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Hydrogel-Impregnated Robust Interlocking Nano Connector
(HiRINC) for Noninvasive Anti-Migration of Esophageal
Stent

Eunyoung Jeon, Song Hee Kim, Sukyoung Kim, Dae Sung Ryu, Ji Won Kim, Kayoung Kim,
Do Hoon Kim, Jung-Hoon Park,* and Joonseok Lee*

Migration of implanted self-expandable metallic stent (SEMS) in the
malignant or benign esophageal stricture is a common complication but not
yet resolved. Herein, this research develops a hydrogel-impregnated robust
interlocking nano connector (HiRINC) to ensure adhesion and reduce the
mechanical mismatch between SEMSs and esophageal tissues. Featuring a
network-like porous layer, HiRINC significantly enhances adhesion and energy
dissipation during esophageal peristalsis by utilizing mechanical interlocking
and increasing hydrogen bonding sites, thereby securing SEMS to tissues.
The anti-swelling property of HiRINC prevents excessive hydrogel expansion,
avoiding esophageal blockage. Ex vivo and in vivo adhesion tests confirm that
the HiRINC outperforms flat surfaces without RINC structures and effectively
prevents stent migration. HiRINC-coated SEMS maintains its position
and luminal patency, minimizing stent-induced tissue hyperplasia and inflam-
matory responses in rat and porcine esophageal models during the 4-week
follow-up. This novel HiRINC-SEMS can ensure anti-migration and prolonged
stent patency in the rat and porcine esophagus and seems to be expanded
to other nonvascular luminal organs and various implantable metallic devices.

1. Introduction

Gradual narrowing of the esophageal lumen, caused by ma-
lignant and benign esophageal strictures, results in severe
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dysphagia. This condition impairs the abil-
ity of the patient to swallow aliment,
adversely affecting nutritional status and
quality of life.[1] Pathologies such as gas-
tric, lung, breast, and mediastinal can-
cers can also cause dysphagia by exter-
nally compressing esophageal lumen.[2] Re-
trievable or nonretrievable SEMSs have
been used as a leading palliative treat-
ment for the dysphagia resulting from
esophageal strictures. Various types such as
fully covered, partially covered, or uncov-
ered SEMS are used depending on whether
the disease is malignant or benign. The
SEMSs have been extended to a variety
of nonvascular luminal organs including
the esophagus, gastroduodenum, colorec-
tum, pancreaticobiliary, airway, and uri-
nary tract.[3] However, early complications
of esophageal stent placement have been
included chest pain, fever, bleeding, for-
eign body sensation, and stent migration.

Furthermore, delayed stent-in-restenosis leading to recurrent
dysphagia symptom caused by tumor or granulation tissue
growth, esophagorespiratory fistula formation, and food im-
paction can occur after stent placement.[4] Among them, stent
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Figure 1. Development of hydrogel-impregnated robust interlocking nano connector-coated self-expandable metallic stent (HiRINC-SEMS) for anti-
migration. Schematic illustrations showing a) the peristalsis mechanism in the esophagus, b) the migration of SEMS from its initial position within
the esophageal tissue, and c) the conventional method of SEMS fixation to prevent SEMS migration. Schematic illustrations showing; d) the adhesion
enhancement mechanism HiRINC-SEMS, highlighting the role of RINC as a network-like porous silica layer in facilitating robust adhesion; e) hydrogen
bonding of tissue-adhesive hydrogel and energy dissipation within the HiRINC; and f) prevention of SEMS migration in the target zone without causing
damage.

migration is the most common compilation, occurring at a range
of 7–75% after esophageal stent placement.[5]

During physiological activities such as esophageal peristalsis
(Figure 1a), the soft and moist human tissues might not align
well with the rigid and dry components of conventional solid
stents,[6] thereby increasing the risk of stent migration from its
initial position (Figure 1b). Stent migration significantly reduces
therapeutic outcomes and necessitates additional interventions,
including stent removal, repositioning, and reinsertion.[7] Sev-
eral anti-migration strategies have been developed, which include
using endoscopic clips or suturing, modifying stent shape by
expanding its size,[8] and applying double-layering techniques
(Figure 1c).[8c–e,9] While endoscopic clips or suturing can secure
stents, these methods are relatively invasive and can rarely dam-
age to esophageal tissue, leading to severe complications in-
cluding infection (1.2–1.8%), esophageal perforation (0.3–1.1%),
and chronic inflammation (2.8–3.5%).[10] Although shape mod-
ification techniques minimize tissue damage, their applicabil-
ity varies based on patient condition and stent type used, often
requiring patient-specific customization. Customization, how-
ever, can be time-consuming, expensive formass production, and

impractical in emergency scenarios.[11] Although various anti-
migration strategies have been suggested, gold standard for over-
coming stent migration is still not established in clinical practice.
Nondamaging and simple fixation techniques are needed to

overcome complications associated with conventional anti-
migration methods.[12] Cyanoacrylate glue is among the
strongest adhesives, but its use is limited owing to its cyto-
toxicity, incompatibility with wet surfaces (as it solidifies upon
contact with water), and tendency to form rigid plastics that do
not accommodate tissue movements.[13] Bioadhesive materials
such as hydrogels are promising alternatives, offering high water
content and mechanical properties that closely mimic biological
tissues.[14] Carboxylic acid or N-hydroxysuccinimide (NHS) ester
groups in hydrogels enhance tissue adhesion through physi-
cal and covalent cross-linking,[12c,15] offering biocompatibility,
nontoxicity, and ease of use as suture alternatives; they enable
immediate, noninvasive bonding and reduce inflammation risks.
These hydrogels closely resemble natural tissues in softness and
elasticity, allowing them to dissipate energy during esophageal
movements.[16] Despite these advantages, their broader medical
applications are limited owing to the difficulty in forming strong
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bonds with solid materials such as medical devices.[17] Previous
research has focused on surface functionalization to introduce
functional groups that complement coupling agents on the
substrate surface, but this approach limits versatility and relies
heavily on specific chemicals.[18] Consequently, versatile and
robust methods for durable bonding between hydrogels and
solid materials are crucial for practical use.[16c]

We aimed to develop a hydrogel-impregnated robust inter-
locking nano connector (HiRINC) on SEMS to connect hy-
drogel and extra-luminal stent strut surface. The network-like
porous structure of robust interlocking nano connector (RINC)
increased bonding sites, enabling enhanced mechanical inter-
locking and hydrogen bonding with hydrogel. These synergetic
effects improved the adhesion stability of SEMS (Figure 1d). At
the tissue-hydrogel interface, hydrogen bonding and covalent
cross-linking provided a strong and durable attachment, secur-
ing stent placement. Furthermore, the hydrogel of HiRINC dis-
sipated energy during peristalsis by absorbing and distributing
mechanical forces, reducing stress on surrounding tissues and
minimizing damage during dynamicmovements (Figure 1e). Ul-
timately, HiRINC-SEMS successfully remained within the des-
ignated target zone, effectively preventing migration to the out-
target zone (Figure 1f). A 4-week follow-up in both rat and pig
esophagealmodels further confirmed that the stent did notmove,
highlighting the efficacy of HiRINC-SEMS inmaintaining its po-
sition over an extended duration.

2. Results and Discussion

2.1. Fabrication and Characterization of RINC and HiRINC

The RINC was fabricated on flat substrates (Si wafer and niti-
nol plate; hereafter, “FLAT”) (Figure 2a) and used as control.
First, an ultrathin silica seed layer with spherical small pores
(≈2 nm in size) was uniformly grown on the entire substrate us-
ing small cetyltrimethylammonium cation micelles as templates
(Figure S1a, Supporting Information). Subsequently, a network-
like porous layer was formed, which emerged as the micelles ex-
panded using salicylate anion.[19] Grazing-incidence small-angle
X-ray scattering (GISAXS) data confirmed the presence of the
seed layer during the growth process (Figure 2b). As the porous
layer grew over time in the presence of a seed layer, the intensity
decreased, and the lowest intensity was observed when the film
did not have a seed layer. The porous layer (150 nm thick with
pore size of≈50 nm) wasmore robustly supported when the seed
layer surrounded the substrate compared to when seed layer was
absent (Figure S1b, Supporting Information). The RINCwith the
seed layer on the nitinol plate exhibited a higher bonding en-
ergy for Ti (from the substrate)-O-Si (from RINC) compared to
the structure without the seed layer, indicating that the seed layer
played a critical role in anchoring theRINCfirmly to the substrate
(Figure 2c).[20]

After confirming the successful fixation of the RINC on the
substrates, a hydrogel layer was formed, which would adhere
to esophageal tissues. We treated the RINC surfaces with hy-
drogel precursors using methods inspired by the interlocking
mechanisms of jigsaw puzzle pieces, such as mold-casting, spin-
coating, and dip-coating, depending on the specific requirements
of each experiment. Details are provided in the Experimental

Section, with dip-coating ultimately selected for the SEMS ap-
plication. This procedure effectively filled the open pores of the
RINC, resulting in a hydrogel-impregnated RINC system (here-
after, HiRINC). Figure 2d,e shows the direct contact and me-
chanical interlocking between the hydrogel and RINC.[21] We
compared HiRINC to a hydrogel-coated flat surface (hereafter,
HFLAT) to assess the role of the RINC as a hydrogel-substrate
connector.
The molecular bonding characteristics were assessed us-

ing Fourier transform infrared (FT-IR) spectra (Figure 2f).
HFLAT exhibited strong intramolecular bonds within the hydro-
gel at 3200 cm−1 but showed weaker intermolecular bonds at
3400 cm−1, suggesting limited interaction between the hydrogel
and silanol.[22] Meanwhile, HiRINC exhibited strong intermolec-
ular bonds, indicating a more robust interaction between the hy-
drogel and silanol due to its high surface area. Furthermore, X-
ray photoelectron spectroscopy depth profiles revealed a higher
O 1s peak intensity for HiRINC, indicating the increased pres-
ence of silanol hydrogen bonding (Figure S2, Supporting Infor-
mation). The mechanical interlocking and hydrogen bonding of
HiRINC contribute to the robust adhesion between the hydrogel
and RINC.[23]

To evaluate the adhesive properties of HiRINC, we measured
its interfacial strength, adhesion strength, and work of adhesion
(Figures 2g and S3, Supporting Information). During 90° peel
tests, HiRINC exhibited an interfacial strength of 7.6 N cm−1,
which was about 126-fold greater than the interfacial strength
of 0.06 N cm−1 for HFLAT. This notable difference indicates
stronger interfacial adhesion of HiRINC, which can be attributed
to its network-like porous layered structure. Lap-shear tests sup-
ported these results, with HiRINC exhibiting adhesion strength
of 145 kPa compared to 8.67 kPa for HFLAT, indicating a 16-
fold increase. Furthermore, the work of adhesion (represented
by a larger area under the force-displacement curve) for HiRINC
demonstrated a 65-fold increase to 1.63 MPa mm−1 when com-
pared to 0.025 MPa mm−1 for HFLAT. Hence, a greater amount
of energy is required to detach the hydrogel from HiRINC.[16a]

HiRINC forms a robust bond, allowing the hydrogel to effec-
tively dissipate energy and withstand stress when external forces
are applied.[16b,c,24] Consequently, the hydrogel can endure high
force until it exceeds the toughness threshold, resulting in co-
hesive failure. Contrastingly, the weak bonding of HFLAT leads
to adhesion failure as it lacks the capacity to effectively dissipate
external forces. The rupture of hydrogen bonds and physical in-
teractions within the hydrogel dissipates considerable energy, en-
hancingmechanical strength and toughness, andmaking it well-
suited for strong adhesion, as seen on RINC surfaces. Cyclic lap-
shear tests were conducted to evaluate the mechanical resilience
and adhesion durability of HFLAT and HiRINC (Figure 2h,i and
Figures S4 and S5, Supporting Information).[25] HFLAT failed af-
ter 80 cycles under a force of 8 kPa due to weak interfacial ad-
hesion, while HiRINC sustained robust adhesion at over 40 kPa
for >100 cycles, indicating superior resilience and resistance to
stress.
We analyzed scanning electron microscopy (SEM) images at

various stages‒pre-hydrogel loading, post-hydrogel loading, and
post-hydrogel peeling‒across different hydrogel-impregnated
substrates such as FLAT, RINC, silica thin films, and porous
silica nanoparticle-coated surfaces (Figure S6, Supporting
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Figure 2. Bonding mechanism characterizations and strong adhesion property of hydrogel-impregnated robust interlocking nano connector (HiRINC).
a) Photographs (left) and high-magnification (right) scanning electron microscopy (SEM) images of RINC on Si wafer and nitinol plate. b) Illustrations,
grazing-incidence small-angle X-ray scattering (GISAXS) images, and line-cut profile of different RINC structures. c) XPS spectra showing the O 1s of
the RINC on a nitinol substrate; with (top) and without (bottom) a seed layer. Optical images of top view (inset), SEM images of top view (left), low-
magnification cross-sectional view (middle), and high-magnification cross-sectional view (right) of d) RINC and e) HiRINC. f) Deconvoluted Fourier
transform infrared (FT-IR) spectra of the hydroxyl group for HFLAT (left) and HiRINC (right). g) Comparison of interfacial strength, adhesion strength,
and work of adhesion values for HFLAT and HiRINC. h,i) Maximum strain and cyclic number (N) after a cyclic lap-shear test of a total of 100 cycles
applied with various force values (F); HFLAT (h) and HiRINC (i). The data are presented as mean values ± standard deviation, representative of n = 3
independent experiments.

Information). Post peel tests, most of the porous silica
nanoparticle-coated surfaces exhibited nanoparticle detach-
ment, whereas RINC maintained its structural integrity even
after the hydrogel was peeled off. The bonding energy between
the substrate and RINC is higher compared to that between
the hydrogel and RINC.[26] Although RINC had the same
silica content as the other tested materials, its porous layer
markedly increased the interfacial area for hydrogen bonding
and promoted mechanical interlocking, thereby enhancing
adhesion. These findings were corroborated by 90° peel tests
using various commercial adhesive tapes (e.g., Kapton, masking,
Scotch, and double-sided tapes), which revealed that the RINC

exhibited greater interfacial strength (Figure S7, Supporting
Information).

2.2. Durability of HiRINC Under Various Conditions

Figure 3a illustrates the cross-cut adhesion test used to eval-
uate hydrogel adhesion, showing the results for HFLAT and
HiRINC in their as-prepared and swollen states, respectively.
HFLAT exhibited extensive peeling of the hydrogel layer, indicat-
ing weak adhesion in its swollen state, which leads to delamina-
tion (Figure 3b,c). The hydrogel layer of HiRINC demonstrated
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Figure 3. Swelling behavior and adhesion stability of hydrogel-impregnated robust interlocking nano connector (HiRINC) under different conditions.
a) Schematic illustration of the process of a cross-cut test of the hydrogel layer. b,c) Photographs showing the differences in the morphology of the
hydrogel layer for HFLAT andHiRINC at each step after cross-cut test at as-prepared state (b) and swelling state (c). d) Cross-sectional opticalmicroscope
images to compare swelling and adhesion behavior on HFLAT and HiRINC to observe swelling in different drinks for 1 h. e) Adhesion strength under
cyclic deswelling-swelling for adhesion integrity assessment. The data are presented as mean values ± standard deviation, representative of n = 3
independent experiments. f) Graph showing adhesion or failure during swelling in water for 60 days. (Inset; Photographs of HiRINC (top) and HFLAT
(bottom)).

superior adhesion during tape removal in both as-prepared and
swollen states. The durability of the HFLAT and HiRINC sur-
faces when exposed to various liquids was compared (Figure 3d
and Video S1, Supporting Information). The initial condition of
each surface served as a reference, with black arrows indicating
the hydrogel layers. The hydrogel of HFLAT changed its mor-
phology (outlined by blue dashed lines) and delaminated upon
exposure to hot coffee. This susceptibility to buckling and delam-
ination was attributed to swelling-induced compressive stress,
which causes instability, including wrinkles and buckles, exac-
erbated by the weak adhesion to the rigid substrate.[27] However,
HiRINC exhibited no buckling or delamination, indicating that
its strong adhesion was capable of withstanding exposure to var-
ious liquids, thereby ensuring stable performance.
Considering the frequent exposure of the esophagus to varying

moisture levels from beverages and other substances, we con-
ducted cyclic swelling-deswelling tests on HFLAT and HiRINC
to evaluate their adhesive stability and durability. The adhesion

of HiRINC was over three times stronger than that of HFLAT,
even after multiple swelling and deswelling cycles (Figure 3e).
Figure 3f illustrates the adhesion durability of both HiRINC and
HFLAT in wet environments. Throughout the entire test pe-
riod, HiRINC exhibited outstanding adhesion performance and
maintained its structural integrity, whereas HFLAT completely
delaminated by the fourth day, precluding further assessment.
This pronounced disparity emphasizes the enhanced durability
of HiRINC and its ability to withstand swelling-induced stress,
while these factors undermined adhesive reliability of HFLAT
(Figure S8, Supporting Information).

2.3. Ex Vivo Adhesive Performance of HiRINC and In Vivo
Adhesive Performance of HiRINC-SEMS

Figure 4a and Video S2 (Supporting Information) provide pho-
tographic evidence from practical adhesion tests conducted on
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Figure 4. Hydrogel-impregnated robust interlocking nano connector-coated self-expandable metallic stent (HiRINC-SEMS) and in vivo adhesive perfor-
mance. a) Photographs depicting the failure to lift up the porcine tissue due to the adhesion failure between hydrogel and FLAT (top) and photographs
depicting successful lifting of the porcine tissue due to the strong adhesion between the tissue, and HiRINC (bottom). b) Energy-dispersive X-ray spec-
troscopy (EDS)mapping images (left), and scanning electronmicroscopy (SEM) images under low-magnification (middle) and high-magnification (right)
of the RINC-coated self-expandable metallic stent (RINC-SEMS) (top) and the HiRINC-SEMS (bottom). c,d) Optical microscope images of the HFLAT
(c) and the HiRINC (d) on the nitinol wire in dry (left) and swollen (right) state. e,f) Optical microscope images of the HFLAT-coated self-expandable
metallic stent (HFLAT-SEMS) (e) and the HiRINC-SEMS (f) in swollen state at a low-magnification (left) and high-magnification (right). g) Experimental
images depicting the integrated system of fluoroscopic imaging-integrated in vivo lap shear test. h) Comparison of adhesion strength of HiRINC in ex
vivo and in vivo experiments. The data are presented as mean values ± standard deviation, representative of n = 3 independent experiments.
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porcine stomach tissue (10 × 10 cm). The detachment of the
hydrogel layer from the substrate (marked by a blue circle) in-
dicates an immediate adhesion failure of HFLAT during lifting
process. In contrast, HiRINC maintains robust adhesion under
force, with the hydrogel remaining firmly attached to the sub-
strate even when lifted from the tissue. We conducted quantita-
tive adhesion strength tests on ex vivo porcine stomach tissue
(1 × 1 cm). Figure S9 (Supporting Information) shows the supe-
rior tissue adhesive performance of HiRINC with an adhesion
strength of 65 kPa, compared to the noticeably lower lap-shear
strength of 5 kPa of HFLAT, indicating adhesion failure between
the hydrogel and the flat surface. Polyvinyl alcohol and polyacrylic
acid, being hydrophilic and hygroscopic, absorb interfacial wa-
ter when in contact with wet tissues, thereby ensuring stability
in wet and dynamic esophageal conditions. The carboxylic acid
and NHS ester groups in the hydrogel interact with amino or
carboxyl groups in mucosal cells, even with the diverse glycoca-
lyx of epithelial surfaces,[28] resulting in strong and rapid adhe-
sion through physical cross-linking via hydrogen bonds and co-
valent cross-linking via amide bonds. Cytotoxicity evaluation is
essential for determining the potential use of these materials in
medical devices.[29] The cytotoxicity of the control, HFLAT, and
HiRINC was assessed by measuring the viability of AGS cells us-
ing the CCK-8 assay. Cell viability on all tested samples remained
above 90% at all time points, indicating that none of the mate-
rials exhibited significant cytotoxicity (Figure S10a, Supporting
Information).
Following the confirmation of the tissue-adhesive and noncy-

totoxic properties of HiRINC, we investigated its suitability as
SEMS. Figure 4b shows the silicon distribution within RINC and
carbon distribution within the hydrogel layer (Figure S11, Sup-
porting Information). Figure 4c,d shows the contrasting behav-
ior of the hydrogel layer on a nitinol wire. The HFLAT-nitinol
wire swelled when immersed in water, after which delamination
occurred due to inadequate adhesion. In contrast, the HiRINC-
nitinol wire maintained the integrity of its hydrogel layer with-
out delamination in both dry and swollen states. Furthermore,
HFLAT-SEMS exhibited considerable hydrogel swelling, char-
acterized by wrinkles, buckles, and delamination (indicated by
dashed outlines in Figure 4e,f), suggesting instability when im-
mersed in water. Conversely, the hydrogel of HiRINC-SEMS ef-
fectively adhered to the stent structure, including the curved ar-
eas, with minimal swelling observed. These unique behaviors of
HFLAT-SEMS and HiRINC-SEMS in water emphasize the im-
proved bonding and stability provided by the network-like porous
layer.[30]

For real-time quantitative assessment of in vivo adhesion
strength in the rat esophagus, we established a comprehensive
test system, utilizing fluoroscopic guidance and a mechanical
testing system equipped with a digital force gauge (Figure 4g).
Before stent placement, a surgical thread was secured to the end
of the stent. Subsequently, the HiRINC-SEMS was inserted into
the middle portion of the rat esophagus under fluoroscopic guid-
ance. After allowing approximately 1 min for the adequate adhe-
sion to the esophagus, the protruding end of the thread from the
mouth was connected to a force gauge, enabling the measure-
ment of adhesion strength between the esophageal tissue and
HiRINC-SEMS by pulling. The hydrogel layer remained intact
after the in vivo lap shear test, indicating a robust and durable

adhesion mechanism provided by the combination of hydrogel
and RINC (Figure S12, Supporting Information). No esophageal
tissue was observed on the stent surface after removal, indicat-
ing that HiRINC-SEMS did not cause detectable damage. Even if
residual hydrogel remains on the esophageal tissue, its biocom-
patibility is expected to minimize inflammatory responses. The
adhesion strength of HiRINC-SEMS measured in the in vivo lap
shear test was slightly lower than that from the ex vivo test, but
the values were still high (Figure 4h). Successful adhesion in the
rat esophagus indicates its potential for clinical application.

2.4. In Vivo Anti-migration Properties and Histological Findings
in a Rat Esophageal Model

All SEMSs were successfully placed in the rat esophagus without
procedure-related complications (Figure 5a). However, one of the
18 (5.5%) rats in the HFLAT group experienced death 3 days after
stent placement due to severe food impaction (Figure S13, Sup-
porting Information). The remaining 17 (94.4%) rats survived
until the end of the study (Figure 5b). The endoscopic findings re-
vealed a blue-toned esophageal mucosa around the HFLAT- and
HiRINC-SEMSs due to the activation of the hydrogel coating lay-
ers onto the surface of the SEMS (Figure S14, Supporting Infor-
mation). All rats experienced transient weight loss immediately
after stent placement, and their body weight started to recover
after one week (Figure S15, Supporting Information). A signifi-
cant difference in body weight change was observed among all
groups after 4 weeks of stent placement (p < 0.001), with the
HiRINC group showing the highest weight gain. All SEMS used
in this study significantly influenced the incidence of migration
(p = 0.014, Chi-squared test). Stent migration occurred in five
of six rats (83.3%) in the control group within 7–14 days (mean,
10.5 days) after stent placement (Figures 5b,c and S16, Support-
ing Information). The remaining one rat was used for histolog-
ical analysis. This high incidence, including both partial (n = 2)
and complete (n = 3) migration, established the control group as
a suitable animal model for investigating anti-migration stents.
In the HFLAT group, partial migration occurred in two (40%)
of five rats within 14–28 days (mean: 21 days). The incidence
of stent migration in the control group was significantly higher
than that in the HiRINC group (p = 0.015, Fisher’s exact test) but
did not differ with that of the HFLAT group (p = 0.242). There
were no significant differences between the HFLAT and HiR-
INC (p = 0.182) groups. Stent patency in clinical practice should
be maintained 3 to 6 months after stent placement according to
the ranges of patient survival periods of unresectable malignant
esophageal strictures.[4,31] Temporary stenting for patients with
refractory benign esophageal stricture or patients withmalignant
stricture who underwent concurrent chemoradiation therapywas
used from 4 to 6 weeks following the start of therapeutic plan.[32]

Although we observed the presence of stent migration during 1-
month follow-up period, stent migration mainly occurred in the
early stage of stent placement. The placed stent becomes well
fixed due to tissue growth though the stent meshes at 1-month
onwards. The in vivo findings demonstrated the safety and effi-
cacy of the stable HiRINC-SEMSs, which were fabricated using
simple coating process, in the rat esophagus. As HiRINC-SEMS
effectively prevented stent migration in the esophagus, which
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Figure 5. Results of in vivo experimental analysis. a) Experimental scheme in a rat esophageal model. b) Flowchart showing the randomization process
and follow-up of rat in vivo study. c) Representative radiographic images obtained during the follow-up period showing the complete migration of the
control self-expandable metallic stent (SEMS) into the stomach and the partial migration of HFLAT-SEMS to the distal portion of the lower esophagus,
whereas the hydrogel-impregnated robust interlocking nano connector-coated SEMS (HiRINC-SEMS) maintains its position and shows no migration in
the rat esophagus. d) Experimental scheme in a porcine esophageal model. e) Photographs showing the double bare expanded-polytetrafluoroethylene
(e-PTFE) covered HiRINC-SEMS. f) Representative endoscopic images obtained before and immediately after placement of the double bare e-PTFE
covered HiRINC-SEMS. g) Representative radiographic images showing the double bare e-PTFE covered HiRINC-SEMS well maintains its position
without migration in the porcine esophagus.

shows active peristalsis, it can likely prevent migration in other
luminal structures of similar or lower level of peristalsis, includ-
ing the gastric outlet, duodenum, and colon.
The entire esophagus and stomach of all rats were success-

fully extracted. In the control group, SEMS migrated to the

lower esophagus, as revealed by extracted esophageal samples
(Figures S17 and S18, Supporting Information). Histological
findings are summarized in Table S2 (Supporting Information)
and shown in Figures 6 and S19 (Supporting Information).
The mean percentage of tissue hyperplasia area, thickness of
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Figure 6. Histological findings after four weeks of self-expandable metallic stent (SEMS) placement in study groups. a) Representative microscopic im-
ages of histological sections showing the SEMS-induced tissue hyperplasia-related variables in the control group are significantly increased compared
with those in the HFLAT and hydrogel-impregnated robust interlocking nano connector (HiRINC) groups. b) Histological analysis of the stented esopha-
gus in the control, HFLAT, and HiRINC groups. The percentage of tissue hyperplasia area, thickness of the epithelial layer, mean degree of inflammatory
cell infiltration, mean degree of collagen deposition, and mean degrees of 𝛼-SMA and Ki-67-positive deposition in the control group was significantly
higher than those in the HFLAT and HiRINC groups. H&E, hematoxylin and eosin; MT, Masson’s trichrome; 𝛼-SMA, 𝛼-smooth muscle actin marker; CI,
confidence interval. The data are presented as mean values ± standard deviation (n = 6 per group) and one animal in the HFLAT group was excluded
due to mortality. *p < 0.05, **p < 0.01, ***p < 0.001.
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epithelial layer, degrees of inflammatory cell infiltration and col-
lagen deposition, and degrees of 𝛼-SMA and Ki67-positive depo-
sition were significantly different between the study groups (all
variables; p< 0.05, one-way ANOVA). Stent-induced tissue hyper-
plasia related variables in the HFLAT and HiRINC groups were
significantly decreased compared to the control group. HiRINC
coating layers onto the surface of the SEMS can be attributed
to the reduced inflammation in the stented tissue despite in-
creased mechanical strength. The reduced inflammatory cell in-
filtration in the HFLAT and HiRINC groups could be attributed
to the biocompatible nature of the hydrogel and RINC materi-
als, which may minimize the foreign body reaction and subse-
quent inflammation.[33] Tissue healing resulting from mechan-
ical injuries by stent can be divided into overlapping phases in-
cluding inflammation, proliferation, and remodeling that occur
over 4 weeks. The healing process immediately begins after stent-
induced mechanical pressure and then the proliferative phase
with increased fibroblasts and decreased inflammatory phase be-
gins between 4 and 14 days.[34] The proportion of 𝛼-SMA, which
indicates the presence of activatedmyofibroblasts, was decreased
in the HiRINC group. Ki 67-positive deposition, which is a prin-
cipal marker of cell proliferation, was also significantly lower in
theHiRINC group than in the control andHFLAT groups. In par-
ticular, the HiRINC coating was more potent in preventing cell
proliferation than the HFLAT coating. The HiRINC SEMS was
effective and safe for inhibiting stent migration with decreased
inflammatory reaction in the rat esophagus. Smoothmuscle cells
within the esophageal tissue play a crucial role in the process of
SEMSmigration.[35] Their contraction and relaxation, along with
other factors such as peristalsis and esophageal motility, can in-
fluence the movement and positioning of the SEMS.[6a] The ad-
hesive property of the hydrogel coated onto the SEMS surface on
smooth muscle cells may contribute to the reduced incidence of
SEMS migration in the HFLAT and HiRINC groups.[36] In addi-
tion to providing a strong attachment between the hydrogel and
stent surface evidenced by the absence of hydrogel lamination,
coating the stent with RINC prior to loading hydrogel further de-
creased the risk of stent-related complications at the microscopic
level. Hence, using RINC likely enhanced the stability of the hy-
drogel layer in the long run andmaintained the stent position for
long period.

2.5. Efficacy and Safety of Double Bare ePTFE-Covered
HiRINC-SEMSs in the Porcine Esophagus

The double bare expanded-polytetrafluoroethylene (e-PTFE) cov-
ered HiRINC-SEMS, similar to those used in clinical practice,
were successfully fabricated. A straight SEMS was designed with
an e-PTFE membrane attached between two bare SEMSs to fa-
cilitate stent migration and to reduce pain and foreign body re-
action. HiRINC was coated onto the surface of the external bare
SEMS to prevent migration (Figure 5e). To evaluate the potential
of translating the SEMS in a clinical setting, the double bare e-
PTFE covered SEMS was placed into the porcine esophagus in
a minimally invasive manner with a follow-up period of 4 weeks
(Figure 5d). The double bare e-PTFE covered HiRINC-SEMSwas
successfully placed at the level of the mid-costal cartilage of the
esophagus without procedure-related complications. Follow-up

radiographic images demonstrated that stent migration did not
occur during the follow-up period in all pigs (Figure 5g). On
gross examination, esophageal tissue injuries were not observed
immediately after stent removal. Histological findings are pre-
sented in Table S3 and Figure S20, Supporting Information. In
the HiRINC group, an enlarged luminal area compared to the
normal esophageal tissue (79.08± 3.18 versus 32.46± 3.59mm2,
p < 0.001) was observed, which was caused by mechanical pres-
sure of the SEMS. The degrees of inflammatory cell infiltra-
tion (p = 0.104) and collagen deposition (p = 0.355) did not dif-
fer between the stented and normal esophagus, but slightly in-
creased in the HiRINC group. These findings were corroborated
by in vivo results of the rat esophageal model as HiRINC-SEMS
demonstrated lower levels of inflammation compared to con-
trol SEMS. The consistency of these results across both rat and
porcine models suggested that the biocompatible nature of the
hydrogel and RINCmaterialsmay effectivelymitigate the inflam-
matory response typically associated with stent placement, re-
gardless of the animal species. Furthermore, the HiRINC-SEMS
not only maintained its position without migration but also po-
tentially contributed to preserving luminal patency while min-
imizing the stent-induced tissue hyperplasia resulting from re-
duced inflammatory response. HiRINC-SEMS demonstrated po-
tential to address key limitations of conventional stents including
migration, stent patency, and excessive inflammatory response.
These improvements suggested that HiRINC-SEMS may en-
hance clinical outcomes for patients requiring esophageal stent-
ing. Our findings suggest that our strategy can be translated into
a clinical setting and can be extended to other endoluminal or-
gans where SEMSs are commonly used. Placement of the dou-
ble bare e-PTFE covered HiRINC-SEMS was effective and safe to
prevent stent migration with reduced inflammatory reaction in a
porcine esophagealmodel. Our anti-migration strategy using sur-
face modification of SEMS significantly reduced stent migration
rates via enhancing the adhesive force between the SEMS and
esophageal tissue without additional procedures while maintain-
ing conventional procedural steps. HiRINC, made of biocompat-
ible materials, can be easily applied to the uncovered or covered
SEMS.

3. Conclusion

SEMS placement is a standard therapeutic option for dyspha-
gia resulting from malignant and benign esophageal stricture
in clinical settings; however, stent migration limits successful
stent placement. Our study addressed this challenge by explor-
ing the efficacy of RINC structure in enhancing stent adhesion
and stability within the dynamic environment of the esopha-
gus. HiRINC-SEMS outperformed control SEMS in preventing
migration, primarily due to the increased surface area and me-
chanical interlocking features of the nanostructured RINC de-
sign, which enhance adhesion strength and durability.[16c] This
reduces the structural mismatch between stents and esophageal
tissues, thereby reducing migration risks.
We also examined specific design parameters of RINC struc-

ture, including pore size and film thickness, to assess their ef-
fects on adhesion. Small pores (1–2 nm), which were smaller
than those in HiRINC, hindered hydrogel penetration, whereas
large pores (>100 nm) reduced mechanical interlocking, thereby
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diminishing the adhesion strength (Figure S21, Supporting In-
formation). Further, the films thinner than those used in HiR-
INC decreased adhesion due to insufficient interlocking, whereas
thicker films initially enhanced adhesion strength and then at-
tained a threshold, beyond which no further improvement was
observed. This was likely due to pore filling, indicating the im-
portance of balancing these variables to maximize adhesion per-
formance. Our findings also highlight the importance of address-
ing potential complications associated with hydrogel swelling,
which can lead to severe esophageal blockages. The anti-swelling
properties of HiRINC could effectively mitigate this risk, ensur-
ing that the hydrogel does not expand to a degree that compro-
mises the esophageal lumen. This understanding can helpmain-
tain the benefits of hydrogel coating whileminimizing associated
risks.
In-stent restenosis, caused by tissue growth and stent migra-

tion are major obstacles to successful stent placement in nonvas-
cular luminal organs. SEMS placement in a rat esophagealmodel
is well-established animal model with high technical success and
survival rates. We selected SEMS diameter as 5 mm, based on a
previous study that indicated amigration rate (40%) similar to the
clinically reported rate (approximately 33%).[37] We adopted sev-
eral experimental measures to promote SEMS migration. While
most previous studies typically used SEMS of length 12–15 mm
in rat esophagus, we selected a shorter length of 10 mm, which
is more conducive to migration.[19a,34c,37,38] Further, barbs are typ-
ically attached to the middle portion of the SEMS to prevent mi-
gration in a rat esophageal model; however, the barbs were omit-
ted in our study to enhance migration rate.[19a,37,38] Additionally,
while the proximal end of the SEMS is typically placed in the up-
per esophagus of the clavicle level under fluoroscopic guidance
to prevent migration, we placed the distal end at the diaphragm
level to encouragemigration.[19a,34c,38] The incidence of SEMSmi-
gration was very high in the control group (83.3%) making it a
suitable model for investigating anti-migration SEMSs.
Our study provides valuable insights into HiRINC-SEMS, but

it had a few limitations. Our experimental conditions may not
fully capture the potential fragility of HiRINC-SEMS in real-
world scenarios where ongoing physical activity and varying bod-
ily conditions could impact the durability of the stent. Addition-
ally, as the SEMS were only tested in normal rat esophagi, tissue
response in pathological conditions such as esophageal strictures
and other human pathological mechanisms may differ. Our re-
sults attained statistical significance, but the small sample size
may limit the robustness of our statistical analysis. However, ac-
cording to the “resource equation” method, an E value of 15 is
effective and meets the ethical standards for animal experimen-
tation. Additionally, the long-term effectiveness of the HiRINC-
SEMS was not evaluated. Lastly, the remaining amount of hydro-
gel on the SEMS and the degree of hydrogel delamination were
not evaluated during the last follow-up. Further research is re-
quired to confirm and optimize our findings. Nonetheless, this
preliminary study provides a strong foundation for the advanced
development of anti-migration stents. HiRINC-SEMS demon-
strates significant potential as an innovative platform for prevent-
ing stent migration, applicable not only in the esophagus but
potentially in nonvascular luminal organs, paving the way for
potential improvements in clinical management and treatment
strategies.

4. Experimental Section
Synthesis and Physical Stability Test of Robust-Interlocking Nano Connec-

tor (RINC): Substrates (Si wafers, nitinol plates, glass, and nitinol SEMS)
were washed by sonication using acetone, ethanol, and deionized water;
dried in an oven; and treated with O2 plasma (CUTE, FEMTO Science)
at a flow rate of 30 sccm under a power of 100 W for 40 s, immediately
before fabricating RINC. RINC containing a seed layer was fabricated by
dissolving 19 × 10−3 m triethanolamine (TEA, ≥99.0%, Sigma-Aldrich)
in deionized water at 80 °C with vigorous stirring, followed by the in-
troduction of the substrates. To this solution, 75 × 10−3 m sodium sal-
icylate (NaSal, ≥99.5%, Sigma-Aldrich) and 0.69 m cetyltrimethylammo-
nium chloride (CTAC, 25 wt% in H2O, Sigma-Aldrich) were added. After
1 h of stirring for stabilization and substrate fixation of micelles, 4.5 m of
tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich) was added gradually
(dropwise) as a silica precursor. The mixture was stirred for 1–2 h, and
the obtained RINC-coated substrates were sonicated several times with
ethanol and distilled water to eliminate the residual reactants.

RINC without seed layer was fabricated similarly except that the sub-
strate was introduced after micelle stabilization. After RINC synthesis, the
physical stability of the seed layer was compared using a homogenizer
(KUS-650, KBT) with 600 W of power for 2 min in a 70% (w/w) ethanol
solution. Pore size and film thickness of RINC were controlled by chang-
ing the reagents and the TEOS reaction time. Small pores could be synthe-
sized using only CTAC for micelle formation, and large pores could be syn-
thesized without TEA.[1] The longer the reaction time of TEOS, the thicker
film was obtained.

Fabrication of Hydrogel-Coated FLAT (HFLAT) and Hydrogel-Impregnated
RINC (HiRINC): The hydrogel precursor was prepared by mixing 700mg
PVA (Mw = 146 000 to 186 000, ≥99% hydrolyzed, Sigma-Aldrich) in
6.6 mL deionized water at 90 °C, with a sequential addition of 3.3 mL
acrylic acid (99%, Sigma-Aldrich), 20 mg 𝛼-ketoglutaric acid (99.0 to
101.0%, Sigma-Aldrich), 4.55 μL poly(ethylene glycol) dimethacrylate (Mn
= 550, Sigma-Aldrich), and 30 mg acrylic acid N-hydroxysuccinimide ester
(≥90%, Sigma-Aldrich). Finally, the hydrogel precursor was stirred thor-
oughly and stored away from ultraviolet (UV) light.

Hydrogel coated samples were produced bymold coating or dip coating
based on the experiment. Mold coating involved placing the polydimethyl-
siloxane mold on the substrate and pouring the hydrogel precursor to ob-
tain a desired dimension of hydrogel coating. Dip coating was performed
by retrieving the substrate at a rate of 13 mm min−1 from the hydrogel
precursor. After hydrogel coating, samples were cured using a UV lamp
(365 nm, 15 W power) for a certain time to fabricate HFLAT and HiRINC.

Real Area Measurement: The real area of RINC was measured by ca-
pacitancemethod. The real area was determined using the following equa-
tion: Cdl/CS, where Cdl is the double-layer capacitance and CS is the spe-
cific capacitance of Si wafer with a geometric surface area of 1.0 cm2. The
Cdl wasmeasured by cyclic voltammetry in the non-Faraday region. To esti-
mate Cdl,Δj= |ja − jc| at 0.05 V (versus Ag/AgCl) was plotted as a function
of different scan rates, where ja and jc are the anodic and cathodic current
densities, respectively. The measurements were conducted in a 0.1 m per-
chloric acid (HClO4) solution saturated with N2 gas.

Adhesion Measurements: Adhesion properties were measured by ob-
taining force–displacement curves using a mechanical testing system
equipped with a digital force gauge (ESM303, Mark-10) and force test
stand (F305-EM, Mark-10). For 90° peel test, HFLAT and HiRINC samples
were fabricated using mold-coating process. To prevent hydrogel defor-
mation during the test, a rigid backing of polyethylene terephthalate film
was bonded with cyanoacrylate glue gel (Loctite 401 Flex Gel, 3M) after the
hydrogel coating. For 90° adhesion test, commercial tapes (Kapton tape,
masking tape, 3M Scotch tape, and 3 M double-sided tape) were applied
on the testing surfaces and pressed with a constant force and time before
the measurement. To measure interfacial strength, an adhesion area of
10 × 30 mm2 was created, and a 90° peel test was conducted at a fixed
rate of 13 mm min−1. The average force value was calculated from the
curve obtained between displacement range of 10–20 mm.

Lap shear test was conducted using a testing sample prepared bymold-
coating hydrogel between two substrates. Slide glasses were attached to
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the testing sample as a backing fixture to fix the sample to the clamp of
the testing instrument. Adhesion strength was determined by calculating
the maximum value at the lap shear load-displacement curve, and energy
dissipation was obtained by integrating the area under the curve. To as-
sess the interfacial fatigue threshold, a cyclic lap shear test was conducted
using force control mode. A constant force (F) ranging from 4 to 40 kPa
was applied to the test samples for N cycles (maximum 100 cycles). The
maximum strain is defined as the ratio of the distance measured at the
point where F was last reached to the adhesion length. The lap shear
test was conducted at a rate of 50 mm min−1 for an adhesion area of
10 × 10 mm2.

Preparation of Various Silica Surfaces: The precursor for the silica thin
film was prepared as follows: 100 μL acetic acid (≥99.7%, Sigma-Aldrich)
was added to 840 μL of anhydrous ethanol, followed by stirring. Thereafter,
60 μL TEOS was added, and when the mixture was sufficiently blended,
100 μL distilled water was added dropwise and mixed for 1 h. To fabricate
a thin film, the precursor was dispensed on the substrate, followed by spin
coating at 9000 rpm for 10 s and baking at 200 °C for 1 h.

Porous silica nanoparticles were obtained from the reaction solution
after RINC synthesis, and the dispersed solution containing porous sil-
ica nanoparticles was dispensed onto the substrate and spin-coated at
9000 rpm for 10 s.

To functionalize the amine groups, O2 plasma-treated substrates
were immersed in 5% (v/v) 3-aminopropyltriethoxysilane solution (99%,
Sigma-Aldrich) (in 100 mL toluene) added with 200 μL Triton-X (Sigma-
Aldrich). The functionalization process was carried out under an argon
atmosphere with constant stirring at 50 °C for 3 h. After functionalization,
the surface was washed with anhydrous ethanol for 10 min and dried in
N2 gas.

Cross-Cut Test: The adhesive strength of dip-coated hydrogel on FLAT
and RINC, each with a size of 15 × 15 mm2, was evaluated by creating
crosshatch cuts using blades. To obtain swelling conditions, hydrogel-
coated substrates were immersed in deionized water for 1 h. Finally, tape
(Scotch tape, 3 M) was applied to the scratched samples using a constant
force and then removed by peeling 180°.

Microscopic Imaging of Hydrogel-Coated Substrates: The samples for
microscopic imaging were prepared by dip-coating hydrogel onto the sub-
strates. The hydrogel coatings were observed using microscopic videos
(IX73, Olympus) at 40× and 200× magnification, starting from the dry
state and continuing for 1 h to monitor the swelling process. To moni-
tor the swelling of HFLAT and HiRINC in cross-sectional view, the test
samples were cross-cut and attached to a fixture before exposure to vari-
ous liquids for allowing them to swell (water, orange juice, ion drink, coke,
milk, liquor, and hot coffee).

Adhesion Characteristics Under Alternating Swelling-Deswelling and Con-
stant Swelling Conditions: Hydrogel coating was applied in a sandwich
style between two substrates to measure adhesion properties under dif-
ferent swelling environments. The cyclic swelling-deswelling process con-
sisted of alternating steps. First, the samples were soaked in deionized
water for 30 min during the swelling step, followed by drying at 70 °C
for deswelling step. Adhesion tests were conducted after each step. To
compare the detachment of hydrogel between HFLAT and HiRINC under
swelling conditions, the samples underwent swelling in deionized water
for up to 60 days.

Anti-Swelling Test: The hydrogel was molded into a cylindrical form
with a diameter of 10 mm and a height of 0.5 mm. The swelling perfor-
mance was tested by immersing the hydrogel samples in deionized wa-
ter at room temperature. The weight, diameter, and thickness were mea-
sured at a certain swelling interval and the swelling ratio was defined as
the increase in these measured values compared to the initial state of the
samples.

Adhesion Measurement on Ex Vivo Porcine Stomach Tissue: FLAT or
RINC was applied on one side of hydrogel coating to allow for the attach-
ment of porcine stomach tissue on the opposite side of the hydrogel. The
porcine stomach tissue (10 × 10 cm) was immersed in a saline solution
for washing, following which any remaining saline residue was wiped off
from the stomach tissue. To demonstrate tough adhesion between hydro-
gel and porcine stomach tissue, the hydrogel side of the HFLAT and HiR-

INC were then applied to the tissue by gently pressing for 30 s. Thereafter,
the adhesion strength was measured by employing lap shear test with a
rate of 50 mm min−1. Cyanoacrylate glue gel (Loctite 401 Flex Gel, 3 M)
was utilized to fix the integrated testing safmples to the slide glass backing
fixture and attach to the clamp of the lap shear testing instrument.

In Vitro Cell Cytotoxicity: The in vitro cell cytotoxicity of the FLAT,
HFLAT, RINC, and Hiryn layers was investigated. Briefly, AGS (American
Type Culture Collection, Rockville, MD, USA) cell line was cultivated in
RPMI1640 (R8758; SigmaAldrich, St. Louis,MO,USA) supplementedwith
10% fetal bovine serum (SH30919.03; GE Healthcare Life Sciences, Lo-
gan, UT, USA) and 1%penicillin-streptomycin (17-745E; Lonza Bioscience,
Walkersville, MD, USA), at 37 °C and 5% CO2. The confluent cells (70%-
85%) were washed, trypsinized using trypsin-EDTA 0.25% (Life Technolo-
gies, Gaithersburg, MD, USA), and re-seeded into 12-well plates for cyto-
toxicity test. The cell viability on the nanostructured substrate (1 × 1 cm2)
was determined using a Cell Counting Kit-8 assay (CCK-8; DOJINDO, Ku-
mamoto, Japan). Each substrate was placed on a 12-well plate, and AGS
cells were seeded at a concentration of 5× 105 cells per well. The cells were
then cultured at 37 °C, 5% CO2 incubator. The cultures were then divided
into three groups and incubated for different time periods (12, 24, and
48 h, respectively) before being assessed. After incubation, the medium
was removed, the CCK-8 solution was added, and plates were incubated
with the cells attached to the substrate for another 1 h. The absorbance
of the supernatant was measured using microplate reader (Synergy HTX;
BioTek, Winooski, VT, USA) at 450 nm. Live/Dead assay was performed ac-
cording to the manufacturer’s protocol. Live and dead cells were stained
with Calcein AM and EthD-1, respectively. Fluorescence images of the cells
were obtained using a fluorescence microscope (EVOS FL Auto, Life Tech-
nologies, Carlsbad, USA), and ImageJ software was used to analyze the
fluorescence imaging results. All experiments were repeated three times,
and the results were averaged.

Characterizations: Surface morphology was characterized using a
Zeiss Sigma 300 field-emission scanning electron microscope (FE-SEM)
operated at 1.5 kV (Center for Polymers and Composite Materials,
Hanyang University, Korea). Elemental mappings were acquired by con-
ducting energy-dispersive X-ray spectroscopy (EDS) using the same FE-
SEM at 15 kV. GISAXS measurements were made using Xeuss 3.0 (Kyung-
pook National University, Korea.). The X-ray source was Cu K𝛼 (8 keV),
and the sample-to-detector distance and incident angle were 1000 mm
and 0.05°, respectively. The confirmation of functional groups in HFLAT
and HiRINC was conducted from 2900 to 3800 cm−1 using FT-IR under
the attenuated total internal reflection mode (iS50, Thermo Fisher Scien-
tific) at the Center for Polymers and Composite Materials, Hanyang Uni-
versity, Korea. The chemical composition of the surface was analyzed using
a Thetaprobe X-ray photoelectron spectrometer (Thermo Fisher Scientific
Co., Waltham, MA, USA) equipped with a scanning monochromated Al
K𝛼 source (Spot size; 400 μm). The X-ray beam collected information on
the O 1s element for Figure 1c and C 1s and O 1s, and Si 2p elements for
depth profiling (Figure S2, Supporting Information). The etching of depth
profiling was performed using an Ar ion source (operated at 2 kV, 2 μA),
with a time interval of 67 s between each step.

In Vivo Lap Shear Test Setup and Adhesion Measurement in a Rat
Esophageal Model: For in vivo lap shear test in the rat model, mechanical
testing system was installed on a radiographic table and then integrated
with the fluoroscopic guidance. HiRINC-SEMSs were tied using a medi-
cal suture thread, and SEMS was introduced into the rat esophagus using
a pusher catheter. Thereafter, rats were fixed in a supine position under
the fluoroscopic guidance. The end of the thread was horizontally hung
to the force gauge using the mechanical testing system to ensure precise
lap shear strength measurement, followed by the initiation of the in vivo
lap shear test at a rate of 50 mm min−1. Accordingly, the utilized SEMSs
were retrieved, and residual hydrogel coating images were observed with
scanning electronmicroscope. To calculate the adhesion strength, the sur-
face area was measured from an optical image of SEMSs using ImageJ
software.

Anti-Migration Properties In Vivo Rat Esophageal Model: The in vivo
rat animal study used in this study was approved by the Institutional
Animal Care and Use Committee of the Asan Institute for Life Sciences
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(2022-12-159) and conformed to the Guide for the Care and Use of Labo-
ratory Animals. For the rat esophagus, the SEMS (S&G biotech Co., Ltd.,
Yongin, Korea) was hand-woven using a single thread of 0.127 mm-thick
nitinol wire. The stents were 5 mm in diameter and 10 mm in length
when fully expanded. The stent delivery system consisted of a 6 Fr Teflon
sheath (Cook, Bloomington, IN, USA) and a pusher catheter. A total of 27
Sprague–Dawley rats (300–350 g, 9 weeks old; Orient Bio, Seongnam, Ko-
rea) were used for Figure 5a–c. The rats were randomly divided into three
groups with nine rats in each: control group, HFLAT group, and HiRINC
group; the rats in the three groups underwent implantation with control
SEMS, HFLAT-SEMS, and HiRINC SEMS, respectively. The three rats in
each group were sacrificed at 1 week after stent placement to evaluate in-
flammatory reaction in the early stage. The remaining six rats in each group
were sacrificed at 4 weeks after stent placement to evaluate the incidence
of stent migration and late tissue response. Sample size was determined
using the “resource equation”:

E−value = total number of animals − total number of groups (1)

where, E is the degree of freedom of analysis of variance with values be-
tween 10 and 20.[2] All animals were housed under a 12-h light/dark cycle
at environmental temperature (24 ± 1 °C) and humidity (55 ± 10%) with
free access to food and water. The detailed technical steps of stent place-
ment in the rat esophagus have been previously described.[3] Before the
procedure, all rats were routinely anesthetized by intramuscularly injecting
50 mg kg−1 zolazepam and tiletamine (Zoletil 50; Virbac, Carros, France)
and 10 mg kg−1 xylazine (Rompun; Bayer Healthcare, Leverkusen, Ger-
many) and placed in a supine position. Each stent was loaded into a cus-
tomized 6-Fr sheath with a pusher catheter, and this sheath was carefully
advanced through the body of the rat into the esophagus. The stent was
deployed under fluoroscopic guidance (OEC Elite CFD, GE Healthcare,
Boston, MA, USA) at the level of the mid-costal cartilage of the esopha-
gus, with the distal end of the stent positioned at the diaphragm level. Ra-
diograph was obtained immediately after stent placement to record stent
location in all rats. Radiographic follow-up examinations were performed
at day 3 andweeks 1, 2, 3, and 4 after stent placement to check any changes
in the stent location. All rats were euthanized by exposure to pure carbon
dioxide after 4 weeks of stent placement.

Efficacy and Safety of HiRINC-SEMS in a Porcine Esophageal Model:
The animal study was conducted in accordance with the Institutional Ani-
mal Care and Use Committee of the Asan Institute for Life Sciences (2024-
20-113) and conformed to the Guide for the Care and Use of Laboratory
Animals. The SEMS placed in the porcine esophagus had a double-bare
structure comprising an outer and inner SEMSs. An e-PTFE membrane
was attached between the outer and inner SEMSs to prevent tissue growth
through the wire meshes. The SEMS was 24 mm in diameter and 120 mm
length, and both of its ends were straight. HiRINC coating was only per-
formed onto the surface of the outer SEMS. The stent delivery system con-
sisted of a 24 Fr Teflon sheath and a pusher catheter. Three male juvenile
pigs (International Animal Experiment Center, Pocheon, Korea) weighing
approximately 20–30 kg were obtained and subjected to an acclimation
period of 7 days before the procedure. The double bare e-PTFE covered
HiRINC-SEMS was placed at the level of the mid-costal cartilage of the
esophagus, whereas the remaining normal esophageal tissue adjacent to
the stented area served as an internal control. After 24 h of fasting and
under the supervision of a veterinarian, all pigs were placed under respi-
ratory anesthesia after intramuscular injection of a mixture of 50 mg kg−1

zolazepam, 50 mg kg−1 tiletamine (Zoletil 50; Virbac, Carros, France), and
10 mg kg−1 xylazine (Rompun; Bayer Healthcare, Leverkusen, Germany).
An endotracheal tube was placed, and anesthesia was administered by
exposure to 1:1 mixture of 0.5%–2% isoflurane (Ifran; Hana Pharm. Co.,
Seoul, Korea) and oxygen (510 mL kg−1 min−1). All procedures were per-
formed in the left decubitus position. Pre-procedural endoscope exami-
nation (CF-H260AI; Olympus Inc. Tokyo, Japan) was performed, and an
overtube was inserted through the mouth into the esophagus. There-
after, a 0.035-inch guidewire (Radifocus M; Terumo, Tokyo, Japan) was
passed through the overtube into the esophagus, which was followed by
advancing the stent delivery system over the guidewire into the esopha-

gus under fluoroscopic guidance. The pusher catheter was held in place,
while the sheath was slowly withdrawn under continuous monitoring
(Figure S22, Supporting Information). Post-procedural endoscopic exami-
nation was performed, and radiographic image was obtained immediately
after stent placement to check its position (Figure 5f). Antibiotics (gen-
tamicin, 7 mg kg−1; Shin Poong Pharm Ltd., Seoul, Korea) and analgesics
(keromin, ketorolac 1 mg kg−1; Hana Pharm Ltd., Seoul, Korea) were ad-
ministered for 3 days after the procedures. Radiographic images were ob-
tained at day 3, 7, 14, and 28 after stent placement to monitor stent posi-
tion and stent-related adverse events. After the follow-up studies, all pigs
were immediately euthanized by injecting 75 mg kg−1 potassium chloride
(KCl; Dai Han Pharm CO., Seoul, Korea) via the marginal ear vein.

Follow-Up Study and Definition of Stent Migration: Body weight and be-
havior changes were observed and recorded weekly in all animals. If stent
migration was detected during the follow-up periods, euthanasia was in-
duced immediately to review the results from the gross examination. Stent
migration was defined as the movement of a placed SEMS above or below
its proper positions, as revealed by radiologic findings. Stent migration
was classified as partial if the stent migrated partially in the distal or prox-
imal direction or complete migration if the stent migrated completely into
the stomach or small bowel.

Histological Examination: The esophagus and stomach were har-
vested for subsequent analyses. After gross examination to determine pos-
sible esophageal injury, the stented esophagus was fixed in 10% neutral
buffered formalin for 24 h, following which it was transversely sectioned
at the proximal, middle, and distal regions. The stented porcine esopha-
gus was analyzed by dividing them into three segments: normal, proximal,
and distal portions of the stented esophagus. All specimens were embed-
ded in paraffin, and sectioned to 4-μm-thick slices for histological and/or
immunohistochemical (IHC) evaluation of changes in stented esophageal
tissues. The slides were stained with hematoxylin and eosin (H&E) and
Masson’s trichrome (MT). H&E staining determined the mean thickness
of the epithelial layer and the mean degree of inflammatory cell infiltra-
tion; the percentage of tissue hyperplasia area was calculated as 100 × (1
− [stenotic stented area/original stented area]).[3,4] The degree of collagen
deposition was graded on MT-stained sections. The degrees of inflamma-
tory cell infiltration and collagen deposition were subjectively determined
according to the distribution and density of the cells and graded as 1–5
for mild, mild to moderate, moderate, moderate to severe, and severe, re-
spectively. The analysis was performed using a digital slide scanner (Pan-
noramic 250 FLASH III, 3D HISTECH Ltd., Budapest, Hungary), and mea-
surements were obtained with a digital microscope viewer (CaseViewer,
3DHISTECH Ltd.). The analyses of histological findings were based on the
consensus of three observers blinded to the grouping. IHC analysis was
performed on paraffin-embedded sections with 𝛼-smoothmuscle actin (𝛼-
SMA, 1:200; Abcam, Cambridge, UK) and Ki-67 (1:250; Abcam) as the pri-
mary antibodies. After counterstaining with H&E, the sections were visu-
alized using BenchMark XT, which is an automated IHC stainer (Ventana
Medical Systems, Tucson, AZ, USA). The degrees of 𝛼-SMA– and Ki-67–
positive depositions were subjectively determined according to the distri-
bution and density of the cells and graded as 1–5 for mild, mild to moder-
ate, moderate, moderate to severe, and severe, respectively. IHC findings
were obtained based on the consensus of three observers blinded to the
grouping.

Statistical Analysis: Data are expressed as mean ± standard devia-
tion. ANOVA with Tukey post hoc test was performed for comparing mul-
tiple groups. Independent two-tailed Student’s t-test was employed to
determine the differences between two groups in some cases. p-values
< 0.05 were considered statistically significant. Statistical analyses were
performed using SPSS software (version 27.0; SPSS, IBM, Chicago, IL,
USA).

Animal Ethics Statement: All animal experiments were conducted in
accordance with the protocols approved by the Institutional Animal Care
and Use Committee of the Asan Institute for Life Sciences (approval
numbers: 2022-12-159 and 2024-20-113) and conformed to the Guide
for the Care and Use of Laboratory Animals. Sprague–Dawley rats (300–
350 g, 9 weeks old) were purchased from Orient Bio (Seongnam, Korea).
Male juvenile pigs (20–30 kg) were obtained from International Animal
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Experiment Center (Pocheon, Korea) and underwent a 7-day acclimation
period before experimentation. All animals were housed under controlled
conditions with free access to food and water throughout the experimental
period.
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