
erage of the thyroid gland flaps after the implantation of h(MSC-
seeded scaffolds (mesenchymal stem cell [MSC]), (4) im-
plantation with thyroid gland flap after omentum culture of
hMSC-seeded scaffolds (omentum), and (5) implantation with
thyroid gland flap after bioreactor culture of hMSC-seeded
scaffolds (bioreactor). The surgical procedure was as follows.
The neck was shaved, and standard draping of surgical site was
performed for aseptic surgery. A ventral midline incision was
made, and the strap muscle was divided to isolate the tra-
cheoesophageal structure. Left-side esophagus isolation was
performed under a magnified view, and the upper part was
dissected from the thyroid gland carefully. A 5-mm-long full
circumferential defect including all layers of the esophagus
was created. The circumferential esophageal defects were or-
thotopically reconstructed by a scaffold with a 9-0 nylon suture
(Johnson & Johnson Co., Norderstedt, Germany) for the
proximal and distal anastomoses under a microscope. The first
suture was placed between the right inferoposterior margin of
the remnant upper esophagus and scaffold. Consecutive serial
sutures were placed from the right to left side between the
remnant upper esophagus and scaffold. The upper margin of
the remnant lower esophagus was anastomosed with the scaf-
fold in the same manner (Supplementary Movie S1). The im-
planted scaffold was covered on one side with the thyroid
gland. The muscle and skin tissues were closed with a 4-0
Vicryl suture. All animals were housed in individual metabolic
cages obtained from our animal facility. This study was carried
out in strict accordance with the guidelines of the Animal
Research Committee, Seoul National University Hospital. All
protocols and experimental design parameters were reviewed
and approved by the Institutional Animal Care and Use
Committee of the Seoul National University Hospital (ap-
proval number: 17-0164-S1A0).

Evaluation of the postoperative clinical course

The rats were injected with the daily antibiotic gentami-
cin (20 mg/kg) (Septopal®). Oral liquid feeding was started
on the third day after the surgery until the end point of the
study, and the entire nutrition formula (20.6 g/100 mL [g%]
carbohydrate, 3.8 g% protein, and 0.2 g% fat) was supplied
through the gastrostomy site three times per day beginning
the day after the surgery."

Postoperative monitoring was performed daily of the ani-
mal’s survival and weight, assessing respiratory and dietary
conditions, behavior, such as self-harming incision site or
resistance to tube intake, as well as the occurrence of surgical
complications. Moreover, the rats were evaluated by one of the
authors for appearance and attitude according to a 5-point
scale (Supplementary Table S2).'* Particularly, when the body
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weight of the rat models decreased rapidly by 20% or more, we
consulted with the veterinarian to determine euthanasia.

Blood parameters

We collected blood samples in ethylenediaminete-
traacetic acid (EDTA) anticoagulant bottles on the postop-
erative 7th and 14th days. Various blood parameters (blood
urea nitrogen [BUN], white blood cells [WBCs], hemoglo-
bin [Hgb], albumin [Alb]) were analyzed in the experi-
mental and normal control groups (n=3). Biochemical tests
(BUN and Alb) were performed using a Hitachi 7180i Au-
toanalyzer (Hitachi High-Technologies Corporation, Japan).
The complete blood count (WBC and Hgb) was determined
using a hematology autoanalyzer-ADVIA2120i (Siemens
Healthcare Diagnostics, Inc.). All samples were analyzed
within 30 min of collection. Each analysis was performed
following the manufacturer’s operational guidelines.

Histological examination

The autopsy was performed under the microscopic view
after the natural death of the rat. The inside and outside of
the grafts were evaluated, and the grafts with the sections of
adjacent esophageal tissue were fixed in 4% paraformalde-
hyde, embedded in paraffin, and sectioned serially into 4-
pum-thick sections in the sagittal plane from the base of the
tongue to the end of the cervical esophagus. The sections
were deparaffinized and dehydrated in a graded series of
ethanol. The histological sections were stained with hema-
toxylin and eosin (H&E) and Masson’s trichrome, following
standard histological techniques to evaluate the regeneration
process of the esophageal defect. Elastin was also stained
using the Elastic (Modified Verhoff’s) stain kit (ES4807)
according to the manufacturer’s instructions. Histological
images were obtained in triplicate for each group using a
light microscope (Olympus, Japan).

Immunohistological analysis

For immunohistochemistry, endogenous peroxidase was
inactivated using 3% hydrogen peroxide in methanol for
30 min. The tissue sections were washed with PBS and then
were exposed to 3% bovine serum albumin to block non-
specific reactions. The sections were subsequently incubated
with anti-keratin 13 (1:50 dilution; mouse monoclonal anti-
body; ABIN126702) and anti-desmin (1:200 dilution; rabbit
polyclonal antibody; Abcam, United Kingdom) along with
the secondary antibodies Alexa Fluor 594 goat anti-mouse
(ab150116; Abcam) and Alexa Fluor 488 goat anti-rabbit
(ab150077; Abcam), respectively. Reepithelialization was
calculated as a percentage of the specific expressed length
versus the transplanted length (n=6). Muscle regeneration
was also calculated from the fluorescence distribution of the
desmin-positive area at the transplanted site using the ImageJ
software (n=6). Tissue sections for F4/80 (1:200 dilu-
tion; mouse monoclonal antibody; Abcam) and von Will-
ebrand factor (VWF) (1:200 dilution; rabbit monoclonal
antibody; Abcam) were then incubated using the horseradish
peroxidase-conjugated kit (Vectastain®) and then were visu-
alized using 3,3’-diaminobenzidine (DAB) (Vector, pk-7800).
Cell nuclei were counterstained with hematoxylin. Primary
antibody (mouse monoclonal anti-human nuclei PMAB1281;
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EMD Millipore) and secondary antibody (Alexa Fluor 594
goat anti-mouse; ab150113) were also administered to track
the presence of transplanted human cells. The number of
vWF-positive blood vessels and F4/80-positive macrophages
was quantified using the ImageJ. Five areas (200 X magnifi-
cation) were examined per slide (n=6 per group) by a blin-
ded observer. Images were captured using a fluorescence
microscope (BX43-32FA1-S09; Olympus Optical, Japan).

Statistical analysis

The data are expressed as the means * standard deviation.
Statistical significance was determined via one-way analysis
of variance (ANOVA) with Tukey—Kramer’s post hoc test

(GraphPad Prism 5; GraphPad Software, La Jolla, CA).
Statistical significance was marked as *p <0.05, **p<0.01,
and ***p <0.001.

Results
Characterization of artificial esophageal scaffolds

Tubular scaffolds were manufactured, and their surface
morphologies were observed and analyzed by SEM. It was
observed that the tube wall had an asymmetric column-
shaped fiber structure (Fig. 2A). The inner surface of the
tube had electrospun nanofibers, which can effectively in-
duce the mucosal layer and improve cell migration, whereas
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FIG. 2. Characterization and dynamic culture of two-layered tracheal scaffolds. (A) SEM images of the esophageal scaffold.
Overview of the two-layered tubular structure of scaffold; (leff) the end of PCL/PU tubular scaffold (scale =500 pm), (middle)
the outer surface of PCL strand (scale =500 um), and (right) nanofiber-based structure of the scaffold with highly porous
structure (scale=10pum). (B) Compliance test of the esophageal scaffold. The changes of external diameter in native rat
esophagus and tubular scaffold were measured following increased intraluminal pressure (n = 3). (C) Maximum tensile strength
of the two-layered esophageal scaffold before transplantation. The arrow indicates the breaking point of the inner PCL
nanofibers. (D) PU+PCL tubular scaffold had significantly higher tensile strength than native esophagus (**p <0.01). (E)
Dynamic culture of the two-layered tracheal scaffold using custom-made bioreactor device. Each scaffold immersed in medium
is exposed to a fluid flow-induced shear stress. (F) Live/dead staining to analyze cell viability on the two-layered tubular scaffold
(luminal surface) indicates that most cells are viable, and they spread quite well on nanofiber structure in 5 days (scale= 100 pm).
(G) SEM images showed that the hMSCs were adhering and spreading on the surface of the PU/PCL nanofiber after 3 days of
culture (scale= 100 pm). (H) hMSC proliferation is examined on inner layer of the scaffold groups on days 1, 3, and 7 via the
CCK-8 metabolic assay (n=5). PCL, polycaprolactone; SEM, scanning electron microscopy. Color images are available online.
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the outer surface had microsize fibers, which can provide
mechanical strength and flexibility. The width of the 3D
printed strands, which were directly attached to the inner
membrane, averaged 540 um. The thicknesses of the inner
and outer layers in the scaffold were 192+18 and
268 £31 pm, respectively. The diameters of the inner and
outer layers in the scaffold were an average of 2.05+0.25
and 2.38+0.28 mm, respectively (Table 1). In particular,
the diameter of the inner electrospun fibers averaged
5171319 nm. Compliance tests were performed to evaluate
the mechanical property of the suggested tubular scaffold
and native rat esophagi. Figure 2B shows that the diameter
expands linearly with the increasing intraluminal pressure in
both cases. The compliance values of each case were
0.108£0.036%/mmHg (n=3) and 0.207+£0.016%/mmHg
(n=3) for the scaffold and native rat esophagus, respec-
tively. To investigate the intrinsic mechanical properties of
the two-layered tubular scaffold and native esophagus of
rats, we conducted a direct tensile test on the whole scaffold
(Fig. 2C). When pulling at 20 mm/min speed, 3D printed
PCL strand constituting outer layer keeps up with maximum
stress and fractured at the stress of 4.5 Mpa. After that, some
remaining PCL strands are supported by the tensile stress
and are then broken at 28% strain value. Finally, the PU
nanofibers constituting the inner wall support tensile force
but rupture at a strain value of 38% (indicated by arrows).
The maximum tensile strength of the 3D printed strands
supporting the outer wall was significantly different from
that of the esophageal tissue (Fig. 2D). However, the tensile
stress of the nanofiber layer on the inner wall was similar to
that of the normal esophagus. Nevertheless, there was a
marked difference in elongation between the two groups.
These results suggest that the native esophagus is much
more stretchable for peristalsis than the artificial scaffold.

Dynamic culture of hMSCs on two-layered
artificial esophagi

We used a 3D dynamic culture system to enhance the
epithelial differentiation of MSCs in the two-layered tubular
scaffold before in vivo transplantation. A custom-made
bioreactor was fabricated according to the dimensions ap-
propriate for the cultivation of small sized-tubular scaffolds
(Fig. 2E). We have already investigated proper shear stress
for the engraftment of hMSCs on the inner part of this
scaffold through previous studies and evaluated the differ-
entiation potential into epithelial cells under various differ-
entiation markers.'® Therefore, this study focuses on whether
hMSCs attach uniformly to the inner wall of the tubular
scaffold. The cytotoxicity of the tubular scaffold itself was
also evaluated by the CCK-8 assay without dynamic culture.
After uniform cell attachment to the cylindrical scaffold, cells
were monitored for 7 days. Live/dead staining was used to
analyze cell viability on the two-layered tubular scaffold (lu-
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minal surface) at 5 days and showed that most cells were viable
and spread well on the nanofiber structure, indicating a fa-
vorable environment provided by the topographical cues of the
nanofibers (Fig. 2F). The images were processed with a con-
focal z-stack, and hMSCs were observed to be fully prolifer-
ated in a portion of the cylindrical scaffold. The morphology
of the hMSCs grown with culture on the inner layer of the
scaffold is shown in Figure 2G. These data showed that the
hMSCs were well integrated with the nanofiber structure and
showed high cell engraftment under growth medium. The
CCK-8 assay confirmed that MSC proliferation increased
over time on the nanofiber structure (Fig. 2H).

Esophageal transplantation and a postoperative
clinical course

We performed tube-inserted gastrostomy on all animal
models to allow survival without oral feeding before trans-
plantation (Fig. 3A). The relevant data are shown in Supple-
mentary Figure S1. All animals that underwent T-tube
gastrostomy exhibited rapid weight loss within a week,
but then, the weight remained constant (Supplementary
Fig. S1A). After 4 weeks of the gastrostomy procedure, all rats
were successfully intubated into the gastric wall (Supple-
mentary Fig. S1B). Tube-inserted gastrostomy, which has
been successfully tested until 4 weeks, has been commonly
applied to all rats before esophageal transplantation. All
esophageal transplantations were performed 1 week after
gastrostomy. Each hMSC-seeded tubular scaffolds, including
omental tissue culture and bioreactor cultivation, were trans-
planted at full circumferential esophageal defects via micro-
suture techniques (Supplementary Movie S1). Figure 3B
indicates representative images of esophageal transplantation
under the microscope. The graft was covered with a thyroid
gland flap for stable fixation and vascular supply of the im-
planted site. Separately, hMSC-seeded tubular scaffolds were
implanted into the omentum to embed blood vessels around
the grafts (the omentum group; Fig. 3C). One week after im-
plantation, omentum-transplanted specimens were thickly
covered with tissue embedded with blood vessels.

The surgical procedure was successfully completed in
seven rats per group, and there were three unexpected
deaths (peritonitis after gastrostomy, n=1; death during
implantation of the control group, n=1; unknown cause of
death at 1 day after implantation of the MSC group). The
control group was reduced up to 300 g of their weight at the
end of the first week (Fig. 3D). Then, their weight de-
creased rapidly up to 240 g, and they did not survive be-
yond 9 days. However, survival was significantly higher in
all the experimental groups covered with thyroid gland
than in the control group (Fig. 3E). The weight of most of
the flap group also did not decrease below 320 g at 7 days
after the surgery. The bioreactor group and the omentum
group were maintained at ~340 g until day 9. Thereafter,

TABLE 1. CHARACTERISTICS OF THE POLYURETHANE/POLYCAPROLACTONE SCAFFOLD REINFORCED
BY A THREE-DIMENSIONAL PRINTED OUTER RING

Thickness of inner
layer (um)

Thickness of outer
layer (um)

Outer diameter

of scaffold (mm)

Inner diameter

of scaffold (mm)

Mean+SD 192+18

268 £31

2.05+£0.25 2.38+£0.28
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FIG. 3. Esophageal transplantation and postoperative nutritional grading. (A) T-tube insertion into a rat stomach for rat
survival without oral feeding. The tube was pulled through from a tunnel under the skin and fixed to the dorsal skin. A
heparin cap was used to prevent the gastric contents from flowing backward. Neck collar was then applied to prevent self-
harming of the device. (B) Orthotopic esophageal scaffold implantation into the cervical esophagus. The upper esophagus
was dissected from the thyroid gland (blue arrow) carefully. Blue arrowhead indicates sites of circumferential defect of
normal esophagus. A 1 cm full circumferential defect including all layers of the esophagus was created and reconstructed by
scaffold under a microscope. The implanted scaffold was covered on one side with the thyroid gland to improve blood
supply. (C) The esophageal scaffold was embedded into the lower portion of the omentum and wrapped using 4-0 Vicryl
sutures. After 1 week of implantation, the cultured scaffold was harvested and immediately transplanted into the cervical
esophagus. (D) Weight loss studies after esophageal transplantation. Weight loss was determined as absolute change from
initial weight of each group. (E) The survival rate of all the experimental groups covered with the thyroid gland flap was
significantly higher than that of the control group. A physical condition evaluated by the (F) attitude and (G) appearance and
grading scores. (¥*p <0.05 or **p <0.01). Color images are available online.

most of the rats died at ~15 days due to sudden weight
loss that was associated with various causes. This tendency
was indicated by the physical condition (appearance and
attitude grade score). The score was blindly evaluated
according to the appearance and attitude scale (grade
number), as shown in Supplementary Table S2. The
omentum and bioreactor groups had significantly higher
scores than the other groups in 1 week but rapidly de-
creased at ~ 15 days postoperatively (Fig. 3F, G). Con-
sequently, all rats died within 15 days after the procedure
due to a nutritional problem and airway obstruction. Although
the animals could consume their liquid diet freely up to ~ 1
week, mechanical obstruction at their reconstructed esopha-

gus developed as the regeneration process proceeded (hairball
at the stenotic area or obstruction by the scaffold debris).
This phenomenon was inevitable because of the small di-
ameter of the esophagus and lack of peristalsis after non-
dynamic scaffold implantation. In all cases, we found that
hairballs caused complete obstruction of the reconstructed
proximal esophagus. We could not maintain the weight over
300 g with gastrostomy feeding after complete obstruction
of the reconstructed esophagus. We speculate that the airway
obstruction caused by the saliva and ingested materials,
which could not be swallowed, caused systematic severe
complications with continuous weight loss. However, hMSC
inoculation and several technical enhancements confirmed
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that esophageal reconstruction could be possible in the cir-
cumferential esophageal defects model.

Blood parameters

The values obtained for blood parameters, including
BUN, WBC, Hgb, and Alb at 7 and 14 days after the sur-
gery, are shown in Figure 4. BUN is associated with de-
hydration of the animal body.'® The control group showed
severe dehydration that, in turn, may decrease their resis-
tance to bacteria. This group also had a significantly higher
WBC value than the other experimental group. We can infer
this was because of an inflammatory response in the trans-
planted regions. Particularly, the flap group showed a slight
increase in the WBC value at 14 da?/s. Hgb is another key
parameter that is related to anemia.'’ Anemia can also be
caused by not supplying the correct nutrients. The omentum
and bioreactor groups showed significantly higher Hgb
levels than the MSC and control groups. However, the Hgb
value of all the groups decreased to a certain level over time.
Additionally, a low Alb level is caused by stress or nutri-
tional deficiency. A significantly higher level of Alb was
detected in the three experimental groups (MSC, omentum,
and bioreactor groups) up to 7 days, whereas the levels in all
the experimental groups returned to a low level at 14 days.

Reepithelialization and cell tracking in implanted sites

An autopsy was immediately conducted to confirm the
cause of death, and the cervical esophagus was harvested via
total laryngopharyngoesophagectomy. The harvested tissue
included a whole length of the cervical esophageal tissues.
Most of the scaffold-transplanted rats without a thyroid
gland flap died within 5-8 days due to leakage on the
anastomosis site. Loose integration between the distal end
of the scaffold and host tissue was confirmed by the H&E
staining of the control group (Fig. 5, black arrows). After
thyroid gland flap surgery, anastomosis fistulas were not

FIG. 4. Postoperative
blood parameters. The values
obtained from the blood pa-
rameters in the omentum and
bioreactor groups did not
show any significant evi-
dence of dehydration or
malnutrition until the first
week after the surgery.
However, all the parameters
deteriorated to similar levels
with the other experimental
groups after second weeks.
*p<0.05 or **p<0.01. The
control group did not survive
for more than 7 days (#).

BUN (mg/dL)

HGB (g/dL)

Time (days)
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observed. However, scaffold fragments were frequently
observed in most of the anastomosis sites (Fig. 5, red ar-
rows). This result indicates that the structure of the scaffold
eventually collapsed during the wound healing process.
Nevertheless, the omentum and bioreactor groups could
confirm the connectivity of the esophageal lumen. Most
experimental rats without anastomosis leak survived to
15 days. Although the animals of the omentum and bio-
reactor groups developed neoesophageal obstruction by
hairball, there was no gross evidence of perforation, fistula,
seroma accumulation, abscess formation, or surrounding
soft tissue necrosis in all the experimental rats.

Immunofluorescence staining for Keratin-13 was carried
out to identify reepithelialization in the reconstructed
esophageal layer (Fig. 6A). Although no regenerated mu-
cosal layer was observed around the implants of the control
group, more than 80% of the mucosal regeneration was
observed in the omentum and bioreactor groups (Fig. 6B).
It was clear that omentum culture and bioreactor system
had a critical effect in promoting mucosal regeneration.
We next examined whether hMSCs survived in vivo via
human nuclei immunostaining (Fig. 6C). The hMSCs
strongly expressed red fluorescence around the 3D printed
PCL strand (marked by a white star), suggesting that the
transplanted cells remained stable at the transplantation
site.

Expression of elastin fiber and collagen
at implanted sites

Elastin and collagen fiber deposition was observed in all
parts of the artificial esophagus (Fig. 7). Collagen deposition
was weakly stained around the implanted site in the control
group, whereas all the groups covered with the thyroid gland
flap tightly increased collagen deposition surrounding grafts
(Fig. 7A). In addition, the elastin fiber with distinct mor-
phology was exhibited in all the MSC-seeding groups
(Fig. 7B). Particularly, the histological morphology of elastin
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FIG. 5. Whole histology of the reconstructed esophagus 2 weeks after orthotopic scaffold implantation. The control group
showed no signs of tissue regeneration around the graft, and leakage was clearly observed at the distal portion (black
arrows). Particularly, the omentum and bioreactor groups showed complete healing of the circumferential defects. Broken
scaffold debris was intermittently observed inside the esophagus (red arrows). (¥, PCL strand). Color images are available

online.

fiber in the omentum and bioreactor groups was also similar
to that of the normal group. The presence of abundant elastin
and collagen fibers could contribute toward better mechanical
properties.

Regeneration of esophageal muscle

Desmin immunostaining was conducted to estimate whe-
ther the hMSC-seeded tubular scaffold including the surgical
techniques can induce esophageal muscle regeneration
around the implanted site. From the result, it was observed
that the flap and MSC groups intermittently showed a strong
green color (arrows) around the implanted sites, indicating
muscle regeneration (Fig. 8A). Particularly, muscle regener-
ation was significantly increased in the omentum and bio-
reactor groups compared with the other two experimental
groups (Fig. 8B). By contrast, the control group showed no
signs of regenerated esophageal muscle.

Neovascularization and inflammatory responses
in the implanted sites

Von Willebrand factor, a blood vessel-specific marker,
immunostaining was performed to identify the formation of
new blood vessels at the transplanted sites of each group. A

representative immunohistochemical image with blood ves-
sels shown in brown is shown in Figure 9A. Neovascular-
ization was rarely observed in the graft site of the control
group. However, the omentum and bioreactor groups led to a
significantly higher number of blood vessels than those of the
MSC group (Fig. 9B).

Immunohistochemical analysis for F4/80 reflected mac-
rophage infiltration at the transplanted site (Fig. 9C). The
macrophage activation (DAB-positive stains; arrows) asso-
ciated with inflammation was higher in the naked scaffold
group and was significantly reduced in the hMSC-treated
group at 2 weeks (Fig. 9D). These results suggest that im-
munomodulation could be developed in the hMSC-treated

group.

Discussion

Current treatments of esophageal diseases, such as con-
genital anomalies and esophageal cancer, require the re-
moval of a significant portion of the disease area, but
the esophagus is a specialized organ with peristalsis that
cannot regenerate. Unfortunately, conventional standard
esophageal reconstruction with the stomach, jejunum, or
colon is associated with a wide range of complications and
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FIG. 6. Reepithelialization of the reconstructed esophagus 2 weeks after orthotopic scaffold implantation. (A) Keratin-13
immunostaining exhibited regenerative esophageal epithelium at 2 weeks after implantation. The omentum and bioreactor
groups showed continuous and strong signals for Keratin-13 in the regenerative mucosal layer. Each image indicated the
dotted square in Figure SA. (B) Quantitative analysis of the reepithelialization 2 weeks after the surgery (***p <0.001). The
omentum and bioreactor groups showed significantly greater reepithelialization than the MSC groups. (C) Im-
munohistochemistry using anti-human nuclei antibodies for cell tracking. Human nuclei-positive cells were revealed around
the implanted scaffold (*, PCL strand) in all hMSC-seeded groups. Color images are available online.

morbidity."®!” Various substitutes have been utilized for
esophageal tissue engineering. Certainly, acellular allo-
grafts/xenografts/decellularized esophageal grafts, which
have native structures and components, have shown the best
regeneration results. 202! However, these substitutes are in-
herently exposed to disease transmission and immunoge-
nicity problems. Additionally, commercialization is difficult,
and mechanical properties are generally weak. Furthermore,
nonabsorbed scaffolds, such as silicone, have been used for
esophageal regeneration; however, these substitutes re-
quire a postoperation for removal and are associated with
various postsurgery complications.”® Therefore, nondegrad-
able constructs with biomimetic structures and mechanical
properties are other alternatives. Esophageal tissue engi-
neering with natural or synthetic biomaterials that are de-
signed for each patient can be a more feasible alternative
therapy than conventional treatments.?*>*

However, conventional animal research on the artificial
esophagus is challenging due to several critical factors. The
ideal esophageal substitute should also be biocompatible,
and the scaffold should support the adhesion, infiltration,
and proliferation of each epithelial cell, fibroblast, and
smooth muscle cell and not cause infection and inflam-
mation. Mechanical characteristics of the esophagus are
essential because the esophagus is collapsed at the time of
respiration and open during the swallowing process with
constant exposure to maximal stretching with a recoil
phenomenon. Hence, the implanted scaffold must have
characteristics similar to the native organ. The viscoelas-
ticity of the implanted esophagus should be adequate for

repetitive ramp-relaxation of the peristaltic movement
through the esophagus. The burst and dilation strength of
the scaffold should match the native esophagus because it
should neither shrink nor leak.”® Scaffolds that are too weak
may rupture or leak and cause severe conditions, such as
mediastinitis, in the recipient. By contrast, a scaffold that is
too stiff could bulge into the esophageal lumen and prevent
food passage.

Electrospinning has been introduced as a suitable method
to fabricate scaffolds that mimic the native extracellular
matrix (ECM) in the human body. However, any scaffolds
manufactured from electrospun nanofibers have limitations
in artificial esophagus applications due to their poor me-
chanical properties.®*> To solve this problem, we propose
a hybrid technology involving sequential outer filaments
to improve mechanical properties using the 3D printing
technique to produce a hybrid tubular scaffold. Combining
electrospinning and the 3D printing technique could im-
prove the ability to engineer multifunctional composite
tubular organ scaffolds. This hybrid tubular scaffold allows
excellent mechanical properties compared with pristine
electrospun grafts (Fig. 2C).*® When we compared the
compliance of our artificial scaffold and native tissue, we
observed a significantly smaller compliance of the scaffold.
This might be caused by a lack of cell and ECM components
and might be improved by cell seeding and culture. Ac-
cording to a previous study, the mechanical property of
scaffold could be improved after implantation.>* Regrettably,
the samples prepared for implantation were too short in
length for compliance testing in present study. However,
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FIG. 7. Production of collagen and elastin fiber at the implanted sites. (A) Masson’s trichrome staining shows the
tendency of collagen deposition around the implanted sites for each group. (B) The regeneration of elastin fiber, indicating
the mechanical elasticity of esophageal tissue, was confirmed by elastin immunostaining. In the omentum and bioreactor
groups, elastin fibers with morphology similar to normal were abundantly observed. Color images are available online.

we conducted a related in vitro experiment, which showed
the compliance of scaffold increased after cell seeding and
approximately increased by 27% and 49% in steady culture
and pulsatile bioreactor groups, respectively (Supplementary
Fig. S2). Therefore, based on those results, we assumed that
the compliance of the substitute after implantation might be
similar to that of the native tissue due to the regeneration of
epithelial and muscular components. The 3D printed strand in
the outer layer had a width of 780 pum, which was consider-
ably wider inside space. It focuses on the physical role of
support for esophageal peristalsis rather than the role of in-
duction of surrounding tissue. In fact, scaffolds have ex-
tremely high modulus of elasticity and maximum stresses
compared with their esophagus (Fig. 2C). Unfortunately, it is

not easy to mimic the soft elasticity of real muscle tissue as a
synthetic polymer. To mimic the peristaltic motion of the
esophageal muscle tissue, a suitable combination with natu-
ral polymers (e.g., collagen, gelatin, alginate, and hyaluronic
acid) could be another option. The inner layer of nanofibers
prevents infiltration of various bacteria and provides moder-
ately tough properties. In addition, nanosized fibers provide a
topographical cue that mimics ECM and have a beneficial
effect on initial mucosal formation and proliferation of in-
oculated cells.

Circumferential reconstruction of the esophagus by a
completely acellular matrix, which is used alone without
cell seeding, invariably leads to the absence of tissue re-
modeling and stricture formation.® Early formation of the
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FIG. 8. Regeneration of esophageal muscle at implanted sites. (A) Representative images of desmin immunostaining in
the reconstructed esophagus after the surgery. Desmin-positive signals exhibited newly regenerated muscle adjacent to the
implanted sites (yellow arrows). (B) Quantitative analysis of the desmin-positive area. *p <0.05. Color images are available

online.

mucosal layer before stenosis can be a critical strategy for
esophageal reconstruction.?” Cell grafts at the inner wall of
the tubular scaffold might be a key factor in initial mucosal
formation. We used human adipose-derived MSCs to
promote early mucosal formation. Many studies have
previously reg)ggrtzegd on the efficacy of MSCs for mucosal
regeneration.””"~” Additionally, clinical interest in MSCs
has been increasing because MSCs have immune privileges
and, more importantly, immunoregulatory ability.**=% Al-
though the mechanisms underlying the immunosuppressive
effect of MSCs have not been clearly defined, they have been
previously used in various animal models.***> Based on
these technical theories, we applied human-derived MSCs to
esophageal regeneration studies. We previously confirmed
that hMSC-seeded tubular scaffolds exhibited greater cell
adhesion and epithelial differentiation efficiency than naked
tubular scaffolds in bioreactor culture.'”> Dynamic culture
before implantation has significant advantages for cell adhe-
sion and early epithelial differentiation. Extension of the
in vitro culture time or further application of circumferential
mechanical forces by the bioreactor might help the regener-
ation of the esophageal muscular layer, enhance peristaltic
function, and solve the obstruction problem afterward. We
demonstrated the effect of 3D tubular scaffolds and dynamic
culture conditions on esophageal reconstruction. Histological
evaluations also showed excellent reepithelialization of the
circumferential defect site in the bioreactor group (Fig. 6A).
However, there are several critical variables in addition to cell
seeding that could be implicated in the ultimate integrity of
the esophageal scaffold, including scaffold selection, peri/
postoperative nutrition technique, scaffold anastomosis tech-
nique, and adequate blood supply to the implanted scaffold.

Anastomosis site leakage and necrosis of the implanted
substitutes inevitably cause serious complications because
of the neck and mediastinal space contamination.’® Many
vital organs are located in these spaces, and infection or
necrosis of these vital structures constitutes a significant

cause of mortality. Therefore, it is imperative to prevent
food or saliva accumulation in the reconstructed surgical
wound, and a nasogastric tube should be inserted for bypass
feeding in the first or second postoperative week. To date,
there are no established bypass feeding methods (such as
nasogastric tube or gastrostomy) to supply nutrients in adult
rats because researchers could not maintain the feeding tube
in the adult rat stomach for a long time due to the rats being
extremely active and uncontrollable. In this study, we ap-
plied our new gastrostomy technique for optimal peri/post-
operative nutrition (Fig. 3A).

The anastomosis technique using a small diameter of the
rat esophagus is not well established. The conventional suture
technique using the naked eyes cannot achieve a watertight
suture for the rat model. We applied the microvascular
anastomosis technique to esophageal scaffold implantation to
improve surgical completeness. Angiogenesis is a funda-
mental process for wound healing, functional recovery, and
new organ development. Moreover, it prevents graft failure of
the transplanted artificial scaffold. However, once the artifi-
cial scaffold is transplanted in vivo, it should be alive in the
initial stage through the diffusion of various nutrients and
oxygen. Therefore, a reliable vascular vehicle for the delivery
of nutrients, growth factors, and oxygen is required during
this initial stage.” The thyroid gland is a vascular tissue lo-
cated near the esophagus.’” The introduction of vascularized
tissue from surrounding tissue decreases the risk of major
wound complications after laryngopharyngoesophageal sur-
gery in humans. This has been shown to prevent or reduce the
risk of fistula and leakage from the anastomosis site. The use
of the vascularized thyroid gland flap is one of the recon-
structive methods after laryngectomy, and we used the thy-
roid gland flap after circumferential esophagectomy because
of its easy accessibility in a rat model.”® This is the first study
to assess the rat model for circumferential esophageal defect
reconstruction using a hybrid scaffold, gastrostomy, a mi-
croscopic anastomosis technique, and a thyroid gland flap in a
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FIG. 9. Immunohistochemical staining of blood vessels and macrophages at 2 weeks after implantation. (A) Re-
presentative image showing the regenerated blood vessel by vWF expression. The arrows represent vWF-positive vessels.
(B) Statistical analysis of the number of vWF-positive blood vessels per square millimeter. (C) Representative image
showing the infiltration of macrophages by F4/80 expression. The arrows represent F4/80-positive vessels. (D) Statistical
analysis of the number of F4/80-positive macrophages per high-power field. Particularly, macrophage expression in the
omentum and bioreactor groups were significantly decreased compared with that in the flap group. *p <0.05 or **p <0.01.
vWF, von Willebrand factor. Color images are available online.

bioreactor cultivation environment. However, a small animal
model for circumferential esophageal defects is technically
challenging in many aspects. Meanwhile, large animal
models (i.e., dogs) undergoing circumferential esophageal
defect reconstruction are technically easier. The size of
their esophagus is bigger, which allows easier surgical
implantation and continuous food passage, even without
local peristalsis. Moreover, large animals can be fed only by
intravenous hyperalimentation for 2 to 4 weeks after im-
planting the prosthesis.*>*° In previous studies, we focused
on improving esophageal tissue organization through
omentum-cultured tubular scaffolds.'® In fact, the omentum-
cultured system is an important clinical technique for early
vascular supply for tissue regeneration of naked scaf-
folds.”*'~** It was also technically expected to minimize the
collapse of the scaffold. However, the use of the omentum-
cultured technique in clinical practice is associated with

complications due to additional surgery. In the present study,
although the circumferential esophageal defects were
completely healed by the second week in this group, all the
experimental rats died before the 15th postoperative day.
The deaths occurred due to malnutrition and leakage at the
proximal site of anastomosis because of stenosis and graft
obstruction by foreign material. Although all animals con-
sumed their liquid diet freely for up to ~ 1 week, mechanical
obstruction of the reconstructed esophagus developed as the
regeneration process proceeded. This phenomenon is pre-
sumably due to the inability of peristalsis after insertion of
nondynamic scaffold. In all cases, we observed that hairballs
caused the complete obstruction of the reconstructed prox-
imal esophagus. We speculate that airway obstruction caused
by saliva and ingested materials that could not be swallowed
caused serious systematic complications and continuous
weight loss. We clearly understood the current problem. For
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its clinical application, it is necessary to develop a scaffold of
physical properties close to the native esophagus. In addition,
an additional method of promoting tissue regeneration in
harsh environments should be established.

Conclusion

In this article, we have described an innovative method
for esophageal reconstruction in a rat model of a circum-
ferential esophageal defect. Our findings showed that a
bioreactor-cultured artificial esophagus can regenerate into
esophageal mucosa and muscle similar to the omentum-
cultured group. Future studies using large animal subjects
are required to further understand the role of esophageal
muscle and mucosal regeneration in circumferential esopha-
geal reconstruction.
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