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Abstract

Esophageal defects can cause exposure of the fistula site to
various bacterial species, which could lead to a severe inflammatory
response. We designed and manufactured a 3D—printed patch
consisting of a lattice pattern and thin—film with biodegradable
polycaprolactone (PCL), that released the antibiotic, tetracycline
(TCN). We reconstructed an artificial defect in the rat esophagus
using this patch. The efficacy and availability of 3D—printed
antibiotic—releasing patches were evaluated using both quantitative

and qualitative assessment methods.

PCL was used to print the lattice pattern on a pre—manufactured
thin film with approximately 100um resolution, which had been
mixed with tetracycline (TCN) at 100" C and 1000° C to release
the antibiotic evenly. /n vitro tests showed that TCN was released
for more than 1 month. In addition, /n vitro cytotoxicity test
demonstrated excellent cell compatibility. 3D—printed antibiotic—
releasing patches were applied on the defect sites after creating
artificial partial esophageal defects in rats. Four weeks after the
surgery, leakage was checked using micro—computed tomography
with an oral contrast agent injected into the rat mouth. No leakage
was evident in any part of the esophagus. For analyzing tissue
regeneration, immunohistochemistry was performed. M1 and M2
macrophage activation was verified by immunohistochemistry of
CD—-68 and CD—163. Desmin immunohistochemistry showed
significant muscle layer regeneration in the TCN (1% and 3%)
patch groups. Moreover, sufficient re—epithelialization and neo—
vascularization were affirmed in TCN (1% and 3%) patch groups.
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In this study, we confirmed that 3D—printed antibiotic—releasing
patches not only have anti—microbial effects but also have tissue
regeneration ability in the area surrounding the esophageal fistula
site. The results of this study can be applied in further studies on

tissue—engineering.

Key Words : Esophagus, Reconstruction, Tissue—engineering,
Surgical Patch, Antibiotic—releasing patch
Student Number : 2018—-31720
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Chapter 1. Introduction

1.1. Study Background

The upper digestive tract is a hollow organ and consists of the
mouth, pharynx, esophagus, stomach, and duodenum. The lumen of
the upper digestive tract is a contaminated space comprising
diverse normal flora and food components. Especially, the pharynx
and esophagus are the sites of the beginning of the food pathway.
Hence, they are exposed to food and bacteria that are not treated
by sufficient digestion or sterilization. The presence of defects in
the pharynx or esophagus can leak these contaminants causing
infection or inflammation.[1] Once leakage occurs, the defect site
can increase in size because of the weakening of the pharyngeal or
esophageal wall. Additionally, if such defects involve important
anatomic structures such as major vessels including carotid artery
and jugular vein, severe bleeding or sepsis may occur, which can be

fatal. [2, 3]

Such defects may be caused by esophageal or pharyngeal cancers,
surgery for cancer, trachea—esophageal fistula, and traumatic
insults. Among these conditions, defect formation after cancer
surgery 1s most common to a surgeon, and broadly two repairing
methods have been proposed for that. The first is primary suturing,
which can be applied when the defect site can be closely
approximated, and the other is autogenous tissue transplantation,
which is used when the defect size is large.[4] Currently used

operation techniques of autogenous tissue transplantation for



pharyngoesophageal defects are radial forearm free flap,
anterolateral thigh free flap, gastric pull—up flap, jejunal free flap,

and colon interposition flaps [5—7].

However, autogenous transplantation requires longer operation
times and is associated with donor site morbidity.[4, 8—10] Thus,
alternative strategies are sought.[11, 12] One is the synthetic
polymer patch. Commercial surgical patches are designed for clean
wounds such as those of the blood vessels, abdominal wall, or dura.
However, the digestive tract 1s continuously exposed to
contaminants. Accordingly, the application of existing surgical
patches can cause weakness of the anastomosis site and eventually
result in leakage after some time. Therefore, the patch should
induce rapid tissue regeneration and have durability against
contaminants. However, no such commercial patch is available right

now.
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1.2. Purpose of Research

We affiliated with Dr. Noh’s team at Seoul National University of
Science and Technology who developed a precise manufacturing
technique for diverse bio—gradable materials wusing three—
dimensional (3D) printing. [13, 14] We designed 3D printed patch
for the contaminated environment of the esophagus lumen by
application of our experience from the previous esophageal
reconstruction study using polyurethane artificial esophagus. [15]
The framework of this patch was fabricated using bio—degradable
polycaprolactone (PCL). A 3D—printed multi—layer lattice structure
was designed for bearing the shear stresses of esophageal
peristalsis, and a thin PCL film was incorporated in the center of the
patch to overcome the limitation of the porous structure of the
patch due to the presence of the lattice. A lattice structure with
pores was designed for the penetration of neo—generated muscles
and blood vessels. Moreover, antibiotics such as tetracycline (TCN)
were incorporated in the patch, designed to be released slowly at
the implanted site. The study was designed to evaluate the effect
of different concentrations of antibiotics. This antibiotic—releasing
patch was applied to an artificial defect created in the rat esophagus

and micro—anastomosis was performed to cover the defect.

Therefore, the purpose of this study was to analyze and discuss
the antibiotic—releasing ability and role in tissue regeneration of a
3D—printed antibiotic—releasing patch through implantation in a

partially defective rat esophagus.



Chapter 2. Materials and methods

2.1. Outline of the study

First, a 3D—printed PCL patch was designed. Simultaneously,
experimental rats underwent surgery for creating a fistula. Bacterial
species from the defect site were cultured and an antibiotic
sensitivity test was performed. Accordingly, the most effective
antibiotics were determined. Thereafter, these antibiotics were
loaded in the PCL patch, and the antibiotic—releasing behavior was
analyzed. After testing the cytotoxicity of the designed patch, the
patch was implanted in all rats. Then several tests were performed
in the sacrificed rats in each group at the end of 4 weeks and 12

weeks, postoperatively.

A micro—computed tomography (uCT) scan with peroral contrast
was performed to assess the leakage status from the defect after
patch implantation. A tissue specimen from the patched site was
collected, and hematoxylin and eosin (H&E) staining and
immunohistochemical analysis including desmin and elastin was
performed to analyze the extent of tissue regeneration. Figure 1

shows the flow chart of the outline.



2.2. Manufacture of the antibiotic—releasing patch

1) Patch design

The patch was designed as a lattice structure (1 cm x 1 cm) using
the SolidWorks software (Dassault Systems, SolidWorks Corp,
Waltham, USA). The designed files were exported in the standard
tessellation language format to a 3D printing software (Simplify 3D
Version 4.0, Cincinnati, Ohio, USA) to generate G—code commands.
A homemade 3D printer was used as a deposition system to
fabricate the lattice pattern, as described previously[13].
Tetracycline (TCN) and polycaprolactone (PCL, MW = 80000)
were purchased from Sigma—Aldrich (St. Louis, MO, USA). The
PCL pellets were heated at 100° C for approximately 25 minutes to
melt them completely. TCN powders in predetermined
concentrations were mixed into the molten polymeric material using
a sonicator at 1000° C for 5 minutes. The PCL+TCN mixture was
loaded in the stainless—steel syringe (Musashi Engineering,

Mitaka—shi, Tokyo, Japan) of the in—house extrusion 3D printer.
The PCL 3D printing process was as follows:

1. A PCL film was prepared by dissolving 1 g of PCL pellets in 10
ml of acetone for 4 hours at 300 rpm. The solution was cast on a

Teflon sheet in a polystyrene petri dish (d = 10 cm) and kept under

a vacuum for 3 days to ensure the complete removal of the solvents.

The PCL film was then packed into the substrate.

2. The TCN-—loaded PCL solution was pneumatically printed in a
lattice structure using a needle at 720kPa and printing velocity of

12 mm per minute on the thin PCL film.
5



The fabrication steps 1 and 2 were repeated until TCN—loaded

PCL printing patches with 4 layers in the lattice form were obtained.

2) Physio—chemical characteristics of the 3D—printed patches

After fabrication, the surface and cross—section morphologies of
the 3D—printed patches were observed using a scanning electron
microscope (SEM; TESCAN VEGA 3, Tescan Orsay Holdings,
Kohoutovice, Czech Republic). The PCL patches were platinum—
coated using a sputter—coater, and the morphologies were acquired

at an accelerating voltage of 15kV.

A tensile test was conducted to measure the mechanical strength
of the 3D-printed patches, All test specimens were designed
according to the ISO 527—1 standards, the printed specimens with
rectangular shapes (10 mm x 50 mm x 0.2 mm) in a lattice

structure were prepared.

Three groups of specimens were prepared for comparative

analysis:

1. PCL lattice without film
2. PCL lattice with film
3. TCN-loaded PCL patch (1mg/g of specimen) with PCL film

A micro—fatigue tester (E3000LT, INSTRON, UK) was used for
performing measurements. Briefly, the specimens were gripped at
20 mm from each edge and stretched at a strain rate of 2 mm/min

(n=3 per group), The shear stress over the shear rate of the test



was measured until breakage.

The antibiotic—releasing kinetics of the patch were assessed by
immersing the printed patches in 10 ml phosphate—buffered saline
(PBS) at 37° C (n=3 per condition). A 100 pL aliquot from all
released media was collected and replaced with the same amount of
fresh PBS at defined intervals (1, 3, 6, and 12 hours and 1, 3, 5, 10,
15, 20, 25, and 30 days). The concentration of TCN in the released
media was calculated by wusing a UV-VIS spectrophotometer

(BioMate 3S, Thermo Fisher Scientific, Waltham, MA, USA)

3) In vitro cytotoxicity test of patches

The in vitro cytotoxicity of the 3D—printed PCL/TCN patches was
analyzed using a previously described protocol.[14] Teflon, latex,
and 3D—printed patches were cut in round shapes with 1 cm
diameter. Then, 1.2 mL of a—MEM media containing 10% fetal
bovine serum and 1% penicillin—streptomycin was added to a 24—

well plate for three—day incubation.

In addition, 1x10* osteoblast cells derived from Mus musculus
mice (MC3T3, Sigma—Aldrich) were seeded in a 96—well plate with
a—MEM media in the incubator (37° C, 5% CO2) for one day.
Osteoblast cell (MC3T3) was selected based on the experience
from the previous study.[16] The medium in each well was
replaced with 100 uL of extract solution from the prepared samples
for another one—day incubation. Next, thiazolyl blue tetrazolium
bromide (MTT), bromodeoxyuridine (BrdU), and neutral red

solutions were added, and samples were further incubated for 4
7



hours. MTT, neutral red, and BrdU assays were used to determine
the cytotoxicity of the samples for micro—organs such as
mitochondria, lysosomes, and DNA, respectively. Teflon and latex
were used as positive and negative controls respectively. Finally,
the optical densities of the samples were determined by a
microplate reader (Tecan GENios, GMI, Minnesota, USA) at a

wavelength of 570 nm.

The cell viability of the above samples was determined as per the
protocol published in a previous paper.[15] In this assay, 1x10°
MC3T3 cells were seeded on each test sample. Live and dead cell
images from the prepared samples were acquired for extractions
after 3 days under a fluorescence inverted microscope (Leica

Microsystems, Wetzlar, Germany).



2.2. Animal Study

1) Culture and anti—microbial susceptibility test

Adult Sprague—Dawley rats (Orient Bio, Seoul, Korea) that
welghed 398 to 420g were used for microbiological culture and
esophageal transplantation. Rats in which artificial fistulas were
created were sacrificed by Day 3 to assess the bacterial flora. We
opened the wound and performed swab culture at the fistula site.
Swabs with the bacteria were inoculated on a plate with a bacterial
growth medium (Gibco LB broth, Thermo Fisher Scientific). The
bacterial flora extracted from each esophageal fistula model was
grown for 3 days and then subjected to an antimicrobial
susceptibility test (AST—-P601 card; bioMerieux, Marcy [|'Etoile,
France). When the rats in the patched groups were sacrificed, swab
culture was performed on the samples obtained from the outside of

the patch or regenerated tissue.



2) Grouping, surgical technique, and postoperative management

We formed the following five groups for analyzing the effect of

each patch according to the concentration of antibiotics:

Group 1. Defect only (Control, N=10)

Group 2. Implantation of patch without TCN
[ TCN (w/o) patch, N=6]

Group 3. Implantation of patch with 0.3mg of TCN
[TCN (0.3%) patch, N=6]

Group 4. Implantation of patch with 1.0 mg of TCN
[TCN (1%) patch, N=6]

Group 5. Implantation of patch with 2.5 mg of TCN
[TCN (3%) patch, N=6]

The surgical procedure for all rats was as follows:

Under sedation, the necks of all rats were shaved. Routine
scrubbing using betadine was performed for ensuring an aseptic
environment. A vertical midline incision in the neck was made from
the level of the hyoid bone to the jugular notch. After separating the
strap muscles, the thyroid isthmus was cut, and the trachea was
exposed. In the left—posterior site of the trachea, we identified the
esophagus and created a partial esophageal defect (120° partial
circumferential defect). We repaired the artificial esophageal
fistulas using 3D—printed patches, as shown in Figure 2 (8—way
stitch with 8—0 vicryl sutures under a microscope), in rats of
Groups 2-—5. Then, vertical matrix—type skin suturing was

performed using 5—0 nylon sutures. All animals were housed in
10



individual metabolic cages obtained from our animal facility.

Postoperative monitoring, such as animal survival and weight, was
performed every day. In addition, the experimental rats were
examined according to previously described indicators of

appearance and behavior on a 5—point scale (Table 1) [17]

This study was performed 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 (Approval

number: 17—0164—S1A0).
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2.3. Radiological examination

A uCT scanner (NFR Polaris-G90, Nanofocusray, Korea) was
used to assess the leakage of saliva from the esophageal defect.
Before the CT scan, all rats were orally injected with barium sulfate
(Solotop HD, Taejoon Pharm. Co. Ltd., Seoul, South Korea), a
contrast agent. Then 3D images of the rat esophagus were obtained
and reconstructed using a software program (Lucion, Infinitt
Healthcare, Korea). All experimental rats were sacrificed after the

radiological examination.

2.4. Histological examination

A specimen of the esophageal tissue with the implanted patch was
obtained from the patch site, and each specimen was fixed in 10%
neutral—buffered formalin, embedded in paraffin, and cut in sections
of 4—um thickness. The sections were deparaffinized and
dehydrated in graded series of ethanol. The tissue slides were then
stained with hematoxylin and eosin (H&E) and Masson’s trichrome
following standard histological procedures. Elastin staining was also
performed according to the manufacturer’s instructions using an
elastic (modified Verhoff’s) stain kit (ES4807). All histological
images were captured using a light microscope (Olympus, Japan) in

triplicate for each group.

12



2.5. Immunohistochemical analysis

For immunohistochemistry, tissue samples were soaked in 3%
hydrogen peroxide (H202) and methanol for 30 minutes to inactivate
the endogenous peroxidase. The tissue slides were rinsed with PBS
and then incubated with 3% bovine serum albumin to block
nonspecific responses. The tissue sections were subsequently
reacted with anti—desmin (1:200 dilution; rabbit polyclonal
antibody; Abcam, UK) and anti—keratin 13 (1:50 dilution; mouse
monoclonal antibody; ABIN126702) along with the secondary
antibodies Alexa Fluor 488 goat anti—rabbit (ab150077; Abcam,
UK) and Alexa Fluor 594 goat anti—mouse (ab150116; Abcam,
USA), respectively. Desmin fluorescence was determined from the
green—positive areas around the implanted site and quantified using
the Imagel] software (n=5). The specifically expressed thickness
(red color) of the regenerative esophageal epithelium was
measured using the ruler tool of Imagel] software (n=5). Tissue
sections for von Willebrand factor (vWF) (1:200 dilution; rabbit
monoclonal antibody; Abcam, UK) and CD68 (1:100 dilution; mouse
monoclonal antibody; Abcam, UK) were subsequently incubated
using the horseradish peroxidase—conjugated kit (Vectastain®) and
visualized using the chromogenic substrate 3,3' diaminobenzidine
(DAB; Vector, pk—7800). Cell nuclei were counterstained with
hematoxylin. Histological 1images were obtained using a
fluorescence microscope (BX43—-32FA1-S09; Olympus Optical,
Tokyo, Japan). The numbers of vWF—positive vessels and CD68—
positive cells were calculated using Imagel]. Five areas (200x
magnification) were analyzed per slide (n = 5 per group) by a

blinded observer.

13



2.5. 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 denoted as * (P < 0.05), =+ (P <0.01), and *** (P < 0.001).

14



Chapter 3. Results

3.1. Physical characteristics of the 3D—printed PCL
patch

The structural morphology of the 3D-printed patches was
analyzed using a scanning electron microscope. The results
confirmed that the printed PCL strands were well layered on the
substrate of the thin PCL film at the designed resolutions, as
observed from the side view (Figure 3A). In addition, the diameter
of each PCL strand of the lattice structure was approximately 300 ~

400 ym (Figure 3B).

The mechanical properties of each type of patch sample (PCL—
film patch, non—film patch, and TCN—loaded PCL—film patch) were
examined by the tensile test (Figure 4—1). The results showed that
the 3D—printed patch with PCL film statistically showed the highest
tensile strength among the tested groups (Figure 4—2), whereas
the antibiotic—loaded patches showed the lowest average tensile

strength

15



3.2. Physical characteristics and antibiotic—releasing

behavior of the antibiotic—loaded patch

The colors of antibiotic—loaded patches differed according to the
loading concentration of TCN (Figure 5—1). Patches with higher
loading concentrations of TCN appeared dark brown. The results of
the in vitro mass analysis indicated that the patches with higher
TCN concentrations had faster degradation rates (Figure 5—2A). In
particular, the patch groups loaded with 2.5 mg showed significant
mass reduction at all time points. In addition, it was confirmed that
all groups (0.3, 1, and 2.5 mg concentration) exhibited sustained
release through the release tests (Figure 5—2B). Particularly, the
0.3 mg TCN-loaded groups released almost all the loaded TCN
within 30 days. However, the patch samples loaded with 1 mg and
2.5 mg TCN released approximately 60% and 43.2% of the TCN
over 30 days, respectively. This result proves that a higher

concentration of loaded drugs leads to longer release.

16



3.3. In vitro cytotoxicity tests of antibiotic—loaded

PCL patches

In vitro cytotoxicity studies were carried out on PCL—film
patches with and without TCN for comparison with Teflon as a
positive control and latex as a negative control. From Figure 6A, it
1s evident that both the PCL—film patch and the PCL—film patch
with 1% TCN exhibited outstanding biocompatibility with 100%
MC3T3 cell viability in each assay. Furthermore, the cell viability
rate was higher in the PCL—film patch with 1% TCN than in the
PCL—film patch. This phenomenon was assumed to be the effect of
an appropriate concentration (1%, w/w) of tetracycline that induced
positive effects on the proliferation of MC3T3 cells and increased
the optical density over the testing period [18]. The fluorescence
of osteoblast cells in the presence of extractions from samples was
pictured using dead/live staining (Figure 6B—E). Specifically, the
latex group showed the lowest viability rate, with many dead cells
visualized in Figure 6C. Meanwhile, the cells grew well in the PCL—
film patch (Figure 6D) and the PCL—film patch w/ 1% TCN groups
(Figure 6E). Overall, the in vitro cytotoxicity studies imply that all
patch samples with and without loaded tetracycline were
biocompatible and promoted cell proliferation compared with the
control groups. These data indicate that our 3D printing fabrication
of patches and tetracycline loading procedure promote cell viability

and proliferation.

17



3.4. Outcomes of implanting the antibiotic—releasing

patches in rat esophagus

All antibiotic—releasing patches were implanted in the artificial
partial esophageal defects under microscopic view. Figure 7 shows
the representative image of each esophageal patch implantation
under the microscope. Most of the experimental rats survived but
rapidly lost weight during the first week (Figure 8). However, their
weight increased gradually and reached near their initial baseline
weight by week 6. The non—TCN group showed significant
differences in weight compared with the 3% TCN group from week
2. There was no significant weight difference among any of the
groups with TCN—loaded patches. This is supposed to be due to the
initial antibiotic effects. Whereas all rats in the defect group died by

day 3.

Physical conditions were quantified by the animal's appearance
and attitude scoring system (Figure 9). The 3% TCN group had a
significantly increased appearance score at week 2 compared with
the non—TCN patch group. The attitude score showed a significant
difference between the non—TCN group and the 3% TCN group at
both weeks 1 and 2. However, there was no difference in either
parameter among all experimental groups from week 3 (data not
shown). In terms of functionality, micro—CT analysis confirmed that
no leak of oral injected contrast agent in the entire esophagus
(Figure 10). No leaks were observed from the axial view of the
area (dotted line) of the implanted site. These results prove that

the esophageal mucosa was well—formed in all groups.

18



3.5. Culture and antimicrobial susceptibility test

We created an artificial fistula in the esophagus of all rats and
conducted a bacteriological examination to detect the major
microbiome. Staphylococcus aureus and Streptococcus agalactiae
were detected in most rat models 3 days after the creation of the
esophageal fistula (Table 2). Afterward, antimicrobial susceptibility
testing was performed for these two bacteria (Table 3).
Staphylococcus aureus and Streptococcus agalactiae were identified
as resistant to benzylpenicillin and levofloxacin, respectively.
However, they were sensitive to most other antibiotics. Of these,

TCN was chosen as the target drug for this study.

We also analyzed the culture results of the patched group. On Day
3 after transplantation, bacteria were detected in both the non—TCN
patch and 0.3—TCN patch groups at the transplanted areas.
However, on Day 7, bacteria were detected in neither the TCN-—
loaded group but only in the non—TCN patch group. After 4 weeks,

no bacterial specimens were found in cultures from any group.
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3.6. Histology of the implanted site

H&E and Masson’s trichrome staining were performed for the
histological analysis of the implanted site (Figure 11—1~3). The
rats in the control group exhibited a complete loss of the full
thickness layer of the esophagus. However, there was no obvious
inflammation observed in the groups containing antibiotics. At 4
weeks after transplantation, the partially injured epithelium under
the graft was completely regenerated to form esophageal lumens in
all patch groups. In addition, reconstruction of the submucous
lamina propria under the implanted patch, represented in blue, was
clearly observed in the TCN 1% and 3% groups. The blue color of
Masson's trichrome staining is indicated by collagen deposition of
the esophageal lamina propria. At week 12, gradual degradation of
the 3D—printed PCL strands appeared, and the degraded area was
filled with muscular layers. In particular, histological differences
between each image demonstrated that higher concentrations of

antibiotics resulted in faster degradation of PCL

20



3.7. Expression of M1/M2 macrophages

Figure 12 shows the expressions of M1/M2 macrophages in the
periphery of the defect sites 4 weeks after transplantation. The rats
in the control group exhibited the expression of MI1/M2
macrophages 3 days after transplantation. M1 macrophages were
strongly expressed in the non—TCN group (Figure 12—1). In
particular, the number of CD—68 positive cells was significantly
decreased in the TCN (3%) group compared with the TCN (0.3%)
group (Figure 12—3A). These results prove that the antimicrobial
activity in the defect area is maximized under an antibiotic
concentration of 2.5 mg. In terms of tissue regeneration, the
expression of M2 macrophages was significantly increased at the
concentrations of 1% & 3%, compared with the rest of the patch
groups (Figure 12—2 and 12—3B). This suggests that high
concentrations of antibiotic patches have a definite effect on

esophageal tissue regeneration.
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3.8. Regeneration of muscular layer and epithelium

Regeneration of esophageal muscles along the 3D—printed pore
structure was verified by desmin immunostaining (Figure 13—1).
Muscle bundles penetrated between 3D-—printed strands were
strongly expressed in green. In particular, muscle regeneration was
significantly improved in the TCN (1% and 3%) group compared
with the other patch groups (Figure 13—2). The structural
environment of the 3D—printed patch is believed to be effective for
muscle regeneration. Regeneration of the esophageal mucosa at 12
weeks after transplantation was revealed by keratin—>5
immunostaining (Figure 14—1). While the esophageal epithelium
was broken in the defect group, all transplanted patch groups
showed connectivity. Specifically, the thickness of the regenerated
epithelium was significantly increased in all patch groups with or
without antibiotics compared with the normal group (Figure 14—2).
This result provides clear evidence that remodeling of stratified
squamous epithelium is possible only by implantation of a naked

3D—printed patch layered with PCL film.
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3.9. Analysis of neovascularization in the implanted

sites

Immunostaining for the Von Willebrand factor (vWF) was
performed to observe the neovascularization around each implanted
patch (indicated in star; Figure 15—1). Newly formed vessels
appeared in green near the implanted patch (inset box). As the
loaded antibiotic concentrations increased, the number of newly
formed blood vessels increased significantly (Figure 15—2). These
results showed a positive effect on angiogenesis and tissue
regeneration in environments that contained certain concentrations
of antibiotics. The distribution of elastin fibers affecting the
mechanical properties of the esophagus was analyzed by elastin
staining (Figure 16). Particularly, histological degeneration had
already begun in the defect group compared with the normal
esophagus group. In contrast, elastin fibers were clearly observed
in the antibiotic—loaded groups, and their structural morphology
was similar to that of the normal group. Regeneration of the rich
elastin component 1improves the physical properties of the

esophagus, enabling esophageal peristalsis.
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Chapter 4. Discussion

As mentioned in the introduction, no commercial artificial patch is
available for pharyngoesophageal defects. Existing surgical patches
are designed for use in aseptic conditions such as artificial blood
vessels, abdominal walls, or dura mater. Therefore, if they are used
in contaminated areas such as the digestive tract, they could lead to
infection and loosening of the anastomosis site, which can cause
leakage of the luminal site contents. The leakage can affect large
vessels because of the anatomical specificity of the neck, and lead
to life—threatening conditions such as carotid artery rupture or
sepsis. To avoid such complications, despite the long operation
times and donor site morbidity, flap surgery is usually preferred.
[19] However if a patch is developed that can ensure rapid tissue
regeneration and contamination resistance, the associated socio—

economic losses can be reduced considerably.[12]

The patch used in this study was designed considering two
concepts. The first was the adaptability to shear stress, and the
second was the defense from leakage. The esophagus is continually
stretched; therefore, tensile strength is an important characteristic
in the reconstruction of the esophagus.[20] It is stretched not only
in the lateral direction but also in the vertical direction for
peristalsis. This is evident in the anatomical structure of the
esophagus comprising circular and longitudinal muscles. We
designed our patch with a lattice pattern to mimic this esophageal
muscular structure and applied 3D printing technology for

embodying this structure accurately.[21] While designing a
24



structure that can bear shear stresses, the lattice pattern was
applied. The wide pore form in the lattice pattern was expected to
provide a structured environment that is favorable for the
penetration and regeneration of surrounding esophageal muscles.
However, as the pores could cause leakage in the initial period of
implantation, a thin film was interposed between the lattice patterns.
Initially, we designed one lattice layer with one thin film, but
stability was an issue. Finally, we designed the structure with one
thin film between two lattice patterns, as shown in Figure 17. The
3D—printed PCL patch used in this study had structural advantages

in pharyngoesophageal reconstruction.[12, 26]

For the proper selection of antibiotics, various bacteria extracted
from the pus around the defect site were analyzed on Day 3 after
the creation of the esophageal fistula. As listed in Table 2,
Staphylococcus aureus and Streptococcus agalactiae were mainly
found in the esophageal fistulas. FEnterococcus [faecalis,
Staphylococcus Sciuri, and Escherichia coli were excluded from the
analysis, because they are a part of the normal flora and do not
cause disease. TCN was selected as the target drug for the
antibiotic susceptibility test for both Staphylococcus aureus and
Streptococcus agalactiae. TCN i1s a well—known therapeutic drug as

an anti—bacterial agent.[22, 23]

The hot—melting technique was used to uniformly distribute TCN
in the biodegradable scaffolds.[24, 25] However, TCN molecules
were Incorporated between the PCL polymer chains, resulting in a
loss of the polymer's inherent mechanical properties (Figure 5—2A
and B). In addition, as the concentration of the loaded drug

increases, the color of the scaffold becomes darker due to the
25



relative increase in TCN density in the printed PCL chains.
Similarly, a faster degradation rate of the printed PCL scaffolds was
observed with higher loading concentrations of TCN. Longer
sustained—release periods were observed for the patch groups
containing higher concentrations (2.5 mg) of TCN. In the group
containing 1 mg TCN, approximately 60% of the TCN was released
over 30 days, whereas, in the 2.5 mg group, only 43.2% of the TCN
was released. It can be predicted from these results that a patch
loaded with more than 1 mg TCN can exhibit sustained drug release

for more than a month.

As the cascade of early infection, weakness of the anastomosis
site, and contaminant leakage were some concerns, the anti—
infection effect of antibiotic—releasing patches was considered a
solution. One week after the surgery, the rats that had lost weight
started regaining the weight in all patched groups (Figure 8).
Additionally, there was no leakage sign in the uCT scan images
obtained one month postoperatively. Furthermore, no leakage or
bacterial infection was evident in the remaining interstitial tissue, in
contrast with the control group, which exhibited continuous pus
discharge or bacterial infection. This shows that the provision of
just mechanical blockage can also have a significant effect on small
defects. As mentioned in a previous paper, the pharynx and
esophagus constitute a unique environment in which the luminal side
1s constantly surrounded by numerous bacteria. Therefore, the
initial re—epithelialization of the defect site is of paramount
importance.[21] In partial defects, the leakage blocking effect of the
synthetic patch itself was adequate for initial re—epithelialization.

However, histological analysis showed different results in each
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group. Increasing concentrations of antibiotics were supplied by the

patches, leading to the regeneration of the complete anatomic layers.

Interestingly, thick muscle layers were observed around the
disassembled scaffolds by Masson’s trichrome stain after 12 weeks
(Figure 11-3). They were more prominent in Masson’s trichrome
stain at 4 weeks. For more precise evaluation, we conducted
immunohistochemical analysis for desmin. Strong green
fluorescence was observed around PCL strands. (Figure 13-1,
indicated by stars) This showed that the 3D—printed strands had
structural properties that facilitated muscle regeneration. A
previous paper about the integrated design of 3D—printed tissue
scaffolds had anticipated that wide pores in patches can provide a
structured environment that is favorable for the penetration and
regeneration of surrounding esophageal muscles.[27] Though
muscle penetration was observed between PCL strands, it was not
just the process of muscle regeneration. In the broad microscopic
view, thick muscle layers were observed mainly under the patch.
(Figure 11—3) Because of the patch size, the in—growing process
of muscle regeneration might have been prioritized over the
penetrating process. That the patch itself could have become a
scaffold for the re—epithelialization process. The complete
regeneration of the mucosal layer is essential not only for the
formation of the mechanical barrier from the outside but also for the
prospective regeneration of the submucosal and muscle layers. [28]
Rapid regeneration of mucosal layers can be a firm foundation for

the faster growth of muscle tissues beneath the patch.

In addition, sufficient ingrowth of blood vessels in the regenerated

muscle and submucosa is essential for restoring the functional
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properties of the esophagus.[29, 30] vWF staining showed
significant vessel formation in the 1% and 3% TCN patch groups. In
addition, the distribution and morphology of elastin, which is a
measure of elasticity in the esophagus, were similar to that of the
normal group in the patched groups with a high concentration of
antibiotics. Adequate defense against bacterial insult during re—
epithelialization can create a favorable environment for tissue

regeneration.

The appearance of macrophages at Week 4 post—transplantation
may provide important information in the support of this hypothesis.
The expression of macrophages was significantly lower in the group
treated with higher levels of antibiotics than in the groups with
lower levels of antibiotics. In contrast, the expression of M2
macrophages, which are involved in tissue remodeling, was
increased significantly in the 1% and 3% TCN groups compared

with the 0.3% TCN group.

Recently, synthetic polymer scaffolds for pharyngoesophageal
reconstruction have been actively studied because of their
advantages of reproducibility, easy availability, xeno—free nature,
and low cost. Moreover, various methods for reducing host
reactions, such as mesenchymal stem cell seeding,[31] post—
omental culture,[32] and smooth muscle seeding[33] have also
been developed. However, no verified strategy can recreate a
functional esophagus. To overcome the issue of
pharyngoesophageal transplantation, the use of antibiotic—releasing
surgical patches for antimicrobial activity and muscle tissue

regeneration could be a favorable strategy.
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Chapter 5. Conclusion

In the present study, an antibiotic—releasing patch with a 3D—
printed lattice form and thin PCL film was developed as a novel
pharyngoesophageal patch. We confirmed that TCN was
successfully loaded into the patch in both the film and the 3D—
printed layer with the lattice structure. /[n vitro analysis
demonstrated the benefits of the antibiotic—releasing patch in
supporting the sustained release of TCN, cell wviability, and
mechanical properties for esophageal implantation. TCN was proven
to be effective against various bacterial insults 7z vitro and in vivo
in this experimental setting. Our animal study using a partial
esophageal defect rat model showed the importance of antibacterial
activity in esophageal reconstruction. Among the test groups, the
1% and 3% TCN patches led to the most advanced esophageal
regeneration, as identified by a thin layer of re—epithelialization,
distinct muscle generation, and neovascularization, in the
regenerative layer. Taken together, marked full—structural
regeneration of the esophagus was observed with patches loaded

with more than 0.3% concentration of antibiotics.

Newly designed 3D—printed antibiotic—releasing patches could be
a promising biomaterial to treat infected wounds for advanced
tissue regeneration. Our study results can help in the development
of structures that can be applied in the reconstruction of diverse
contaminated wounds. Furthermore, this study can guide the
manufacture of patient—customized patches for different conditions
by developing the technology to load various medicines in the

patches,
29



Tables and Figures

Table 1. Appearance and Attitude Scales

Score Appearance
5 Normal; normal skin tent and posture
4 Skin tent present on dorsum
3 Hunched posture, piloerection present, moderate skin
tent
2 Eyes sunken in, piloerection and skin tent severe
1 Failure to right itself
Score Attitude
5 Normal; active in cage prior to and during handing
4 Decreased activity, but alert, responsive to handling
3 Lethargic, decreased resistance to handing
2 Nonresponsive mouse only moves when touched
1 Failure to flee when hand is presented in cage
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Table 2. pathogenic

organisms isolated in esophageal swab

Microbe

Rats (model no.)

5

6

7

10

Stapylococcus aureus

+

+

+

Streptococcus
pneumoniae

Streptococcus
agalactiae

Beta strep. Grp G

Beta strep. Spp

Corynebacterium
kutscheri

Salmonella spp.

lebsiella
pheumoniae/oxytoca

Yersinia
pseudotuberculosis

Citrobacter rodentium

Pseudomonas
aeruginisa

Pasteurella
pneumotropica

Pasteurella multocida

Bordetella
bronchiseptica

Dermatophytes
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Table 3. Antimicrobial susceptibility test results of representative

organisms isolated in esophageal swab

Stapylococcus aureus

Streptococcus agalactiae

Antimicrobial  Mict  MOPRRG | g pgmicrobial  Mrc  MMerPretat
o . <=0.0
Cefoxitin Screen NEG - Benzylpenicillin 6 S
I R <=0.2
Benzylpenicillin >=0.5 R Ampicillin 5 S
Oxacillin 0.5 s Cefotaxime ~ ~ ! s
Gentamicin <=0.5 S Ceftriaxone <:20 1
Habekacin <=1 S Levofloxacin >=16 R
Inducible
Ciprofloxacin <=0.5 S Clindamycin NEG -
Resistance
Inducible Clindamycin . <=0.1
Resistance NEG - Erythromycin 5 S
Qulnuprlstl'n/Dalfoprls <=0.2 S Clindamycin <=0.2 S
tin 5 5
Erythromycin <:50 2 S Linezolid <=2 S
Telithromycin <:50 2 S Vancomycin 0.5 S
Clindamycin <:50 2 S Tetracycline <:50 2 S
Trimethoprim/
Linezolid 2 S Sulfamethoxazo <=10 S
le
Teicoplanin <=0.5 S
Vancomycin 1 S -
Tetracycline <=1 S -
Tigecycline <:20 1 S -
vancomycin <=16 S -
Fusidic Acid <=0.5 S -
Mupirocin <=2 S -
Rifampicin <=0.5 S -
Trimethoprim/ -
Sulfamethoxazole <10 S )

[MIC, Minimum inhibitory concentration; NEG, negative ; S, Susceptible; R, Resistant]
*The MIC of each agent is reported in micrograms per milliliter. The MIC was measured by
broth dilution, and susceptibility or resistance was interpreted according to CLSI guidelines
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Patch Design ‘ Culture and
Antimicrobial susceptibility test

¢ 3D printing

* Polycaprolactone ¢ Tetracycline selected
» Lattice pattern + thin film

L

| Antibiotics loaded patch ‘

* Antibiotics releasing behavior check
* Physical characteristics test
¢ Cytotoxicity test

0

| Implantation to animal model ‘
4

| Sacrifice at 4 weeks, 12 weeks ‘

U

Radiological examination | ‘ Histological analysis ‘ ‘ Immunchistochemistry
+ Leakage test using + H&E *  M1/M2 response
microCT * Masson’s trichrome *  Muscle/ Epithelium

regeneration
¢ Neovasculization

Figure 1.

Schematic flow chart of the study design.
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Figure 2. Schematic diagram of the surgery

Antibiotic—releasing polycaprolactone patches transplanted into
partial esophageal defects in rats.
A 120° partial circumferential defect made in the esophagus of a rat,

Then 8—way stitch performed under microscope (red circles).
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(A)

(B)

Figure 3.
Scanning electron microscope images of a polycaprolactone film
patch with 1% tetracycline from (A) the side view and (B) the top

view.
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N
o

1.0 4
T —sa— Non-film Patch
0.5~ —e— PCL-film Patch
T —i— PCL-film Patch w/ 1% TCN
0-0 1 1 1 1 I I
0 2 4 6 8 10 12
Strain [%]
Figure 4—1.

Release profiles of the 3D—printed patches loaded with 0.3, 1 and

2.5 mg tetracycline in phosphate—buffered saline (pH 7.4) for 30
days at 37° C.
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Tensile Modulus [MPa]
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Figure 4—2.
Tensile modulus of the PCL—film patch, non—film patch, and PCL—
film patch with 1% TCN (¥p < 0.05)

PCL, polycaprolactone; TCN, tetracycline
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Non-TCN . _ _

e —

Figure 5—1.
Images of PCL—film patches loaded with different concentrations of

TCN.

PCL, polycaprolactone; TCN, tetracycline
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Figure 5—2.

(A) in vitro degradation rates

(B) Release profiles of the 3D—printed patches loaded with 0.3, 1
and 2.5 mg tetracycline (TCN) in phosphate—buffered saline (pH
7.4) for 30 days at 37° C.

39

et e



B Latex

B PCL-film Patch
150 -
B PcL-film Patch w/ 1% TCN

125 -

100 -

Cell viability (%)

MTT BrdU Neutral Red

Figure 6.

(A) MC3T3 cell proliferation in the presence of extracts of Teflon,
latex, PCL—film patch and, PCL—film patch with 1% TCN; Live/dead
MC3T3 cells after the addition of extracts from (B) Teflon, (C)
latex, (D) PCL—film patch and (E) PCL—film patch with 1% TCN
after 3 days of in vitro cell culture. Live cells are stained green,

while dead cells are stained red.
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0.3%-TCN

Figure 7.
Each antibiotic—releasing patch with or without TCN transplanted

into full thickness esophageal defects in a rat model.
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440
420-
400-
380'-
360'-

340

Weight loss (g)

320+

300

—=&— Non-TCN patch
—@— 0.3%-TCN patch
—&— 1%-TCN patch
—¥— 3%-TCN patch
—4— Defect

280

Figure 8.

Weight loss of the experimental animals in each group determined

as absolute change from the initial weight.
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[ Defect

&3 Non-TCN patch
@l 0.3%-TCN patch
o

*
a 1%-TCN patch I_I
22 3%-TCN patch %
T

. I;él

1 2
Time(weeks)

Appearance score
&)

[ Defect
E@ Non-TCN patch
5- Bl 0.3%-TCN patch
[0 1%-TCN patch
4 3%-TCN patch
*
3- T

Attitude score

SN\

2
Time(weeks)

Figure 9.
Postoperative physical condition assessed using a score of behavior

and appearance (¥p < 0.05).
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patch

Non-TCN

0.3%-TCN patch

1%-TCN patch

3% TCN patch

Figure 10.
Representative X—ray and micro—computed tomography images of

the implanted site (yellow arrow) from each group.

Esophageal fistulas not observed in any of group.
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Normal Defect

Figure 11—1. Normal and defect group

Histology of normal esophagus and defect only esophagus 3 days

after implantation. Red arrows show artificial defect site.
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0.3%-TCN patch

1%-TCN patch 3%-TCN patch
: > ; Q . . :..:'r" s : b ﬁ STy e e 2

L
i c = A= N
T g = R f—/ Ti K pir I'-“.dll-r'__.-ﬁ-f_. "".'."5'..
b G P ) . b .. b. o o 1 4 '
- o ] % Y. o - AL

Figure 11—2. Postoperative Week 4

Histology of the reconstructed esophagus 4 weeks after
implantation of patches with varied concentrations.

A newly formed epithelium can be seen beneath each implanted

patch. (Yellow arrows indicate implanted patches.)
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Non-TCN patch 0.3%-TCN patch

Vo i

1%-TCN patch 3%-TCN patch
e I <
o —n

it %

Figure 11—3. Postoperative Week 12

Histology of the reconstructed esophagus 12 weeks

after

implantation. Masson’s trichrome stain showing collagen deposition

(blue color) and muscle regeneration (red color) around the

implanted sites in all group.
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Figure 12—1. CD 68 immunostaining

Histological evaluation showing the  distributions of
macrophages by CD68 immunostaining.

The brown dots indicate CD68 —positive cells

(*, PCL strand).
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Figure 12—2. CD 163 immunostaining

MZ macrophage expression associated with tissue remodeling
analyzed via CD163 immunostaining.

M2 macrophages strongly expressed in both the 1% and 3% TCN

patch groups (brown color).
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) )

CD68-positive cells
(/mm?)
CD163-positive cells
(/mm?)

Figure 12-3.

Quantitative analysis of the number of CD68 / CD163 positive
macrophages per square millimeter. In particular, M1 macrophage
expression in the 3% TCN patch group was significantly lower than
that in the 0.3% TCN patch group. Further, M2 macrophage
expression in the 3% TCN patch group was significantly higher than
that in the 0.3% TCN patch group.

(* p<0.05)
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Defect

Figure 13—1.

Representative images of desmin—positive immunofluorescence 1in
the reconstructed esophagus after transplantation. Desmin—positive
signals showing newly regenerated muscle adjacent to the
antibiotic—releasing patch (green color).

(*, 3D printing strand)
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Figure 13—2.

Quantitative analysis of the desmin—positive area (#*p<0.01).
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Figure 14—-1.

Regeneration of esophageal mucosa at the implanted sites.

Keratin—5 immunostaining showing newly formed epithelium 4

weeks after esophageal grafting (red color).
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Figure 14—-2.
Quantitative analysis of re—epithelialization 4 weeks after surgery
(*p<0.05). All patch groups (with or without TCN) had a

significantly thicker epithelial layers than the normal groups.
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.;.171

Figure 15—1.

Histological evaluation of neovascularization and elastin formation at
12 weeks after implantation.

Representative images showing the newly formed blood vessels by
vWEF expression. The arrows represent vWF—positive vessels.
Inset boxes show magnified images of regenerated blood vessels

(vellow star *, 3D—printed strand).
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Figure 15—-2.

Statistical analysis of the number of vWF—positive blood vessels
per square millimeter.

vWF—positive vessel expression in the 3% TCN patch group was
significantly higher than that in the 0.3% TCN patch groups.

(xxx p<0.001)
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Figure 16.

Remodeling of elastin fiber, indicating the mechanical elasticity of
the esophagus, investigated by elastin immunostaining. In all groups
with antibiotic—loaded patches, a distinct morphology of elastin
fibers can be seen compared with the non—TCN group.
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Figure 17.

Final manufactured form of the 3D—printed PCL patches.
A thin PCL film is seen between the 3D—printed PCL lattice

patterns with 1 cm x 1 cm sized square shapes.
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